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Abstract

WHIZARD is an application of the VAMP algorithm: Adaptive multi-channel inte-
gration and event generation. The bare VAMP library is augmented by modules
for Lorentz algebra, particles, phase space, etc., such that physical processes
with arbitrary complex final states [well, in principle...] can be integrated and
unweighted events be generated.



Contents

“hanges

B Proliminaricd
[B_Utilities|

B.1_File Utilitied . . . . . . . . . .. .. o
3.1.1 Deletingafilel. . . .. ... ... ... ... ... .....
8.2 String Utilities| . . . . . . . .. o oo
13.2.1 Upper and Lower Case|. . . . . . .. ... .. ... ....
[3.2.2  C-compatible Output| . .. ... ... .. ... ......

8.3.1  Line Output| . .. ... ... ... ... ... ...,
[3.3.2  TgX-compatible Output| . . . . ... .... ... .....

etapost-compatible Output| . . . . . . . .. ... . ...

[3.3.4 Conditional Formatting| . . . ... ... ... .......

5.2 C wrapper for sigaction| . . . . .. ... .. ... .. .......
9.3 Cwrapper for printff . . . . . ... ... ... 0L,
p.4  Error, Message and Signal Handlingf . . . . ... ... ... ...
5.4.1 oghile] . . . . . . .o
5.4.2 ecking values|. . . . . . ... L Lo
[5.4.3 Suppression of numerical noise| . . . . . . . ... ... ..
p.4.4  Signal handlingf . . . . ... ... ... 000,
9.5 Operating-system interface| . . . . ... .. ... .. ... ....




5.5.2  System dependencies|. . . . . . ... ..o 61
9.5.3  Dynamic linkingl . . . ... ... 0000000 67
B5.5.4 Predicates|. . . ... ... ... ... .. 70
bbb Shellaccess . . .. . . . .. oo 71
5.5.6 uerying for a directory| . . . . . . . ... ... 71

0.0. ortran compiler and linker| . . . . . ... ... 72

5.9.8 ontrolling OpenMP|. . . . . . . .. ... ... ... ... 75
£.5.9 Unittests . . . ... ... ... .. ... ... 76

[5.6 Interface for formatted I/Of . . . . . ... ... ... ... ... 78
[5.6.1 Parsing a C format string] . . . . ... ........... 79
BE2 APT . . o o 86
BB3 Testl -« o o o 87

p.7 CPUtiming . . . . .. .. . 88
BTI _Timerd . . oot 93
br2 Unittests . . ... ... 95

6 _Combinatorics| 100
6.1 Bytesandsuchl . . ... ... ... ... 000 0. 100
[6.1.1 8-bit words: bytes] . ... ... ... ... ... ..., 101
BI2 32Dhitwordd. . . . ..o oo 102
6.1.3  Operations on 32-bit words| . . . . . ... . ... ..... 105
6.1.4 64-bit wordsl. . . . . . . ... 108

6.2 Hashtablesl. . . . . ... .. ... o o 110
6217 The hash functionl . . . . . .. ... ... ... ... ... 110
[6.22 Thehash tablel . . . ... ... ... ... ... ...... 111
6.2.3 Hashtable ingsertionl. . . . . ... ... ... ... ... .. 113
6.2.4  Hashtable lookup| . . . . . ... ... ... ... .. 114

6.3 MDb5 Checksumsl . . . .. . ..o oo 115
6.3.1 Blocksl . . ... ... .. 116

6.3.2 Messages| . . ... ... oL 118

6.3.3 Message I/O| . . . ... ... L 120
6.3.4 Auxiliary functions| . . . . . . .. ..o Lo 122
6.3.5 Auxiliary stufff . . .. ... ..o 122
6.3.6 MD5 algorithm| . . . ... ... ... ... ......... 123
[6.3.7 Userinterfacel . . . . . ... ... ... ... ... .. ... 125
638 Unittests . . ... ... .. 126

6.4 Permutations . . . .. .. ... oo o 128
6.4.1 Permutations . . . .. ... ... ... L. 128
16.4.2  Operations on binary codes| . . . . . .. ... .. ... .. 133

BB Sortimal. . - . . e 134
6.5.1 Implementation|. . . . . . . .. ... ... ... .. ... 134
6.0.2  Concatenating arrays| . . . ... ... .. ... .. .... 138
6.5.3 Unittests . . ... ... ... ... ... 139
[7__Text handling) 142
[[I Tnternal flesl. . . . . v v oot e e e 143
[7.1.1 Thelinetypel . . . . . . . . . Lo 143
[7.1.2 Theifile type] . . . . .. .. ... oo 144
[713 T/Oonifiles|. . . ... ... ... ... ... ... ... 145




[7.1.5 Line pointers| . . . . .. .. ... ... ... .. 148
[7.1.6  Access lines via pointers| . . . . . .. .. ... .. ... .. 149

M2 Texed . . ... 151
[7.2.1 Input streams|. . . . . .. ... ... L. 152
[7.2.2 Keyword list| . .. ... ... ... ... ... ...... 155
|7.2.3 Lexeme templates| . . ... ... ... .. ... ...... 157
[724 Thelexersetup|. . . . . . . . . v v v 162
[7.2.5 The lexeme typel . . . . . . . . ..o 165
[7.2.6 The lexer object| . . . . . . .. ... ... .. ... ... 167
[[2.7 Thelexerroutine . . . . .. .. ... ... ... ...... 169
[7.2.8  Diagnostics| . . . . . . . ... oo o 172
029 Unittests . . ... ... .. ... ... . ... 173

[7.3 Syntaxrules|. . . . .. .. .o 175
[(.3.1 Syntaxrules|. . . ... ... ... 0oL 175
[732 T/O] .. ... 178
E.3.3 Completing syntax rules| . . . . . ... ... ... ... .. 180
[734 Accessing rules| . . . . . . . . .. 182
[7.3.5 Syntax tables| . . . . .. ... ... ... 0. 184
7.3.6 Accessing the syntax table]. . . . . ... ... ... ... . 190

7.3.7 T/O| ... 191

[7.4 Theparser|. . . . ... ... ... .. ... 193
AL ThotoRemiypd . - - - o v o oveee oo 193
[[42 TRefrieve token contents . . . . .. ... ... ....... 198
[7.4.3  The parse tree: nodes| . . . . .. .. ... .. ... .... 200
[7.4.4 Fillingnodes . . ... ... ... .. ... ... ...... 202
[7.4.5  Accessingnodes| . ... ....... ... . ...... 206
7.4.6 eparse tree| . . . . ... ... 209
[7477 Access the parser] . . . . . . . . v v v 216
A8 Toold . . . . 216
[7.4.9 Applications| . . . .. ... ..o oL 217
(0410 Unittests . . . .. . .. ..o 218

o XML Parserl. . . . . . . oo 221
[c5.1  Cached Stream| . . . . . .. .. ... oo 221
[(.5.2 Attributesl . . . . . .. ... o 223
[7.5.3 The Tag Type| . . ... .. ... .. .. ... ....... 225
(54 Unttests . . ... ... . . . 232
[7.5.5 Auxiliary Routines| . . . . ... ... ... ... ...... 232
[5.6 BasicTagI/O| .. ...................... 232
[75.7 Optional Tagl . . . . . ... ... ... ... ... .... 235
[7.5.8 Optional Tag| . . . ... ... ... ... ...... 237
5.0 Basic Tag 1/0| - oo o oo 239

8 _Random-Number Generator] 241
p - senerator] . ... ... L. 242

8.1.1  Generator type] . . . . . . ... Lo 242
8.1.2  RNG Factory| . . . .. .. ... ... .. ... ....... 244
BI13 Unittests . . . . . . .. . . . .. 245

8.2 Select from a weighted sample|. . . . . ... ... ... ... ... 250
8.2.1  Selector type| . . . .. .o 250




9 Physics 255
9.1 Physics Constants| . . . .. .. ... .. ... ... ........ 256
9. 1.1 Unitsl . . . . . . 256
9.1.2 SM and QCD constants| . . . . ... ... ......... 256
9.1.3 Parameter Reference values . . . . . . ... ... ... .. 256
9.1.4 Particlecoded . . . ... .. ... ... .. L. 257
9.1.5 Spincodes|. . . . . . .. ... 258

9.2 -compatible Particle Typel . . . . . . . . ..o 259
03 Torentz algebral . . . . . . . .. . . ... ... ... 261
9.3.1  Three-vectorsl . . . . .. ... ... ... ... ... 261
9.3.2 Four-vectors|. . . . .. ... ... .. .. ... .. .. ... 267
9.3.3 Conversionsl . . . . . . . . . .. e 273
9.3.4 ngles| . . . . .. 275

9.3.5 More kinematical functions (some redundant)[. . . . . . . 281
09.3.6  Torentz transformations . . . . . .. ... ... ...... 285
9.3.7 Functions of Lorentz transformationsf. . . . . . . ... .. 286
9.3.8 Invariantsl . . . .. ... .. ... ... .. .. ... 286
9.3.9 Boostsl . . . .. .. 288
9310 Rotationd . . . .. ... .. ... .o o 290
19.3.11 Composite Lorentz transformations|. . . . . . ... .. .. 292
19.3.12 Applying Lorentz transformations| . . . . .. .. ... .. 293
19.3.13 Special Lorentz transtormations|. . . . . . .. ... .. .. 293
[9.3.14 Special functions| . . . . . ... ..o 295

9.4 Specia ysics functions|. . . . . . .. Lo 0oL 299
941 Runningag . ... ... ... 0oL 299
9.4.2  Catani-Seymour Parameters|. . . . . . . ... .. ... .. 302
9.4.3 Mathematical Functions| . . . . . . ... .. ... ... .. 303
9.4.4  Loop Integrals| . . .. ... ... ... ... .. 304
945 Moreonag ... ... ... o oL 306
[9.4.6  Functions for Catani-Seymour dipoles| . . . . . ... ... 307

9.4. istributions for integrated dipoles and such| . . . . . .. 309

9.5 QCD Coupling] . . . ... ... ... L o 318
9.5.1 Coupling: Abstract Data Type| . . . . . ... .. ... .. 318
9.5.2 Fixed Coupling| . . . . ... ... .............. 319
9.5.3 unning Coupling| . . . . . ... ... ... .. 320

[0.5. 4 Running Coupling, determined by Agcp|. - « -« « « - . 321
9.5.5  Wrapper type|. . . . . . .o 322
956 Unittests . . . . . .. . . . ... . ... 323

(L0 Quantum Field Theory Concepts| 327
[10.1 Model Datal . . . . . . ... .. .. ... .. 328
110.1.1 Physics Parameters|. . . . . . . ... ... ... 328
012 FieldDatal . . ... ... ... ... ... ........ 332
[0I3 Verfexdatal . . . ... ... ... ... .. ......... 346
110.1.4 Vertex lookup table] . . . ... ... .. ... .. ..... 349
[10.1.5 Model Data Recordl . . . . ... ... ... ... ..... 354
110.1.6 Toy Models| . . . . .. ... ... .. .. ... ....... 369
MO2 Helcitied - - -« v v oo e e e 375



M022 Predicates . . . . .« v oo i 378
110.2.3 Accessing contents| . . . . . ... ... 379
110.2.4 Comparisons| . . . . . . . . .. ... 379
............................. 381

MO3Colors . . . . v oo 382
[10.3.1 The color type[ . . . . ... ... ... ... ... ... 382
032 Predicates . . . . . . . ..ot 387
110.3.3 Accessing contents| . . . . . .. ... ..o 389
110.3.4 Comparisons| . . . . . . . . . . .. .. 390
M035 Toold . . . . 391
1036 Unittests . . . .. ... .. . .o 400
110.3.7 The Madgraph color model| . . . . . ... ... ... ... 402

110.4 Flavors: Particle properties| . . . . . .. .. ... ... ... ... 406
[10.4.1 The flavor typel . . . . . . . . ... 406

[10.5 Quantum numbers| . . . . . . ... L Lo 422
[10.5.1 The quantum number typd . . . . . . . . . ... ..... 422
[[0.52°T/0] . .. ... . . 425
[10.5.3 Accessing contents| . . . . . ... ... .. ... ...... 427
[10.5.4 Predicates| . . . . . . ... ... oo 429
110.5.5 Comparisons| . . . . . . . . . . v o v v 430
[10.5.6_Operations| . . . .. .. ... .. ... .. ......... 433
10.5. e quantum number mask| . . . ... ..o 435
10.5.8 Setting mask components| . . . . . ... ... 437
110.5.9 Mask predicates| . . .. .. ... .. ... ... ... ... 439
[10.5.10Operators| . . . . . . . . ... 439
[10.5.11 Mask comparisons| . . . . . .. ... ... ... ...... 439
[[05T2Apply amask . . . .. ... ... ... ... ... ..... 440

(11 Transition Matrices and Evaluationl 443
[L1.1 State matricesl. . . . . . . . .. L oo 444
I11.1.1 Nodes of the quantum state trie] . . . ... ... ... .. 444
112 State matrid . . . .. ... ... ... ... .. ...... 449
[I1.1.3 State iteratorsl . . . . . . . . .. .. .. ... ... ..., 459
|11.1.4 Operations on quantum states| . . . .. ... .. ... .. 465
L1.1.5 Factorizationl . . . .. .. ... ... .. ... ... 472
QI16 Unittests . . . .. . .. .o 475
M2 nteractions . . . . . . . . . . . i 430
[[1.2.1 Fxternalinteraction finksl . . . . .. ... ... ... ... 481
[11.2.2 Internal relationsl . . . . . . .. ... ... ... ... ... 482
[11.2.3 The mteraction typef . . . . . .. .. ... ... ... ... 484
0T.2.4 Methods inherifed from the sfafe matrix memberd . . . . . 490
I11.2.5 Accessing contents| . . . . . . .. .. ... oL, 496
[11.2.6 Modifying contents|. . . . . . . .. ... ... ... ... . 502
[11.2.7 Handling Linked interactions| . . . . .. ... .. ... .. 504
|11.2.8 Recovering connections| . . . . ... .. ... .. ... .. 509
0129 Unittests . . . . . . . . . . . o 511
[T.3 Matrix element evaluationl . . . . . . . . . . . ..o v .. 513
I11.3.1 Array of pairings| . . . . . . . ... ... ... ....... 514
[11.3.2 The evaluator type| . . . . . . . . . ..o 515




[11.3.3 Auxiliary structures for evaluator creation|. . . . . . . .. 517

11.3. reating an evaluator: Matrix multiplication| . . . . . . . 526
[11.3.5 Creating an evaluator: square|. . . . . . . .. .. ... .. 537
[11.3.6 Accessing contents| . . . . . .. ... ... 552
[11.3.7 Inherited procedures| . . . . . . . .. .. ... 552
[11.3.8 Deleting the evaluator| . . . .. ... ... ... .. ... 557
[I1.3:9 Creating an evaluator: identity] . . . . . . . .. ...... 557
[TT.3.70 Creating an evaluator: quantum number sum| . . . . . . . 558
01311 Evaluation| . . . . .. ... .. oo 561
01312Unit tests . . . . . . . . ... 562

[12 Sindarin Built-In Types| 569
[12.1 Particle Specifiers|. . . . . . . . ... oo 570
[12.1.1 Basetypel . . . . . . . .. oo 570
[12.1.2 Wrapper type|. . . . . . ... ... 571
[[21.3 The atomic type . . . . . . v v v v i oo 573
M2TATAsH . . . o oo 579
M2IE7SUml - oo e 581
112.1.6 Expression Expansion| . . . . . . .. ... 583
MR2T7 Testl . . . o o 584

12.2 PDG arrays| . . . . ... ... .. 589
12.2.1 Type definition| . . . . . . . . ... ... .. ... ... .. 589
112.2.2 Basic operations| . . . . . . .. ... .. oL 590
12.2.3 Matching| . . .. ... ... ... .. ... ......... 593

/ T 598

12.2.5 array list| . . . ... oo o 600
1226 Unittests . . . .. ... .. . oo 607
M23Tefs . . 615
112.3.1 Re-exported symbols|. . . . . ... ... ... ... .. 615
0232 Unittests . . . . . .. . . . . . . . 616
M4 subevents . . . o o v oo 618
MZAT Particled . . .« o o oot 618
112.4.2 C-compatible particle type| . . . . . ... ... ... ... 626
[12.4.3 subevents . . .. ... ... ... .. .. ... ... .. 626
[12.4.4 Elminate numerical noisel . . . . . . . .. ... ... ... 640

[12.5 Analysistools| . . . . . ... ... ... ... 641
12.5.1 Output formats|. . . . . . . .. ... ... L. 642
[[25.2 Graphoptiong . . . . .. ... .. .. 642
112.5.3 Drawing options| . . . . . . . . . .. .. ... ... 647
[[254 Observabled . . . . . ... ... .. ... ... ... ... 651
12.5.5 Output| . . ... ... .. .. . 655
12.5.6 Histograms| . . . . . ... ... ... .. .......... 657
R2E7 POt . . . o 667
12.5.8 Graphs| . . .. . ... ... 673
112.5.9 Analysis objects| . . . . .. ... o oL 679
112.5.10 Analysis object iterator| . . . . . . . .. ... L. 685
[12.5.11 Analysis storef. . . . . . ... ... ... ... L. 688
[R5 TR2TETEX driver file] . . . . v v v oo e e 691
MR2EIZAPT . o o o 692
02514 Unit tests . . . . . . . ... 700




MBI Varfabled . . ... ... ... ... .. ... 703
[13.1.1 Variable list entriesf. . . . . . . .. ... .. ... .. ... 704
113.1.2 Setting values|. . . . . . ... ... ... ... 719
113.1.3 Copies and pointer variables|. . . . . .. ... .. ... .. 722
314 Variable Tists . . . . . . . . ... . o 725
315 Toold . .. ..o 734
113.1.6 Process-specific variables| . . ... ... ... ....... 741
[13.1.7 Observable initializationl . . . . . . . . . .. ... ... .. 743
[13.1.8 Observables . . . . . ... ... ... ... ... ..., 746
0319 APTforvarfablelistd . . . . . ... ... ... ....... 751
|13.1.10 Linking model variables| . . . . . . ... ... .. ..... 755

[T3.2 Abstract EXpressions|. . . . . v v v oo v v 764
[13.2.1 Abstract expression type|. . . . . . . ... 764
113.2.2 Abstract factory type| . . . . . ... ..o 766

(14 Matrix Element Handling) 768

[[4T1 Processdata blockl . . . .. .. ... ... ... ... ... . 770

114.2 Process library interface| . . . . . . ... ... oo 773
0421 Overviewl . . . . . . . . . o i 773
[422 Workflow] . . .. ... ... .. we
(423 Themoduld . . . . . . . ... i we
A2 Wiiters . . . . . oo 775
|114.2.5 Process records in the library driver| . . . . . .. ... .. 779
[14.2.6 The process library driver object| . . . . . .. .. ... .. 781
[427 Wiite makefild . . . ... ... ... ... ..... .. 786
14.2.8 Writedriver filel. . . . . .. ... 0oL 788
[14.2.9 Tnterface bodies for informational functions . . . . . . .. 791
|14.2.10 Interfaces for C-library matrix elementf. . . . . . . . . .. 806
|114.2.11 Retrieving the tables| . . . . . . ... .. ... ... ... 808
[14.2.12 Returning a procedure pointer| . . . .. ... .. ... .. 810

............................. 812
|114.2.14 Make source, compile, link{. . . . .. ... ... ... ... 812
|114.2.15 Clean up generated files| . . . . . . ... ... .. ... .. 813
[14.2.16 Further Toolsl . . . . . . . ... ... ... ... ... .. 815
114.2.17 Load the library] . . . . .. ... ... ... ... ..... 815
Q4218 MDS sumsl . . . . . .. oo 818
MAZTIOTesT . . . v o oo 820

|[14.3 Abstract process core configuration|. . . . . . .. .. ... ... 847
|114.3.1 Process core definition typel . . . . . . . ... ... 848
[14.3.2 Process core template] . . . . . ... ... ... ... 851

VeIl .« o v o e 851
|14.3.4 Process driver for intrinsic process| . . . . . . . . . .. .. 852

[14.4 Process library access| . . . . . .. ... .. oL 853
114.4.1 Auxiliary stuff] . . .. ... ... ... oL, 854
|114.4.2 Process definition objects| . . . . . . .. ... ... 854
14.4.3 Process library] . . . ... ... .. ... ... 876
14.4. se the [Ibrary] . . . . . v v v i 891
[T4.45 Collect model-specific libraries| . . . . . . . . . . . . ... 893
MA46 Testl . . . . . oo 894



[14.5 Process Library Stacks[. . . . ... ... ... ... ... .. .. 915

[[451 The stack entry type] . . . . . . . . o oo oo oo 916
114.5.2 The prclib stack typel . . . . . . .. ..o L. 916
114.5.3 Operating on Stacks| . . . . . ... ... ... ... 917
114.5.4 Accessing Contents|. . . . . .. ... .. ... .. ... . 918

[BI3T/0] ... ..o 937
[[5.1.4 Accessing contents| . . . . . .. ... ............ 938
15.1.5 Imitialization irom state matrixl . . . . .. ... ... ... 939
|15.1.6 Specific initializers| . . . . . ... .. ... ... 940
I15.1.7 Operations| . . . . ... ... ... ... ... 947
I15.1.8 Sparse Matrix|. . . . . ... ... .. ... .. ....... 948
15.1.9 Polarization Matrixl . . . . ... .. .. ... .. ..... 950
[15.1.10 Data Translationl . . . . . . .. . . ... ... ... 954
Qo1 d1Unittests . . . . . . . . o o o 955
[15.2 HepMC events| . . . ... ... ... ... ............ 963
(521 Interfacecheckl . . . . .. ... ... ... ... ...... 964
[[622 FourVectorl . . .. ... ... ... ... ... ....... 964
[15.2.3 Polarization|. . . . . . . ... ... ... L. 967
1524 GenParticld . . . . ... ... ... 0o 970
0525 GenVertexl. . . . . . .. .. . 977
[15.2.6 Vertex-particle-in iterator| . . . . . . ... ... ... ... 980
15.2. ertex-particle-out iterator| . . . . ... .. ... ... .. 982
15628 GenEvent| . . . . . . .. ... o 985
15.2.9 Event-particle iterator| . . . . . .. ... oo 993
15.2.10I/O streams|. . . . . . ... ... Lo Lo 995
........................... 997
B3 T IO eventd. . . . . . . . . o o o 1000
0531 TInterfacecheckd . . . . ... ... ... ... .. ...... 1001
1532 LCIO Run Headerl . . . . . .. ... ... .. 1002
1533 LCIO Eventl. . . . . . o oo oo 1002
[534 TCIO Particld. . . . . . .. ... ... . . ... . ..., 1003
115.3.5 LCIO Writer type] . . . . . . .. . ..o oo 1005
M4 Particles . . . . . . v v oo o 1007
115.4.1 The particle type| . . . . . . . .. .. ... ... .. ... 1008
[15.4.2 Particlesets|. . . ... ... ... .. ... ......... 1018
[15.4.3 T/O formats|. . . . ... ... ... .. ... ... ..., 1023
[15.4.4 Expression interface] . . . . . . . . . .. .. ... ... .. 1039
15.4.5 Unittests . . . . . . .. . . . 1040




[[6.T Beam structurel . . . . . . . . . . ... 1047
116.1.1 Beam structure elements. . . . . .. ... ... ... ... 1047
116.1.2 Beam structure type| . . . . . . . .. ... 1048
[16.1.3 Polarization| . . . . . . . .. ... ... L. 1053
16.1.4 Beam momental . . . . . .. ... o000 1054
[16.1.5 Getcontents . .. ... .. ... ... .. ... 1055
06.1.6 Unit Testsl. . . . . . . . . . . . ... . ... 1059

116.2 Beams for collisions and decays| . . . . . . .. .. ... ... ... 1065
1621 Beamdatal .. ... ... ... ... .. ... ...... 1065
116.2.2 Initializers: beam structurel . . . .. .. .. ... ... .. 1070
[[6.2.3 Tnitializers: collisions . . . . . . ... ... ... ... ... 1071
116.2.4 Initializers: decays| . . . . . . .. .. ... .. ... .. 1073
116.2.5 Sanity checkl . . . .. ... o oo 1074
[16.2.6 The beams typel . . . . . . ... .. ... L. 1074
116.2.7 Inherited procedures| . . . . . . . ... ... L. 1077
116.2.8 Accessing contents| . . . . . ... ..o 1077
1629 Unittests . . . .. ... ... . . 1077

M63Toold . . . . . o 1083
116.3.1 Momentum splitting| . . . . ... ... ... ... ..... 1084
[16.3.2 Constant datal . ... ... ... ... ... ...... 1086
[16.3.3 Sampling recoil| . . . . ... ... o o000 1087
NIRRT 1089
[16.3.5 Recovering the splitting . . . . . . . o v v v v v v v o .. 1091
[16.3.6 Extractdatal . . ... ... .. ... ... ... .. 1092
1637 Unit testsl . . . . . .. . . . . . . 1092

|16.4 Mappings for structure functions| . . . . . .. .. ... ... ... 1110
[16.4.1 Base type| . . . .. ... ... ... ... ... 1110
[[6.42 Methods for selftestsd . . . . .. ... ... ....... 1112
116.4.3 Implementation: standard mapping] . . ... .. ... .. 1114
|116.4.4 Implementation: resonance pair mapping . . . . . .. . . 1116
16.4.5 Implementation: on-shell mapping . . . . ... ... ... 1118

16.4.6 Implementation: endpoint mapping

[16.4.7 Tmplementation: endpoint mapping with resonance . . . . 1122

116.4.8 Implementation: endpoint mapping for on-shell particle] . 1124

116.4.9 Implementation: ISR endpoint mapping| . . . . . . .. .. 1126
|116.4.10 Implementation: ISR endpoint mapping, resonant| . . . . 1128
[16.4.11 Implementation: ISR on-shell mapping|. . . . .. ... .. 1131
16.4.12 Implementation: Endpoint + ISR power mapping] . . . . 1133
16.4.13 Implementation: Endpoint + ISR + resonance] . . . . . . 1135
116.4.14 Implementation: Endpoint + ISR power mapping, on-shell|1137
[16.4.15 Basic formulasl . . . . ... ... 0oL 1140
Q6416 Unittests . . . . . . . . ... Lo 1157
[[6.5 Structure function basd . . . .. ... ... oo o0 1176
116.5.1 Abstract structure-function data type[ . . . . . . ... .. 1177
|116.5.2 Structure-function chain configuration| . . . . . . . .. .. 1179
116.5.3 Structure-function instancel . . . . . . .. ... ... ... 1180
[16.5.4 Accessing the structure function| . . . ... ... ... .. 1192
[[6.5.5 Direct calculationd . . . . . ... ... ........... 1194
[16.5.6 Structure-function instancel . . . . . ... ... ... ... 1195



[16.5.8 Chain instancesl. . . . . . . .. . ... ... ... .. 1201
116.5.9 Access to the chain instancel. . . . . . . ... ... .... 1214
16.5.10Unit testsl . . . . . . . . . .. 1216
116.5.11 Test implementation: structure tunction| . . . . . . . . .. 1217
[16.5.12 Test implementation: pair spectrum| . . . . . .. ... .. 1222
[16.5.13 Test implementation: generator spectrum] . . . . . . . . . 1227
[17 Phase Space| 1272
|17.1 Abstract phase-space modulef . . . ... ... ... 00000 1273
17.1.1 ase-space channels|. . . . . . ... ... 1273
[17.1.2 Property collection| . . . . . . ... ... ... 1278
117.1.3 Kinematics configuration| . . . . .. .. ... ... ... .. 1281
U714 Extract datal . .. ... ... ... ... 0., 1286
[17.1.5 Phase-space point instance| . . .. ... ... ....... 1287
[716 Auxiliary stuff] . . .. ... .. ... ... ... . ..... 1295
L7217 Unit testsl . . . . . . . . . .. 1295
{18 Multi-Channel Integration| 1310
|I18.1 Generic Integrator| . . . . . .. .. ... ... ... 1311
118.1.1 MCI: integrator|. . . . . . . ... .. ... ... ...... 1311
O8T2 MCIinstancel . . . . . . . . . . it 1321
U8.1.3 MCIstatel . . . . . ... .. ... .. ... ... ...... 1325
[18.1.4 MClsampler| . . . ... ... ... ............. 1326
OS5 Resultsrecordl . . . . o oo vvv oo 1328
[I81.6 Unittests . . . . . . . . . . . .. ... ... ... 1329
[R2TEErations . . .« v v oo v e e e e e 1352
[18.2.1 The iterations list] . . . .. .. ... .. ... . ..... 1352
822 Toold . . . . . o 1355
OR2Z3TESH - o v v o o e e e e e e 1356
[18.3 Integration results| . . . . . . ... ... ... L. 1358
|18.3.1 Integration results entry| . . . . . . ... ... .. ... .. 1359
|18.3.2 Combined integration results| . . . . . . ... ... .. .. 1366

BOIT Treenodes) . . . . o v vvv e 1394
120.1.2 Operation types| . . . . . . .. .. ... .. 1411
20.1.3 Specific operators|. . . . . . ... ..., 1415
[20.1.4 Compiling the parse tree[. . . . . .. .. ... ... .... 1443
[20.1.5 Auxiliary Tunctions for the compiler] . . . . .. ... ... 1503
2016 Evaluationl . ... ...................... 1504
120.1.7 Evaluation syntax| . . . .. .. ... .. ... L. 1511

10



11

[20.1.8 Set up appropriate parse trees| . . . ... ... ...... 1520
P09 The evaluation tree. . . . . . . . . oot e et 1522
20.1.10Direct evaluationl . . . . . . . . .. ... 1532
[20.1.11 Factory Type| . . . . . . . . . .. .. .. ... ... ..., 1536
201 12Unit testsl . . . . .. ..o 1537
[21 Physics Models| 1543
21.1 Model module|. . . . . . .. ... ... o 1543
[21.1.1 Physics Parameters|. . . . . .. ... ... ... ...... 1544
21.1.2 Mode ject] . . ... 1547
RTT3 Model Access via Variabled . . . . . . ... ........ 1556
21.1.4 Reading models from file] . . . . . ... ... .. ... .. 1558
21.1.5 Model listl . . . . . ... ... ... 1569
21.1.6 Modelnstancesl . .. ... .. ... ... ... .. 1573
2117 Unittestsl . . . . . . . . . o 1574
[21.2_Automatic generation of process components| . . . . .. ... .. 1581
21.2.1 Constraints: stract types| . . . . . . ..o 1582
[21.2.2 Specific constraints| . . . . . . . ... 1584
21.2.3 Tablesof states| . . . . . ... ... ... ... ... ... . 1589
[21.2.4 'Top-level methods| . . . . ... ... ... ... ..... 1595
BL2.5 Spltting algorithi . - .« « o« v v oo e e 1596
BL26 Toold . . . . oot 1600
21.2.7 Accessresultd . . . . ... ... oL 1600
21.2.8 Unittestsl . . . . . . . . . . . o 1601
[22 Structure Function Implementations| 1610

P21 Photon radiation: ISRI . . . . . . . . . . . . 1610
............................ 1611
[22.1.2 Implementation|. . . . . .. ... ... ... L. 1613
D213 The ISR data DIOCK .« « - v v v o oo e e 1613
22.1.4 The ISR object| . . . . . . . ... .. ... ... ...... 1618
P215 Kinemaficsl . . . . . v o o oo 1619
22.1.6 ISR application| . . . . . ... ... ... ... ....... 1622
2217 Unit tests . . . . . . . . . .. . 1623
B22EPAl . . 1636
22.2.1 Physics| . . . . ... 1636
2222 The EPAdatablockl . . . . . . . oo 1637
22.2.3 The EPA object| . . .. ... ... ... ... ....... 1641
P224 Kinemaficsl . . . . . . . . . . 1644
22.2.5 EPA application| . . . ... ... ... ... ........ 1646
2226 Unittests . . . . . . . . . . .. ... 1647
223 EWAL. . . . e 1658
3.1 Physics| . . . . ..o 1658

22.3.2 The EWA data blockl. . . . .. ... .. ... .. ... .. 1660
22.3.3 The EWA object| . . . . . ... ... .. ... .. ..... 1665
2234 Kinematicd . . . . .. ... ... .. 1669
22.3.5 EWA application| . . . . ... ... ..o 1672
2236 Unit tests . . . . . . .. . . . ... 1673
[22.4 Lepton collider beamstrahlung: CIRCEL|. . . . . .. ... .. .. 1684
22.4.1 Physics| . . . . . .. 1684



22.4.3 Random Number Generator for CIRCE| . . ... ... .. 1689
22.4.4 The CIRCE1 object| . . . . . ... ... ... ... .... 1689
2245 Kinematicd . . . .. ... ... o oo 1692
22.4.6 CIRCEL application| . . . . .. ... .. ... .. ..... 1694
2247 Unittests . . . .. . .. .. o 1695

[22.5 Lepton Collider Beamstrahlung and Photon collider: CIRCEZ2|. . 1702
22.5.1 sicsl .. .. 1702
22.5.2 The CIRCE? data blockl . . . . ... ... ... ... ... 1703

1 JIRCEL o 0o o 1707

[22.5.4 The CIRCE2 object| . . . . .. ... ... ... ..... 1707
2255 Kinematicd . . . .. ... ... o oo 1709
22.5.6 CIRCE2 application| . . . . .. ... ... ... ...... 1711
2257 Unittests . . . . ... .. ... 1712

22.6 Emnergy-scan spectrum| . . . . . .. ... oo 1718
[22.6.1 Data type| . . . . ... ... ... o 1719
[£2.6.2 The Energy-scan object] . . . . . . . v v v v i 1721
P263 Kinemaflcs . . .« v v v v o 1723
122.6.4 Energy scan application| . . . . . .. ..o 1724
2265 Unittests . . . . ... ... .. . 1725
22.7 Using beam event data]. . . . . . . ... ... ... 1728
[22.7.1 Data type| . . . . ... ... ... 1729
[2.7.2 The beam events object] . . . . . . . . .. ... ... ... 1732
2273 Kinematics . . . . . . . . ... 1734
[22.7.4 Beam events application| . . . . . .. ... 1736
2275 Unittests . . . .. ... ... o 1736
BZSTHAPDE . . . o oot 1740
R28T Themoduld . . . . . . . . . oo v i 1740
22.8.2 Codes for default PDF sets| . . . .. ... ... ... ... 1741
22.8.3 LHAPDF library interfacel. . . . . . .. ... .. ... .. 1741
22.84 The LHAPDF statusf. . . . . . ... ... ... ... ... 1743
2285 THAPDF initializationl. . . . « + « « v v v v oo e o v 1744
P286 Kinemaficd . . . . . . . o oo 1746
2287 The LHAPDE dafablockl . . . . . ... .......... 1747
[22.8.8 The LHAPDF object|. . . . . . ... .. ... ... .... 1752
2289 Structure functionl . . . .. . ... 0oL 1754
22.8.10 Strong Coupling] . . . . . . .. ... ..o L. 1756
2811 Unittests . . . . . . .. .o 1757
22,9 Builtin PDE sets| . . . . .. ... oo 1762
2291 Themoduld . . . . . ... ... ... ... ... ...... 1762
22.9.2 Codes for default PDF setd . . . . ... ... ... .... 1763
22.9.3 The PDF builtin data blockl . . . ... ... ... ... .. 1763
22.9.4 The PDF object| . . . . .. .. ... ... .. .. ..... 1767
2295 Kinematicd . . . ... ... ... o oL 1769
229.6 Structure functionl . . . . . ... ... oL 1770
22.9.7 Strong Coupling] . . . . .. ... ... oL, 1771
2298 Unittests . . . .. ... ... 1772
[22.10User Plugin for Structure Functions| . . . . .. ... ... .. .. 1777
R2I0T1Themodulel . . . . . . .. .. 1777
[22.10.2 The user structure function data blockl . . . . . . ... .. 1778



22.10.3 The interactionl . . . . . . . . . . .. .. ... 1781
[22.10.4 The user structure functionl . . . . . . .. ... ... ... 1783
22105 Kimematics . . . . . ... 1784
.......................... 1786
|23 Phase space and hard matrix elements| 1788

[23.1 Single-particle phase space|. . . . . . . ..o 1789
23.1.1 Configuration| . . . . . . .. ... .. ... .. ....... 1789
[23.1.2 Kinematics implementation| . . . . . .. .. ... ... .. 1791
2313 Unittests . . . .. ... . . o 1795
Mappings| . . . . . . . . .. 1803
123.2.1 Default parametersf. . . . . . . ... ... 1803
123.2.2 The Mapping type] . . . . . . . . . ... .. 1805
123.2.3 Screen output|. . . . . ... 1805
123.2.4 Define a mapping|. . . . . . . .. .. ... 1806
2325 Retrievecontents . . . . .. ... ... ... ... .. 1808
123.2.6  Compare mappings|. . . . « . v« v v v v v v e 1809
123.2.7 Mappings of the invariant mass| . . . . . . ... ... ... 1810
123.2.8 Step mapping|. . . . . . .. ..o 1816
[23.2.9 Mappings of the polar angle|. . . . . ... ... ... ... 1818

|23.3 Ehase—sgace trees| . . . ... 1822
33T Parficles . . .« o o o oo 1823
123.3.2 The phase-space tree type| . . . . . . . . ... ... ... 1826
23.3.3 PHS treesetup| . . . . ... ... .. ... .. ....... 1830
[23.3.4 Phase-space evaluation|. . . . . ... .. ... ... .... 1841
P34 The phase-space forest] . . . . . . . . . . o 1852
23.4.1 ase-space setup parameters|. . . . . . ... ... ... 1853
123.4.2 Equivalences| . . . ... ... oo 1855
............................. 1857

23.4.4 The forest type| . . . . . . . ..o 1859
123.4.5 Screen output|. . . . . .. ..o 1861
[23.4.6 Accessing contents| . . . .. ... ..o 1864
[23.4.7 Read the phase space setup from file] . . . . . . . .. ... 1866
123.4.8 Preparation] . . . . ... ... oo 1873
123.4.9 Accessing the particle arrays| . . . ... ... ... 1875
[23.4.10 F'ind equivalences among phase-space trees| . . . . . . .. 1877
23.4.11 Interface for channel equivalences|. . . . . . . . . ... .. 1878
[23.4. 72 Phase-space evaluation]. . . . . . . . . . . . . .. ... .. 1879
23413Unit testd . . . . . . . ... 1882

[23.5 Finding phase space parameterizations| . . . . . . . .. ... ... 1885
[23.5.1 The mapping modes| . . . . . . ... ... .. ....... 1886
352 Tho Gascade DG - + - « « « v o o oo e 1886
[£3.5.3 Creating new cascades] . . . . . . . o.ooo o 1893
B354 Toold . . . 1894
23.5.5 Hash entries for cascadesl . . . . .. ... ... ... ... 1895
23.5.6 Thecascadesetl. . . . . .. ... .. .. ... .. ..... 1898
[23.5.7 Adding cascades| . . ... ... ... ... 1907
[235.8 External particles]. . . . . . ... ... ... ... .. ... 1909
[23.5.9 Cascade combination I: Havor assignment| . . . . . . . .. 1912
123.5.10 Cascade combination II: kinematics setup and check| . . . 1913

13



[23.5.11 Cascade combination III: node connections and tree fusionl 1919

123.5.12 Cascade set generation|. . . . . . .. .. ... ... .... 1922
B3EI3GIoves . . . . e 1925
123.5.14 Generate the phase space file| . . . . .. ... ... ... 1926
23515 Unmt tests . . . . . . ... 1928
[23.6 WOOD phase space| . . ... ... ... ... ... ... ... 1929
P30 ComBEuration] . . « « « o v oovoee e e 1930
[23.6.2 Phase-space generation| . . . . . . . . . .. ... ..... 1933
123.6.3 Phase-space configuration| . . . . . . .. ... ... ... 1935
123.6.4 Kinematics implementation| . . . . . . . ... ... ... 1942
23.6.5 Evaluation| . . . ... ... ... ... ... 1943
23.6.6 Unit tests . . . . . . . . . .. 1944

[24 Random-Number Generator Implementation| 1961
24.1 TAO Random-Number Generator]. . . . .. ... ... ... ... 1961
124.1.1 Generator type| . . . . . . . ... o oo 1962
2412 Unittestd . . . . . .. . . . ... . ... 1964

[25 NLO Calculations using FKS Subtraction| 1968
25.1 Creating the real flavor structure| . . . . . . . . .. ... ... .. 1968
125.2 Identifying singular regions| . . . . . .. .. ... ... 1977
25.3 The FKS phasespace|] . . . . ... ... ... .. ... 2006
125.3.1 Creation of the real phase space - FSR|. . . . .. ... .. 2014
125.3.2 Creation of the real phase space - ISR} . . . ... ... .. 2018
[25.4 Tmplementation of the Calculation] . . . .. ... ... ... ... 2019
[25.41 The real contribution to the cross sectionl . . . . . .. .. 2034
25.4.2 Collinear counterterms|. . . . . . . . . .. .. ... .... 2039
25.4.3 Virtual contribution to the cross sectionl . . . . . . .. .. 2042
125.4.4 Putting it together| . . . . . . .. .. ... ... 2046

[26 Multi-Channel Integration| 2058
[26.1 Simple midpoint integration| . . . . . .. .. ..o Lo 2058
126.1.1 Integrator| . . . . . . . . .. ... ... .. 2059
126.1.2 Integrator instance| . . . . . . . . .. ... L. 2065
2613 Unittestd . . . .. ... ... .. .. .. ... 2069
26.2 VAMP interfacel . . . . . . . ... Lo 2084
126.2.1 Grid parameters| . . . . . . .. ..o 2086
126.2.2 History parameters|. . . . . . .. .. ... ... ... ... 2087
126.2.3 Integration pass| . . .. ... .. ... ... ... 2087
126.2.4 Integrator| . . . . . . ... ..o 2094
126.2.5 Sampler as Workspace| . . . . . . ..o 2114
126.2.6 Integrator instance| . . . . . ... ..o 2114
126.2.7 Sampling function| . . . . . ... ..o 2124
126.2.8 Integrator instance: evaluation| . . . . . ... .. ... .. 2125
126.2.9 VAMP exceptions| . . . .. ... ... ... .. ..., 2127
262.10Unit testsl . . . . . . . . ... 2127

27 Process Libraries| 2166

14



[28 Integration and Process Objects| 2167

[28:1 Abstract process core. . . . . .. ... 2167
28.1.1 The process core| . . . . . . .. .. ... 2168
128.1.2 Storage for intermediate results| . . . . . . .. ... .. .. 2174
128.1.3 Helicity selection data] . . . . . ... .. ... .. ... .. 2174

28.2 Process observablesl. . . . . ... ... 0oL 2175
[28.2.1 Abstract base typef . . . . . ... ..o 2176
B82.2 Tnftalizafion] . . « « « « o vt v 2177
2823 Evaluation| . ... ... .. ... ... 0. 2178
128.2.4 Implementation for partonic events|. . . . . . . . ... .. 2179
[28.2.5 Implementation for full events|. . . . . . . ... ... ... 2186

28.3 Parton statesl . . . . . . .. ... oo 2192
128.3.1 Abstract base typel . . . . . ... ... oL, 2193
2832 Common Initialization] . . . . . . . . ... ... ... ... 2196
28.3.3 Iivaluator imitialization: isolated statel . . . . .. ... .. 2197
[28.3.4 Fvaluator initialization: connected statel . . . . . ... .. 2199
[28.3.5 Cuts and expressions|. . . . . . . . ... .. ... ... .. 2201

0 01 P 2203
128.3.7 Accessing the state] . . . . . . ... ... ... ....... 2206

28.4 Complete Elementary Processes|. . . . . .. ... ... ... ... 2207
|28.4.1 The Process Object| . . . . .. ... ... ... . ..... 2209
2842 Metadatal . . . .. . ... oo 2235
[28.4.3 Generic Configuration Data] . . . . . ... ... ... ... 2240
28.4. eam configuration|. . . . . . . ... ..o 2243
128.4.5 Multi-channel integration| . . . . . ... ... .. ... .. 2251
128.4.6 Process Components| . . . . . .. .. ... .. ... .... 2259
R84T Processterms . . . . .. .. ... Lo oL 2264
2848 Default Tterationd. . . . . . . . . . .. ... ... 2268
128.4.9 Constant processdatal . . . . ... ... ... ....... 2271
128.4.10 Compute an amplitude| . . . . . . ... ... .. ... .. 2276
28.4.11 Process instancesl . . . . . . . .. ... 2278
[28.4.12 Accessing the process instance| . . . . ... ... ... .. 2326

iclesets|. . .. ... 2331
28414 Unittests . . . . . . .. oo 2333

28.5 Process Stacksl . . . . ... ... 2368
128.5.1 The process entry typel. . . . . . .. ... 2369
128.5.2 The process stack typel. . . . . . .. ... 2370
RRES TR . . . . 2372
RREAPushl. . . .. 2373
2855 Data Accessl. . . . ... ... 2374
285.6 Unittestsl . . . . . .. . . . ... . ... 2374

29 Parton shower and interface to hadronizationl 2380

29.1 Basics of the showerl . . . . . . ... ... ... ... ....... 2380
29.1.1 PDF Parameters| . . . . . . . ... ... ... ... ... 2380
129.1.2 Additional parameters| . . . . . ... ..o 2381

29.2 Parton module for the showed . . . . . . ... ... ... ... .. 2388
129.2.1 The basic type defintions| . . . . . ... ... .. ..... 2388
29.2.2 Routined. . . . . . .. . . ... .. ... 2389
[29.2.3 The analytic FSR| . . . ... ... ... ... ... .... 2405




29.3 Main shower module] . . . . . . . ... oo oL 2410
29.4 Talking to PYTHIA| . . . ... .. ... ... .. .. ...... 2485
............................... 2501
29.5.1 MLM matching|. . . ... ... ... .. .......... 2501
29.5.2 CKKW matching|. . . . .. ... .. ... ......... 2537
(30 Events| 2553
80.1 Abstract Event Transforms . . . .. ... ... ... ... .... 2553
[30.1.1 Abstract base type[ . . . . . ... ... 2554
30.1.2 Implementation: Trivial transform| . . . . . . . . ... .. 2559
B01.3 Unittests . . . . . . . . . . . 2560
................................. 2563
130.2.1 Final-State Particle Configuration| . . . . .. .. ... .. 2564
180.2.2 Final-State Particlel . . . . .. ... ..o o000 2565
130.2.3 Decay Term Configuration|. . . . . . .. ... ... .... 2566
[30.2.4 Decay Term|. . . .. ... ..... ... .......... 2568
[30.2.5 Decay Root Configuration] . . . . . . . ... ... ..... 2571
130.2.6 Decay Root Instance| . . . . . ... ... ... ... ... . 2575
130.2.7 Decay Configuration| . . . . . ... ... ... .. ..... 2579
[30.2.8 Decay Instance] . . . . . ... ... ... .. ........ 2580
[B0.2.9 Stable Particles] . . . . . . . . ... 2583
30.2.10 Unstable Particles . . . . . ... ... ... ... ..... 2585
130.2.11 Decay Chain| . . . .. ... ... ... .. ... 2590
130.2.12 Decay as Event Transform|. . . . . . .. ... .. ... .. 2595
B0213Unittests . . . . . . .. 2598
BOZSHOWEL . -« v ooe e e 2611
130.3.1 Configuration Parameters| . . . . . . .. ... ... .... 2612
130.3.2 Shower Application Interface| . . . . . . . ... ... ... 2616
80.3.3 Event Transforml . . . ... ... ... ... ... ..... 2642
80.3.4 Unit Testsl. . . . . . . . . . . . 2647
30.4 Complete Events| . . . . . ... ... ... ... ... ... 2652
30.4.1 Event configuration| . . ... ... ... ... ....... 2653
B0.42 Event normalizationl . . . . . . . . . oo 2655
130.4.3 The event type| . . . . . . . ..o 2657
80.4.4 [mitializationl . . . . . ... ... 2660
B0.45 FEvaluationl . . .. ... ... ... . ... ... ... ... 2663
[30.4.6 Reset to empty state] . . . . ... ... ... ... ..., 2665
30.4. quare atrix Element and Weight| . . . . . . .. .. .. 2666
3048 Generation] . . . . ... ... ... ... 2669
130.4.9 Recovering anevent| . . . . .. ... .. ... ... ... 2670
80.4.10 Access contentl . . . . . . ... Lo 2672
BO4 11 Unittests . . . . . . .. .o o 2675
[31 Matrix Element Implementations| 2685
[31.1 Template matrix elements| . . . . . . ... ... ... ... .... 2685
BLLI Processdefinition]. . . . . . . . o oo 2686
131.1.2 The Template Matrix element writer| . . . . . . . . .. .. 2689
BLI3 Driver] . . . . . . . . 2701
131.1.4 High-level process definition|. . . . . . . ... ... .. .. 2702
[31.1.5 The prc_template_me_t wrapper| . . . .. .. ... ... 2702

16



B1.2 0°MEGA Interfacel . . . . . . . . ..o 2715
BI21 Processdefinifion]. . - « « « « v v e e 2716
B1.2.2 The 0°MEGA writerl . . . . . . . . . . . .. .. ... .... 2720
BLZ3 Driver . . .« o ot 2730
[31.2.4 High-level process definition| . . . . . ... ... ... ... 2730
31.2.5 e prc_omega_t wrapper| . . . . . . ... ... ... .. 2731
BL26 Testl . . . . o oot 2738

BL.3 Gosam Interfacel . . . . .. .. ... oo 2758

[31.4 Save previously generated loop libraries| . . . . . ... ... ... 2780

[32 Event 1/0] 2784

[B2.1 Event Sample Data] . . . . . . .. ... ... ... ... 2784
32.1.1 Event Sample Datal. . . . . .. ... ... ... 2784
B21.2 Unittests . . . .. ... .. . o 2787

[32.2 Abstract I/O Handler| . . . ... ... ... ... ... ...... 2790
32.2.1 Process pointer| . . . . . .. ... oL 2791
.............................. 2792
B223 Unittestd . . . . ... ... 2795

[32.3 Raw Event I/O| . . . . . . ... .. L 2801
B23.1 Typel. . . . . . o 2801
B232 Unittestd . . ... .. ... ... ... . ... 2808

82.4 Event Generation Checkpoints| . . . .. ... .. ... ... ... 2813
3241 Typel. . . . . . o 2814
[32.4.2 Specific Methods| . . . . .. ... ..o 2814
B243 Common Methods . .« « v v v oo 2814
132.4.4 Message header| . . . . . .. ... .. oL 2818
8245 Unittests . . . . . . . . . . .. 2818

B2.5 HEP Common Blocks . . . ... ... .. ... ... ... ... 2820
B25T Fvent characteristics . . . . . . ... .. ... ... .... 2821
[B2.5.2 Particle characteristicd . . . . . . . . ... ... ... .. 2822
132.5.3 The HEPRUP common blockl . . . ... ... ... . ... 2822
32.5.4 Run parameter output (verbose)| . . . . .. ... ... .. 2826
32.5.5 Run parameter output (other formats)|. . . . .. ... .. 2827
32.5.6_The HEPEUP common blockl . . . . . ... ... ..... 2828
132.5.7 The HEPEVT common blockl . . .. ... .... ... .. 2832
[32.50.8 Event outputf . . . .. ... ... o000 2835
[32.5.9 Event output in various formats| . . . . . . . . . . . ... 2837
132.5.10 Event input in various formats| . . . . .. .. ... .. .. 2840
132.5.11 Data Transfer: particlesets| . . . . . .. ... .. ... .. 2840

82,6 HEP Common and Events . . . . . . . ... ... .. ... .... 2843
32.6.1 Data Transfer: events . . .. ... ... ... ... .... 2844

[32.7 LHEF Input/Output| . . . . . . ... ... ... ... ....... 2846
32.7.1 Typel. . . . . . . 2847
132.7.2 Specific Methods| . . . . . . ... oo 0oL 2848
B273 Common Methods . . . ... ... ... .. .. ...... 2849
[32.7.4 Les Houches Event File: header/footer|. . . . . . ... .. 2859
[32.7.5 Version-Specific Code: 1.0]. . . . . . ... ... ... ... 2860
32.7.6 Version-dpecific Code: 2.0/ . . . . . . . . .. .. ... ... 2861
132.7.7 Version-Specific Code: 3.0/ . . . . . . . .. ... ... ... 2864

17



8279 Unittests . . . . . .. . .. 2868

82.8 HepMC Output|. . . . . . .. ... o o 2884
8 PE| . . e 2885

132.8.2 Specific Methods| . . . . . . ... 2885
B2.83 Common Methodd . . . . ... ... ... ... ...... 2886
82.8.4 Auxiliary| . . . . . ... 2890
B285 Unittests . . . . . .. . . . ... ... 2891
32.9 LCIO Output| . . . . . ... .. .. ... . .. . . 2896
32.9.1 Typel. . . . . . . . 2897
[32.9.2 Specific Methods| . . . . . ... ... 00000 2898
3293 Common Methodd . . . . .. ... ... .......... 2898
132.9.4 Auxiliary| . . ... ... 2903
8295 Unittests . . . . . ... .. .. .. ... .. 2903
B82.10ASCII File Formatsl . . . . . . . . ... oo oo 2909
32.10.1Type|. . . . . . . o 2909
32.10.2 Specific Methods| . . . . . . . ... oo oL 2911
B2103Common Methods . . . . . . .o oo 2912
B2.104Unit tests . . . . . . . . . ... 2918

B2 115TDHEP File Formatsf . . . . . . . ... oo o000 2939
.............................. 2940
[32.11.2 5pecific Methods| . . . . . ... ... ... 00 2940
B2IL3Common Methods . . . . . .« oo oot 2941
B211.4Variablesl . . . . ... ... ... ... ... .. 2946
B2I115Unit testd . . . .. . . . .. ... 2946
82.12Event Weight Output| . . . . . .. ... ... ... ... ... 2951
.............................. 2952
32.12.2Specific Methods| . . . . . . . ... oo 0oL 2952
B2123Common Methods . . . . . . . oo 2952
B2124Unit tests . . . . . . . ... 2955

33 The SUSY lLes Houches Accord| 2960
133.0.5 Preprocessor| . . . .. ... ..o L. 2961
133.0.6 Lexer and syntax| . . . . .. .. ... ... ... ... 2962
133.0.7 Interpreter| . . . ... .. ... oL 2964
133.0.8 Auxiliary function| . . . . ... ... .. ..., 2970
B309 Parser] . . . .. ... 2982
BIOIOAPT . . o oo 2983
B3.011Unit tests . . . . . . . . . . .. 2984

34 NLO infrastructurel 2987
B4.1 BLHA interfacel . . . . . .. .. .. ... 2987
34.1.1 Configuration| . . . . . . .. .. ... .. ... ... ... 2989
B4.1.2 OLP matrix element interface . . . . . . ... .. ... .. 3013
B413 OLP drived . . .. ... ... ... ... ... ...... 3016

18



[35 Integration and simulation| 3018

B5.1 Usercontrolod B T/0] . « « « o o o oo oo 3018
35.1.1 The file typel . . . . . . . .. oo 3019
B51.2 Thefilelistl . . ... ... ... ... ... ... ...... 3021

BE2 Rumtimedafal . . . . . . . ... 3024
[35.2.1 Strategy for models and variables[. . . . . ... ... ... 3025
[35.2:2 Container for parse nodes] . . . . . . ... ... ... ... 3026
[B5.2.3 The data type] . . . - v v v v v i e 3029

4 Output| . .. ... ... .. 3029
B525 Clearl . . . . . o 3032
85.2.6 Initializationl . . . . . . .. .. ... oL 3032
[35.2.7 Local copies|. . . . ... ... ... ... ... ... ... 3048
BEZS Fnalizafion] - .« - - -« v v v v oo e 3051
135.2.9 Model Management| . . .. .. .. ... ... ....... 3052
135.2.10 Managing Variables . . . . .. ... ... ... ... .. 3055
B2 11 Further Content] . . . . .. ... ... ... ... ..... 3060
Bh2I12Miscellaneous] . . . . . . . ... 3061
BE2I3Testl . . . . . o oo 3065

35.3 Select implementations|. . . . . .. ... oo 3080
85.3.1 Process Core Definition| . . . . . . ... . ... ... ... 3081
B5.3.2 Process core allocationl . . . . . ... .. ... ... .... 3084
[35.3.3 Process core update and restoration| . . . ... ... ... 3084
|35.3.4 Integrator allocation| . . . . ... ... .. ... ...... 3085
35.3.5 ase-space allocation| . . . . . . ... ... 0oL 3087
135.3.6  FKS parameter| . . . . . . ... ... .. ... ....... 3088
135.3.7 Random-number generator| . . . .. .. ... .. ... .. 3089
35.3.8 Structure function configuration data] . . . ... .. ... 3090
35.3.9 Event I/O stream| . . ... .......... ... ..... 3104
35.3.10 coupling| . . . . . ... ... 3108
B5.3.11Parton Showerd . . .. .. ... ... ... ... ...... 3110
B5.3.12FEvent Transform] . . . . . . ... ... ... ... ..... 3110
BE3I3SCHA Tnferfacd . . . . . . . . . . .. ... ... ... .. 3111
BESIATesT . . . . o o oo 3112

35.4 Process Configuration| . . . .. .. ... ... ... . ....... 3132
85.4.1 Data Typel . . . . .. .. oo 3133

.............................. 3136

85.5 Compilation|. . . . . . .. ... L 3141
[35.5.1 The data type] . ... ... ... ... ... ....... 3141
35.5.2 for library compilation and loading| . . . . . . . . .. 3143
35.5.3 Compiling static executablel . . . . . . ... ... ... .. 3144
135.5.4 API for executable compilation| . . . . . ... .. ... .. 3148
BEDD TOST . v v oo e e e e e 3149
B5.5.6 Test staticbuildl . . ... ... ... ... ... ...... 3153

[30.6 Integration| . . .. ... ... ... ... 00000 3156
[35.6.1 The integration type| . . . . « « v v v v v v i 3157
B5.6.2 Initializationl . . . ... . ... ... ... ... ...... 3158
135.6.3 Integration| . . . . .. ... .. oL, 3164
135.6.4 API for integration objects| . . . . . .. .. ... ... .. 3165
BEGD TEST - o« o oovooe e e e 3170

B5.7 Event Streamd . . . ... ... ... 3186



8572 Unit Testsl. . . . . . . . . oo o 3191
BES SIMUIAtIon] . . « « « v oo e e e e e 3198
35.8.1 Event counting] . . . . . .. ... ... 0oL 3199
135.8.2 Simulation: component sets| . . . . . ..o 3201
85.8.3 Process-core Safel . . . . .. ... ... L. 3202
[35.8.4 Process Object| . . . ... ... .. ... ........ 3203
35.8.5 Simulation entry| . . . . .. ..o 3204
[35.8.6 Entries for alternative environment] . . . . . . . . ... .. 3210
35.8.7 The simulation type| . . . . . .. ... ... 3212
35.8.8 Event Stream I/O| . . . . ... ... ... ... . ..., 3226
30.8.9 Event Stream Array| . . . . .. ... 3228
828 10Recover eventl . . . . . . . ... 3229
35.8.11 Extract contentsl . . . . . . ... .. .. ... .. ... .. 3230
B5.8.12Auxiliary] . . . ... Lo 3232
.............................. 3232

36 More Unit Tests| 3263
86.1 Expression Testing] . . . . . . ... ... .. 0oL 3263
36.1.1 Testl . . . . . . . o 3264

[37 Top level AP]| 3280
B7.1 Commands . ... .. ... .. .. ... ... 3280
37.1.1 The command type]. . . . . . .. ... ... ... ... 3281
BTIZ ODHODT - - - - oo oo 3285
[37.1.3 Specific command types| . . . . . ..o oo 3286
137.2 User-controlled output to data files| . . . . . . .. ... ... ... 3356
B7.2.1 Print custom-formatted values . . . .. ... .. ... .. 3358
B87.2.2 The command list] . ... ... ... .. ... .. ..... 3406
[37.2.3 Compiling the parse tree[. . . . . . ... ... ... .... 3407
37.2. xecuting the command list|. . . . .. ... ... ... .. 3407
187.2.5 Command list syntax| . . . .. ... .. ... .. ..... 3408
B7.2.6 Unit Testsl. . . . . .. . .. . . 3415

87.3 Toplevel module WHIZARD|. . . . .. ... ... .. ... ... 3471
............................ 3473
BZ32 Parse tree stackl. . . . .« o oo 3473
137.3.3 The whizard object| . . . . ... .. ... ... ...... 3474
137.3.4 Initialization and finalizationl . . . . . ... .. ... ... 3475
37.3.5 Initialization and finalization (old version)|. . . . . . . .. 3477
37.3.6 Execute command listsl. . . . . .. .. ... L. 3479
BT37T The WHIZARD shelll . . .. ... ... .o 3480
B7.3.8 Self-testdl . . ... ... ... 3481
87.4 Driver program| . . . . . . ... Lo o 3487
B7.5 Whizard-C-Interfacel . . . . ... ... ... ... ... .. .... 3496

38 Cross References| 3505
38.1 Identifiersl . . . . . . . . .. 3505
38.2 Chunksl . . ... .. .. .. ... 3505

20



Chapter 1

Changes

For a comprehensive list of changes confer the ChangeLog file or the
subversion log.
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Chapter 2

Preliminaries

The WHIZARD file header:

(File header)=
! WHIZARD (Version) (Date)

! Copyright (C) 1999-2014 by

! Wolfgang Kilian <kilian@physik.uni-siegen.de>
! Thorsten Ohl <ohl@physik.uni-wuerzburg.de>

! Juergen Reuter <juergen.reuter@desy.de>

! with contributions from

! Fabian Bach <fabian.bach@desy.de>

! Christian Speckner <cnspeckn@googlemail.com>

! Christian Weiss <christian.weiss@desy.de>

! and Felix Braam, Sebastian Schmidt, Daniel Wiesler

! WHIZARD is free software; you can redistribute it and/or modify it
! under the terms of the GNU General Public License as published by

! the Free Software Foundation; either version 2, or (at your option)
! any later version.

! WHIZARD is distributed in the hope that it will be useful, but
! WITHOUT ANY WARRANTY; without even the implied warranty of

! MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
! GNU General Public License for more details.

along with this program; if not, write to the Free Software

!
!
1
!
! You should have received a copy of the GNU General Public License
!
! Foundation, Inc., 675 Mass Ave, Cambridge, MA 02139, USA.

!

1

This file has been stripped of most comments. For documentation, refer
to the source ’whizard.nw’

We are strict with our names:
(Standard module head)=

implicit none
private
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This is the way to envoke the kinds module (not contained in this source)
(Use kinds)=
use kinds, only: default
And we make heavy use of variable-length strings
(Use strings)=
use iso_varying_string, string_t => varying_string
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Chapter 3
Utilities

These modules are intended as part of WHIZARD, but in fact they are generic
and could be useful for any purpose.
The modules depend only on modules from the basics set.

file_utils Procedures that deal with external files, if not covered by Fortran
built-ins.

string_utils Some string-handling utilities. Includes conversion to C string.
format_utils Utilities for pretty-printing.

format_defs Predefined format strings.

3.1 File Utilities

This module provides miscellaneous tools associated with named external files.
Currently only:

e Delete a named file

(file_utils.£90)=
(File header)

module file_utils
use io_units

(Standard module head)

(File utils: public)

contains

(F'ile utils: procedures)

end module file_utils
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3.1.1 Deleting a file

Fortran does not contain a command for deleting a file. Here, we provide a
subroutine that deletes a file if it exists. We do not handle the subtleties, so we
assume that it is writable if it exists.
(File utils: public)=

public :: delete_file

(File utils: procedures)=
subroutine delete_file (name)

character(*), intent(in) :: name
logical :: exist
integer :: u

inquire (file = name, exist = exist)
if (exist) then
u = free_unit ()
open (unit = u, file = name)
close (u, status = "delete")
end if
end subroutine delete_file

3.2 String Utilities

This module provides tools associated with strings (built-in and variable). Cur-
rently:

e Upper and lower case for strings
e Convert to null-terminated C string

(string_utils.f90)=
(File header)

module string_utils

use, intrinsic :: iso_c_binding
(Use strings)

(Standard module head)
(String utils: public)
(String utils: interfaces)
contains

(String utils: procedures)

end module string_utils
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3.2.1 Upper and Lower Case

These are, unfortunately, not part of Fortran.
(String utils: public)=

public :: upper_case

public :: lower_case

(String utils: interfaces)=
interface upper_case
module procedure upper_case_char, upper_case_string
end interface
interface lower_case
module procedure lower_case_char, lower_case_string
end interface

(String utils: procedures)=
function upper_case_char (string) result (new_string)

character(*), intent(in) :: string
character(len(string)) :: new_string

integer :: pos, code

integer, parameter :: offset = ichar(’A’)-ichar(’a’)

do pos = 1, len (string)
code = ichar (string(pos:pos))
select case (code)
case (ichar(’a’):ichar(’z’))
new_string(pos:pos) = char (code + offset)
case default
new_string(pos:pos) = string(pos:pos)
end select
end do
end function upper_case_char

function lower_case_char (string) result (new_string)

character(*), intent(in) :: string
character(len(string)) :: new_string

integer :: pos, code

integer, parameter :: offset = ichar(’a’)-ichar(’A’)

do pos = 1, len (string)
code = ichar (string(pos:pos))
select case (code)
case (ichar(’A’):ichar(’Z’))
new_string(pos:pos) = char (code + offset)
case default
new_string(pos:pos) = string(pos:pos)
end select
end do
end function lower_case_char

function upper_case_string (string) result (new_string)
type(string_t), intent(in) :: string
type(string_t) :: new_string
new_string = upper_case_char (char (string))

end function upper_case_string

function lower_case_string (string) result (new_string)
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type(string_t), intent(in) :: string

type(string_t) :: new_string

new_string = lower_case_char (char (string))
end function lower_case_string

3.2.2 C-compatible Output

Convert a FORTRAN string into a zero terminated C string.
(String utils: public)+=
public :: string_f2c

(String utils: interfaces)+=
interface string_f2c
module procedure string_f2c_char, string f2c_var_str
end interface string_f2c

(String utils: procedures)+=
pure function string f2c_char (i) result (o)
character(*x), intent(in) :: i
character (kind=c_char, len=len (i) + 1) :: o
o =1 // c_null_char
end function string_f2c_char

pure function string f2c_var_str (i) result (o)
type(string_t), intent(in) :: i
character (kind=c_char, len=len (i) + 1) :: o
o = char (i) // c_null_char

end function string_f2c_var_str

3.3 Format Utilities

This module provides miscellaneous tools associated with formatting and pretty-
printing.

Horizontal separator lines in output

Indenting an output line

Formatting a number for TEX output.

Formatting a number for MetaPost output.
e Alternate numeric formats.

(format_utils.f90)=
(File header)

module format_utils
(Use kinds)

(Use strings)
use string_utils, only: lower_case
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(Standard module head)
(Format wutils: public)
contains

(Format utils: procedures)

end module format_utils

3.3.1 Line Output

Write a separator line.

(Format utils: public)=
public :: write_separator

(Format utils: procedures)=
subroutine write_separator (u, mode)

integer, intent(in) :: u
integer, intent(in), optional :: mode
integer :: m

m=1; if (present (mode)) m = mode
select case (m)
case default

write (u, "(A)") repeat ("-", 72)
case (1)

write (u, "(A)") repeat ("-", 72)
case (2)

write (u, "(A)") repeat ("=", 72)
end select
end subroutine write_separator

Indent the line with given number of blanks.
(Format utils: public)+=
public :: write_indent

(Format utils: procedures)+=
subroutine write_indent (unit, indent)

integer, intent(in) :: unit
integer, intent(in), optional :: indent
if (present (indent)) then
write (unit, "(1x,A)", advance="no") repeat (" ", indent)
end if

end subroutine write_indent

3.3.2 TgX-compatible Output

Quote underscore characters for use in TEX output.

(Format utils: public)+=
public :: quote_underscore
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(Format utils: procedures)+=
function quote_underscore (string) result (quoted)
type(string_t) :: quoted
type(string_t), intent(in) :: string
type(string_t) :: part
type(string_t) :: buffer
buffer = string

quoted = ""

do
call split (part, buffer, "_")
quoted = quoted // part
if (buffer == "") exit
quoted = quoted // "\_"

end do

end function quote_underscore

Format a number with n significant digits for use in TEX documents.
(Format utils: public)+=

public :: tex_format

(Format utils: procedures)+=
function tex_format (rval, n_digits) result (string)

type(string_t) :: string
real(default), intent(in) :: rval
integer, intent(in) :: n_digits
integer :: e, n, w, d
real(default) :: absval
real(default) :: mantissa
character :: sign
character(20) :: format
character(80) :: cstr
n = min (abs (n_digits), 16)
if (rval == 0) then

string = "O"
else

absval = abs (rval)
e = logl0 (absval)
if (rval < 0) then
sign = "-"
else
sign = ""
end if
select case (e)
case (:-3)
d =max (n - 1, 0)
w =max (d + 2, 2)
write (format, "(’(F’,I0,’.°,I0,’,A,I0,A)’)") w, d
mantissa = absval * 10._default ** (1 - e)
write (cstr, fmt=format) mantissa, "\times 10°{", e - 1, "}"
case (-2:0)
d=max (n - e, 1 - e)
w=max (d + e+ 2, d + 2)
write (format, "(’(F’,I0,’.°,I0,’)°)") w, d
write (cstr, fmt=format) absval
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case (1:2)
d=max (n - e -1, -e, 0)
w=max (d+e+2,d+ 2, e +2)
write (format, "(’(F’,I0,’.°,I0,’)°)") w, d
write (cstr, fmt=format) absval

case default
d =max (n - 1, 0)
w=max (d + 2, 2)
write (format, "(’(F’,I0,’.°,I0,’,A,I0,A)’)") w, d
mantissa = absval * 10._default ** (- e)
write (cstr, fmt=format) mantissa, "\times 10°{", e, "}"

end select

string = sign // trim (cstr)

end if
end function tex_format

3.3.3 Metapost-compatible Output

Write a number for use in Metapost code:
(Format utils: public)+=
public :: mp_format

(Format wutils: procedures)+=
function mp_format (rval) result (string)

type(string_t) :: string
real (default), intent(in) :: rval
character(16) :: tmp

write (tmp, "(G16.8)") rval
string = lower_case (trim (adjustl (trim (tmp))))
end function mp_format

3.3.4 Conditional Formatting

Conditional format string, intended for switchable numeric precision.
(Format utils: public)+=
public :: pac_fmt

(Format utils: procedures)+=
subroutine pac_fmt (fmt, fmt_orig, fmt_pac, pacify)

character(*), intent(in) :: fmt_orig, fmt_pac
character(x), intent(out) :: fmt

logical, intent(in), optional :: pacify
logical :: pacified

pacified = .false.

if (present (pacify)) pacified = pacify
if (pacified) then
fmt = fmt_pac
else
fmt = fmt_orig
end if
end subroutine pac_fmt
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3.4 Format Definitions

This module provides named integer parameters that specify certain format
strings, used for numerical output.

(format_defs.f90)=
(F'ile header)

module format_defs
(Standard module head)
(Format defs: public parameters)

end module format_defs
We collect format strings for various numerical output formats here.

(Format defs: public parameters)=
character(*), parameter, public :: FMT_19 = "ES19.12"
character (%), parameter, public :: FMT_18 = "ES18.11"
character(*), parameter, public :: FMT_17 = "ES17.10"
character(*), parameter, public :: FMT_16 = "ES16.9"
character(*), parameter, public :: FMT_15 = "ES15.8"
character(*), parameter, public :: FMT_14 = "ES14.7"
character(*), parameter, public :: FMT_13 = "ES13.6"
character(*), parameter, public :: FMT_12 = "ES12.5"
character(*), parameter, public :: FMT_11 = "ES11.4"
character(*), parameter, public :: FMT_10 = "ES10.3"
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Chapter 4

Testing

This part contains tools for automatic testing.

unit_tests A handler that executes test procedures and compares and collects
results.

4.1 Unit tests

We provide functionality for automated unit tests. Each test is required to pro-
duce output which is compared against a reference file. If the two are identical,
we signal success. Otherwise, we signal failure and write the output to a file.

(unit_tests.f90)=
(File header)

module unit_tests

(Use strings)
use io_units

(Standard module head)
(Tests: public)

(Tests: parameters)
(Tests: types)

(Tests: interfaces)
contains

(Tests: procedures)

end module unit_tests
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4.1.1 Parameters

Building blocks of file names. The directory names and suffixes are hard-coded
here, and they must reflect actual Makefile targets where applicable.

(Tests: parameters)=

character(*), parameter :: ref_prefix = "ref-output/"
character(*), parameter :: ref = ".ref"
character(*), parameter :: err_prefix = "err-output/"
character(*), parameter :: err = ".out"

4.1.2 Type for storing test results

We store the results of the individual unit tests in a linked list. Here is the
entry:
(Tests: public)=
public :: test_results_t
(Tests: types)=
type :: test_result_t

logical :: success = .false.
type(string_t) :: name
type(string_t) :: description

type(test_result_t), pointer :: next => null ()
end type test_result_t

type :: test_results_t
private
type(test_result_t), pointer :: first => null ()
type(test_result_t), pointer :: last => null ()

integer :: n_success = 0
integer :: n_failure = 0
contains

(Tests: test results: TBP)
end type test_results_t

Add a test result.
(Tests: test results: TBP)=
procedure, private :: add => test_results_add

(Tests: procedures)=
subroutine test_results_add (list, name, description, success)

class(test_results_t), intent(inout) :: list
character(len=*), intent(in) :: name
character(len=*), intent(in) :: description
logical, intent(in) :: success

type(test_result_t), pointer :: result

allocate (result)

result),success = success

result,name = name

resultydescription = description

if (associated (listYfirst)) then
listllast¥next => result

33



else
list)first => result
end if
list%last => result
if (success) then
list%n_success = list%n_success + 1
else
listY)n_failure
end if
end subroutine test_results_add

list)n_failure + 1

Display the current state.

(Tests: test results: TBP)+=
procedure, private :: write => test_results_write

(Tests: procedures)+=
subroutine test_results_write (list, u)
class(test_results_t), intent(in) :: list
integer, intent(in) :: u
type(test_result_t), pointer :: result
write (u, "(A)") ‘'"x*x Test Summary x*x*"
if (list%n_success > 0) then
write (u, "(2x,A)") "Success:"
result => list)first
do while (associated (result))
if (resultlsuccess) write (u, "(4x,A,’: ’,A)") &
char (result¥%name), char (result¥description)
result => result/next
end do
end if
if (list¥%n_failure > 0) then
write (u, "(2x,A)") "Failure:"
result => list)first
do while (associated (result))
if (.not. resultlsuccess) write (u, "(4x,A,’: ’,A)") &
char (resultiname), char (resultydescription)
result => resultlnext

end do
end if
write (u, "(A,IO)") "Total =", list¥n_success + listY)n_failure
write (u, "(A,IO)") "Success = ", list)n_success
write (u, "(A,IO0)") "Failure =", list)n_failure

write (u, "(A)") "x**x End of test Summary **x*"
end subroutine test_results_write

Return true if all tests were successful (or no test).

(Tests: test results: TBP)+=
procedure, private :: report => test_results_report

(Tests: procedures)+=
subroutine test_results_report (list, success)
class(test_results_t), intent(in) :: list
logical, intent(out) :: success
success = listyn_failure ==
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end subroutine test_results_report

Delete the list.

(Tests: test results: TBP)+=
procedure, private :: final => test_results_final

(Tests: procedures)+=
subroutine test_results_final (list)
class(test_results_t), intent(inout) :: list
type(test_result_t), pointer :: result
do while (associated (listY%first))
result => list)first
list%first => resultnext
deallocate (result)
end do
list%last => null ()
list)n_success = 0
list)n_failure = 0
end subroutine test_results_final

4.1.3 Wrapup

This will write results, report status, and finalize. This is the only method
which we need to access from outside.
(Tests: test results: TBP)+=

procedure :: wrapup => test_results_wrapup

(Tests: procedures)+=
subroutine test_results_wrapup (list, u, success)

class(test_results_t), intent(inout) :: list
integer, intent(in) :: u
logical, intent(out), optional :: success

call listhwrite (u)
if (present (success)) call listYreport (success)
call list)final ()

end subroutine test_results_wrapup

4.1.4 Tool for Unit Tests

This procedure takes a test routine as an argument. It runs the test, output
directed to a temporary file. Then, it compares the file against a reference file.
The test routine must take the output unit as argument.
(Tests: interfaces)=
abstract interface
subroutine unit_test (u)
integer, intent(in) :: u
end subroutine unit_test
end interface
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The test routine can print to screen and, optionally, to a logging unit.
(Tests: public)+=
public :: test

(Tests: procedures)+=
subroutine test (test_proc, name, description, u_log, results)
procedure(unit_test) :: test_proc
character(*), intent(in) :: name
character(*), intent(in) :: description
integer, intent(in) :: u_log
type(test_results_t), intent(inout) :: results
integer :: u_test, u_ref, u_err
logical :: exist
character(256) :: bufferl, buffer2
integer :: iostatl, iostat2
logical :: success
write (*, "(A)", advance="no") "Running test: " // name
write (u_log, "(A)") "Test: " // name
u_test = free_unit ()
open (u_test, status="scratch", action="readwrite")
call test_proc (u_test)
rewind (u_test)
inquire (file=ref_prefix//name//ref, exist=exist)
if (exist) then
u_ref = free_unit ()
open (u_ref, file=ref_prefix//name//ref, status="old", action="read")
COMPARE_FILES: do
read (u_test, "(A)", iostat=iostatl) bufferil
read (u_ref, "(A)", iostat=iostat2) buffer2
if (iostatl /= iostat2) then
success = .false.
exit COMPARE_FILES
else if (diostatl < 0) then
success = .true.
exit COMPARE_FILES
else if (bufferl /= buffer2) then

success = .false.
exit COMPARE_FILES
end if

end do COMPARE_FILES
close (u_ref)

else
write (x, "(A)", advance="no") " ... no reference output available"
write (u_log, "(A)") " No reference output available."
success = .false.
end if
if (success) then
write (x, "(A)") " ... success."
write (u_log, "(A)") " Success."
else
write (x, "(A)") " ... failure. See: " // err_prefix//name//err
write (u_log, "(A)") " Failure."

rewind (u_test)
u_err = free_unit ()
open (u_err, file=err_prefix//name//err, &
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action="write", status="replace")
WRITE_OUTPUT: do
read (u_test, "(A)", end=1) bufferl
write (u_err, "(A)") trim (bufferil)
end do WRITE_OUTPUT
close (u_err)
end if
close (u_test)
call results)%add (name, description, success)
end subroutine test
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Chapter 5

System: Interfaces and
Handlers

Here, we collect modules that deal with the “system”: operating-system inter-
faces, error handlers and diagnostics.

system_defs Constants relevant for the modules in this set.

diagnostics Error and diagnostic message handling. Any messages and errors
issued by WHIZARD functions are handled by the subroutines in this
module, if possible.

os_interface Execute system calls, build and link external object files and li-
braries.

cputime Timer data type and methods, for measuring performance.

5.1 Constants

The parameters here are used in various parts of the program, starting from
the modules in the current chapter. Some of them may be modified if the need
arises.
(system_defs.f90)=

(File header)

module system_defs

use, intrinsic :: iso_fortran_env, only: iostat_end, iostat_eor !NODEP!
(Standard module head)

(System defs: public parameters)

end module system_defs
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5.1.1 Version

The version string is used for checking files. Note that the string length MUST
NOT be changed, because reading binary files relies on it.

(System defs: public parameters)=
integer, parameter, public :: VERSION_STRLEN = 255
character (1en=VERSION_STRLEN), parameter, public :: &
& VERSION_STRING = "WHIZARD version (Version) ((Date))"

5.1.2 Text Buffer

There is a hard limit on the line length which we should export. This buffer
size is used both by the message handler, the lexer, and some further modules.

(System defs: public parameters)+=
integer, parameter, public :: BUFFER_SIZE = 1000

5.1.3 IOSTAT Codes

Defined in iso_fortran_env, but we would like to use shorthands.

(System defs: public parameters)+=
integer, parameter, public :: EOF = iostat_end, EOR = iostat_eor

5.1.4 Character Codes

Single-character constants.

(System defs: public parameters)+=
character, parameter, public :: BLANK = >~

character, parameter, public :: TAB = achar(9)
character, parameter, public :: CR = achar(13)
character, parameter, public :: LF = achar(10)

character, parameter, public :: BACKSLASH = achar(92)

Character strings that indicate character classes.

(System defs: public parameters)+=
character(*), parameter, public :: WHITESPACE_CHARS = BLANK// TAB // CR // LF
character (%), parameter, public :: LCLETTERS = "abcdefghijklmnopqrstuvwxyz"
character(*), parameter, public :: UCLETTERS = "ABCDEFGHIJKLMNOPQRSTUVWXYZ"

character(*), parameter, public :: DIGITS = "0123456789"

5.2 C wrapper for sigaction

This implements calls to sigaction and the appropriate signal handlers in C.
The functionality is needed for the diagnostics module.

(signal_interface.c)=

/*
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(File header)

*/

#include <signal.h>
#include <stdlib.h>

extern int wo_sigint;
extern int wo_sigterm;
extern int wo_sigxcpu;
extern int wo_sigxfsz;

static void wo_handler_sigint (int sig) {
wo_sigint = sig;

}

static void wo_handler_sigterm (int sig) {
wo_sigterm = sig;

}

static void wo_handler_sigxcpu (int sig) {
wo_sigxcpu = sig;

}

static void wo_handler_sigxfsz (int sig) {
wo_sigxfsz = sig;

}

int wo_mask_sigint () {
struct sigaction sa;
sigset_t blocks;
sigfillset (&blocks);
sa.sa_flags = O;
sa.sa_mask = blocks;
sa.sa_handler = wo_handler_sigint;
return sigaction(SIGINT, &sa, NULL);

int wo_mask_sigterm () {
struct sigaction sa;
sigset_t blocks;
sigfillset (&blocks);
sa.sa_flags = 0;
sa.sa_mask = blocks;
sa.sa_handler = wo_handler_sigterm;
return sigaction(SIGTERM, &sa, NULL);

int wo_mask_sigxcpu () {
struct sigaction sa;
sigset_t blocks;
sigfillset (&blocks);
sa.sa_flags = 0;
sa.sa_mask = blocks;
sa.sa_handler = wo_handler_sigxcpu;
return sigaction(SIGXCPU, &sa, NULL);
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int wo_mask_sigxfsz () {
struct sigaction sa;
sigset_t blocks;
sigfillset (&blocks);
sa.sa_flags = O;
sa.sa_mask = blocks;
sa.sa_handler = wo_handler_sigxfsz;
return sigaction(SIGXFSZ, &sa, NULL);

int wo_release_sigint () {
struct sigaction sa;
sigset_t blocks;
sigfillset (&blocks);
sa.sa_flags = 0;
sa.sa_mask = blocks;
sa.sa_handler = SIG_DFL;
return sigaction(SIGINT, &sa, NULL);

int wo_release_sigterm () {
struct sigaction sa;
sigset_t blocks;
sigfillset (&blocks);
sa.sa_flags = O;
sa.sa_mask = blocks;
sa.sa_handler = SIG_DFL;
return sigaction(SIGTERM, &sa, NULL);

int wo_release_sigxcpu () {
struct sigaction sa;
sigset_t blocks;
sigfillset (&blocks);
sa.sa_flags = O;
sa.sa_mask = blocks;
sa.sa_handler = SIG_DFL;
return sigaction(SIGXCPU, &sa, NULL);

int wo_release_sigxfsz () {
struct sigaction sa;
sigset_t blocks;
sigfillset (&blocks);
sa.sa_flags = 0;
sa.sa_mask = blocks;
sa.sa_handler = SIG_DFL;
return sigaction(SIGXFSZ, &sa, NULL);
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5.3 C wrapper for printf

The printf family of functions is implemented in C with an undefined number
of arguments. This is not supported by the bind(C) interface. We therefore
write wrappers for the versions of sprintf that we will actually use.

This is used by the formats module.

(sprintf_interface.c)=
/*
(F'ile header)
*/
#include <stdio.h>

int sprintf_none(char* str, const char* format) {
return sprintf(str, format);

}

int sprintf_int(char* str, const char* format, int val) {
return sprintf(str, format, val);

}

int sprintf_double(char* str, const char* format, double val) {
return sprintf(str, format, val);

}

int sprintf_str(char* str, const char* format, const char* val) {
return sprintf(str, format, val);

}

(sprintf interfaces)=
interface
function sprintf_none (str, fmt) result (stat) bind(C)
use iso_c_binding !NODEP!

integer(c_int) :: stat
character(c_char), dimension(*), intent(inout) :: str
character(c_char), dimension(*), intent(in) :: fmt

end function sprintf_none
end interface

interface
function sprintf_int (str, fmt, val) result (stat) bind(C)
use iso_c_binding !NODEP!

integer(c_int) :: stat

character(c_char), dimension(*), intent(inout) :: str
character(c_char), dimension(*), intent(in) :: fmt
integer(c_int), value :: val

end function sprintf_int
end interface

interface
function sprintf_double (str, fmt, val) result (stat) bind(C)
use iso_c_binding !NODEP!
integer(c_int) :: stat
character(c_char), dimension(*), intent(inout) :: str
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character(c_char), dimension(*), intent(in) :: fmt
real(c_double), value :: val
end function sprintf_double
end interface

interface
function sprintf_str(str, fmt, val) result (stat) bind(C)
use iso_c_binding !NODEP!

integer(c_int) :: stat

character(c_char), dimension(*), intent(inout) :: str
character(c_char), dimension(*), intent(in) :: fmt
character(c_char), dimension(*), intent(in) :: val

end function sprintf_str
end interface

5.4 Error, Message and Signal Handling

We are not so ambitious as to do proper exception handling in WHIZARD, but
at least it may be useful to have a common interface for diagnostics: Results,
messages, warnings, and such. As module variables we keep a buffer where
the current message may be written to and a level indicator which tells which
messages should be written on screen and which ones should be skipped. Alter-
natively, a string may be directly supplied to the message routine: this overrides
the buffer, avoiding the necessety of formatted I/O in trivial cases.

(diagnostics.£90)=
(File header)

module diagnostics

use, intrinsic :: iso_c_binding !NODEP!
use, intrinsic :: iso_fortran_env, only: output_unit !NODEP!

(Use kinds)
(Use strings)

use io_units

use system_dependencies
use system_defs, only: BUFFER_SIZE, MAX_ERRORS

(Standard module head)
(Diagnostics: public)
(Diagnostics: parameters)
(Diagnostics: types)
(Diagnostics: variables)

(Diagnostics: interfaces)
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contains
(Diagnostics: procedures)

end module diagnostics
Diagnostics levels:
(Diagnostics: parameters)=
integer, parameter :: &
& TERMINATE=-2, BUG=-1, &
& FATAL=1, ERROR=2, WARNING=3, MESSAGE=4, RESULT=5, DEBUG=6

(Diagnostics: variables)=
integer, save :: msg_level = RESULT

Mask fatal errors so that are treated as normal errors. Useful for interactive
mode.
(Diagnostics: public)=
public :: mask_fatal_errors
(Diagnostics: variables)+=
logical, save :: mask_fatal_errors = .false.

How to handle bugs and unmasked fatal errors. Either execute a normal stop
statement, or call the C exit() function, or try to cause a program crash by
dereferencing a null pointer.

(Diagnostics: parameters)+=
integer, parameter :: TERM_STOP = O, TERM_EXIT = 1, TERM_CRASH = 2

(Diagnostics: variables)+=
integer, save :: handle_fatal_errors = TERM_EXIT

Keep track of errors. This might be used for exception handling, later. The
counter is incremented only for screen messages, to avoid double counting.
(Diagnostics: public)+=

public :: msg_count

(Diagnostics: variables)+=
integer, dimension(TERMINATE:DEBUG), save :: msg_count = 0

Keep a list of all errors and warnings. Since we do not know the number of
entries beforehand, we use a linked list.
(Diagnostics: types)=
type :: string_list
character (1en=BUFFER_SIZE) :: string
type(string_list), pointer :: next
end type string_list
type :: string_list_pointer
type(string_list), pointer :: first, last
end type string_list_pointer

(Diagnostics: variables)+=
type(string_list_pointer), dimension(TERMINATE:WARNING), save :: &
& msg_list = string_list_pointer (null(), null())
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Add the current message buffer contents to the internal list.
(Diagnostics: procedures)=
subroutine msg_add (level)
integer, intent(in) :: level
type(string_list), pointer :: message
select case (level)
case (TERMINATE:WARNING)
allocate (message)
message),;string = msg_buffer
nullify (message¥next)
if (.not.associated (msg_list(level)’first)) &
& msg_list(level)’first => message
if (associated (msg_list(level)¥last)) &
& msg_list(level))lastinext => message
msg_list(level)’last => message
msg_count (level) = msg_count(level) + 1
end select
end subroutine msg_add

Initialization:
(Diagnostics: public)+=
public :: msg_list_clear

(Diagnostics: procedures)+=
subroutine msg_list_clear
integer :: level
type(string_list), pointer :: message
do level = TERMINATE, WARNING
do while (associated (msg_list(level)’first))
message => msg_list(level)first
msg_list(level)first => messagelnext
deallocate (message)
end do
nullify (msg_list(level)ilast)
end do
msg_count = 0
end subroutine msg_list_clear

Display the summary of errors and warnings (no need to count fatals. .. )
(Diagnostics: public)+=
public :: msg_summary

(Diagnostics: procedures)+=
subroutine msg_summary (unit)
integer, intent(in), optional :: unit
call expect_summary (unit)
1 format (A,1x,I2,1x,A,I2,1x,A)
if (msg_count(ERROR) > O .and. msg_count (WARNING) > 0) then
write (msg_buffer, 1) "There were", &
& msg_count (ERROR), "error(s) and ", &
& msg_count (WARNING), "warning(s)."
call msg_message (unit=unit)
else if (msg_count(ERROR) > 0) then
write (msg_buffer, 1) "There were", &
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& msg_count (ERROR), "error(s) and no warnings."
call msg_message (unit=unit)
else if (msg_count(WARNING) > 0) then
write (msg_buffer, 1) "There were no errors and ", &
& msg_count (WARNING), "warning(s)."
call msg_message (unit=unit)
end if
end subroutine msg_summary

Print the list of all messages of a given level.
(Diagnostics: public)+=
public :: msg_listing

(Diagnostics: procedures)+=
subroutine msg_listing (level, unit, prefix)

integer, intent(in) :: level

integer, intent(in), optional :: unit
character(len=%), intent(in), optional :: prefix
type(string_list), pointer :: message

integer :: u

u = given_output_unit (unit); if (u < 0) return
if (present (unit)) u = unit
message => msg_list(level)/first
do while (associated (message))
if (present (prefix)) then
write (u, "(A)") prefix // trim (messagelstring)

else
write (u, "(A)") trim (messagelstring)
end if
message => messagelnext
end do
flush (uw)

end subroutine msg_listing

The message buffer:
(Diagnostics: public)+=
public :: msg_buffer

(Diagnostics: variables)+=
character(len=BUFFER_SIZE), save :: msg_buffer = " "

After a message is issued, the buffer should be cleared:
(Diagnostics: procedures)+=
subroutine buffer_clear
msg_buffer = " "
end subroutine buffer_clear

The generic handler for messages. If the unit is omitted (or = 6), the message is
written to standard output if the precedence if sufficiently high (as determined
by the value of msg_level). If the string is omitted, the buffer is used. In
any case, the buffer is cleared after printing. In accordance with FORTRAN
custom, the first column in the output is left blank. For messages and warnings,
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an additional exclamation mark and a blank is prepended. Furthermore, each
message is appended to the internal message list (without prepending anything).

(Diagnostics: procedures)+=
subroutine message_print (level, string, str_arr, unit, logfile)

integer, intent(in) :: level

character(len=+), intent(in), optional :: string

type(string_t), dimension(:), intent(in), optional :: str_arr

integer, intent(in), optional :: unit

logical, intent(in), optional :: logfile

type(string_t) :: prep_string, aux_string, head_footer

integer :: 1lu, i

logical :: severe, is_error

severe = .false.

head_footer = "skskkokskokskokokokokokokk ook ook ok ko sk sk ok sk ok sk ok ok ok ok ok o sk sk sk sk sk sk sk ok ok ko sk sk sk sk sk sk sk ok sk ko ok o sk o sk o sk o

aux_string = ""

is_error = .false.

select case (level)

case (TERMINATE)
prep_string = ""

case (BUG)
prep_string = "xxx WHIZARD BUG: "
aux_string = kxk
severe = .true.
is_error = .true.

case (FATAL)
prep_string = "x*x*x FATAL ERROR: "
aux_string = ok
severe = .true.
is_error = .true.

case (ERROR)
prep_string = "**x ERROR: "

aux_string = "*xx "
is_error = .true.

case (WARNING)
prep_string = "Warning: "

case (MESSAGE, DEBUG)
prep_string = "| "
case default
prep_string = ""
end select
if (present(string)) msg_buffer = string
lu = log_unit
if (present(unit)) then
if (unit /= output_unit) then
if (severe) write (unit, "(A)") char(head_footer)
if (is_error) write (unit, "(A)") char(head_footer)
write (unit, "(A,A)") char(prep_string), trim(msg_buffer)
if (present (str_arr)) then
do i = 1, size(str_arr)
write (unit, "(A,A)") char(aux_string), char(trim(str_arr(i)))
end do
end if
if (is_error) write (unit, "(A)") char(head_footer)
if (severe) write (unit, "(A)") char(head_footer)
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flush (unit)
lu = -1
else if (level <= msg_level) then
if (severe) print "(A)", char(head_footer)
if (is_error) print "(A)", char(head_footer)
print "(A,A)", char(prep_string), trim(msg_buffer)
if (present (str_arr)) then
do i = 1, size(str_arr)
print "(A,A)", char(aux_string), char(trim(str_arr(i)))
end do
end if
if (is_error) print "(A)", char(head_footer)
if (severe) print "(A)", char(head_footer)
flush (output_unit)
if (unit == log_unit) 1lu = -1
end if
else if (level <= msg_level) then
if (severe) print "(A)", char(head_footer)
if (is_error) print "(A)", char(head_footer)
print "(A,A)", char(prep_string), trim(msg_buffer)
if (present (str_arr)) then
do i =1, size(str_arr)
print "(A,A)", char(aux_string), char(trim(str_arr(i)))
end do
end if
if (is_error) print "(A)", char(head_footer)
if (severe) print "(A)", char(head_footer)
flush (output_unit)
end if
if (present (logfile)) then
if (.not. logfile) 1lu = -1
end if
if (logging .and. lu >= 0) then
if (severe) write (lu, "(A)") char(head_footer)
if (is_error) write (lu, "(A)") char(head_footer)
write (lu, "(A,A)") char(prep_string), trim(msg_buffer)
if (present (str_arr)) then
do i =1, size(str_arr)
write (lu, "(A,A)") char(aux_string), char(trim(str_arr(i)))
end do
end if
if (is_error) write (lu, "(A)") char(head_footer)
if (severe) write (lu, "(A)") char(head_footer)
flush (lu)
end if
call msg_add (level)
call buffer_clear
end subroutine message_print

The number of non-fatal errors that we allow before stopping the program. We
might trade this later for an adjustable number.

(System defs: public parameters)+=
integer, parameter, public :: MAX_ERRORS = 10
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The specific handlers. In the case of fatal errors, bugs (failed assertions) and
normal termination execution is stopped. For non-fatal errors a message is
printed to standard output if no unit is given. Only if the number of MAX_ERRORS
errors is reached, we abort the program. There are no further actions in the
other cases, but this may change.

(Diagnostics: public)+=

public :: msg_terminate
public :: msg_bug, msg_fatal, msg_error, msg_warning
public :: msg_message, msg_result, msg_debug

(Diagnostics: procedures)+=
subroutine msg_terminate (string, unit, quit_code)

integer, intent(in), optional :: unit
character(len=%), intent(in), optional :: string
integer, intent(in), optional :: quit_code
integer(c_int) :: return_code

call release_term_signals ()
if (present (quit_code)) then

return_code = quit_code
else

return_code = 0
end if
if (present (string)) &

call message_print (MESSAGE, string, unit=unit)

call msg_summary (unit)
if (return_code == 0 .and. expect_failures /= 0) then

return_code = 5

call message_print (MESSAGE, &

"WHIZARD run finished with ’expect’ failure(s).", unit=unit)

else if (return_code == 7) then

call message_print (MESSAGE, &

"WHIZARD run finished with failed self-test.", unit=unit)

else

call message_print (MESSAGE, "WHIZARD run finished.", unit=unit)
end if
call message_print (0, &

"
call logfile_final ()
call msg_list_clear ()
if (return_code /= 0) then
call exit (return_code)

else
11! Should implement WHIZARD exit code (currently only via C)
! stop
call exit (0)

end if

end subroutine msg_terminate

subroutine msg_bug (string, arr, unit)

integer, intent(in), optional :: unit

character(len=+), intent(in), optional :: string
type(string_t), dimension(:), intent(in), optional :: arr
logical, pointer :: crash_ptr

call message_print (BUG, string, arr, unit)

49



call msg_summary (unit)

select case (handle_fatal_errors)

case (TERM_EXIT)
call message_print (TERMINATE, "WHIZARD run aborted.", unit=unit)
call exit (-1_c_int)

case (TERM_CRASH)
print *, "s%*x Intentional crash **x"
crash_ptr => null ()
print *, crash_ptr

end select

stop "WHIZARD run aborted."

end subroutine msg_bug

recursive subroutine msg_fatal (string, arr, unit)

integer, intent(in), optional :: unit

character(len=+), intent(in), optional :: string
type(string_t), dimension(:), intent(in), optional :: arr
logical, pointer :: crash_ptr

if (mask_fatal_errors) then
call msg_error (string, arr, unit)
else
call message_print (FATAL, string, arr, unit)
call msg_summary (unit)
select case (handle_fatal_errors)
case (TERM_EXIT)
call message_print (TERMINATE, "WHIZARD run aborted.", unit=unit)
call exit (1_c_int)
case (TERM_CRASH)
print *, "#** Intentional crash **x"
crash_ptr => null ()
print *, crash_ptr
end select
stop "WHIZARD run aborted."
end if
end subroutine msg_fatal

subroutine msg_error (string, arr, unit)

integer, intent(in), optional :: unit
character(len=+), intent(in), optional :: string
type(string_t), dimension(:), intent(in), optional :: arr

call message_print (ERROR, string, arr, unit)
if (msg_count(ERROR) >= MAX_ERRORS) then
mask_fatal_errors = .false.
call msg_fatal (" Too many errors encountered.")
else if (.not.present(unit) .and. .not.mask_fatal_errors) then
call message_print (MESSAGE, " (WHIZARD run continues)")
end if
end subroutine msg_error

subroutine msg_warning (string, arr, unit)

integer, intent(in), optional :: unit
character(len=%), intent(in), optional :: string
type(string_t), dimension(:), intent(in), optional :: arr

call message_print (WARNING, string, arr, unit)

50



end subroutine msg_warning

subroutine msg_message (string, unit, arr, logfile)

integer, intent(in), optional :: unit

character(len=%), intent(in), optional :: string
type(string_t), dimension(:), intent(in), optional :: arr
logical, intent(in), optional :: logfile

call message_print (MESSAGE, string, arr, unit, logfile)
end subroutine msg_message

subroutine msg_result (string, arr, unit, logfile)

integer, intent(in), optional :: unit
character(len=+), intent(in), optional :: string
type(string_t), dimension(:), intent(in), optional :: arr

logical, intent(in), optional :: logfile
call message_print (RESULT, string, arr, unit, logfile)
end subroutine msg_result

subroutine msg_debug (string, arr, unit)

integer, intent(in), optional :: unit
character(len=+), intent(in), optional :: string
type(string_t), dimension(:), intent(in), optional :: arr

call message_print (DEBUG, string, arr, unit)
end subroutine msg_debug

Interface to the standard clib exit function
(Diagnostics: interfaces)=
interface
subroutine exit (status) bind (C)
use iso_c_binding !NODEP!
integer(c_int), value :: status
end subroutine exit
end interface

Print the WHIZARD banner:

(Diagnostics: public)+=
public :: msg_banner

(Diagnostics: procedures)+=
subroutine msg_banner (unit)
integer, intent(in), optional :: unit
integer :: n_proc
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5.4.1 Logfile

All screen output should be duplicated in the logfile, unless requested otherwise.

(Diagnostics: public)+=

public ::
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(Diagnostics: variables)+=
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logical, target, save :: logging = .false.

(Diagnostics: publicy+=
public :: logfile_init

(Diagnostics: procedures)+=

subroutine logfile_init (filename)
type(string_t), intent(in) :: filename
call msg_message ("Writing log to ’" // char (filename) // "’")
if (.not. logging) call msg_message ("(Logging turned off.)")
log_unit = free_unit ()
open (file = char (filename), unit = log_unit, &

action = "write", status = "replace")
end subroutine logfile_init

(Diagnostics: public)+=
public :: logfile_final

(Diagnostics: procedures)+=
subroutine logfile_final ()
if (log_unit >= 0) then
close (log_unit)
log_unit = -1
end if
end subroutine logfile_final

This returns the valid logfile unit only if the default is write to screen, and if
logfile is not set false.
(Diagnostics: public)+=

public :: logfile_unit

(Diagnostics: procedures)+=
function logfile_unit (unit, logfile)
integer :: logfile_unit
integer, intent(in), optional :: unit
logical, intent(in), optional :: logfile
if (logging) then
if (present (unit)) then

if (unit == output_unit) then
logfile_unit = log_unit
else
logfile_unit = -1
end if

else if (present (logfile)) then
if (logfile) then
logfile_unit = log_unit

else
logfile_unit = -1
end if
else
logfile_unit = log_unit
end if

else
logfile_unit = -1
end if

53



end function logfile_unit

5.4.2 Checking values

The expect function does not just check a value for correctness (actually, it
checks if a logical expression is true); it records its result here. If failures are
present when the program terminates, the exit code is nonzero.
(Diagnostics: variables)+=

integer, save :: expect_total = 0

integer, save :: expect_failures = 0

(Diagnostics: public)+=
public :: expect_record

(Diagnostics: procedures)+=
subroutine expect_record (success)
logical, intent(in) :: success
expect_total = expect_total + 1
if (.not. success) expect_failures = expect_failures + 1
end subroutine expect_record

(Diagnostics: public)+=
public :: expect_clear

(Diagnostics: procedures)+=
subroutine expect_clear ()
expect_total = 0
expect_failures = 0
end subroutine expect_clear

(Diagnostics: public)+=
public :: expect_summary

(Diagnostics: procedures)+=
subroutine expect_summary (unit, force)

integer, intent(in), optional :: unit

logical, intent(in), optional :: force

logical :: force_output

force_output = .false.; if (present (force)) force_output = force

if (expect_total /= 0 .or. force_output) then
call msg_message ("Summary of value checks:", unit)
write (msg_buffer, "(2x,A,1x,I0,1x,A,1x,A,1x,I0)") &
"Failures:", expect_failures, "/", "Total:", expect_total
call msg_message (unit=unit)
end if
end subroutine expect_summary

Helpers for converting integers into strings with minimal length.
(Diagnostics: public)+=

public :: int2string

public :: int2char

public :: int2fixed
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(Diagnostics: procedures)+=
pure function int2fixed (i) result (c)

integer, intent(in) :: i
character(200) :: c
c = "n

write (c, *) i
c = adjustl (c)
end function int2fixed

pure function int2string (i) result (s)
integer, intent(in) :: i
type (string_ t) :: s
s = trim (int2fixed (1))

end function int2string

pure function int2char (i) result (c)
integer, intent(in) :: i
character(len (trim (int2fixed (i)))) :: ¢
c = int2fixed (i)

end function int2char

Dito for reals.

(Diagnostics: public)+=
public :: real2string
public :: real2char
public :: real2fixed

(Diagnostics: interfaces)+=
interface real2string
module procedure real2string_list, real2string_fmt
end interface
interface real2char
module procedure real2char_list, real2char_fmt
end interface

(Diagnostics: procedures)+=
pure function real2fixed (x, fmt) result (c)

real (default), intent(in) :: x
character(*), intent(in), optional :: fmt
character(200) :: c

c = "n

write (c, *) x
c = adjustl (c)
end function real2fixed

pure function real2fixed_fmt (x, fmt) result (c)
real (default), intent(in) :: x
character(*), intent(in) :: fmt
character(200) :: c
c = nn
write (c, fmt) x
c = adjustl (c)
end function real2fixed_fmt

pure function real2string_list (x) result (s)
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real (default), intent(in) :: x
type(string_t) :: s
s = trim (real2fixed (x))

end function real2string_list

pure function real2string fmt (x, fmt) result (s)
real (default), intent(in) :: x
character(*), intent(in) :: fmt
type(string_t) :: s
s = trim (real2fixed_fmt (x, fmt))
end function real2string_fmt

pure function real2char_list (x) result (c)
real(default), intent(in) :: x
character(len_trim (real2fixed (x))) :: c
c = real2fixed (x)

end function real2char_list

pure function real2char_fmt (x, fmt) result (c)

real (default), intent(in) :: x
character(*), intent(in) :: fmt
character(len_trim (real2fixed_fmt (x, fmt))) :: c

c = real2fixed_fmt (x, fmt)
end function real2char_fmt

Dito for complex values; we do not use the slightly ugly FORTRAN output form
here but instead introduce our own. Ifort and Portland seem to have problems
with this, therefore temporarily disable it.
(CCC Diagnostics: public)=

public :: cmplx2string

public :: cmplx2char

(CCC Diagnostics: procedures)=
pure function cmplx2string (x) result (s)
complex(default), intent(in) :: x
type(string_t) :: s
s = real2string (real (x, default))
if (aimag (x) /=0) s =s // " + " // real2string (aimag (x)) // " I"
end function cmplx2string

pure function cmplx2char (x) result (c)
complex(default), intent(in) :: x
character(len (char (cmplx2string (x)))) :: c
¢ = char (cmplx2string (x))

end function cmplx2char

5.4.3 Suppression of numerical noise

(Diagnostics: public)+=
public :: pacify

(Diagnostics: interfaces)+=
interface pacify
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module procedure pacify_real_default
module procedure pacify_complex_default
end interface pacify

(Diagnostics: procedures)+=
elemental subroutine pacify_real_default (x, tolerance)
real (default), intent(inout) :: x
real (default), intent(in) :: tolerance
if (abs (x) < tolerance) x =0
end subroutine pacify_real_default

elemental subroutine pacify_complex_default (x, tolerance)
complex(default), intent(inout) :: x
real (default), intent(in) :: tolerance
if (abs (real (x)) < tolerance) &
x = cmplx (0._default, aimag (x), kind=default)
if (abs (aimag (x)) < tolerance) &
x = cmplx (real (x), 0._default, kind=default)
end subroutine pacify_complex_default

5.4.4 Signal handling

Killing the program by external signals may leave the files written by it in an
undefined state. This can be avoided by catching signals and deferring program
termination. Instead of masking only critical sections, we choose to mask signals
globally (done in the main program) and terminate the program at predefined
checkpoints only. Checkpoints are after each command, within the sampling
function (so the program can be terminated after each event), and after each
iteration in the phase-space generation algorithm.

Signal handling is done via a C interface to the sigaction system call.
When a signal is raised that has been masked by the handler, the corresponding
variable is set to the value of the signal. The variables are visible from the C
signal handler.

The signal SIGINT is for keyboard interrupt (ctrl-C), SIGTERM is for sys-
tem interrupt, e.g., at shutdown. The SIGXCPU and SIGXFSZ signals may be
issued by batch systems.

(Diagnostics: public)+=

public :: wo_sigint

public :: wo_sigterm
public :: wo_sigxcpu
public :: wo_sigxfsz

(Diagnostics: variables)+=
integer(c_int), bind(C), volatile :: wo_sigint = 0O

integer(c_int), bind(C), volatile :: wo_sigterm = 0
integer(c_int), bind(C), volatile :: wo_sigxcpu = O
integer(c_int), bind(C), volatile :: wo_sigxfsz = 0
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Here are the interfaces to the C functions. The routine mask_term_signals
forces termination signals to be delayed. release_term_signals restores nor-
mal behavior. However, the program can be terminated anytime by calling
terminate_now_if_signal which inspects the signals and terminates the pro-
gram if requested..
(Diagnostics: public)+=

public :: mask_term_signals

(Diagnostics: procedures)+=
subroutine mask_term_signals ()
integer(c_int) :: status
logical :: ok
wo_sigint = 0
ok = wo_mask_sigint () ==
if (.not. ok) call msg_error ("Masking SIGINT failed")
wo_sigterm = 0O
ok = wo_mask_sigterm () == 0
if (.not. ok) call msg_error ("Masking SIGTERM failed")
wo_sigxcpu = 0O
ok = wo_mask_sigxcpu () ==
if (.not. ok) call msg_error ("Masking SIGXCPU failed")
wo_sigxfsz = 0
ok = wo_mask_sigxfsz () == 0
if (.not. ok) call msg_error ("Masking SIGXFSZ failed")
end subroutine mask_term_signals

(Diagnostics: interfaces)+=
interface
integer(c_int) function wo_mask_sigint () bind(C)
import
end function wo_mask_sigint
end interface
interface
integer(c_int) function wo_mask_sigterm () bind(C)
import
end function wo_mask_sigterm
end interface
interface
integer(c_int) function wo_mask_sigxcpu () bind(C)
import
end function wo_mask_sigxcpu
end interface
interface
integer(c_int) function wo_mask_sigxfsz () bind(C)
import
end function wo_mask_sigxfsz
end interface

(Diagnostics: public)+=
public :: release_term_signals

(Diagnostics: procedures)+=
subroutine release_term_signals ()
integer(c_int) :: status
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logical :: ok

ok = wo_release_sigint () ==

if (.not. ok) call msg_error ("Releasing SIGINT failed")
ok = wo_release_sigterm () == 0

if (.not. ok) call msg_error ("Releasing SIGTERM failed")
ok = wo_release_sigxcpu O =0

if (.not. ok) call msg_error ("Releasing SIGXCPU failed")
ok = wo_release_sigxfsz () == 0

if (.not. ok) call msg_error ("Releasing SIGXFSZ failed")
end subroutine release_term_signals

(Diagnostics: interfaces)+=
interface
integer(c_int) function wo_release_sigint () bind(C)
import
end function wo_release_sigint
end interface
interface
integer(c_int) function wo_release_sigterm () bind(C)
import
end function wo_release_sigterm
end interface
interface
integer(c_int) function wo_release_sigxcpu () bind(C)
import
end function wo_release_sigxcpu
end interface
interface
integer(c_int) function wo_release_sigxfsz () bind(C)
import
end function wo_release_sigxfsz
end interface

(Diagnostics: public)+=
public :: signal_is_pending

(Diagnostics: procedures)+=
function signal_is_pending () result (flag)
logical :: flag
flag = &
wo_sigint /= 0 .or. &
wo_sigterm /= 0 .or. &
wo_sigxcpu /= 0 .or. &
wo_sigxfsz /= 0
end function signal_is_pending

(Diagnostics: public)+=
public :: terminate_now_if_signal

(Diagnostics: procedures)+=
subroutine terminate_now_if_signal ()
if (wo_sigint /= 0) then
call msg_terminate ("Signal SIGINT (keyboard interrupt) received.", &
quit_code=int (wo_sigint))
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else if (wo_sigterm /= 0) then

call msg_terminate ("Signal SIGTERM (termination signal) received.", &
quit_code=int (wo_sigterm))

else if (wo_sigxcpu /= 0) then

call msg_terminate ("Signal SIGXCPU (CPU time limit exceeded) received.", &
quit_code=int (wo_sigxcpu))

else if (wo_sigxfsz /= 0) then

call msg_terminate ("Signal SIGXFSZ (file size limit exceeded) received.", &
quit_code=int (wo_sigxfsz))

end if
end subroutine terminate_now_if_signal

5.5 Operating-system interface

For specific purposes, we need direct access to the OS (system calls). This is,

of course, system dependent. The current version is valid for GNU/Linux; we

expect to use a preprocessor for this module if different OSs are to be supported.
The current implementation lacks error handling.

(os_interface.f90)=
(File header)

module os_interface

use, intrinsic :: iso_c_binding !NODEP!

(Use strings)

use
use
use
use
use

io_units

unit_tests

diagnostics

system_defs, only: DLERROR_LEN, ENVVAR_LEN
system_dependencies

(Standard module head)

(OS interface: public)

(OS interface: types)

(OS interface: interfaces)

contains

(OS interface: procedures)

(OS interface: tests)

end module os_interface

5.5.1

Path variables

This is a transparent container for storing user-defined path variables.

60



(OS interface: public)=

public :: paths_t
(OS interface: types)=
type :: paths_t
type(string_t) :: prefix
type(string_t) :: exec_prefix
type(string_t) :: bindir
type(string_t) :: libdir
type(string_t) :: includedir
type(string_t) :: datarootdir
type(string_t) :: localprefix
type(string_t) :: libtool
type(string_t) :: lhapdfdir
end type paths_t
(OS interface: public)+=
public :: paths_init

(OS interface: procedures)=

subroutine paths_init (paths)
type(paths_t), intent(out)
pathsyprefix = ""
paths’exec_prefix = ""
paths’bindir = ""
paths)libdir = ""
paths’includedir = ""
pathsidatarootdir = ""
paths)localprefix = ""
paths’libtool = ""
paths’lhapdfdir = ""

end subroutine paths_init

:: paths

5.5.2 System dependencies

We store all potentially system- and user/run-dependent data in a transparent
container. This includes compiler /linker names and flags, file extensions, etc.

(OS interface: public)+=

public :: os_data_t
(OS interface: types)+=
type :: os_data_t
logical :: use_libtool
logical :: use_testfiles
type(string_t) :: fc
type(string_t) :: fcflags

type(string_t)
type(string_t)
type(string_t)
type(string_t)
type(string_t)
type(string_t)
type(string_t)

: fcflags_pic
. fc_src_ext
HE o1
:: cflags
:: cflags_pic
:: obj_ext
: 1d
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type(string_t)
type(string_t)
type(string_t)
type(string_t)
type(string_t)

:: ldflags

: ldflags_so
: ldflags_static

:: ldflags_hepmc
:: ldflags_hoppet

:: shlib_ext

type(string_t) :
type(string_t) :: makeflags
type(string_t) :: prefix
type(string_t) :: exec_prefix
type(string_t) :: bindir
type(string_t) :: libdir
type(string_t) :: includedir
type(string_t) :: datarootdir

type(string_t)
type(string_t)
type(string_t)
type(string_t)
type(string_t)
type(string_t)
type(string_t)
type(string_t)
type(string_t)
type(string_t)
type(string_t)
type(string_t)
type(string_t)
type(string_t)
type(string_t)
type(string_t)
type(string_t)
type(string_t) ::

:: whizard_omega_binpath

:: whizard_includes

: whizard_ldflags

: whizard_libtool

:: whizard_modelpath

:: whizard_models_libpath

:: whizard_susypath

:: whizard_gmlpath

:: whizard_cutspath

: whizard_texpath

: whizard_testdatapath

:: whizard_modelpath_local

:: whizard_models_libpath_local
:: whizard_omega_binpath_local
:: whizard_circe2path

:: whizard_beamsimpath

: whizard_mulipath
pdf_builtin_datapath

logical :: event_analysis = .false.
logical :: event_analysis_ps = .false.
logical :: event_analysis_pdf = .false.
type(string_t) :: latex

type(string_t) :: mpost

type(string_t) :: gml

type(string_t) :: dvips

type(string_t) :: ps2pdf

type(string_t) :: gosampath
type(string_t) :: golempath
type(string_t) :: formpath
type(string_t) :: qgrafpath
type(string_t) :: ninjapath
type(string_t) :: samuraipath

end type os_data_t

Since all are allocatable strings, explicit initialization is necessary.
(System defs: public parameters)+=
integer, parameter, public ::
(OS interface: public)+=
public :: os_data_init

ENVVAR_LEN = 1000

(OS interface: procedures)+=
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subroutine os_data_init (os_data, paths)
type(os_data_t), intent(out) :: os_data
type(paths_t), intent(in), optional :: paths
character (1en=ENVVAR_LEN) :: home
type(string_t) :: localprefix, local_includes
os_datal,use_libtool = .true.
inquire (file = "TESTFLAG", exist = os_datajuse_testfiles)
call get_environment_variable ("HOME", home)
if (present (paths)) then
if (paths¥localprefix == "") then

localprefix = trim (home) // "/.whizard"
else
localprefix = paths¥localprefix
end if
else
localprefix = trim (home) // "/.whizard"
end if

local_includes = localprefix // "/lib/whizard/mod/models"
os_data%whizard_modelpath_local = localprefix // "/share/whizard/models"
os_data%whizard_models_libpath_local = localprefix // "/lib/whizard/models"
os_data%whizard_omega_binpath_local = localprefix // "/bin"

os_data¥fc = DEFAULT_FC

os_data%fcflags = DEFAULT_FCFLAGS

os_data%fcflags_pic = DEFAULT_FCFLAGS_PIC

os_data¥%fc_src_ext = DEFAULT_FC_SRC_EXT

os_datal,cc = DEFAULT_CC

os_data%cflags = DEFAULT_CFLAGS

os_datalcflags_pic = DEFAULT_CFLAGS_PIC

os_data%obj_ext = DEFAULT_OBJ_EXT

os_data%ld = DEFAULT_LD

os_data%ldflags = DEFAULT_LDFLAGS

os_data%ldflags_so = DEFAULT_LDFLAGS_SO

os_data%ldflags_static =

os_data%ldflags_hepmc
os_data%ldflags_hoppet

DEFAULT_LDFLAGS_STATIC
DEFAULT_LDFLAGS_HEPMC
DEFAULT_LDFLAGS_HOPPET

os_datalsshlib_ext =
os_dataymakeflags =

os_datal/prefix = PREFIX
os_data%exec_prefix = EXEC_PREFIX
os_data¥bindir = BINDIR
os_datallibdir = LIBDIR
os_datal,includedir = INCLUDEDIR
os_dataldatarootdir = DATAROOTDIR

if (present (paths)) then

DEFAULT_SHLIB_EXT
DEFAULT_MAKEFLAGS

if (pathsyprefix /= "") os_datal)prefix = paths/prefix
if (pathslexec_prefix /= "") os_datajexec_prefix = pathsyexec_prefix
if (paths¥%bindir /= "") os_data)bindir = paths/bindir
if (paths¥%libdir /= "") os_data%libdir = paths¥libdir
if (paths¥%includedir /= "") os_datajincludedir = pathsyincludedir
if (pathsydatarootdir /= "") os_data)datarootdir = pathsydatarootdir

end if

if (os_datajuse_testfiles) then
0s_data%whizard_omega_binpath
os_data%whizard_includes
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os_data¥%whizard_ldflags = WHIZARD_TEST_LDFLAGS

os_data%whizard_libtool = WHIZARD_LIBTOOL_TEST
0s_data%whizard_modelpath = WHIZARD_TEST_MODELPATH
os_data¥%whizard_models_libpath = WHIZARD_TEST_MODELS_LIBPATH
os_data%whizard_susypath = WHIZARD_TEST_SUSYPATH
os_datajwhizard_gmlpath = WHIZARD_TEST_GMLPATH
os_data¥%whizard_cutspath = WHIZARD_TEST_CUTSPATH
os_data%whizard_texpath = WHIZARD_TEST_TEXPATH
os_data%whizard_testdatapath = WHIZARD_TEST_TESTDATAPATH
os_data)whizard_circe2path = WHIZARD_TEST_CIRCE2PATH
os_data%whizard_beamsimpath = WHIZARD_TEST_BEAMSIMPATH
os_data%whizard_mulipath = WHIZARD_TEST_MULIPATH
os_data¥pdf_builtin_datapath = PDF_BUILTIN_TEST_DATAPATH
else
if (os_dir_exist (local_includes)) then
os_data¥%whizard_includes = "-I" // local_includes // " "“// &
WHIZARD_INCLUDES
else
os_data¥%whizard_includes = WHIZARD_INCLUDES
end if

os_data¥%whizard_omega_binpath
os_data¥)whizard_ldflags
os_datalwhizard_libtool
if (present (paths)) then

if (paths%libtool /= "") os_datajwhizard_libtool = paths¥%libtool

WHIZARD_OMEGA_BINPATH
WHIZARD_LDFLAGS
WHIZARD_LIBTOOL

end if
os_data¥%whizard_modelpath = WHIZARD_MODELPATH
os_data¥%whizard_models_libpath = WHIZARD_MODELS_LIBPATH
os_data%whizard_susypath = WHIZARD_SUSYPATH
os_data%whizard_gmlpath = WHIZARD_GMLPATH
os_data¥%whizard_cutspath = WHIZARD_CUTSPATH
os_data%whizard_texpath = WHIZARD_TEXPATH
os_data%whizard_testdatapath = WHIZARD_TESTDATAPATH
os_data)whizard_circe2path = WHIZARD_CIRCE2PATH
os_data%whizard_beamsimpath = WHIZARD_BEAMSIMPATH
os_data¥%whizard_mulipath = WHIZARD_MULIPATH
os_data¥%pdf_builtin_datapath = PDF_BUILTIN_DATAPATH
end if
os_data%event_analysis = EVENT_ANALYSIS == "yes"
os_datalevent_analysis_ps = EVENT_ANALYSIS_PS == "yes"
os_data%event_analysis_pdf = EVENT_ANALYSIS_PDF == "yes"
os_data%latex = PRG_LATEX // " " // OPT_LATEX
os_data/mpost = PRG_MPOST // " " // OPT_MPOST
os_datalgml = os_data)whizard_gmlpath // "/gml" // " " // OPT_MPOST &
// " " // "--gmldir " // os_datalwhizard_gmlpath
os_datal%dvips = PRG_DVIPS

os_data%ps2pdf = PRG_PS2PDF

call os_data_expand_paths (os_data)
os_datajgosampath = GOSAM_DIR
os_data%golempath = GOLEM_DIR
os_data%formpath = FORM_DIR
os_datalqgrafpath = QGRAF_DIR
os_data%ninjapath = NINJA_DIR
os_data%samuraipath = SAMURAI_DIR
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end subroutine os_data_init

Replace occurences of GNU path variables (such as ${prefix}) by their values.
Do this for all strings that could depend on them, and do the replacement in
reverse order, since the path variables may be defined in terms of each other.
(OS interface: procedures)+=
subroutine os_data_expand_paths (os_data)

type(os_data_t), intent(inout) :: os_data

integer, parameter :: N_VARIABLES = 6

type(string_t), dimension(N_VARIABLES) :: variable, value

variable(1l) = "${prefix}"; value(1l) = os_datalprefix
variable(2) = "${exec_prefix}"; value(2) = os_datalexec_prefix
variable(3) = "${bindir}"; value(3) = os_data%bindir
variable(4) = "${libdir}"; value(4) = os_data¥%libdir
variable(5) = "${includedir}"; value(5) = os_data¥includedir
variable(6) = "${datarootdir}"; value(6) = os_datal,datarootdir

call expand_paths (os_datalwhizard_omega_binpath)
call expand_paths (os_datalwhizard_includes)
call expand_paths (os_data)whizard_ldflags)
call expand_paths (os_datalwhizard_libtool)
call expand_paths (os_datalwhizard_modelpath)
call expand_paths (os_data)whizard_models_libpath)
call expand_paths (os_datalwhizard_susypath)
call expand_paths (os_datalwhizard_gmlpath)
call expand_paths (os_data)whizard_cutspath)
call expand_paths (os_datalwhizard_texpath)
call expand_paths (os_datalwhizard_testdatapath)
call expand_paths (os_data)whizard_circe2path)
call expand_paths (os_datalwhizard_beamsimpath)
call expand_paths (os_datalwhizard_mulipath)
call expand_paths (os_data)whizard_models_libpath_local)
call expand_paths (os_data/whizard_modelpath_local)
call expand_paths (os_datalwhizard_omega_binpath_local)
call expand_paths (os_datalpdf_builtin_datapath)
call expand_paths (os_datallatex)
call expand_paths (os_datalmpost)
call expand_paths (os_datalgml)
call expand_paths (os_dataldvips)
call expand_paths (os_datalps2pdf)
contains
subroutine expand_paths (string)
type(string_t), intent(inout) :: string
integer :: i
do i = N_VARIABLES, 1, -1
string = replace (string, variable(i), value(i), every=.true.)
end do
end subroutine expand_paths
end subroutine os_data_expand_paths

Write contents

(OS interface: public)+=

public :: os_data_write
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(OS interface: procedures)+=
subroutine os_data_write (os_data, unit)

type(os_data_t), intent(in) :: os_data
integer, intent(in), optional :: unit
integer :: u

u = given_

write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,

char
write (u,
write (u,
write (u,
write (u,

char
write (u,

char
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,
write (u,

char
write (u,

char
write (u,

char
write (u,

output_unit (unit); if (u < 0) return

"(A)") "0OS data:"

*) "use_libtool = ", os_dataluse_libtool

*) "use_testfiles = ", os_dataljuse_testfiles

*) "fc = "  char (os_datalfc)

x) "fcflags = ", char (os_datalfcflags)

x) "fcflags_pic = ", char (os_datalfcflags_pic)

*) "fc_src_ext = "  char (os_datalfc_src_ext)

*) "cc = " char (os_datalcc)

x) "cflags = ", char (os_datalcflags)

x) "cflags_pic = ", char (os_datalcflags_pic)

*) "obj_ext = ", char (os_datajobj_ext)

*) "1d = "  char (os_data)%ld)

x) "ldflags = ", char (os_data)ldflags)

*x) "ldflags_so = ", char (os_datajldflags_so)

x) "ldflags_static = ", char (os_data%ldflags_static)

x) "ldflags_hepmc = ", char (os_data)ldflags_hepmc)

*x) "ldflags_hoppet = ", char (os_data%ldflags_hoppet)

*) "shlib_ext = ", char (os_data)shlib_ext)

x) "makeflags = ", char (os_datalmakeflags)

x) "prefix = ", char (os_datalprefix)

*) "exec_prefix = ", char (os_datajexec_prefix)

*) "bindir = "  char (os_data’bindir)

*) "libdir = " char (os_data¥%libdir)

*) "includedir = "  char (os_data)includedir)

*) "datarootdir = "  char (os_data)datarootdir)

*) "whizard_omega_binpath =", &
(os_dataj,whizard_omega_binpath)

*) "whizard_includes = "  char (os_data)whizard_includes)
*) "whizard_ldflags = ", char (os_datalwhizard_ldflags)
*) "whizard_libtool = "  char (os_data)whizard_libtool)
x) "whizard_modelpath =", &

(os_dataj,whizard_modelpath)

*) "whizard_models_libpath = ", &

(os_datajwhizard_modelpath)

*) "whizard_susypath = ", char (os_datajwhizard_susypath)
*x) "whizard_gmlpath = ", char (os_data)whizard_gmlpath)
x) "whizard_cutspath = ", char (os_data)whizard_cutspath)
*) "whizard_texpath = ", char (os_data)whizard_texpath)
*) "whizard_circe2path = ", char (os_data)whizard_circe2path)
x) "whizard_beamsimpath = ", char (os_datajwhizard_beamsimpath)
*) "whizard_mulipath = ", char (os_data)whizard_mulipath)

*) "whizard_testdatapath =", &

(os_dataj,whizard_testdatapath)

*) "whizard_modelpath_local =", &
(os_dataj,whizard_modelpath_local)

*) "whizard_models_libpath_local = ", &
(os_datalwhizard_models_libpath_local)

*) "whizard_omega_binpath_local =", &
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(os_dataj,whizard_omega_binpath_local)

= ", os_datalevent_analysis
"event_analysis_ps =
"event_analysis_pdf =

, char
, char
, char
, char
, char

(os_
(os_
(os_
(os_
(os_

nn) then

= n
>

=n
5

char
write (u, *) "event_analysis
write (u, *)
write (u, *)
write (u, *) "latex ="
write (u, *) "mpost ="
write (u, *) "gml ="
write (u, *) "dvips ="
write (u, *) "ps2pdf = "
if (os_datalgosampath /=
write (u, *) "gosam
write (u, *) "golem
write (u, *) "form
write (u, *) "qgraf
write (u, *) "ninja
write (u, *) "samurai
end if

end subroutine

os_data_write

5.5.3 Dynamic linking

char
char
char
char
char
char

", os_data%event_analysis_ps
", os_datalevent_analysis_pdf
datalatex)

datalmpost)

datal,gml)

datadvips)

datal,ps2pdf)

(os_datalgosampath)
(os_datal,golempath)
(os_datalformpath)
(os_datalqgrafpath)
(os_datal)ninjapath)
(os_datal,;samuraipath)

We define a type that holds the filehandle for a dynamically linked library
(shared object), together with functions to open and close the library, and to
access functions in this library.
(OS interface: public)+=
public :: dlaccess_t
(OS interface: types)+=
type :: dlaccess_t

private

type(string_t)

type(c_ptr)
logical ::
logical ::

type(string_t)

contains

:: han
is_open
has_err

dle =

:: filename
c_null_ptr

= .false.

or =

i error

.false

(OS interface: dlaccess: TBP)
end type dlaccess_t

Output. This is called by the output routine for the process library.
(OS interface: dlaccess: TBP)=

procedure ::

(OS interface: procedures)+=
subroutine dlaccess_write (object, unit)
class(dlaccess_t), intent(in)
integer, intent(in)

write (unit, "(1x,A)"™)

write (unit, "(3x,A,L1)")

: unit

if (object/has_error) then
write (unit, "(3x,A,A,A)")

else

write => dlaccess_write

: object

"DL access info:"
"is open = ", objectlis_open

"error = ", char (object¥error), "’"
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write (unit, "(3x,A)") "error = [none]"
end if
end subroutine dlaccess_write

The interface to the library functions:

(OS interface: interfaces)=

interface
function dlopen (filename, flag) result (handle) bind(C)
import
character(c_char), dimension(*) :: filename
integer(c_int), value :: flag

type(c_ptr) :: handle
end function dlopen
end interface

interface
function dlclose (handle) result (status) bind(C)
import
type(c_ptr), value :: handle
integer(c_int) :: status
end function dlclose
end interface

interface
function dlerror () result (str) bind(C)
import
type(c_ptr) :: str

end function dlerror
end interface

interface
function dlsym (handle, symbol) result (fptr) bind(C)
import
type(c_ptr), value :: handle
character(c_char), dimension(*) :: symbol

type(c_funptr) :: fptr
end function dlsym
end interface

This reads an error string and transforms it into a string_t object, if an error
has occured. If not, set the error flag to false and return an empty string.

(System defs: public parameters)+=
integer, parameter, public :: DLERROR_LEN = 160

(OS interface: procedures)+=
subroutine read_dlerror (has_error, error)
logical, intent(out) :: has_error
type(string_t), intent(out) :: error
type(c_ptr) :: err_cptr
character (len=DLERROR_LEN, kind=c_char), pointer :: err_fptr
integer :: str_end
err_cptr = dlerror ()
if (c_associated (err_cptr)) then
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call c_f_pointer (err_cptr, err_fptr)
has_error = .true.
str_end = scan (err_fptr, c_null_char)
if (str_end > 0) then

error = err_fptr(l:str_end-1)

else
error = err_fptr
end if
else
has_error = .false.
error = ""
end if

end subroutine read_dlerror

This is the Fortran API. Init/final open and close the file, i.e., load and unload
the library.

Note that a library can be opened more than once, and that for an ultimate
close as many dlclose calls as dlopen calls are necessary. However, we assume
that it is opened and closed only once.

(OS interface: public)+=

public :: dlaccess_init
public :: dlaccess_final
(OS interface: dlaccess: TBP)+=
procedure :: init => dlaccess_init
procedure :: final => dlaccess_final

(OS interface: procedures)+=
subroutine dlaccess_init (dlaccess, prefix, libname, os_data)
class(dlaccess_t), intent(out) :: dlaccess
type(string_t), intent(in) :: prefix, libname
type(os_data_t), intent(in), optional :: os_data
type(string_t) :: filename
logical :: exist
dlaccess)filename = libname
filename = prefix // "/" // libname
inquire (file=char(filename), exist=exist)
if (.not. exist) then
filename = prefix // "/.libs/" // libname
inquire (file=char(filename), exist=exist)
if (.not. exist) then

dlaccess’has_error = .true.
dlaccessjerror = "Library ’" // filename // "’ not found"
return
end if
end if

dlaccess¥%handle = dlopen (char (filename) // c_null_char, ior ( &
RTLD_LAZY, RTLD_LOCAL))
dlaccess)%is_open = c_associated (dlaccessyhandle)
call read_dlerror (dlaccesshas_error, dlaccess’error)
end subroutine dlaccess_init

subroutine dlaccess_final (dlaccess)
class(dlaccess_t), intent(inout) :: dlaccess
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integer(c_int) :: status
if (dlaccess’is_open) then
status = dlclose (dlaccess’handle)

dlaccess)is_open = .false.
call read_dlerror (dlaccesskhas_error, dlaccess’error)
end if

end subroutine dlaccess_final

Return true if an error has occured.

(OS interface: public)+=
public :: dlaccess_has_error

(OS interface: procedures)+=
function dlaccess_has_error (dlaccess) result (flag)
logical :: flag
type(dlaccess_t), intent(in) :: dlaccess
flag = dlaccessfhas_error
end function dlaccess_has_error

Return the error string currently stored in the dlaccess object.
(OS interface: public)+=
public :: dlaccess_get_error
(OS interface: procedures)+=
function dlaccess_get_error (dlaccess) result (error)
type(string_t) :: error
type(dlaccess_t), intent(in) :: dlaccess
error = dlaccess),error
end function dlaccess_get_error

The symbol handler returns the C address of the function with the given string
name. (It is a good idea to use bind (C) for all functions accessed by this, such
that the name string is well-defined.) Call c_f_procpointer to cast this into a
Fortran procedure pointer with an appropriate interface.
(OS interface: public)+=
public :: dlaccess_get_c_funptr
(OS interface: procedures)+=
function dlaccess_get_c_funptr (dlaccess, fname) result (fptr)
type(c_funptr) :: fptr
type(dlaccess_t), intent(inout) :: dlaccess
type(string_t), intent(in) :: fname
fptr = dlsym (dlaccesshandle, char (fname) // c_null_char)
call read_dlerror (dlaccess’has_error, dlaccesslerror)
end function dlaccess_get_c_funptr

5.5.4 Predicates

Return true if the library is loaded. In particular, this is false if loading was
unsuccessful.
(OS interface: public)+=

public :: dlaccess_is_open
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(OS interface: procedures)+=
function dlaccess_is_open (dlaccess) result (flag)
logical :: flag
type(dlaccess_t), intent(in) :: dlaccess
flag = dlaccess)is_open
end function dlaccess_is_open

5.5.5 Shell access

This is the standard system call for executing a shell command, such as invoking
a compiler.
In F2008 there will be the equivalent built-in command execute_command_line.
(OS interface: public)+=
public :: os_system_call
(OS interface: procedures)+=
subroutine os_system_call (command_string, status, verbose)

type(string_t), intent(in) :: command_string
integer, intent(out), optional :: status
logical, intent(in), optional :: verbose
logical :: verb
integer :: stat
verb = .false.; if (present (verbose)) verb = verbose
if (verb) &
call msg_message ("command: " // char (command_string))

stat = system (char (command_string) // c_null_char)
if (present (status)) then
status = stat
else if (stat /= 0) then
if (.not. verb) &
call msg_message ("command: " // char (command_string))
write (msg_buffer, "(A,I0)") "Return code = ", stat
call msg_message ()
call msg_fatal (“System command returned with nonzero status code")
end if
end subroutine os_system_call

(OS interface: interfaces)+=

interface
function system (command) result (status) bind(C)
import
integer(c_int) :: status
character(c_char), dimension(*) :: command

end function system
end interface

5.5.6 Querying for a directory

This queries for the existence of a directory. There is no standard way to achieve
this in FORTRAN, and if we were to call into 1ibc, we would need access to C
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macros for evaluating the result, so we resort to calling test as a system call.
(OS interface: public)+=
public :: os_dir_exist

(OS interface: procedures)+=
function os_dir_exist (name) result (res)

type(string_t), intent(in) :: name

logical :: res

integer :: status

call os_system_call (’test -d "’ // name // ’"’, status=status)

res = status ==
end function os_dir_exist

(OS interface: public)+=
public :: os_file_exist

(OS interface: procedures)+=
function os_file_exist (name) result (exist)

type(string_t), intent(in) :: name
! logical, intent(in), optiomal :: verb
logical :: exist
! integer :: status
! call os_system_call (’test -f "’ // name // ’"’, status=status, verbose=verb)
! res = (status == 0)

inquire (file = char (name), exist=exist)
end function os_file_exist

5.5.7 Fortran compiler and linker

Compile a single module for use in a shared library, but without linking.
(OS interface: public)+=
public :: os_compile_shared

(OS interface: procedures)+=
subroutine os_compile_shared (src, os_data, status)

type(string_t), intent(in) :: src

type(os_data_t), intent(in) :: os_data

integer, intent(out), optional :: status

type(string_t) :: command_string

if (os_data%use_libtool) then

command_string = &

os_data%whizard_libtool // " --mode=compile " // &
os_data%fc // " " // &
"—c " // &
os_data%whizard_includes // " " // &
os_dataY%fcflags // " " // &

"o // src // os_datalfc_src_ext // "’"
else

command_string = &
os_datalfc // " " // &
"-c " // &
os_data%fcflags_pic // " " // &
os_data%whizard_includes // " " // &
os_data)fcflags // " " // &
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won // src // os_datalfc_src_ext // "’"
end if
call os_system_call (command_string, status)
end subroutine os_compile_shared

Link an array of object files to build a shared object library. In the libtool
case, we have to specify a -rpath, otherwise only a static library can be built.
However, since the library is never installed, this rpath is irrelevant.
(OS interface: public)+=

public :: os_link_shared
(OS interface: procedures)+=

subroutine os_link_shared (objlist, 1lib, os_data, status)
type(string_t), intent(in) :: objlist, lib

type(os_data_t), intent(in) :: os_data
integer, intent(out), optional :: status
type(string_t) :: command_string

if (os_datajuse_libtool) then
command_string = &

os_data%whizard_libtool // " --mode=link " // &
os_data%fc // " " // &
"-module " // &
"-rpath /usr/local/lidb" // " " // &
os_datalfcflags // " " // &
os_datalwhizard_ldflags // " " // &
os_data%ldflags // " " // &
"-o " // 1lib // ".la’ " // &
objlist

else

command_string = &

os_datalld // " " // &
os_data¥%ldflags_so // " " // &
os_datalfcflags // " " // &
os_data%whizard_ldflags // " " // &
os_data%ldflags // " " // &
"-o ’" // 1lib // os_datalshlib_ext // "’ " // &
objlist

end if

call os_system_call (command_string, status)
end subroutine os_link_shared

Link an array of object files / libraries to build a static executable.

(OS interface: public)+=
public :: os_link_static

(OS interface: procedures)+=
subroutine os_link_static (objlist, exec_name, os_data, status)
type(string_t), intent(in) :: objlist, exec_name
type(os_data_t), intent(in) :: os_data
integer, intent(out), optional :: status
type(string_t) :: command_string
if (os_data%use_libtool) then
command_string = &
os_data¥%whizard_libtool // " --mode=link " // &
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os_data¥%fc // " " // &
"-static-libtool-libs " // &
os_datajfcflags // " " // &
os_data¥)whizard_ldflags // " " // &
os_data%ldflags // " " // &
os_data%ldflags_static // " " // &
"-o0 ’" // exec_name // "> " // &
objlist // " " // &
os_data%ldflags_hepmc // " " // &
os_data%ldflags_hoppet

else

command_string = &

os_data¥%ld // " " // &
os_data%ldflags_so // " " // &
os_datajfcflags // " " // &
os_datay)whizard_ldflags // " " // &
os_data%ldflags // " " // &
os_data%ldflags_static // " " // &
"-o0 ’" // exec_name // "’ " // &
objlist // " " // &
os_data%ldflags_hepmc // " " // &
os_data%ldflags_hoppet

end if

call os_system_call (command_string, status)

end subroutine os_link_static

Determine the name of the shared library to link. If libtool is used, this is
encoded in the .1la file which resides in place of the library itself.
(OS interface: public)+=
public :: os_get_dlname
(OS interface: procedures)+=

function os_get_dlname (1lib, os_data, ignore, silent) result (dlname)
type(string_t) :: dlname

type(string_t), intent(in) :: 1lib
type(os_data_t), intent(in) :: os_data

logical, intent(in), optional :: ignore, silent
type(string_t) :: filename

type(string_t) :: buffer

logical :: exist, required, quiet

integer :: u

u = free_unit ()
if (present (ignore)) then

required = .not. ignore
else

required = .true.
end if

if (present (silent)) then
quiet = silent
else
quiet = .false.
end if
if (os_datajuse_libtool) then
filename = 1lib // ".la"
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inquire (file=char(filename), exist=exist)
if (exist) then
open (unit=u, file=char(filename), action="read", status="old")
SCAN_LTFILE: do
call get (u, buffer)
if (extract (buffer, 1, 7) == "dlname=") then
dlname = extract (buffer, 9)
dlname = remove (dlname, len (dlname))
exit SCAN_LTFILE
end if
end do SCAN_LTFILE
close (u)
else if (required) then
if (.not. quiet) call msg_fatal (" Library ’" // char (1ib) &
// "’: libtool archive not found")
dlname = ""
else
if (.not. quiet) call msg_message ("[No compiled library ’" &
// char (1ib) // "’1")
dlname = ""
end if
else
dlname = 1ib // os_data%shlib_ext
inquire (file=char(dlname), exist=exist)
if (.not. exist) then
if (required) then
if (.not. quiet) call msg_fatal (" Library ’" // char (1lib) &
// "’ not found")

else

if (.not. quiet) call msg_message &
("[No compiled process library ’" // char (1ib) // "’1")

dlname = ""

end if

end if
end if
end function os_get_dlname

5.5.8 Controlling OpenMP

OpenMP is handled automatically by the library for the most part. Here is a
convenience routine for setting the number of threads, with some diagnostics.
(OS interface: public)+=

public :: openmp_set_num_threads_verbose

(OS interface: procedures)+=
subroutine openmp_set_num_threads_verbose (num_threads, openmp_logging)

integer, intent(in) :: num_threads
integer :: n_threads
logical, intent(in), optional :: openmp_logging

logical :: logging

if (present (openmp_logging)) then
logging = openmp_logging

else
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logging = .true.
end if
n_threads = num_threads
if (openmp_is_active ()) then
if (num_threads == 1) then
if (logging) then
write (msg_buffer, "(A,I0,A)") "OpenMP: Using ", num_threads, &
" thread"
call msg_message
end if
n_threads = num_threads
else if (num_threads > 1) then
if (logging) then
write (msg_buffer, "(A,I0,A)") "OpenMP: Using ", num_threads, &
" threads"
call msg_message
end if
n_threads = num_threads
else
if (logging) then
write (msg_buffer, "(A,I0,A)") "OpenMP: " &
// "Illegal value of openmp_num_threads (", num_threads, &
") ignored"
call msg_error
end if
n_threads = openmp_get_default_max_threads ()
if (logging) then
write (msg_buffer, "(A,I0,A)") "OpenMP: Using ", &
n_threads, " threads"
call msg_message
end if
end if
if (n_threads > openmp_get_default_max_threads ()) then
if (logging) then
write (msg_buffer, "(A,I0)") "OpenMP: " &
// "Number of threads is greater than library default of ", &
openmp_get_default_max_threads ()
call msg_warning
end if
end if
call openmp_set_num_threads (n_threads)
else if (num_threads /= 1) then
if (logging) then
write (msg_buffer, "(A,I0,A)") "openmp_num_threads set to ", &
num_threads, ", but OpenMP is not active: ignored"
call msg_warning
end if
end if
end subroutine openmp_set_num_threads_verbose

5.5.9 Unit tests
(OS interface: public)+=
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public :: os_interface_test

(OS interface: procedures)+=
subroutine os_interface_test (u, results)
integer, intent(in) :: u
type(test_results_t), intent(inout) :: results
(OS interface: execute tests)
end subroutine os_interface_test

Write a Fortran source file, compile it to a shared library, load it, and execute
the contained function.
(OS interface: execute tests)=
call test (os_interface_1, "os_interface_1", &
"check 0S interface routines", &
u, results)

(OS interface: tests)=
subroutine os_interface_1 (u)

integer, intent(in) :: u

type(dlaccess_t) :: dlaccess

type(string_t) :: fname, libname, ext
type(os_data_t) :: os_data

type(string_t) :: filename_src, filename_obj

abstract interface
function so_test_proc (i) result (j) bind(C)
import c_int
integer(c_int), intent(in) :: i
integer(c_int) :: j
end function so_test_proc
end interface

procedure(so_test_proc), pointer :: so_test => null ()
type(c_funptr) :: c_fptr

integer :: unit

integer(c_int) :: i

call os_data_init (os_data)

fname = "so_test"

filename_src = fname // os_datalfc_src_ext
if (os_data%use_libtool) then

ext = ".lo"
else
ext = os_datajobj_ext

end if
filename_obj = fname // ext
libname = fname // os_data%shlib_ext

write (u, "(A)") "x Test output: 0S interface"
write (u, "(A)") "% Purpose: check os_interface routines"
write (u, "(A)")

write (u, "(A)") "% write source file ’so_test.f90’"

write (u, "(A)")

unit = free_unit ()

open (unit=unit, file=char(filename_src), action="write")
write (unit, "(A)") “"function so_test (i) result (j) bind(C)"
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write (unit, "(A)") " wuse iso_c_binding"

write (unit, "(A)") " integer(c_int), intent(in) :: i"
write (unit, "(A)") " integer(c_int) :: j"
write (unit, "(A)") " j =2 % i"

write (unit, "(A)") "end function so_test"

close (unit)

write (u, "(A)") "x compile and link as ’so_test.so/dylib’"
write (u, "(A)")

call os_compile_shared (fname, os_data)

call os_link_shared (filename_obj, fname, os_data)

write (u, "(A)") "x load library ’so_test.so/dylib’"

write (u, "(A)")

call dlaccess_init (dlaccess, var_str ("."), libname, os_data)
if (dlaccess_is_open (dlaccess)) then

write (u, "(A)") " success"
else

write (u, "(A)") " failure"
end if

write (u, "(A)") "x load symbol ’so_test’"
write (u, "(A)")

c_fptr = dlaccess_get_c_funptr (dlaccess, fname)
if (c_associated (c_fptr)) then

write (u, "(A)") " success"
else

write (u, "(A)") " failure"
end if

call c_f_procpointer (c_fptr, so_test)
write (u, "(A)") "* Execute function from ’so_test.so/dylib’"

i=7
write (u, "(A,1x,I1)") " input =", i
write (u, "(A,1x,I1)") " result = ", so_test(i)

if (so_test(i) / i .ne. 2) then
write (u, "(A)") "* Compiling and linking ISO C functions failed."
else
write (u, "(A)") "*x Successful."
end if
write (u, "(A)")
write (u, "(A)") "x Cleanup"
call dlaccess_final (dlaccess)
end subroutine os_interface_1

5.6 Interface for formatted I/0

For access to formatted printing (possibly input), we interface the C printf
family of functions. There are two important issues here:

1. printf takes an arbitrary number of arguments, relying on the C stack.
This is not interoperable. We interface it with C wrappers that output a
single integer, real or string and restrict the allowed formats accordingly.

2. Restricting format strings is essential also for preventing format string
attacks. Allowing arbitrary format string would create a real security hole
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in a Fortran program.
3. The string returned by sprintf must be allocated to the right size.

(formats.f90)=
(F'ile header)

module formats
use, intrinsic :: iso_c_binding

(Use kinds)

(Use strings)
use jo_units
use unit_tests
use diagnostics

(Standard module head)
(Formats: public)
(Formats: parameters)
(Formats: types)
(Formats: interfaces)
contains

(Formats: procedures)
(Formats: tests)

end module formats

5.6.1 Parsing a C format string

The C format string contains characters and format conversion specifications.
The latter are initiated by a % sign. If the next letter is also a %, a percent sign is
printed and no conversion is done. Otherwise, a conversion is done and applied
to the next argument in the argument list. First comes an optional flag (#, 0, -,
+, or space), an optional field width (decimal digits starting not with zero), an
optional precision (period, then another decimal digit string), a length modifier
(irrelevant for us, therefore not supported), and a conversion specifier: d or i
for integer; e, £, g (also upper case) for double-precision real, s for a string.

We explicitly exclude all other conversion specifiers, and we check the spec-
ifiers against the actual arguments.

A type for passing arguments

This is a polymorphic type that can hold integer, real (double), and string
arguments.

(Formats: parameters)=
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integer, parameter :: ARGTYPE_NONE = O
integer, parameter :: ARGTYPE_LOG = 1
integer, parameter :: ARGTYPE_INT = 2
integer, parameter :: ARGTYPE_REAL = 3
integer, parameter :: ARGTYPE_STR = 4

The integer and real entries are actually scalars, but we avoid relying on the
allocatable-scalar feature and make them one-entry arrays. The character entry
is a real array which is a copy of the string.

Logical values are mapped to strings (true or false), so this type parameter
value is mostly unused.
(Formats: public)=

public :: sprintf_arg_t
(Formats: types)=

type :: sprintf_arg_ t

private

integer :: type = ARGTYPE_NONE

integer(c_int), dimension(:), allocatable :: ival
real(c_double), dimension(:), allocatable :: rval
character(c_char), dimension(:), allocatable :: sval

end type sprintf_arg_t

(Formats: public)+=
public :: sprintf_arg_init

(Formats: interfaces)=
interface sprintf_arg_init
module procedure sprintf_arg_init_log
module procedure sprintf_arg_init_int
module procedure sprintf_arg_init_real
module procedure sprintf_arg_init_str
end interface

(Formats: procedures)=
subroutine sprintf_arg_init_log (arg, lval)
type(sprintf_arg_t), intent(out) :: arg
logical, intent(in) :: lval
arg/type = ARGTYPE_STR
if (lval) then
allocate (arglsval (5))

argjsval = [’t’, ’r’, ’u’, ’e’, c_null_char]
else

allocate (arglsval (6))

arg)sval = [’f’, ’a’, ’1’, ’s’, ’e’, c_null_char]
end if

end subroutine sprintf_arg_init_log

subroutine sprintf_arg_init_int (arg, ival)
type(sprintf_arg_t), intent(out) :: arg
integer, intent(in) :: ival
argltype = ARGTYPE_INT
allocate (arghival (1))
arghival = ival
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end subroutine sprintf_arg_init_int

subroutine sprintf_arg_init_real (arg, rval)
type(sprintf_arg_t), intent(out) :: arg
real(default), intent(in) :: rval
argltype = ARGTYPE_REAL
allocate (arglrval (1))
argjrval = rval

end subroutine sprintf_arg_init_real

subroutine sprintf_arg_init_str (arg, sval)

type(sprintf_arg_t), intent(out) :: arg
type(string_t), intent(in) :: sval
integer :: i

argltype = ARGTYPE_STR
allocate (arglsval (len (sval) + 1))
do i =1, len (sval)
arglsval(i) = extract (sval, i, i)
end do
arghsval(len (sval) + 1) = c_null_char
end subroutine sprintf_arg_init_str

(Formats: procedures)+=
subroutine sprintf_arg write (arg, unit)

type(sprintf_arg_t), intent(in) :: arg
integer, intent(in), optional :: unit
integer :: u

u = given_output_unit (unit)

select case (argitype)

case (ARGTYPE_NONE)
write (u, *) "[none]"

case (ARGTYPE_INT)
write (u, "(1x,A,1x)", advance = "no") "[int]"
write (u, *) arghival

case (ARGTYPE_REAL)
write (u, "(1x,A,1x)", advance = "no") "[reall"
write (u, *) argirval

case (ARGTYPE_STR)
write (u, "(1x,A,1x,A)", advance = "no") "[string]l", ’"’
write (u, *) argjrval, °"’

end select

end subroutine sprintf_arg_write

Return an upper bound for the length of the printed version; in case of strings
the result is exact.

(Formats: procedures)+=
elemental function sprintf_arg_get_length (arg) result (length)
integer :: length
type(sprintf_arg_t), intent(in) :: arg
select case (argitype)
case (ARGTYPE_INT)
length = loglO (real (huge (argiival(1)))) + 2
case (ARGTYPE_REAL)
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length = logl0 (real (radix (argikrval(l))) ** digits (argkrval(l))) + 8
case (ARGTYPE_STR)
length = size (argisval)
case default
length = 0
end select
end function sprintf_arg_get_length

(Formats: procedures)+=
subroutine sprintf_arg_apply_sprintf (arg, fmt, result, actual_length)

type(sprintf_arg_t), intent(in) :: arg
character(c_char), dimension(:), intent(in) :: fmt
character(c_char), dimension(:), intent(inout) :: result
integer, intent(out) :: actual_length

integer(c_int) :: ival

real(c_double) :: rval

select case (argitype)
case (ARGTYPE_NONE)

actual_length = sprintf_none (result, fmt)
case (ARGTYPE_INT)

ival = arglival(1l)

actual_length = sprintf_int (result, fmt, ival)
case (ARGTYPE_REAL)

rval = argjrval(l)

actual_length = sprintf_double (result, fmt, rval)
case (ARGTYPE_STR)

actual_length = sprintf_str (result, fmt, argisval)
case default

call msg_bug ("sprintf_arg_apply_sprintf called with illegal type")
end select
if (actual_length < 0) then

write (msg_buffer, *) "Format: ’", fmt, "’"
call msg_message ()
write (msg_buffer, *) "Output: ’", result, "’"

call msg_message ()
call msg_error ("I/0 error in sprintf call")
actual_length = 0
end if
end subroutine sprintf_arg_apply_sprintf

Container type for the output

There is a procedure which chops the format string into pieces that contain at
most one conversion specifier. Pairing this with a sprintf_arg object, we get
the actual input to the sprintf interface. The type below holds this input and
can allocate the output string.
(Formats: types)+=

type :: sprintf_interface_t

private

character(c_char), dimension(:), allocatable :: input_fmt
type(sprintf_arg t) :: arg

character(c_char), dimension(:), allocatable :: output_str
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integer :: output_str_len = 0
end type sprintf_interface_t

(Formats: procedures)+=
subroutine sprintf_interface_init (intf, fmt, arg)

type(sprintf_interface_t), intent(out) :: intf
type(string_t), intent(in) :: fmt
type(sprintf_arg_t), intent(in) :: arg

integer :: fmt_len, i

fmt_len = len (fmt)

allocate (intflinput_fmt (fmt_len + 1))

do i =1, fmt_len

intf)input_fmt(i) = extract (fmt, i, i)

end do

intf¥%input_fmt(fmt_len+1) = c_null_char

intflarg = arg

allocate (intfloutput_str (len (fmt) + sprintf_arg_get_length (arg) + 1))
end subroutine sprintf_interface_init

(Formats: procedures)+=
subroutine sprintf_interface_write (intf, unit)

type(sprintf_interface_t), intent(in) :: intf

integer, intent(in), optional :: unit

integer :: u

u = given_output_unit (unit)

write (u, *) "Format string = ", ’"’, intf)input_fmt, ’"’
write (u, "(1x,A,1x)", advance = "no") "Argument = "

call sprintf_arg write (intflarg, unit)
if (intfloutput_str_len > 0) then
write (u, *) "Result string = ", &
»wo o intfloutput_str (1:intfloutput_str_len), °"’
end if
end subroutine sprintf_interface_write

Return the output string:

(Formats: procedures)+=
function sprintf_interface_get_result (intf) result (string)
type(string_t) :: string

type(sprintf_interface_t), intent(in) :: intf
character(kind = c_char, len = max (intfl,output_str_len, 0)) :: buffer
integer :: i

if (intf’output_str_len > 0) then
do i = 1, intfloutput_str_len
buffer(i:i) = intfloutput_str(i)
end do
string = buffer(l:intfjoutput_str_len)
else
string = ""
end if

end function sprintf_interface_get_result

(Formats: procedures)+=
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subroutine sprintf_interface_apply_sprintf (intf)
type(sprintf_interface_t), intent(inout) :: intf
call sprintf_arg_apply_sprintf &
(intflarg, intflinput_fmt, intf’output_str, intfoutput_str_len)
end subroutine sprintf_interface_apply_sprintf

Import the interfaces defined in the previous section:

(Formats: interfaces)+=
(sprintf interfaces)

Scan the format string

Chop it into pieces that contain one conversion specifier each. The zero-th
piece contains the part before the first specifier. Check the specifiers and al-
low only the subset that we support. Also check for an exact match between
conversion specifiers and input arguments. The result is an allocated array of
sprintf_interface object; each one contains a piece of the format string and
the corresponding argument.

(Formats: procedures)+=

subroutine chop_and_check_format_string (fmt, arg, intf)

type(string_t), intent(in) :: fmt

type(sprintf_arg_t), dimension(:), intent(in) :: arg
type(sprintf_interface_t), dimension(:), intent(out), allocatable :: intf
integer :: n_args, i

type(string_t), dimension(:), allocatable :: split_fmt

type(string_t) :: word, buffer, separator

integer :: pos, length, 1
logical :: ok
type(sprintf_arg t) :: arg_null
ok = .true.
length = 0
n_args = size (arg)
allocate (split_fmt (0:n_args))
split_fmt = ""
buffer = fmt
SCAN_ARGS: do i = 1, n_args
FIND_CONVERSION: do
call split (buffer, word, "%", separator=separator)
if (separator == "") then
call msg_message (°"’ // char (fmt) // °"’°)
call msg_error ("C-formatting string: " &

// "too few conversion specifiers in format string")
ok = .false.; exit SCAN_ARGS
end if
split_fmt(i-1) = split_fmt(i-1) // word
if (extract (buffer, 1, 1) /= "%") then
split_fmt (i) = "%"
exit FIND_CONVERSION
else
split_fmt(i-1) = split_fmt(i-1) // "%"
end if
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end do FIND_CONVERSION
pos = verify (buffer, "#0-+ ") ! Flag characters (zero or more)
split_fmt(i) = split_fmt(i) // extract (buffer, 1, pos-1)
buffer = remove (buffer, 1, pos-1)
pos = verify (buffer, "123456890") ! Field width
word = extract (buffer, 1, pos-1)
if (len (word) /= 0) then
call read_int_from_string (word, len (word), 1)
length = length + 1
end if
split_fmt(i) = split_fmt(i) // word
buffer = remove (buffer, 1, pos-1)
if (extract (buffer, 1, 1) == ".") then
buffer = remove (buffer, 1, 1)
pos = verify (buffer, "1234567890") ! Precision
split_fmt(i) = split_fmt(i) // "." // extract (buffer, 1, pos-1)
buffer = remove (buffer, 1, pos-1)
end if
! Length modifier would come here, but is not allowed
select case (char (extract (buffer, 1, 1))) ! conversion specifier
case ("d", "i")
if (arg(i)type /= ARGTYPE_INT) then
call msg_message (°"’ // char (fmt) // °"’)
call msg_error ("C-formatting string: " &
// "argument type mismatch: integer value expected")
ok = .false.; exit SCAN_ARGS
end if
case ("e", "E", "f", "F", "g", "G")
if (arg(i)%type /= ARGTYPE_REAL) then
call msg_message (°"’ // char (fmt) // °"’)
call msg_error ("C-formatting string: " &
// "argument type mismatch: real value expected")
ok = .false.; exit SCAN_ARGS
end if
case ("s")
if (arg(i)ltype /= ARGTYPE_STR) then
call msg_message (°"’ // char (fmt) // °"’)
call msg_error ("C-formatting string: " &
// "argument type mismatch: logical or string value expected")
ok = .false.; exit SCAN_ARGS
end if
case default
call msg_message (°"’ // char (fmt) // °"’)
call msg_error ("C-formatting string: " &
// "illegal or incomprehensible conversion specifier")
ok = .false.; exit SCAN_ARGS
end select
split_fmt(i) = split_fmt(i) // extract (buffer, 1, 1)
buffer = remove (buffer, 1, 1)
end do SCAN_ARGS
if (ok) then
FIND_EXTRA_CONVERSION: do
call split (buffer, word, "%", separator=separator)
split_fmt(n_args) = split_fmt(n_args) // word // separator
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if (separator == "" exit FIND_EXTRA_CONVERSION

if (extract (buffer, 1, 1) == "%") then
split_fmt(n_args) = split_fmt(n_args) // "%"
buffer = remove (buffer, 1, 1)

else
call msg_message (°"’ // char (fmt) // °"°)
call msg_error ("C-formatting string: " &

// "too many conversion specifiers in format string")
ok = .false.; exit FIND_EXTRA_CONVERSION
end if
end do FIND_EXTRA_CONVERSION
split_fmt(n_args) = split_fmt(n_args) // buffer
allocate (intf (O:n_args))
call sprintf_interface_init (intf(0), split_fmt(0), arg_null)
do i =1, n_args
call sprintf_interface_init (intf(i), split_fmt(i), arg(i))
end do
else
allocate (intf (0))
end if
contains
subroutine read_int_from_string (word, length, 1)
type(string_t), intent(in) :: word
integer, intent(in) :: length
integer, intent(out) :: 1
character(len=length) :: buffer
buffer = word
read (buffer, *) 1
end subroutine read_int_from_string
end subroutine chop_and_check_format_string

5.6.2 API

(Formats: public)+=
public :: sprintf

(Formats: procedures)+=
function sprintf (fmt, arg) result (string)

type(string_t) :: string

type(string_t), intent(in) :: fmt

type(sprintf_arg_t), dimension(:), intent(in) :: arg
type(sprintf_interface_t), dimension(:), allocatable :: intf
integer :: i

string = ""

call chop_and_check_format_string (fmt, arg, intf)
if (size (intf) > 0) then
do i = 0, ubound (intf, 1)
call sprintf_interface_apply_sprintf (intf(i))
string = string // sprintf_interface_get_result (intf(i))
end do
end if
end function sprintf
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5.6.3 Test

(Formats: public)+=
public :: format_test

(Formats: procedures)+=
subroutine format_test (u, results)
integer, intent(in) :: u
type(test_results_t), intent(inout) :: results
(Formats: exzecute tests)
end subroutine format_test

(Formats: execute tests)=
call test (format_1, "format_1", &
"check formatting routines", &
u, results)

(Formats: tests)=
subroutine format_1 (u)
integer, intent(in) :: u
write (u, "(A)") ‘"#x* Test 1: a string **x*"
write (u, "(A)")
call test_run (var_str("%s"), 1, [4], [’abcdefghij’]l, u)
write (u, "(A)") ‘"#x* Test 2: two integers **x"
write (u, "(A)")
call test_run (var_str("%d,%d"), 2, [2, 2], [’42’, °13°’], u)
write (u, "(A)") ‘"*x* Test 3: floating point number *x*x*"
write (u, "(A)")
call test_run (var_str("%8.4f"), 1, [3], [’42567.12345°], u)

write (u, "(A)") ‘"#x* Test 4: general expression **x"
call test_run (var_str("%g"), 1, [3], [’3.1415°], w)
contains
subroutine test_run (fmt, n_args, type, buffer, unit)

type(string_t), intent(in) :: fmt

integer, intent(in) :: n_args, unit

logical :: 1lval

integer :: ival

real(default) :: rval

integer :: i

type(string_t) :: string

type(sprintf_arg_t), dimension(:), allocatable :: arg

integer, dimension(n_args), intent(in) :: type

character(*), dimension(n_args), intent(in) :: buffer

write (unit, "(A,A)") "Format string :", char(fmt)

write (unit, "(A,I1)") "Number of args:", n_args
allocate (arg (n_args))
do i =1, n_args
write (unit, "(A,I1)") "Argument (type ) = ", type(i)
select case (type(i))
case (ARGTYPE_LOG)
read (buffer(i), *) 1val
call sprintf_arg_init (arg(i), 1lval)
case (ARGTYPE_INT)
read (buffer(i), *) ival
call sprintf_arg_init (arg(i), ival)
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case (ARGTYPE_REAL)
read (buffer(i), *) rval
call sprintf_arg_init (arg(i), rval)
case (ARGTYPE_STR)
call sprintf_arg_init (arg(i), var_str (trim (buffer(i))))
end select
end do
string = sprintf (fmt, arg)
write (unit, "(A,A,A)") "Result: ’", char (string), "’"
deallocate (arg)
end subroutine test_run
end subroutine format_1

5.7 CPU timing

The time is stored in a simple derived type which just holds a floating-point
number.

(cputime.f90)=
(File header)

module cputime

(Use kinds)
use io_units
(Use strings)
use unit_tests
use diagnostics

(Standard module head)
(CPU time: public)
(CPU time: types)
(CPU time: interfaces)
contains

(CPU time: procedures)
(CPU time: tests)

end module cputime
The CPU time is a floating-point number with an arbitrary reference time. It
is single precision (default real, not real (default)). It is measured in seconds.
(CPU time: public)=
public :: time_t
(CPU time: types)=
type :: time_t
private
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logical :: known = .false.
real :: value = 0
contains
(CPU time: time: TBP)
end type time_t

(CPU time: time: TBP)=
procedure :: write => time_write

(CPU time: procedures)=
subroutine time_write (object, unit)

class(time_t), intent(in) :: object
integer, intent(in), optional :: unit
integer :: u

u = given_output_unit (unit)
write (u, "(1x,A)", advance="no") "Time in seconds ="
if (objectknown) then
write (u, "(1x,ES10.3)") object)value
else
write (u, "(1x,A)") "[unknown]"
end if
end subroutine time_write

Set the current time
(CPU time: time: TBP)+=

procedure :: set_current => time_set_current

(CPU time: procedures)+=

subroutine time_set_current (time)
class(time_t), intent(out) :: time
integer :: msecs
call system_clock (msecs)
time)value = real (msecs) / 1000.
timeYknown = timelvalue > 0

end subroutine time_set_current

Assign to a real (default value. If the time is undefined, return zero.

(CPU time: public)+=
public :: assignment (=)

(CPU time: interfaces)=
interface assignment (=)
module procedure real_assign_time
module procedure real_default_assign_time
end interface

(CPU time: procedures)+=
pure subroutine real_assign_time (r, time)
real, intent(out) :: r
class(time_t), intent(in) :: time
if (time%known) then
r = time%value
else
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r=20
end if
end subroutine real_assign_time

pure subroutine real_default_assign_time (r, time)
real (default), intent(out) :: r
class(time_t), intent(in) :: time
if (timelknown) then
r = time%value
else
r=20
end if
end subroutine real_default_assign_time

Assign an integer or (single precision) real value to the time object.
(CPU time: time: TBP)+=

generic :: assignment(=) => time_assign_from_integer, time_assign_from_real
procedure, private :: time_assign_from_integer
procedure, private :: time_assign_from_real

(CPU time: procedures)+=
subroutine time_assign_from_integer (time, ival)

class(time_t), intent(out) :: time
integer, intent(in) :: ival
time)value = ival

timeyknown = .true.

end subroutine time_assign_from_integer

subroutine time_assign_from_real (time, rval)

class(time_t), intent(out) :: time
real, intent(in) :: rval
time)value = rval

timeYknown = .true.

end subroutine time_assign_from_real

Add times and compute time differences. If any input value is undefined, the
result is undefined.
(CPU time: time: TBP)+=

generic :: operator(-) => subtract_times
generic :: operator(+) => add_times
procedure, private :: subtract_times
procedure, private :: add_times

(CPU time: procedures)+=
pure function subtract_times (t_end, t_begin) result (time)

type(time_t) :: time
class(time_t), intent(in) :: t_end, t_begin
if (t_end%known .and. t_beginyknown) then
timeYknown = .true.
time’,value = t_end)value - t_beginivalue
end if

end function subtract_times

pure function add_times (t1, t2) result (time)
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type(time_t) :: time

class(time_t), intent(in) :: t1, t2
if (t1%known .and. t2Jknown) then
time)known = .true.
time%value = tllvalue + t2Jvalue
end if

end function add_times

Check if a time is known, so we can use it:
(CPU time: time: TBP)+=

procedure :: is_known => time_is_known

(CPU time: procedures)+=
function time_is_known (time) result (flag)
class(time_t), intent(in) :: time
logical :: flag
flag = timelknown
end function time_is_known

We define functions for converting the time into ss / mm:ss / hh:mm:ss /
dd:mm:hh:ss.

(CPU time: time: TBP)+=

generic :: expand => time_expand_s, time_expand_ms, &
time_expand_hms, time_expand_dhms

procedure, private :: time_expand_s

procedure, private :: time_expand_ms

procedure, private :: time_expand_hms

procedure, private :: time_expand_dhms

(CPU time: procedures)+=
subroutine time_expand_s (time, sec)
class(time_t), intent(in) :: time
integer, intent(out) :: sec
if (timeknown) then
sec = timeYvalue
else
call msg_bug ("Time: attempt to expand undefined value")
end if
end subroutine time_expand_s

subroutine time_expand_ms (time, min, sec)
class(time_t), intent(in) :: time
integer, intent(out) :: min, sec
if (time%known) then
if (time%value >= 0) then
sec = mod (int (timelvalue), 60)

else
sec = - mod (int (- time%value), 60)
end if
min = time)value / 60
else
call msg_bug ("Time: attempt to expand undefined value")
end if

end subroutine time_expand_ms
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subroutine time_expand_hms (time, hour, min, sec)
class(time_t), intent(in) :: time
integer, intent(out) :: hour, min, sec
call timeexpand (min, sec)
hour = min / 60
if (min >= 0) then
min = mod (min, 60)
else
min = - mod (-min, 60)
end if
end subroutine time_expand_hms

subroutine time_expand_dhms (time, day, hour, min, sec)
class(time_t), intent(in) :: time
integer, intent(out) :: day, hour, min, sec
call timejexpand (hour, min, sec)
day = hour / 24
if (hour >= 0) then
hour = mod (hour, 24)
else
hour = - mod (- hour, 24)
end if
end subroutine time_expand_dhms

Use the above expansions to generate a time string.
(CPU time: time: TBP)+=
procedure :: to_string s => time_to_string_s

procedure :: to_string_ms => time_to_string_ms
procedure :: to_string_hms => time_to_string_hms
procedure :: to_string dhms => time_to_string_dhms

(CPU time: procedures)+=
function time_to_string_s (time) result (str)

class(time_t), intent(in) :: time
type(string_t) :: str

character (256) :: buffer

integer :: s

call time’expand (s)
write (buffer, "(I0,’s’)") s
str = trim (buffer)

end function time_to_string_s

function time_to_string ms (time, blank) result (str)
class(time_t), intent(in) :: time
logical, intent(in), optional :: blank
type(string_t) :: str
character(256) :: buffer

integer :: s, m
logical :: x_out
x_out = .false.

if (present (blank)) =x_out = blank
call time,expand (m, s)
write (buffer, "(I0,’m:’,I2.2,’s’)") m, abs (s)
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str = trim (buffer)
if (x_out) then
str = replace (str, len(str)-1, "X")
end if
end function time_to_string_ms

function time_to_string hms (time) result (str)
class(time_t), intent(in) :: time
type(string_t) :: str
character (256) :: buffer
integer :: s, m, h
call timeYexpand (h, m, s)
write (buffer, "(I0,’h:’,I2.2,°m:’,I2.2,’s’)") h, abs (m), abs (s)
str = trim (buffer)
end function time_to_string_hms

function time_to_string_dhms (time) result (str)
class(time_t), intent(in) :: time
type(string_t) :: str
character (256) :: buffer
integer :: s, m, h, d
call timeYexpand (d, h, m, s)
write (buffer, "(I0,’d:’,I2.2,°h:’,I12.2,’m:’,I2.2,°s’)") &
d, abs (h), abs (m), abs (s)
str = trim (buffer)
end function time_to_string_dhms

5.7.1 Timer

A timer can measure real (wallclock) time differences. The base type corre-
sponds to the result, i.e., time difference. The object contains two further times
for start and stop time.

(CPU time: public)+=

public :: timer_t
(CPU time: types)+=
type, extends (time_t) :: timer_t
private
logical :: running = .false.
type(time_t) :: tl, t2
contains

(CPU time: timer: TBP)
end type timer_t

Output. If the timer is running, we indicate this, otherwise write just the result.
(CPU time: timer: TBP)=
procedure :: write => timer_write
(CPU time: procedures)+=
subroutine timer_write (object, unit)
class(timer_t), intent(in) :: object
integer, intent(in), optional :: unit
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integer :: u
u = given_output_unit (unit)
if (objectlrunning) then
write (u, "(1x,A)") "Time in seconds = [running]"
else
call objectitime_twrite (u)
end if
end subroutine timer_write

Start the timer: store the current time in the first entry and adapt the status.
We forget any previous values.
(CPU time: timer: TBP)+=

procedure :: start => timer_start

(CPU time: procedures)+=
subroutine timer_start (timer)
class(timer_t), intent(out) :: timer
call timer’til%set_current ()
timer’running = .true.
end subroutine timer_start

Restart the timer: simply adapt the status, keeping the start time.
(CPU time: timer: TBP)+=

procedure :: restart => timer_restart

(CPU time: procedures)+=
subroutine timer_restart (timer)

class(timer_t), intent(inout) :: timer

if (timer’t1)known .and. .not. timerjrunning) then
timerjrunning = .true.

else

call msg_bug ("Timer: restart attempt from wrong status")
end if
end subroutine timer_restart

Stop the timer: store the current time in the second entry, adapt the status,
and compute the elapsed time.
(CPU time: timer: TBP)+=

procedure :: stop => timer_stop

(CPU time: procedures)+=
subroutine timer_stop (timer)
class(timer_t), intent(inout) :: timer
call timer’t2)set_current ()
timer/running = .false.
call timerfevaluate ()
end subroutine timer_stop

This is separate, available for the unit test.

(CPU time: timer: TBP)+=
procedure, private :: evaluate => timer_evaluate
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(CPU time: procedures)+=
subroutine timer_evaluate (timer)
class(timer_t), intent(inout) :: timer
timer)time_t = timer%t2 - timeritl
end subroutine timer_evaluate

5.7.2 Unit tests
(CPU time: public)+=

public :: cputime_test
(CPU time: tests)=
subroutine cputime_test (u, results)
integer, intent(in) :: u
type(test_results_t), intent(inout) :: results
(CPU time: execute tests)
end subroutine cputime_test

Basic tests

Check basic functions of the time object. The part which we can’t check is
getting the actual time from the system clock, since the output will not be
reproducible. However, we can check time formats and operations.
(CPU time: execute tests)=
call test (cputime_l, "cputime_1", &
"time operations", &
u, results)

(CPU time: tests)+=
subroutine cputime_1 (u)

integer, intent(in) :: u
type(time_t) :: time, timel, time2
real :: t

integer :: d, h, m, s

write (u, "(A)") "x Test output: cputime_1"
write (u, "(A)") "* Purpose: check time operations"
write (u, "(A)")

write (u, "(A)") " Undefined time"
write (u, *)

call timelwrite (u)
write (u, *)
write (u, "(A)") "*x Set time to zero"

write (u, *)

time = 0
call timewrite (u)

write (u, *)
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write (u, "(A)") "% Set time to 1.234 s"
write (u, *)

time = 1.234
call timejwrite (u)

t = time
write (u, "(1x,A,F6.3)") "Time as real =", t

write (u, *)
write (u, "(A)") "* Compute time difference"
write (u, *)

timel = 5.33
time2 = 7.55
time = time2 - timel

call timellwrite (u)
call time2jwrite (u)
call timelwrite (u)

write (u, *)
write (u, "(A)") "x Compute time sum"
write (u, *)

time = time2 + timel

call timellwrite (u)
call time2jwrite (u)
call timewrite (u)

write (u, *)
write (u, "(A)") "* Expand time"
write (u, *)

((24 + 1) * 60 + 1) * 60 + 1
((83 x 24 + 23) * 60 + 59) * 60 + 59

timel
time2

call timellexpand (s)

write (u, 1) "s =", s

call timel’expand (m,s)

write (u, 1) "ms =", m, s

call timellexpand (h,m,s)

write (u, 1) "hms =", h, m, s
call timellexpand (d,h,m,s)

write (u, 1) "dhms =", d, h, m, s

call time2jexpand (s)
write (u, 1) "s =", s
call time2jexpand (m,s)

write (u, 1) "ms =", m, s
call time2jexpand (h,m,s)
write (u, 1) "hms =", h, m, s

call time2jexpand (d,h,m,s)
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write

write
write
write

timel =

time2

(u,

(u,
(u,
(u,

1) "dhms =", d, h, m, s

*)

"(A)") "+ Expand negative time"

*)

(((24 + 1) * 60 + 1) * 60 + 1)
(((3 * 24 + 23) * 60 + 69) * 60 + 59)

call timellexpand (s)

write (u, 1)

"g =" g

call timell,expand (m,s)

write (u, 1)

"ms =", m, s

call timel%expand (h,m,s)

write (u, 1)

"hms =", h, m, s

call timellexpand (d,h,m,s)

write (u, 1)

"dhms =", d, h, m, s

call time2jexpand (s)

write (u, 1)

"g =" g

call time2jexpand (m,s)

write (u, 1)

"ms =", m, s

call time2%expand (h,m,s)

write (u, 1)

"hms =", h, m, s

call time2jexpand (d,h,m,s)

write (u, 1)

"dhms =", d, h, m, s

format (1x,A,1x,4(I0,:,’:°))

write (u, *)
(u, "(A)") "% String from time"

write
write

timel
time2

write
write
write
write

write
write
write
write

write
write

write

write
write

write

(u,

(u,
(u,
(u,
(u,

(u,
(u,
(u,
(u,

(u,
(u,

(u,

(u,
(u,

(u,

*)

JOD
JOD!
()"
JOD

n (A) n)
[ (A) n)
n (A) ||)
n (A) n)

n (A) ||)
" (A) n)
[ (A) n)

" (A) n)
[ (A) n)

*)

((24 + 1) x 60 + 1) * 60 + 1
((3 * 24 + 23) * 60 + 59) * 60 + 59

char (timel’to_string_s ())
char (timel%to_string ms ()
char (timel’to_string _hms ())
char (timel’to_string_dhms ())

char (time2/to_string_s ())
char (time2jto_string ms ())

char (time2)to_string_hms ())
char (time2%to_string_dhms ())

"x Blanking out the last second entry"

char (timel’to_string ms ())

char (timellto_string ms (.true.))
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write (u, "(A)") "* String from negative time"
write (u, *)

-(((24 + 1) * 60 + 1) * 60 + 1)
-(((3 * 24 + 23) * 60 + 59) * 60 + 59)

timel
time2

write (u, "(A)") char (timelto_string s ())
write (u, "(A)") char (timelto_string_ms ())
write (u, "(A)") char (timel)to_string hms ())
write (u, "(A)") char (timellto_string_dhms ())

write (u, "(A)") char (time2)to_string_s ())
write (u, "(A)") char (time2jto_string ms ())
write (u, "(A)") char (time2)to_string_hms ())
write (u, "(A)") char (time2)to_string_dhms ())

write (u, "(A)")
write (u, "(A)") "x Test output end: cputime_1"

end subroutine cputime_1

Timer tests

Check a timer object.
(CPU time: execute tests)+=
call test (cputime_2, "cputime_2", &
"timer", &
u, results)

(CPU time: tests)+=
subroutine cputime_2 (u)
integer, intent(in) :: u
type(timer_t) :: timer

write (u, "(A)") "x Test output: cputime_2"
write (u, "(A)") "x  Purpose: check timer"
write (u, "(A)")

write (u, "(A)") "% Undefined timer"
write (u, *)

call timer’write (u)
write (u, *)
write (u, "(A)") "x Start timer"

write (u, *)

call timerYstart ()
call timer’write (u)

write (u, *)

write (u, "(A)") " Stop timer (injecting fake timings)"
write (u, *)
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call timerYstop ()
timer)tl = 2

timer%t2 = 5

call timer’evaluate ()
call timerlwrite (u)

write (u, *)
write (u, "(A)") "* Restart timer"
write (u, *)

call timerlrestart ()
call timerwrite (u)

write (u, *)

write (u, "(A)") "* Stop timer again (injecting fake timing)"
write (u, *)

call timer¥%stop ()

timer%t2 = 10

call timer%evaluate ()

call timer’write (u)

write (u, *)
write (u, "(A)") "x Test output end: cputime_2"

end subroutine cputime_2
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Chapter 6

Combinatorics

These modules implement standard algorithms (sorting, hashing, etc.) that are
not available in Fortran.

Fortran doesn’t support generic programming, therefore the algorithms are
implemented only for specific data types.

bytes Derived types for bytes and words.

hashes Types and tools for setting up hashtables.
md5 The MD5 algorithm for message digest.
permutations Permuting an array of integers.

sorting Sorting integer and real values.

6.1 Bytes and such

In a few instances we will need the notion of a byte (8-bit) and a word (32 bit),
even a 64-bit word. A block of 512 bit is also needed (for MD5).

We rely on integers up to 64 bit being supported by the processor. The main
difference to standard integers is the interpretation as unsigned integers.

(bytes.£90)=
(F'ile header)

module bytes

use kinds, only: i8, i32, i64
use io_units

(Standard module head)
(Bytes: public)
(Buytes: types)

(Bytes: parameters)
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(Buytes: interfaces)
contains
(Bytes: procedures)

end module bytes

6.1.1 8-bit words: bytes

This is essentially a wrapper around 8-bit integers. The wrapper emphasises
their special interpretation as a sequence of bits. However, we interpret bytes

as unsigned integers.

(Bytes: publicy=
public :: byte_t

(Buytes: types)=
type :: byte_t
private
integer(i8) :: i
end type byte_t

(Bytes: public)+=
public :: byte_zero

(Bytes: parameters)=

type(byte_t), parameter :: byte_zero = byte_t (0_i8)

Set a byte from 8-bit integer:
(Bytes: public)+=

public :: assignment (=)

(Buytes: interfaces)=
interface assignment (=)
module procedure set_byte_from_i8
end interface

(Bytes: procedures)=
subroutine set_byte_from_i8 (b, i)
type(byte_t), intent(out) :: Db
integer(i8), intent(in) :: i
b%i =i
end subroutine set_byte_from_i8

Write a byte in one of two formats: either as a hexadecimal number (two digits,
default) or as a decimal number (one to three digits). The decimal version is
nontrivial because bytes are unsigned integers. Optionally append a newline.

(Bytes: public)+=
public :: byte_write
(Bytes: interfaces)+=
interface byte_write

module procedure byte_write_unit, byte_write_string

end interface
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(Bytes: procedures)+=
subroutine byte_write_unit (b, unit, decimal, newline)
type(byte_t), intent(in), optional :: b
integer, intent(in), optional :: unit
logical, intent(in), optional :: decimal, newline
logical :: dc, nl
type(word32_t) :: w

integer :: u
u = given_output_unit (unit); if (u < 0) return
dc = .false.; if (present (decimal)) dc = decimal
nl = .false.; if (present (newline)) nl = newline
if (dc) then

w=>b

write (u, ’(I3)’, advance=’no’) whi
else

write (u, ’(z2.2)’, advance=’no’) bji
end if

if (nl) write (u, *)
end subroutine byte_write_unit

The string version is hex-only

(Bytes: procedures)+=
subroutine byte_write_string (b, s)
type(byte_t), intent(in) :: b
character(len=2), intent(inout) :: s
write (s, ’(z22.2)’) bii
end subroutine byte_write_string

6.1.2 32-bit words

This is not exactly a 32-bit integer. A word is to be filled with bytes, and it may
be partially filled. The filling is done lowest-byte first, highest-byte last. We
count the bits, so £i1l should be either 0, 8, 16, 24, or 32. In printing words,
we correspondingly distinguish between printing zeros and printing blanks.
(Bytes: public)+=

public :: word32_t

(Buytes: types)+=
type :: word32_t
private
integer(i32) :: i
integer :: fill =0
end type word32_t

Assignment: the word is filled by inserting a 32-bit integer
(Bytes: interfaces)+=
interface assignment (=)
module procedure word32_set_from_i32
module procedure word32_set_from_byte
end interface
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(Bytes: procedures)+=
subroutine word32_set_from_i32 (w, i)
type(word32_t), intent(out) :: w

integer(i32), intent(in) :: i
whi = 1
wjfill = 32

end subroutine word32_set_from_i32

Reverse assignment to a 32-bit integer. We do not check the fill status.
(Bytes: interfaces)+=
interface assignment (=)
module procedure i32_from_word32
end interface

(Bytes: procedures)+=
subroutine i32_from_word32 (i, w)

integer(i32), intent(out) :: i
type(word32_t), intent(in) :: w
i=wii

end subroutine i32_from_word32

Filling with a 8-bit integer is slightly tricky, because in this interpretation inte-
gers are unsigned.

(Bytes: procedures)+=
subroutine word32_set_from_byte (w, b)
type(word32_t), intent(out) :: w
type(byte_t), intent(in) :: b
if (b%i >= 0_i8) then

whi = bli
else

whi = 2_132*(huge(0_i8)+1_i32) + bii
end if
w/4fill = 32

end subroutine word32_set_from_byte

Check the fill status

(Bytes: public)+=
public :: word32_empty, word32_filled, word32_fill

(Bytes: procedures)+=
function word32_empty (w)
type(word32_t), intent(in) :: w
logical :: word32_empty
word32_empty = (w/(fill == 0)
end function word32_empty

function word32_filled (w)
type(word32_t), intent(in) :: w
logical :: word32_filled
word32_filled = (w/4fill == 32)

end function word32_filled

function word32_fill (w)

103



type(word32_t), intent(in) :: w
integer :: word32_fill
word32_fill = w)fill

end function word32_fill

Partial assignment: append a byte to a partially filled word. (Note: no assign-
ment if the word is filled, so check this before if necessary.)
(Bytes: public)+=
public :: word32_append_byte
(Bytes: procedures)+=
subroutine word32_append_byte (w, b)
type(word32_t), intent(inout) :: w
type(byte_t), intent(in) :: b
type(word32_t) :: wl
if (.not. word32_filled (w)) then
wl=">»
call mvbits (wi%i, 0, 8, whki, w/fill)
wifill = wifill + 8
end if
end subroutine word32_append_byte

Extract a byte from a word. The argument i is the position, which may be 0,
1,2, or 3.

For the final assignment, we set the highest bit separately. Otherwise, we
might trigger an overflow condition for a compiler with strict checking turned
on.

(Bytes: public)+=
public :: byte_from_word32
(Buytes: procedures)+=
function byte_from_word32 (w, i) result (b)
type(word32_t), intent(in) :: w
integer, intent(in) :: i
type(byte_t) :: b
integer(i32) :: j
j=20
if (i >= 0 .and. i*8 < w%fill) then
call mvbits (w%i, i*8, 8, j, 0)
end if
b%i = int (ibclr (j, 7), kind=i8)
if (btest (j, 7)) bli = ibset (b%i, 7)
end function byte_from_word32

Write a word to file or STDOUT. We understand words as unsigned integers,
therefore we cannot use the built-in routine unchanged. However, we can make
use of the existence of 64-bit integers and their output routine.

In hexadecimal format, the default version prints eight hex characters, highest-
first. The bytes version prints four bytes (two-hex characters), lowest first, with
spaces in-between. The decimal bytes version is analogous. In the bytes ver-
sion, missing bytes are printed as whitespace.

(Bytes: public)+=
public :: word32_write
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(Bytes: interfaces)+=
interface word32_write
module procedure word32_write_unit
end interface

(Buytes: procedures)+=
subroutine word32_write_unit (w, unit, bytes, decimal, newline)
type(word32_t), intent(in) :: w
integer, intent(in), optional :: unit
logical, intent(in), optional :: bytes, decimal, newline
logical :: dc, by, nl
type(word64_t) :: ww
integer :: i, u
u = given_output_unit (unit); if (u < 0) return

by = .false.; if (present (bytes)) by = bytes
dc = .false.; if (present (decimal)) dc = decimal
nl = .false.; if (present (newline)) nl = newline
if (by) then

doi=0, 3

if (i>0) write (u, ’(1x)’, advance=’no’)
if (8%i < wY%fill) then

call byte_write (byte_from_word32 (w, i), unit, decimal=decimal)
else if (dc) then

write (u, ’(3x)’, advance=’no’)

else
write (u, ’(2x)’, advance=’no’)
end if
end do
else if (dc) then
WW =W
write (u, ’(I10)’, advance=’no’) wwhi
else
select case (w)fill)
case ( 0)

case ( 8); write (6, ’(1x,z8.2)’, advance=’no’) ibits (w%i, 0, 8)
case (16); write (6, ’(1x,z8.4)’, advance=’no’) ibits (w%i, 0,16)
case (24); write (6, ’(1x,z8.6)°, advance=’no’) ibits (w%i, 0,24)
case (32); write (6, ’(1x,z8.8)°, advance=’no’) ibits (w%i, 0,32)
end select

end if

if (nl) write (u, *)

end subroutine word32_write_unit

6.1.3 Operations on 32-bit words

Define the usual logical operations, as well as addition (mod 23?). We assume
that all operands are completely filled.
(Bytes: public)+=
public :: not, ior, ieor, iand, ishft, ishftc
(Bytes: interfaces)+=
interface not
module procedure word_not
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end interface
interface ior

module procedure word_or
end interface
interface ieor

module procedure word_eor
end interface
interface iand

module procedure word_and
end interface
interface ishft

module procedure word_shft
end interface
interface ishftc

module procedure word_shftc
end interface

(Bytes: procedures)+=
function word_not (wl) result (w2)
type(word32_t), intent(in) :: wl
type(word32_t) :: w2
w2 = not (wil%i)
end function word_not

function word_or (w1, w2) result (w3)
type(word32_t), intent(in) :: wl, w2
type(word32_t) :: w3
w3 = ior (wil%i, w2%i)

end function word_or

function word_eor (w1, w2) result (w3)
type(word32_t), intent(in) :: wl, w2
type(word32_t) :: w3
w3 = ieor (wi%i, w2%i)

end function word_eor

function word_and (w1, w2) result (w3)
type(word32_t), intent(in) :: wil, w2
type(word32_t) :: w3
w3 = iand (wi%i, w2%i)

end function word_and

function word_shft (w1, s) result (w2)
type(word32_t), intent(in) :: wl
integer, intent(in) :: s
type(word32_t) :: w2
w2 = ishft (wi%i, s)

end function word_shft

function word_shftc (wl, s) result (w2)
type(word32_t), intent(in) :: wil
integer, intent(in) :: s
type(word32_t) :: w2
w2 = ishftc (wil%i, s, 32)

end function word_shftc
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Addition is defined mod 232, i.e., without overflow checking. This means that
we have to work around a possible overflow check enforced by the compiler.
(Bytes: public)+=

public :: operator(+)

(Bytes: interfaces)+=
interface operator(+)
module procedure word_add
module procedure word_add_i8
module procedure word_add_i32
end interface

(Bytes: procedures)+=
function word_add (w1, w2) result (w3)
type(word32_t), intent(in) :: wl, w2
type(word32_t) :: w3
integer(i64) :: j
j = int (ibclr (wil%i, 31), i64) + int (ibclr (w2%i, 31), i64)
w3 = int (ibclr (j, 31), kind=i32)
if (btest (j, 31)) then
if (btest (wi’i, 31) .eqv. btest (w2%i, 31)) w3 = ibset (w3%i, 31)
else
if (btest (wil’i, 31) .neqv. btest (w2%i, 31)) w3 = ibset (w3%i, 31)
end if
end function word_add

function word_add_i8 (w1, i) result (w3)

type(word32_t), intent(in) :: wl

integer(i8), intent(in) :: i

type(word32_t) :: w3

integer(i64) :: j

j = int (ibclr (wi%i, 31), i64) + int (ibclr (i, 7), i64)

if (btest (i, 7)) j = j + 128

w3 = int (ibclr (j, 31), kind=i32)

if (btest (j, 31) .neqv. btest (wil)i, 31)) w3 = ibset (w3%i, 31)
end function word_add_i8

function word_add_i32 (w1, i) result (w3)
type(word32_t), intent(in) :: wil
integer(i32), intent(in) :: i
type(word32_t) :: w3
integer(i64) :: j
j = int (ibclr (wil%i, 31), i64) + int (ibclr (i, 31), i64)
w3 = int (ibclr (j, 31), kind=i32)
if (btest (j, 31)) then
if (btest (wil%i, 31) .eqv. btest (i, 31)) w3 = ibset (w3%i, 31)
else
if (btest (wi1’%i, 31) .neqv. btest (i, 31)) w3 = ibset (w3%i, 31)
end if
end function word_add_i32
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6.1.4 64-bit words

These objects consist of two 32-bit words. They thus can hold integer numbers
larger than 232 (to be exact, 23! since FORTRAN integers are signed). The
order is low-word, high-word.
(Bytes: public)+=

public :: word64_t

(Buytes: types)+=
type :: word64_t
private
integer(i64) :: i
end type word64_t

Set a 64 bit word:

(Bytes: interfaces)+=
interface assignment (=)
module procedure word64_set_from_i64
module procedure word64_set_from_word32
end interface

(Bytes: procedures)+=
subroutine word64_set_from_i64 (ww, i)

type(word64_t), intent(out) :: ww
integer(i64), intent(in) :: i
wwhi = 1

end subroutine word64_set_from_i64

Filling with a 32-bit word:

(Bytes: procedures)+=
subroutine word64_set_from_word32 (ww, w)
type(word64_t), intent(out) :: ww
type(word32_t), intent(in) :: w
if (w%i >= 0_i32) then

wwhi = whi
else

wwhi = 2_i64*(huge(0_i32)+1_164) + wii
end if

end subroutine word64_set_from_word32

Extract a byte from a word. The argument i is the position, which may be
between 0 and 7.

For the final assignment, we set the highest bit separately. Otherwise, we
might trigger an overflow condition for a compiler with strict checking turned
on.

(Bytes: public)+=
public :: byte_from_word64, word32_from_word64

(Bytes: procedures)+=
function byte_from_word64 (ww, i) result (b)
type(word64_t), intent(in) :: ww
integer, intent(in) :: i
type(byte_t) :: b
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integer(i64) :: j

j=0

if (i >= 0 .and. i*8 < 64) then

call mvbits (ww%ki, i*8, 8, j, 0)

end if

b%i = int (ibclr (j, 7), kind=i8)

if (btest (j, 7)) Dbki = ibset (b%i, 7)
end function byte_from_word64

Extract a 32-bit word from a 64-bit word. The position is either 0 or 1.

(Bytes: procedures)+=

function word32_from_word64 (ww, i) result (w)
type(word64_t), intent(in) :: ww
integer, intent(in) :: i
type(word32_t) :: w
integer(i64) :: j
j=0
select case (i)
case (0); call mvbits (ww¥%i, O, 32, j, 0)
case (1); call mvbits (ww%i, 32, 32, j, 0)
end select
w = int (ibclr (j, 31), kind=i32)
if (btest (j, 31)) w = ibset (wiki, 31)

end function word32_from_word64

Print a 64-bit word. Decimal version works up to 263, The words version uses
the 'word32’ printout, separated by two spaces. The low-word is printed first.
The bytes version also uses the 'word32’ printout. This implies that the lowest
byte is first. The default version prints a hexadecimal number without spaces,
highest byte first.
(Bytes: public)+=

public :: word64_write
(Bytes: interfaces)+=

interface word64_write

module procedure word64_write_unit
end interface

(Bytes: procedures)+=
subroutine word64_write_unit (ww, unit, words, bytes, decimal, newline)

type(word64_t), intent(in) :: ww

integer, intent(in), optional :: unit

logical, intent(in), optional :: words, bytes, decimal, newline
logical :: wo, by, dc, nl

integer :: u

u = given_output_unit (unit); if (u < 0) return

wo = .false.; if (present (words)) wo = words

by = .false.; if (present (bytes)) by = bytes

dc = .false.; if (present (decimal)) dc = decimal

nl = .false.; if (present (newline)) nl = newline

if (wo .or. by) then
call word32_write_unit (word32_from_word64 (ww, 0), unit, by, dc)
write (u, ’(2x)’, advance=’no’)
call word32_write_unit (word32_from_word64 (ww, 1), unit, by, dc)
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else if (dc) then
write (u, ’(I19)’, advance=’no’) wwii
else
write (u, ’(Z16)°’, advance=’no’) wwhi
end if
if (nl) write (u, *)
end subroutine word64_write_unit

6.2 Hashtables

Hash tables, like lists, are not part of Fortran and must be defined on a per-case
basis. In this section we define a module that contains a hash function.

Furthermore, for reference there is a complete framework of hashtable type
definitions and access functions. This code is to be replicated where hash tables
are used, mutatis mutandis.

(hashes.f90)=
(F'ile header)

module hashes

use kinds, only: i8, i32
use bytes

(Standard module head)
(Hashes: public)
contains

(Hashes: procedures)

end module hashes

6.2.1 The hash function

This is the one-at-a-time hash function by Bob Jenkins (from Wikipedia), re-
implemented in Fortran. The function works on an array of bytes (8-bit inte-
gers), as could be produced by, e.g., the transfer function, and returns a single
32-bit integer. For determining the position in a hashtable, one can pick the
lower bits of the result as appropriate to the hashtable size (which should be
a power of 2). Note that we are working on signed integers, so the interpreta-
tion of values differs from the C version. This should not matter in practice,
however.
(Hashes: public)=
public :: hash
(Hashes: procedures)=
function hash (key) result (hashval)
integer(i32) :: hashval
integer(i8), dimension(:), intent(in) :: key
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type(word32_t) :: w

integer :: i
w = 0_i32
do i = 1, size (key)
w=w + key(i)
w = w + ishft (w, 10)
w = ieor (w, ishft (w, -6))

end do
w = w + ishft (w, 3)
w = ieor (w, ishft (w, -11))
w =w + ishft (w, 15)
hashval = w

end function hash

6.2.2 The hash table

We define a generic hashtable type (that depends on the hash_data_t type)
together with associated methods.
This is a template:

(Hashtables: types)=
type :: hash_data_t
integer :: i
end type hash_data_t

Associated methods:

(Hashtables: procedures)=
subroutine hash_data_final (data)
type(hash_data_t), intent(inout) :: data
end subroutine hash_data_final

subroutine hash_data_write (data, unit)
type(hash_data_t), intent(in) :: data
integer, intent(in), optional :: unit
integer :: u
u = given_output_unit (unit); if (u < 0) return
write (u, *) data%i

end subroutine hash_data_write

Each hash entry stores the unmasked hash value, the key, and points to actual
data if present. Note that this could be an allocatable scalar in principle, but
making it a pointer avoids deep copy when expanding the hashtable.
(Hashtables: types)+=
type :: hash_entry_t
integer(i32) :: hashval = 0
integer(i8), dimension(:), allocatable :: key
type (hash_data_t), pointer :: data => null ()
end type hash_entry_t
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The hashtable object holds the actual table, the number of filled entries and the
number of entries after which the size should be doubled. The mask is equal to
the table size minus one and thus coincides with the upper bound of the table
index, which starts at zero.

(Hashtables: types)+=
type :: hashtable_t

integer :: n_entries = 0
real :: fill_ratio = 0
integer :: n_entries_max = 0

integer(i32) :: mask = 0
type(hash_entry_t), dimension(:), allocatable :: entry
end type hashtable_t

Initializer: The size has to be a power of two, the fill ratio is a real (machine-
default!) number between 0 and 1.

(Hashtables: procedures)+=
subroutine hashtable_init (hashtable, size, fill_ratio)

type (hashtable_t), intent(out) :: hashtable
integer, intent(in) :: size
real, intent(in) :: fill_ratio

hashtable¥fill_ratio = fill_ratio

hashtable’n_entries_max = size * fill_ratio

hashtable)mask = size - 1

allocate (hashtablelentry (0:hashtablelmask))
end subroutine hashtable_init

Finalizer: This calls a hash_data_final subroutine which must exist.

(Hashtables: procedures)+=
subroutine hashtable_final (hashtable)
type(hashtable_t), intent(inout) :: hashtable
integer :: i
do i = 0, hashtable¥mask
if (associated (hashtablelentry(i)idata)) then
call hash_data_final (hashtablelentry(i)7%data)
deallocate (hashtablejentry(i)’%data)
end if
end do
deallocate (hashtablelentry)
end subroutine hashtable_final

Output. Here, we refer to a hash_data_write subroutine.

(Hashtables: procedures)+=
subroutine hashtable_write (hashtable, unit)

type (hashtable_t), intent(in) :: hashtable
integer, intent(in), optional :: unit
integer :: u, i

u = given_output_unit (unit); if (u < 0) return
do i = 0, hashtable)mask
if (associated (hashtablejentry(i)%data)) then
write (u, *) i, "(hash =", hashtablelentry(i)’hashval, ")", &
hashtablelentry(i)jkey
call hash_data_write (hashtablelentry(i)%data, unit)
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end if
end do
end subroutine hashtable_write

6.2.3 Hashtable insertion

Insert a single entry with the hash value as trial place. If the table is filled, first
expand it.

(Hashtables: procedures)+=

subroutine hashtable_insert (hashtable, key, data)
type (hashtable_t), intent(inout) :: hashtable
integer(i8), dimension(:), intent(in) :: key
type(hash_data_t), intent(in), target :: data
integer(i32) :: h
if (hashtableYn_entries >= hashtable)n_entries_max) &

call hashtable_expand (hashtable)

h = hash (key)
call hashtable_insert_rec (hashtable, h, h, key, data)

end subroutine hashtable_insert

We need this auxiliary routine for doubling the size of the hashtable. We rely on
the fact that default assignment copies the data pointer, not the data themselves.
The temporary array must not be finalized; it is deallocated automatically to-
gether with its allocatable components.

(Hashtables: procedures)+=
subroutine hashtable_expand (hashtable)
type(hashtable_t), intent(inout) :: hashtable
type (hash_entry_t), dimension(:), allocatable :: table_tmp
integer :: i, s
allocate (table_tmp (0:hashtable’mask))
table_tmp = hashtablelentry
deallocate (hashtablelentry)
s = 2 * size (table_tmp)
hashtable/n_entries = 0
hashtable)n_entries_max = s * hashtable)fill_ratio
hashtableymask = s - 1
allocate (hashtablelentry (O:hashtablelmask))
do i = 0, ubound (table_tmp, 1)
if (associated (table_tmp(i)idata)) then
call hashtable_insert_rec (hashtable, table_tmp(i)%hashval, &
table_tmp(i)%hashval, table_tmp(i)%key, table_tmp(i)’%data)
end if
end do
end subroutine hashtable_expand

Insert a single entry at a trial place h, reduced to the table size. Collision
resolution is done simply by choosing the next element, recursively until the
place is empty. For bookkeeping, we preserve the original hash value. For a
good hash function, there should be no clustering.

Note that if the new key exactly matches an existing key, nothing is done.

(Hashtables: procedures)+=
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recursive subroutine hashtable_insert_rec (hashtable, h, hashval, key, data)
type (hashtable_t), intent(inout) :: hashtable
integer(i32), intent(in) :: h, hashval
integer(i8), dimension(:), intent(in) :: key
type(hash_data_t), intent(in), target :: data
integer(i32) :: i
i = iand (h, hashtable’mask)
if (associated (hashtablelentry(i)idata)) then
if (size (hashtablelentry(i)ikey) /= size (key)) then
call hashtable_insert_rec (hashtable, h + 1, hashval, key, data)
else if (any (hashtablelentry(i)%key /= key)) then
call hashtable_insert_rec (hashtable, h + 1, hashval, key, data)
end if
else
hashtablelentry(i)%hashval = hashval
allocate (hashtablelentry(i)ikey (size (key)))
hashtablelentry(i)ikey = key
hashtablejentry(i)’data => data
hashtable/n_entries = hashtableln_entries + 1
end if
end subroutine hashtable_insert_rec

6.2.4 Hashtable lookup

The lookup function has to parallel the insert function. If the place is filled,
check if the key matches. Yes: return the pointer; no: increment the hash value
and check again.

(Hashtables: procedures)+=
function hashtable_lookup (hashtable, key) result (ptr)
type(hash_data_t), pointer :: ptr
type (hashtable_t), intent(in) :: hashtable
integer(i8), dimension(:), intent(in) :: key
ptr => hashtable_lookup_rec (hashtable, hash (key), key)
end function hashtable_lookup

(Hashtables: procedures)+=
recursive function hashtable_lookup_rec (hashtable, h, key) result (ptr)
type (hash_data_t), pointer :: ptr
type (hashtable_t), intent(in) :: hashtable

integer(i32), intent(in) :: h
integer(i8), dimension(:), intent(in) :: key
integer(i32) :: i

i = iand (h, hashtable¥mask)
if (associated (hashtablelentry(i)%data)) then
if (size (hashtablelentry(i)ikey) == size (key)) then
if (all (hashtablefentry(i)%key == key)) then
ptr => hashtablejentry(i)%data
else
ptr => hashtable_lookup_rec (hashtable, h + 1, key)
end if
else
ptr => hashtable_lookup_rec (hashtable, h + 1, key)
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end if
else
ptr => null O
end if
end function hashtable_lookup_rec

(Hashtables: public)=
public :: hashtable_test

(Hashtables: procedures)+=
subroutine hashtable_test ()
type(hash_data_t), pointer :: data
type (hashtable_t) :: hashtable

integer(i8) :: i
call hashtable_init (hashtable, 16, 0.25)
do i=1, 10

allocate (data)
dataji = i*i
call hashtable_insert (hashtable, [i, i+i], data)
end do
call hashtable_insert (hashtable, [2_i8, 4_i8], data)
call hashtable_write (hashtable)
data => hashtable_lookup (hashtable, [5_i8, 10_i8])
if (associated (data)) then
print *, "lookup:", datali
else
print *, "lookup: --"
end if
data => hashtable_lookup (hashtable, [6_i8, 12_i8])
if (associated (data)) then
print *, "lookup:", dataji
else
print *, "lookup: --"
end if
data => hashtable_lookup (hashtable, [4_i8, 9_i8])
if (associated (data)) then
print *, "lookup:", datali
else
print *, "lookup: --"
end if
call hashtable_final (hashtable)
end subroutine hashtable_test

6.3 MD5 Checksums

Implementing MD5 checksums allows us to check input/file integrity on the
basis of a well-known standard. The building blocks have been introduced in
the bytes module.

(md5 . £90)=
(File header)
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module md5

use kinds, only: i8, i32, i64

use io_units

use unit_tests

use system_defs, only: BUFFER_SIZE
use system_defs, only: LF, EOR, EOF
use diagnostics

use bytes

(Standard module head)
(MD5: public)

(MD5: types)

(MD5: variables)
(MD5: interfaces)
contains

(MD5: procedures)
(MD5: tests)

end module mdb

6.3.1 Blocks

A block is a sequence of 16 words (64 bytes or 512 bits). We anticipate that
blocks will be linked, so include a pointer to the next block. There is a fill status
(word counter), as there is one for each word. The fill status is equal to the
number of bytes that are in, so it may be between 0 and 64.
(MD5: types)=
type :: block_t
private
type(word32_t), dimension(0:15) :: w
type(block_t), pointer :: mext => null ()
integer :: fill =0
end type block_t

Check if a block is completely filled or empty:
(MD5: procedures)=
function block_is_empty (b)
type(block_t), intent(in) :: Db
logical :: block_is_empty
block_is_empty = (b%fill == 0 .and. word32_empty (b%w(0)))
end function block_is_empty

function block_is_filled (b)

type(block_t), intent(in) :: Db
logical :: block_is_filled
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block_is_filled = (b%fill == 64)
end function block_is_filled

Append a single byte to a block. Works only if the block is not yet filled.

(MD5: procedures)+=
subroutine block_append_byte (bl, by)
type(block_t), intent(inout) :: bl
type(byte_t), intent(in) :: by
if (.not. block_is_filled (bl)) then
call word32_append_byte (bl%w(bl%fill/4), by)
bl%fill = bl%fill + 1
end if
end subroutine block_append_byte

The printing routine allows for printing as sequences of words or bytes, decimal
or hex.
(MD5: interfaces)=
interface block_write
module procedure block_write_unit
end interface

(MD5: procedures)+=
subroutine block_write_unit (b, unit, bytes, decimal)
type(block_t), intent(in) :: b

integer, intent(in), optional :: unit

logical, intent(in), optional :: bytes, decimal
logical :: by, dc

integer :: i, u

u = given_output_unit (unit); if (u < 0) return
by = .false.; if (present (bytes)) by = bytes
dc = .false.; if (present (decimal)) dc = decimal
do i = 0, b%fill/4 - 1
call newline_or_blank (u, i, by, dc)
call word32_write (b%w(i), unit, bytes, decimal)
end do
if (.not. block_is_filled (b)) then
i = b%fill/4
if (.not. word32_empty (b%w(i))) then
call newline_or_blank (u, i, by, dc)
call word32_write (b%w(i), unit, bytes, decimal)

end if
end if
write (u, *)
contains
subroutine newline_or_blank (u, i, bytes, decimal)
integer, intent(in) :: u, i
logical, intent(in) :: bytes, decimal

if (decimal) then
select case (i)
case (0)
case (2,4,6,8,10,12,14); write (u, *)
case default
write (u, ’(2x)’, advance=’no’)
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end select
else if (bytes) then
select case (i)
case (0)
case (4,8,12); write (u, *)
case default
write (u, ’(2x)’, advance=’no’)
end select
else
if (i == 8) write (u, *)
end if
end subroutine newline_or_blank
end subroutine block_write_unit

6.3.2 Messages

A message (within this module) is a linked list of blocks.
(MD5: types)+=
type :: message_t
private
type(block_t), pointer :: first => null ()
type(block_t), pointer :: last => null ()
integer :: n_blocks = 0
end type message_t

Clear the message list

(MD5: procedures)+=
subroutine message_clear (m)
type(message_t), intent(inout) :: m
type(block_t), pointer :: b
nullify (m¥%last)
do
b => mjfirst
if (.not.(associated (b))) exit
m%4first => bjnext
deallocate (b)
end do
m%4n_blocks = 0
end subroutine message_clear

Append an empty block to the message list

(MD5: procedures)+=
subroutine message_append_new_block (m)
type(message_t), intent(inout) :: m
if (associated (m)last)) then
allocate (m)%last¥%next)
m)last => m¥lastnext
m/n_blocks = m¥n_blocks + 1
else
allocate (m)first)
m)last => mYfirst
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m%n_blocks = 1
end if
end subroutine message_append_new_block

Initialize: clear and allocate the first (empty) block.
(MD5: procedures)+=
subroutine message_init (m)
type (message_t), intent(inout) :: m
call message_clear (m)
call message_append_new_block (m)
end subroutine message_init

Append a single byte to a message. If necessary, allocate a new block. If the
message is empty, initialize it.
(MD5: procedures)+=
subroutine message_append_byte (m, b)
type(message_t), intent(inout) :: m
type(byte_t), intent(in) :: b
if (.not. associated (mjlast)) then
call message_init (m)
else if (block_is_filled (m%last)) then
call message_append_new_block (m)
end if
call block_append_byte (m)last, b)
end subroutine message_append_byte

Append zero bytes until the current block is filled up to the required position.
If we are already beyond that, append a new block and fill that one.
(MD5: procedures)+=

subroutine message_pad_zero (m, i)

type(message_t), intent(inout) :: m
integer, intent(in) :: i
type(block_t), pointer :: b

integer :: j

if (associated (m)last)) then
b => m)last
if (b%fill > i) then
do j = bifill + 1, 64 + i
call message_append_byte (m, byte_zero)
end do
else
do j = bjfill + 1, i
call message_append_byte (m, byte_zero)
end do
end if
end if
end subroutine message_pad_zero

This returns the number of bits within a message. We need a 64-bit word for
the result since it may be more than 23!. This is also required by the MD5
standard.

(MD5: procedures)+=
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function message_bits (m) result (length)
type(message_t), intent(in) :: m
type(word64_t) :: length
type(block_t), pointer :: b
integer(i64) :: n_blocks_filled, n_bytes_extra
if (m%n_blocks > 0) then
b => m)last
if (block_is_filled (b)) then
n_blocks_filled = mY)n_blocks
n_bytes_extra = 0
else
n_blocks_filled = mYn_blocks - 1
n_bytes_extra = b)fill

end if

length = n_blocks_filled * 512 + n_bytes_extra * 8
else

length = 0_i64
end if

end function message_bits

6.3.3 Message I/0O

Append the contents of a string to a message. We first cast the character string
into a 8-bit integer array and the append this byte by byte.

(MD5: procedures)+=
subroutine message_append_string (m, s)
type (message_t), intent(inout) :: m
character(len=*), intent(in) :: s
integer(i64) :: i, n_bytes
integer(i8), dimension(:), allocatable :: buffer
integer(i8), dimension(1) :: mold
type(byte_t) :: b
n_bytes = size (transfer (s, mold))
allocate (buffer (n_bytes))
buffer = transfer (s, mold)
do i = 1, size (buffer)
b = buffer(i)
call message_append_byte (m, b)
end do
deallocate (buffer)
end subroutine message_append_string

Append the contents of a 32-bit integer to a message. We first cast the 32-bit
integer into a 8-bit integer array and the append this byte by byte.

(MD5: procedures)+=
subroutine message_append_i32 (m, x)

type(message_t), intent(inout) :: m
integer(i32), intent(in) :: x
integer(i8), dimension(4) :: buffer
type(byte_t) :: b

integer :: i

buffer = transfer (x, buffer, size(buffer))
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do i = 1, size (buffer)
b = buffer(i)
call message_append_byte (m, b)
end do
end subroutine message_append_i32

Append one line from file to a message. Include the newline character.

(MD5: procedures)+=
subroutine message_append_from_unit (m, u, iostat)

type(message_t), intent(inout) :: m
integer, intent(in) :: u
integer, intent(out) :: iostat

character (1en=BUFFER_SIZE) :: buffer
read (u, *, iostat=iostat) buffer
call message_append_string (m, trim (buffer))
call message_append_string (m, LF)
end subroutine message_append_from_unit

Fill a message from file. (Each line counts as a string.)

(MD5: procedures)+=
subroutine message_read_from_file (m, f)
type(message_t), intent(inout) :: m
character(len=+*), intent(in) :: f
integer :: u, iostat
u = free_unit ()
open (file=f, unit=u, action=’read’)
do
call message_append_from_unit (m, u, iostat=iostat)
if (iostat < 0) exit
end do
close (u)
end subroutine message_read_from_file

Write a message. After each block, insert an empty line.
(MD5: interfaces)+=
interface message_write
module procedure message_write_unit
end interface
(MD5: procedures)+=
subroutine message_write_unit (m, unit, bytes, decimal)

type(message_t), intent(in) :: m

integer, intent(in), optional :: unit

logical, intent(in), optional :: bytes, decimal
type(block_t), pointer :: b

integer :: u

u = given_output_unit (unit); if (u < 0) return
b => m)first
if (associated (b)) then
do
call block_write_unit (b, unit, bytes, decimal)
b => bjnext
if (.not. associated (b)) exit
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write (u, *)
end do
end if
end subroutine message_write_unit

6.3.4 Auxiliary functions

These four functions on three words are defined in the MD5 standard:

(MD5: procedures)+=
function ff (x, y, 2)
type(word32_t), intent(in) :: x, y, 2z
type(word32_t) :: ff
ff = jor (iand (x, y), iand (not (x), 2))
end function ff

function fg (x, y, 2)
type(word32_t), intent(in) :: x, y, 2z
type(word32_t) :: fg
fg = ior (iand (x, z), iand (y, not (2)))
end function fg

function fh (x, y, 2)
type(word32_t), intent(in) :: x, y, 2z
type(word32_t) :: fh
fh = ieor (ieor (%, y), 2z)

end function fh

function fi (x, y, 2)
type(word32_t), intent(in) :: x, y, z
type(word32_t) :: fi
fi = ieor (y, ior (x, mot (2)))

end function fi

6.3.5 Auxiliary stuff

This defines and initializes the table of transformation constants:
(MD5: variables)=
type(word32_t), dimension(64), save :: t
logical, save :: table_initialized = .false.
(MD5: procedures)+=
subroutine table_init
type(word64_t) :: ww

integer :: i
if (.not.table_initialized) then
doi=1, 64

ww = int (4294967296d0 * abs (sin (i * 1d0)), kind=i64)
t(i) = word32_from_word64 (ww, 0)

end do

table_initialized = .true.
end if
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end subroutine table_init

This encodes the message digest (4 words) into a 32-character string.

(MD5: procedures)+=
function digest_string (aa) result (s)
type(word32_t), dimension (0:3), intent(in) :: aa
character(len=32) :: s
integer :: i, j
doi=0, 3
do j =0, 3
call byte_write (byte_from_word32 (aa(i), j), s(i*8+j*2+1:i*8+jx2+2))
end do
end do
end function digest_string

6.3.6 MD5 algorithm

Pad the message with a byte x80 and then pad zeros up to a full block minus two
words; in these words, insert the message length (before padding) as a 64-bit
word, low-word first.
(MD5: procedures)+=
subroutine message_pad (m)

type(message_t), intent(inout) :: m

type(word64_t) :: length

integer(i8), parameter :: ipad = -128 ! 2’80’

type(byte_t) :: b

integer :: i
length = message_bits (m)
b = ipad

call message_append_byte (m, b)
call message_pad_zero (m, 56)
doi=20,7
call message_append_byte (m, byte_from_word64 (length, i))
end do
end subroutine message_pad

Apply a series of transformations onto a state a,b,c,d, where the transform
function uses each word of the message together with the predefined words.
Finally, encode the state as a 32-character string.

(MD5: procedures)+=
subroutine message_digest (m, s)

type(message_t), intent(in) :: m

character(len=32), intent(out) :: s

integer(i32), parameter :: ia = 1732584193 ! z’67452301°
integer(i32), parameter :: ib = -271733879 ! z’efcdab89’
integer(i32), parameter :: ic = -1732584194 ! z’98badcfe’
integer(i32), parameter :: id = 271733878 ! z’10325476°

type(word32_t) :: a, b, ¢, d
type(word32_t) :: aa, bb, cc, dd
type(word32_t), dimension(0:15) :: x
type(block_t), pointer :: bl
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call table_init

a = ia;
bl => m)first

do

b = ib;

c =

ic;

d

if (.not.associated (bl))
x = bljw

aa =
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call
call

a; bb =
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform
transform

b;
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c;
b,
a,
d,
c,
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exi
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call transform (fh, b, ¢, d, a, 2, 23, 48)
call transform (fi, a, b, ¢, d, 0, 6, 49)
call transform (fi, d, a, b, ¢, 7, 10, 50)

call transform (fi, ¢, d, a, b, 14, 15, 51)
call transform (fi, b, ¢, 4, a, 5, 21, 52)
call transform (fi, a, b, ¢, d, 12, 6, 53)
call transform (fi, d, a, b, ¢, 3, 10, 54)
call transform (fi, ¢, d, a, b, 10, 15, 55)
call transform (fi, b, ¢, d, a, 1, 21, 56)
call transform (fi, a, b, ¢, d, 8, 6, 57)
call transform (fi, d, a, b, ¢, 15, 10, 58)
call transform (fi, ¢, d, a, b, 6, 15, 59)
call transform (fi, b, ¢, d, a, 13, 21, 60)
call transform (fi, a, b, ¢, d, 4, 6, 61)
call transform (fi, d, a, b, c, 11, 10, 62)
call transform (fi, ¢, d, a, b, 2, 15, 63)
call transform (fi, b, ¢, d, a, 9, 21, 64)

a=a+ aa
b=Db+ bb
c =c + cc
d=4d+ dd
bl => blYnext
end do
s = digest_string ([a, b, c, dl)
contains

(MD5: Internal subroutine transform)
end subroutine message_digest

And this is the actual transformation that depends on one of the previous func-
tions, four words, and three integers. The implicit arguments are x, the word
from the message to digest, and t, the entry in the predefined table.

(MD5: Internal subroutine transform)=
subroutine transform (f, a, b, ¢, d, k, s, i)
interface
function f (x, y, 2)
import word32_t
type(word32_t), intent(in) :: x, y, 2z
type(word32_t) :: f
end function £
end interface

type(word32_t), intent(inout) :: a
type(word32_t), intent(in) :: b, c, d
integer, intent(in) :: k, s, i

a =b + ishftc (a + £(b, c, d) + x(k) + t(i), s)
end subroutine transform

6.3.7 User interface

(MD5: public)=
public :: md5sum

(MD5: interfaces)+=
interface md5sum
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module procedure md5sum_from_string
module procedure md5sum_from_unit
end interface

This function computes the MD5 sum of the input string and returns it as a
32-character string

(MD5: procedures)+=

function md5sum_from_string (s) result (digest)
character(len=%), intent(in) :: s
character(len=32) :: digest
type(message_t) :: m
call message_append_string (m, s)
call message_pad (m)
call message_digest (m, digest)
call message_clear (m)

end function md5sum_from_string

This funct. reads from unit u (an unformmated sequence of integers) and com-
putes the MD5 sum.

(MD5: procedures)+=
function md5sum_from_unit (u) result (digest)

integer, intent(in) :: u
character(len=32) :: digest
type(message_t) :: m
character :: char

integer :: iostat

READ_CHARS: do
read (u, "(A)", advance="no", iostat=iostat) char
select case (iostat)

case (0)

call message_append_string (m, char)
case (EOR)

call message_append_string (m, LF)
case (EOF)

exit READ_CHARS
case default
call msg_fatal &
("Computing MD5 sum: I/0 error while reading from scratch file")
end select
end do READ_CHARS
call message_pad (m)
call message_digest (m, digest)
call message_clear (m)
end function md5sum_from_unit

6.3.8 Unit tests
(MD5: public)+=
public :: md5_test

(MD5: procedures)+=
subroutine md5_test (u, results)
integer, intent(in) :: u
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type(test_results_t), intent(inout) :: results
(MD5: execute tests)
end subroutine md5_test

This function checks the implementation by computing the checksum of certain
strings and comparing them with the known values.
(MD5: execute tests)=
call test (md5_1, "md5_1", &
"check MD5 sums", &
u, results)

(MD5: tests)=

subroutine md5_1 (u)

integer, intent(in) :: u

character(32) :: s

integer, parameter :: n =7

integer :: i

character(80), dimension(n) :: teststring

data teststring(1) /""/

data teststring(2) /"a"/

data teststring(3) /"abc"/

data teststring(4) /"message digest"/

data teststring(5) /"abcdefghijklmnopqrstuvwxyz"/

data teststring(6) /"ABCDEFGHIJKLMNOPQRSTUVWXYZabcdefghijklmnopqrstuvwxyz0123456789"/
data teststring(7) /"1234567890123456789012345678901234567890123456789012345678901234567890123
character(32), dimension(n) :: result

data result(1l) /"D41D8CD98FO0B204E9800998ECF8427E"/

data result(2) /"0CC175B9COF1B6A831C399E269772661"/

data result(3) /"900150983CD24FBOD6963F7D28E17F72"/

data result(4) /"F96B697D7CB7938D525A2F31AAF161D0"/

data result(5) /"C3FCD3D76192E4007DFB496CCA67E13B"/

data result(6) /"D174AB98D277D9F5A5611C2C9F419D9F"/

data result(7) /"57EDF4A22BE3C955AC49DA2E2107B67A"/

write (u, "(A)") "x Test output: MD5"
write (u, "(A)") "x Purpose: test MD5 sums"
write (u, "(A)")

doi=1,n
write (u, "(A)") "MD5 test string =" // *"// &
trim (teststring(i)) // °™’
s = mdbsum (trim (teststring(i)))
write (u, "(A)") "MD5 check sum
write (u, "(A)") "Ref check sum
if (s == result(i)) then
call msg_message ("=> ok", u)
else
call msg_message ("=> MD5 sum self-test failed", u)
end if
end do
call msg_message ("
end subroutine md5_1

" // trim (s)
" // result(i)
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6.4 Permutations

Permute arrays of integers (of specific kind).

(permutations.f90)=
(File header)

module permutations
use kinds, only: TC
(Standard module head)
(Permutations: public)
(Permutations: types)
(Permutations: interfaces)
contains
(Permutations: procedures)

end module permutations

6.4.1 Permutations
A permutation is an array of integers. Each integer between one and size

should occur exactly once.

(Permutations: public)=
public :: permutation_t

(Permutations: types)=

type :: permutation_t
private
integer, dimension(:), allocatable :: p

end type permutation_t

Initialize with the identity permutation.
(Permutations: public)+=

public :: permutation_init

public :: permutation_final

(Permutations: procedures)=
elemental subroutine permutation_init (p, size)

type (permutation_t), intent(inout) :: p
integer, intent(in) :: size
integer :: i

allocate (plp (size))
forall (i = 1:size)
php(i) = i
end forall
end subroutine permutation_init
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elemental subroutine permutation_final (p)
type(permutation_t), intent(inout) :: p
deallocate (p%p)

end subroutine permutation_final

I/0:
(Permutations: public)+=
public :: permutation_write

(Permutations: procedures)+=
subroutine permutation_write (p, u)
type(permutation_t), intent (in) :: p
integer, intent(in) :: u
integer :: i
do i =1, size (p¥%p)
if (size (p%p) < 10) then
write (u,"(1x,I1)", advance="no") plp(i)
else
write (u,"(1x,I3)", advance="no") plp(i)
end if
end do
write (u, *)
end subroutine permutation_write

Administration:

(Permutations: public)+=
public :: permutation_size

(Permutations: procedures)+=
elemental function permutation_size (perm) result (s)
type(permutation_t), intent(in) :: perm
integer :: s
s = size (perm/p)
end function permutation_size

Extract an entry in a permutation.
(Permutations: public)+=
public :: permute

(Permutations: procedures)+=
elemental function permute (i, p) result (j)

integer, intent(in) :: i
type(permutation_t), intent(in) :: p
integer :: j
if (i > 0 .and. i <= size (p%p)) then
j = php(i)
else
j=0
end if

end function permute
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Check whether a permutation is valid: Each integer in the range occurs exactly
once.

(Permutations: public)4+=
public :: permutation_ok

(Permutations: procedures)+=
elemental function permutation_ok (perm) result (ok)
type (permutation_t), intent(in) :: perm
logical :: ok
integer :: i
logical, dimension(:), allocatable :: set
ok = .true.
allocate (set (size (permip)))
set = .false.
do i = 1, size (perm¥p)
ok = (perm/p(i) > O .and. permy)p(i) <= size (perm¥%p))
if (.not.ok) return
set (perm/p(i)) = .true.
end do
ok = all (set)
end function permutation_ok

Find the permutation that transforms the second array into the first one. We
assume that this is possible and unique and all bounds are set correctly.

This cannot be elemental.
(Permutations: public)+=

public :: permutation_find

(Permutations: procedures)+=
subroutine permutation_find (perm, al, a2)

type(permutation_t), intent(inout) :: perm
integer, dimension(:), intent(in) :: al, a2
integer :: i, j

if (allocated (perm%p)) deallocate (permip)
allocate (perml/p (size (al)))
do i =1, size (al)
do j = 1, size (a2)
if (a1(i) == a2(j)) then
perm/4p(i) = j
exit
end if
perm/p(i) = 0
end do
end do
end subroutine permutation_find

Find all permutations that transform an array of integers into itself. The re-
sulting permutation list is allocated with the correct length and filled.

The first step is to count the number of different entries in code. Next, we
scan code again and assign a mask to each different entry, true for all identical
entries. Finally, we recursively permute the identity for each possible mask.

The permutation is done as follows: A list of all permutations of the initial
one with respect to the current mask is generated, then the permutations are
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generated in turn for each permutation in this list with the next mask. The
result is always stored back into the main list, starting from the end of the
current list.

(Permutations: public)4+=
public :: permutation_array_make

(Permutations: procedures)+=
subroutine permutation_array_make (pa, code)

type(permutation_t), dimension(:), allocatable, intent(out) :: pa
integer, dimension(:), intent(in) :: code

logical, dimension(size(code)) :: mask

logical, dimension(:,:), allocatable :: imask

integer, dimension(:), allocatable :: n_i

type(permutation_t) :: p_init

type(permutation_t), dimension(:), allocatable :: p_tmp

integer :: psize, i, j, k, n_different, n, nn_ k

psize = size (code)

mask = .true.

n_different = 0
do i=1, psize
if (mask(i)) then
n_different = n_different + 1
mask = mask .and. (code /= code(i))
end if
end do
allocate (imask(psize, n_different), n_i(n_different))
mask = .true.
k=0
do i=1, psize
if (mask(i)) then
k=k +1
imask(:,k) = (code == code(i))
n_i(k) = factorial (count(imask(:,k)))
mask = mask .and. (code /= code(i))
end if
end do
n = product (n_i)
allocate (pa (n))
call permutation_init (p_init, psize)
pa(1) = p_init
nm_ k =1
do k = 1, n_different
allocate (p_tmp (n_i(k)))
doi=mnnk, 1, -1
call permutation_array_with_mask (p_tmp, imask(:,k), pa(i))
doj=n_i(k), 1, -1
pa((i-1)*n_i(k) + j) = p_tmp(j)
end do
end do
deallocate (p_tmp)
nn_k = nn_k * n_i(k)
end do
call permutation_final (p_init)
deallocate (imask, n_i)
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end subroutine permutation_array_make

Make a list of permutations of the elements marked true in the mask array. The
final permutation list must be allocated with the correct length (n!). The third
argument is the initial permutation to start with, which must have the same
length as the mask array (this is not checked).

(Permutations: procedures)+=
subroutine permutation_array_with_mask (pa, mask, p_init)

type (permutation_t), dimension(:), intent(inout) :: pa
logical, dimension(:), intent(in) :: mask

type (permutation_t), intent(in) :: p_init

integer :: plen

integer :: i, ii, j, fac_i, k, x

integer, dimension(:), allocatable :: index

plen = size (pa)
allocate (index(count(mask)))
ii =0
do i = 1, size (mask)
if (mask(i)) then
ii = ii + 1
index(ii) = i
end if
end do
pa = p_init
ii =0
fac_i =1
do i = 1, size (mask)
if (mask(i)) then
ii = ii + 1
fac_i = fac_i * ii
x = permute (i, p_init)
do j =1, plen
k = ii - mod (((j-1)*fac_i)/plen, ii)
call insert (pa(j), x, k, ii, index)

end do

end if

end do

deallocate (index)

contains

subroutine insert (p, x, k, n, index)
type(permutation_t), intent(inout) :: p
integer, intent(in) :: x, k, n
integer, dimension(:), intent(in) :: index
integer :: i

do i = n, k+t1, -1
p4p(index(i)) = pkp(index(i-1))
end do
p/p(index(k)) = x
end subroutine insert
end subroutine permutation_array_with_mask

The factorial function is needed for pre-determining the number of permutations
that will be generated:
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(Permutations: procedures)+=
function factorial (n) result (f)

integer, intent(in) :: n
integer :: £
integer :: i
f=1
do i=2, abs(n)
f = fxi
end do

end function factorial

6.4.2 Operations on binary codes

Binary codes are needed for phase-space trees. Since the permutation function
uses permutations, and no other special type is involved, we put the functions
here.

This is needed for phase space trees: permute bits in a tree binary code. If
no permutation is given, leave as is. (We may want to access the permutation
directly here if this is efficiency-critical.)

(Permutations: public)+=
public :: tc_permute

(Permutations: procedures)+=
function tc_permute (k, perm, mask_in) result (pk)

integer(TC), intent(in) :: k, mask_in
type (permutation_t), intent(in) :: perm
integer(TC) :: pk

integer :: i

pk = iand (k, mask_in)
do i = 1, size (perm¥p)
if (btest(k,i-1)) pk = ibset (pk, perm)p(i)-1)
end do
end function tc_permute

This routine returns the number of set bits in the tree code value k. Hence,
it is the number of externals connected to the current line. If mask is present,
the complement of the tree code is also considered, and the smaller number
is returned. This gives the true distance from the external states, taking into
account the initial particles. The complement number is increased by one, since
for a scattering diagram the vertex with the sum of all final-state codes is still
one point apart from the initial particles.

(Permutations: public)+=

public :: tc_decay_level

(Permutations: interfaces)=
interface tc_decay_level
module procedure decay_level_simple
module procedure decay_level_complement
end interface
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(Permutations: procedures)+=
function decay_level_complement (k, mask) result (1)
integer(TC), intent(in) :: k, mask
integer :: 1
1 = min (decay_level_simple (k), &
& decay_level_simple (ieor (k, mask)) + 1)
end function decay_level_complement

function decay_level_simple (k) result(l)
integer(TC), intent(in) :: k

integer :: 1
integer :: i
1=0

do i=0, bit_size(k)-1
if (btest(k,i)) 1 = 1+1
end do
end function decay_level_simple

6.5 Sorting

This small module provides functions for sorting integer or real arrays.
(sorting.£90)=
(File header)
module sorting
(Use kinds)
use unit_tests
use diagnostics
(Standard module head)
(Sorting: public)
(Sorting: interfaces)
contains
(Sorting: procedures)

(Sorting: tests)

end module sorting

6.5.1 Implementation

The sort function returns, for a given integer or real array, the array sorted by
increasing value. The current implementation is mergesort, which has O(nlnn)
behavior in all cases, and is stable for elements of equal value.
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The sort_abs variant sorts by increasing absolute value, where for identical
absolute value, the positive number comes first.
(Sorting: public)=
public :: sort
public :: sort_abs

(Sorting: interfaces)=
interface sort
module procedure sort_int
module procedure sort_real
end interface

interface sort_abs
module procedure sort_int_abs
end interface

This variant of integer sort returns The body is identical, just the interface
differs.

(Sorting: procedures)=
function sort_int (val_in) result (val)
integer, dimension(:), intent(in) :: val_in
integer, dimension(size(val_in)) :: val
(Sorting: sort)
end function sort_int

function sort_real (val_in) result (val)
real (default), dimension(:), intent(in) :: val_in
real (default), dimension(size(val_in)) :: val
(Sorting: sort)
end function sort_real

function sort_int_abs (val_in) result (val)
integer, dimension(:), intent(in) :: val_in
integer, dimension(size(val_in)) :: val

(Sorting: sort abs)

end function sort_int_abs

(Sorting: sort)=
val = val_in( order (val_in) )

(Sorting: sort abs)=
val = val_in( order_abs (val_in) )

The order function returns, for a given integer or real array, the array of indices
of the elements sorted by increasing value.
(Sorting: public)+=

public :: order

public :: order_abs

(Sorting: interfaces)+=
interface order
module procedure order_int
module procedure order_real
end interface
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interface order_abs
module procedure order_int_abs
end interface

(Sorting: procedures)+=
function order_int (val) result (idx)
integer, dimension(:), intent(in) :: val
integer, dimension(size(val)) :: idx
(Sorting: order)
end function order_int

function order_real (val) result (idx)
real (default), dimension(:), intent(in) :: val
integer, dimension(size(val)) :: idx

(Sorting: order)

end function order_real

function order_int_abs (val) result (idx)
integer, dimension(:), intent(in) :: val
integer, dimension(size(val)) :: idx

(Sorting: order abs)

end function order_int_abs

We start by individual elements, merge them to pairs, merge those to four-
element subarrays, and so on. The last subarray can extend only up to the
original array bound, of course, and the second of the subarrays to merge should
contain at least one element.
(Sorting: order)=

(Sorting: orderl)

call merge (idx(bl:e2), idx(bl:el), idx(b2:e2), val)
(Sorting: order2)

(Sorting: order abs)=
(Sorting: orderl)
call merge_abs (idx(bl:e2), idx(bl:el), idx(b2:e2), val)
(Sorting: order2)

(Sorting: orderl)=
integer :: mn, i, s, bl, b2, el, e2
n = size (idx)
forall (i = 1:n)

idx(i) = i
end forall
s =1

do while (s < n)
do bl = 1, n-s, 2%s
b2 = bl + s
el =b2 -1
e2 = min (el + s, n)
(Sorting: order2)=
end do
s =2 % s
end do
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The merging step does the actual sorting. We take two sorted array sections
and merge them to a sorted result array. We are working on the indices, and
comparing is done by taking the associated val which is real or integer.
(Sorting: interfaces)+=
interface merge
module procedure merge_int
module procedure merge_real
end interface

interface merge_abs
module procedure merge_int_abs
end interface

(Sorting: procedures)+=
subroutine merge_int (res, srcl, src2, val)

integer, dimension(:), intent(out) :: res
integer, dimension(:), intent(in) :: srcl, src2
integer, dimension(:), intent(in) :: val
integer, dimension(size(res)) :: tmp

(Sorting: merge)
end subroutine merge_int

subroutine merge_real (res, srcl, src2, val)

integer, dimension(:), intent(out) :: res
integer, dimension(:), intent(in) :: srcl, src2
real (default), dimension(:), intent(in) :: val
integer, dimension(size(res)) :: tmp

(Sorting: merge)
end subroutine merge_real

subroutine merge_int_abs (res, srcl, src2, val)

integer, dimension(:), intent(out) :: res
integer, dimension(:), intent(in) :: srcl, src2
integer, dimension(:), intent(in) :: val
integer, dimension(size(res)) :: tmp

(Sorting: merge abs)
end subroutine merge_int_abs

(Sorting: merge)=
(Sorting: mergel)
if (val(src1(il)) <= val(src2(i2))) then
(Sorting: merge2)
We keep the elements if the absolute values are strictly ordered. If they are
equal in magnitude, we keep them if the larger value comes first, or if they are
equal.
(Sorting: merge abs)=
(Sorting: mergel)
if (abs (val(src1(il))) < abs (val(src2(i2))) .or. &
(abs (val(src1(il))) == abs (val(src2(i2))) .and. &
val(src1(il)) >= val(src2(i2)))) then
(Sorting: merge2)
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(Sorting: mergel )=

integer :: i1, i2, i
i1 =1
i2 =1

do i =1, size (tmp)

(Sorting: merge2)=
tmp(i) = srci(il); i1 =il + 1
if (i1 > size (src1l)) then
tmp(i+l:) = src2(i2:)
exit
end if
else
tmp(i) = src2(i2); i2 = i2 + 1
if (i2 > size (src2)) then
tmp(i+l:) = srcl(il:)
exit
end if
end if
end do
res = tmp

6.5.2 Concatenating arrays

Not precisely a sorting function, but useful: Concatenate two arrays.
(Sorting: public)+=
public :: concat

(Sorting: interfaces)+=
interface concat
module procedure concat_int
module procedure concat_real
end interface

(Sorting: procedures)+=
function concat_int (vall, val2) result (valil2)
integer, dimension(:), intent(in) :: vall, val2
integer, dimension(size(vall)+size(val2)) :: vall2
(Sorting: concat)
end function concat_int

function concat_real (vall, val2) result (valil2)
real (default), dimension(:), intent(in) :: vall, val2
integer, dimension(size(vall)+size(val2)) :: vall2
(Sorting: concat)
end function concat_real

(Sorting: concat)=
vall2(:size(vall)) = vall
vall2(size(vall)+1:) = val2
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6.5.3 Unit tests

(Sorting: public)+=

public ::

(Sorting: procedures)+=

sorting_test

subroutine sorting_test (u, results)
integer, intent(in) :: u

type(test_results_t), intent(inout)
(Sorting: execute tests)

end subroutine sorting_test

:: results

This checks whether the sorting routine works correctly.

(Sorting: execute tests)=

call test (sorting_1, "sorting 1", &
"check sorting routines", &
u, results)

(Sorting: tests)=

subroutine sorting_1 (u)
integer, intent(in) :: u

integer, parameter ::
real (default), dimension(NMAX)

NMAX = 10

integer, dimension(NMAX) :: ival

real, dimension(NMAX,NMAX)
integer, dimension(NMAX,NMAX)
integer, dimension(NMAX,NMAX)

integer ::
harvest_r(:
harvest_r(:
harvest_r(:
0.1
harvest_r(:
0., 0.
harvest_r(:
0., O.
harvest_r(:

i,
3
>

B

>
B
>

3

0.8557,

harvest_r(:

>

0.4569,

harvest_r(:

B

0.6582,

harvest_r(:

3

0.7696,

harvest_i(:
harvest_i(:
harvest_i(:
harvest_i(:
harvest_i(:
harvest_i(:
harvest_i(:

: rval

:: harvest_r
:: harvest_i

0.

:: harvest_a
J
1) = [0.9976, 0., 0., O., O.,
2) = [0.5668, 0.9659, 0., O.,
3) = [0.7479, 0.3674, 0.4806,
4) = [0.0738, 0.0054, 0.3471, O
5) = [0.2180, 0.1332, 0.9005, 0
0.]
6) = [0.6619, 0.0161, 0.6509, O
0. ., 0., 0.]
7) = [0.4013, 0.2069, 0.9685, 0
0.3300, 0., 0., 0.1
8) = [0.1004, 0.7555, 0.6057, O
0.1507, 0.6123, 0., 0.]
9) = [0.9787, 0.9991, 0.2568, 0O
0.5540, 0.9778, 0.9019, 0.6579, 0.]
harvest_r(:,10) = [0.7289, 0.4025, 0.9286,
0.3393, 0.1158, 0.6144, 0.8206]
1) = [18, 0, 0, 0, O, O, O, O,
2) = [14, 9, 0, 0, 0, 0, O, O,
3=1[7, 8,11, 0, 0, 0, 0, O,
4) = [19,19,14,19, 0, 0, O, O,
5) = [ 1,14,15,18,14, 0, 0, O,
6) = [16,11, 1, 9,11, 2, 0, O,
7) = [11,10,17, 6,13,13,10, O,
8) =[5, 1, 2,10, 7, 0,15,12,

harvest_i(:
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.3422,

.3868,
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.5984,
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-

-

-
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1478,

0]
0]
0]
0]
0]
0]
0]
0]

o

o

.4455,

.3230,

.6730,

.8973,

.6590,

.6745,

o



harvest_i(:, 9) = [15,19, 2, 6,11, 0, 2, 4, 2, 0]
0, 8,7

harvest_i(:,10) = [ 1, 4, 8, 4,11, 0, 8, 7,19,13]

harvest_a(:, 1) = [-6, 0, O, O, O, O, O, O, 0, 0]
harvest_a(:, 2) = [-8, -9, 0, 0, 0O, O, O, O, O, O]
harvest_a(:, 3) = [ 4, -3, 3, 0, O, O, O, O, 0, 0]
harvest_a(:, 4) = [-6, 6, 2, -2, 0, 0, 0, 0, 0, 0]
harvest_a(:, 5) = [1, -2, 0, -6, 8, 0, 0, O, 0, O]
harvest_a(:, 6) = [-2, -1, -8, -5, 8, -5, 0, 0O, 0, 0]
harvest_a(:, 7) = [-9, O, -6, 2, 5, 3, 2, 0, 0, 0]
harvest_a(:, 8) = [-5, -7, 6, 7, -3, 0, -7, 4, 0, 0]
harvest_a(:, 99 =[5, 0, -1, -7, 5, 2, 7, -3, 3, 0]
harvest_a(:,10) = [-9, 2, -6, 3, -9, 5, 5, 7, 5, -9]

write (u, "(A)") "x Test output: Sorting"
write (u, "(A)") "x Purpose: test sorting routines"
write (u, "(A)")

write (u, "(A)") "x Sorting real values:"

do i = 1, NMAX
write (u, "(A)")
rval(:i) harvest_r(:1i,1i)
write (u, "(10(1x,F7.4))") rval(:i)
rval(:i) = sort (rval(:i))
write (u, "(10(1x,F7.4))") rval(:i)
do j =1, 2, -1
if (rval(j)-rval(j-1) < 0) &
write (u, "(A)") "***x Sorting failure. **x*"
end do
end do

write (u, "(A)")
write (u, "(A)") "x Sorting integer values:"

do i = 1, NMAX
write (u, "(A)")
ival(:i) = harvest_i(:i,i)
write (u, "(10(1x,I2))") ival(:i)
ival(:i) = sort (ival(:i))
write (u, "(10(1x,I2))") ival(:i)
do j =1, 2, -1
if (ival(j)-ival(j-1) < 0) &
write (u, "(A)") "**x* Sorting failure. **x"
end do
end do

write (u, "(A)")
write (u, "(A)") "x Sorting integer values by absolute value:"

do i =1, NMAX

write (u, "(A)™)
ival(:i) = harvest_a(:i,i)
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write (u, "(10(1x,I2))") ival(:i)
ival(:i) = sort_abs (ival(:i))
write (u, "(10(1x,I2))") ival(:i)
do j =1, 2, -1
if (abs(ival(j))-abs(ival(j-1)) < 0 .or. &
(abs(ival(j))==abs(ival(j-1))) .and. ival(j)>ival(j-1)) &
write (u, "(A)") "x*x* Sorting failure. **x"
end do
end do

write (u, "(A)")
write (u, "(A)") "% Test output end: sorting_1"

end subroutine sorting_1
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Chapter 7

Text handling

WHIZARD has to handle complex structures in input (and output) data. Doing
this in a generic and transparent way requires a generic lexer and parser. The
necessary modules are implemented here:

ifiles Implementation of line-oriented internal files in a more flexible way (linked
lists of variable-length strings) than the Fortran builtin features.

lexers Read text and transform it into a token stream.

syntax_rules Define the rules for interpreting tokens, to be used by the WHIZARD
parser.

parser Categorize tokens (keyword, string, number etc.) and use a set of syntax
rules to transform the input into a parse tree.

xml Read and parse XML text, separate from the WHIZARD parser.
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7.1 Internal files

The internal files introduced here (ifile) are a replacement for the built-in
internal files, which are fixed-size arrays of fixed-length character strings. The
ifile type is a doubly-linked list of variable-length character strings with line
numbers.
(ifiles.f£90)=

(File header)

module ifiles

(Use strings)
use io_units
use system_defs, only: EOF

(Standard module head)
(Ifiles: public)

(Ifiles: types)

(Ifiles: interfaces)
contains

(Ifiles: subroutines)

end module ifiles

7.1.1 The line type

The line entry type is for internal use, it is the list entry to be collected in an
ifile object.
(Ifiles: types)=
type :: line_entry_t
private
type(line_entry_t), pointer :: previous => null ()
type(line_entry_t), pointer :: mext => null ()
type(string_t) :: string
integer :: index
end type line_entry_t

Create a new list entry, given a varying string as input. The line number and
pointers are not set, these make sense only within an ifile.

(Ifiles: subroutines)=
subroutine line_entry_create (line, string)
type(line_entry_t), pointer :: line
type(string_t), intent(in) :: string
allocate (line)
linelstring = string
end subroutine line_entry_create
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Destroy a single list entry: Since the pointer components should not be deallo-
cated explicitly, just deallocate the object itself.
(Ifiles: subroutines)+=
subroutine line_entry_destroy (line)
type(line_entry_t), pointer :: line
deallocate (line)
end subroutine line_entry_destroy

7.1.2 The ifile type

The internal file is a linked list of line entries.
(Ifiles: public)=
public :: ifile_t

(Ifiles: types)+=
type :: ifile_t
private
type(line_entry_t), pointer :: first => null ()
type(line_entry_t), pointer :: last => null ()
integer :: n_lines = 0
end type ifile_t

We need no explicit initializer, but a routine which recursively deallocates the
contents may be appropriate. After this, existing line pointers may become
undefined, so they should be nullified before the file is destroyed.

(Ifiles: public)+=

public :: ifile_clear

(Ifiles: subroutines)+=
subroutine ifile_clear (ifile)
type(ifile_t), intent(inout) :: ifile
type(line_entry_t), pointer :: current
do while (associated (ifile¥first))
current => ifileYfirst
ifileYfirst => currentnext
call line_entry_destroy (current)
end do
nullify (ifile%last)
ifileYn_lines = 0
end subroutine ifile_clear

The finalizer is just an alias for the above.
(Ifiles: public)+=

public :: ifile_final
(Ifiles: interfaces)=

interface ifile_final

module procedure ifile_clear
end interface
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7.1.3 I/0O on ifiles

Fill an ifile from an ordinary external file, i.e., I/O unit. If the ifile is not empty,
the old contents will be destroyed. We can read a fixed-length character string,
an ISO varying string, an ordinary internal file (character-string array), or from
an external unit. In the latter case, lines are appended until EOF is reached.
Finally, there is a variant which reads from another ifile, effectively copying it.
(Ifiles: public)+=

public :: ifile_read

(Ifiles: interfaces)+=

interface ifile_read
module procedure ifile_read_from_string
module procedure ifile_read_from_char
module procedure ifile_read_from_unit
module procedure ifile_read_from_char_array
module procedure ifile_read_from_ifile

end interface

(Ifiles: subroutines)+=
subroutine ifile_read_from_string (ifile, string)
type(ifile_t), intent(inout) :: ifile
type(string_t), intent(in) :: string
call ifile_clear (ifile)
call ifile_append (ifile, string)
end subroutine ifile_read_from_string

subroutine ifile_read_from_char (ifile, char)
type(ifile_t), intent(inout) :: ifile
character(*), intent(in) :: char
call ifile_clear (ifile)
call ifile_append (ifile, char)

end subroutine ifile_read_from_char

subroutine ifile_read_from_char_array (ifile, char)
type(ifile_t), intent(inout) :: ifile
character (), dimension(:), intent(in) :: char
call ifile_clear (ifile)
call ifile_append (ifile, char)

end subroutine ifile_read_from_char_array

subroutine ifile_read_from_unit (ifile, unit, iostat)

type(ifile_t), intent(inout) :: ifile
integer, intent(in) :: unit
integer, intent(out), optional :: iostat

call ifile_clear (ifile)
call ifile_append (ifile, unit, iostat)
end subroutine ifile_read_from_unit

subroutine ifile_read_from_ifile (ifile, ifile_in)
type(ifile_t), intent(inout) :: ifile
type(ifile_t), intent(in) :: ifile_in
call ifile_clear (ifile)
call ifile_append (ifile, ifile_in)

end subroutine ifile_read_from_ifile
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Append to an ifile. The same as reading, but without resetting the ifile.

addition, there is a routine for appending a whole ifile.
(Ifiles: public)+=
public :: ifile_append
(Ifiles: interfaces)4+=
interface ifile_append
module procedure ifile_append_from_string
module procedure ifile_append_from_char
module procedure ifile_append_from_unit
module procedure ifile_append_from_char_array
module procedure ifile_append_from_ifile
end interface

(Ifiles: subroutines)+=
subroutine ifile_append_from_string (ifile, string)

type(ifile_t), intent(inout) :: ifile
type(string_t), intent(in) :: string
type(line_entry_t), pointer :: current

call line_entry_create (current, string)

currentyindex = ifileYn_lines + 1

if (associated (ifilellast)) then
currentyprevious => ifilejlast
ifile%last)next => current

else
ifile¥first => current

end if

ifilel,last => current

ifile%n_lines = current’index

end subroutine ifile_append_from_string

subroutine ifile_append_from_char (ifile, char)
type(ifile_t), intent(inout) :: ifile
character(*), intent(in) :: char

call ifile_append_from_string (ifile, var_str (trim (char)))

end subroutine ifile_append_from_char

subroutine ifile_append_from_char_array (ifile, char)

type(ifile_t), intent(inout) :: ifile
character (), dimension(:), intent(in) :: char
integer :: i

do i = 1, size (char)

In

call ifile_append_from_string (ifile, var_str (trim (char(i))))

end do
end subroutine ifile_append_from_char_array

subroutine ifile_append_from_unit (ifile, unit, iostat)

type(ifile_t), intent(inout) :: ifile
integer, intent(in) :: unit

integer, intent(out), optional :: iostat
type(string_t) :: buffer

integer :: ios

ios = 0

READ_LOOP: do
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call get (unit, buffer, iostat = ios)
if (ios == EOF .or. ios > 0) exit READ_LOOP
call ifile_append_from_string (ifile, buffer)
end do READ_LOOP
if (present (iostat)) then
iostat = ios
else if (ios > 0) then
call get (unit, buffer) ! trigger error again
end if
end subroutine ifile_append_from_unit

subroutine ifile_append_from_ifile (ifile, ifile_in)

type(ifile_t), intent(inout) :: ifile
type(ifile_t), intent(in) :: ifile_in
type(line_entry_t), pointer :: current

current => ifile_in)first
do while (associated (current))
call ifile_append_from_string (ifile, currentstring)
current => current’next
end do
end subroutine ifile_append_from_ifile

Write the ifile contents to an external unit

(Ifiles: public)+=
public :: ifile_write

(Ifiles: subroutines)+=
subroutine ifile_write (ifile, unit, iostat)
type(ifile_t), intent(in) :: ifile
integer, intent(in), optional :: unit
integer, intent(out), optional :: iostat
integer :: u
type(line_entry_t), pointer :: current
u = given_output_unit (unit); if (u < 0) return
current => ifile)first
do while (associated (current))
call put_line (u, currentystring, iostat)
current => currentynext
end do
end subroutine ifile_write

Convert the ifile to an array of strings, which is allocated by this function:
(Ifiles: public)+=
public :: ifile_to_string_array

(Ifiles: subroutines)+=
subroutine ifile_to_string_array (ifile, string)

type(ifile_t), intent(in) :: ifile

type(string_t), dimension(:), intent(inout), allocatable :: string
type(line_entry_t), pointer :: current

integer :: i

allocate (string (ifile_get_length (ifile)))
current => ifileyfirst
do i =1, ifile_get_length (ifile)
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string(i) = current/string
current => currentnext
end do
end subroutine ifile_to_string_array

7.1.4 Ifile tools

(Ifiles: public)+=
public :: ifile_get_length
(Ifiles: subroutines)+=
function ifile_get_length (ifile) result (length)
integer :: length
type(ifile_t), intent(in) :: ifile
length = ifileYn_lines
end function ifile_get_length

7.1.5 Line pointers

Instead of the implicit pointer used in ordinary file access, we define explicit
pointers, so there can be more than one at a time.
(Ifiles: public)+=
public :: line_p
(Ifiles: types)+=
type :: line_p
private
type(line_entry_t), pointer :: p => null ()
end type line_p

Assign a file pointer to the first or last line in an ifile:
(Ifiles: public)+=
public :: line_init

(Ifiles: subroutines)+=
subroutine line_init (line, ifile, back)

type(line_p), intent(inout) :: line
type(ifile_t), intent(in) :: ifile
logical, intent(in), optiomnal :: back

if (present (back)) then
if (back) then
lineYp => ifile}last

else
line)p => ifilelfirst
end if
else
line)p => ifile)first
end if

end subroutine line_init
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Remove the pointer association:
(Ifiles: public)+=
public :: line_final
(Ifiles: subroutines)+=
subroutine line_final (1line)
type(line_p), intent(inout) :: line
nullify (line%p)
end subroutine line_final

Go one step forward
(Ifiles: public)+=
public :: line_advance
(Ifiles: subroutines)+=
subroutine line_advance (line)
type(line_p), intent(inout) :: line
if (associated (line%p)) line)p => linelplnext
end subroutine line_advance

Go one step backward
(Ifiles: public)+=
public :: line_backspace
(Ifiles: subroutines)+=
subroutine line_backspace (line)
type(line_p), intent(inout) :: line
if (associated (line¥%p)) 1line)p => lineYplprevious
end subroutine line_backspace

Check whether we are accessing a valid line
(Ifiles: public)+=
public :: line_is_associated
(Ifiles: subroutines)+=
function line_is_associated (line) result (ok)
logical :: ok
type(line_p), intent(in) :: line
ok = associated (lineYp)
end function line_is_associated

7.1.6 Access lines via pointers

We do not need the ifile as an argument to these functions, because the line
type will point to an existing ifile.

(Ifiles: public)+=
public :: line_get_string
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(Ifiles: subroutines)+=
function line_get_string (line) result (string)
type(string_t) :: string
type(line_p), intent(in) :: line
if (associated (line%p)) then
string = line)p/string
else
string = ""
end if
end function line_get_string

Variant where the line pointer is advanced after reading.
(Ifiles: public)+=
public :: line_get_string_advance
(Ifiles: subroutines)+=
function line_get_string_advance (line) result (string)
type(string_t) :: string
type(line_p), intent(inout) :: line
if (associated (lineYp)) then
string = linelplstring
call line_advance (line)
else
string = ""
end if
end function line_get_string_advance

(Ifiles: public)+=
public :: line_get_index
(Ifiles: subroutines)+=
function line_get_index (line) result (index)
integer :: index
type(line_p), intent(in) :: line
if (associated (lineYp)) then
index = lineYp%index
else
index = 0
end if
end function line_get_index

(Ifiles: public)+=
public :: line_get_length
(Ifiles: subroutines)+=
function line_get_length (line) result (length)
integer :: length
type(line_p), intent(in) :: line
if (associated (line%p)) then
length = len (lineYplstring)
else
length = 0
end if
end function line_get_length
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7.2 Lexer

The lexer purpose is to read from a line-separated character input stream (usu-
ally a file) and properly chop the stream into lexemes (tokens). [The parser will
transform lexemes into meaningful tokens, to be stored in a parse tree, there-
fore we do not use the term ’token’ here.] The input is read line-by-line, but
interpreted free-form, except for quotes and the comment syntax. (Fortran 2003
would allow us to use a stream type for reading.)

In an object-oriented approach, we can dynamically create and destroy lex-
ers, including the lexer setup.

The main lexer function is to return a lexeme according to the basic lexer
rules (quotes, comments, whitespace, special classes). There is also a routine to
write back a lexeme to the input stream (but only once).

For the rules, we separate the possible characters into classes. Whitespace
usually consists of blank, tab, and line-feed, where any number of consecutive
whitespace is equivalent to one. Quoted strings are enclosed by a pair of quote
characters, possibly multiline. Comments are similar to quotes, but interpreted
as whitespace. Numbers are identified (not distinguishing real and integer) but
not interpreted. Other character classes make up identifiers.

(lexers.£90)=
(File header)

module lexers
(Use strings)
use io_units
use string_utils
use unit_tests
use system_defs, only: EOF, EOR
use system_defs, only: LF
use system_defs, only: WHITESPACE_CHARS, LCLETTERS, UCLETTERS, DIGITS
use diagnostics
use ifiles, only: ifile_t
use ifiles, only: line_p, line_is_associated, line_init, line_final
use ifiles, only: line_get_string_advance
(Standard module head)
(Lezer: public)
(Lexer: parameters)
(Lezer: types)
(Lezer: interfaces)
contains

(Lezer: procedures)

(Lezer: tests)
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end module lexers

7.2.1 Input streams

For flexible input, we define a generic stream type that refers to either an ex-
ternal file, an external unit which is already open, a string, an ifile object
(internal file, i.e., string list), or a line pointer to an ifile object. The stream
type actually follows the idea of a formatted external file, which is line-oriented.
Thus, the stream reader always returns a whole record (input line).

Note that only in the string version, the stream contents are stored inside
the stream object. In the ifile version, the stream contains only the line
pointer, while in the external-file case, the line pointer is implicitly created by
the runtime library.

(Lexer: public)=
public :: stream_t

(Lexer: types)=

type :: stream_t
type(string_t), pointer :: filemame => null ()
integer, pointer :: unit => null ()
type(string_t), pointer :: string => null ()
type(ifile_t), pointer :: ifile => null ()
type(line_p), pointer :: line => null ()
integer :: record = 0
logical :: eof = .false.

end type stream_t

The initializers refer to the specific version. The stream should be undefined
before calling this.

(Lezer: public)+=
public :: stream_init

(Lexer: interfaces)=

interface stream_init
module procedure stream_init_filename
module procedure stream_init_unit
module procedure stream_init_string
module procedure stream_init_ifile
module procedure stream_init_line

end interface

(Lexer: procedures)=
subroutine stream_init_filename (stream, filename)

type(stream_t), intent(out) :: stream
character(*), intent(in) :: filename
integer :: unit

unit = free_unit ()
open (unit=unit, file=filename, status="old", action="read")
call stream_init_unit (stream, unit)
allocate (streamyfilename)
streamyfilename = filename
end subroutine stream_init_filename
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subroutine stream_init_unit (stream, unit)
type(stream_t), intent(out) :: stream
integer, intent(in) :: unit
allocate (streamunit)
streamfunit = unit
streamfeof = .false.

end subroutine stream_init_unit

subroutine stream_init_string (stream, string)
type(stream_t), intent(out) :: stream
type(string_t), intent(in) :: string
allocate (streamlstring)
stream/string = string

end subroutine stream_init_string

subroutine stream_init_ifile (stream, ifile)
type(stream_t), intent(out) :: stream
type(ifile_t), intent(in) :: ifile
type(line_p) :: line
call line_init (line, ifile)
call stream_init_line (stream, line)
allocate (streamfifile)
streamfifile = ifile

end subroutine stream_init_ifile

subroutine stream_init_line (stream, line)
type(stream_t), intent(out) :: stream
type(line_p), intent(in) :: line
allocate (stream)line)
stream¥%line = line

end subroutine stream_init_line

The finalizer restores the initial state. If an external file was opened, it is closed.
(Lexer: public)+=
public :: stream_final

(Lexer: procedures)+=
subroutine stream_final (stream)

type(stream_t), intent(inout) :: stream

if (associated (stream)filename)) then
close (streamjunit)
deallocate (streamunit)
deallocate (streamyfilename)

else if (associated (streamlunit)) then
deallocate (streamunit)

else if (associated (streamystring)) then
deallocate (streamystring)

else if (associated (stream}ifile)) then
call line_final (stream’line)
deallocate (streamyline)
deallocate (stream}ifile)

else if (associated (stream)line)) then
call line_final (stream}line)
deallocate (streamlline)
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end if
end subroutine stream_final

This returns the next record from the input stream. Depending on the stream
type, the stream pointers are modified: Reading from external unit, the external
file is advanced (implicitly). Reading from string, the string is replaced by an
empty string. Reading from ifile, the line pointer is advanced. Note that the
iostat argument is mandatory.
(Lexer: public)+=

public :: stream_get_record
(Lexer: procedures)+=

subroutine stream_get_record (stream, string, iostat)

type(stream_t), intent(inout) :: stream
type(string_t), intent(out) :: string
integer, intent(out) :: iostat

if (associated (streamunit)) then
if (streamjeof) then
iostat = EOF
else
call get (streamjunit, string, iostat=iostat)
if (iostat == EOR) then

jostat = 0
streamfrecord = streamjrecord + 1
end if

if (iostat == EOF) then
iostat = 0

streamjeof = .true.
if (len (string) /= 0) streamjrecord = streamjrecord + 1
end if
end if

else if (associated (streamystring)) then
if (len (streamjstring) /= 0) then
string = stream)string
stream)string = ""
iostat = 0
streamjirecord = streamjyrecord + 1
else
string = ""
iostat = EOF
end if
else if (associated (stream)line)) then
if (line_is_associated (stream’line)) then
string = line_get_string_advance (stream)line)
iostat = 0
streamjirecord = streamjyrecord + 1

else
string = ""
iostat = EQOF
end if
else
call msg_bug (" Attempt to read from uninitialized input stream")
end if

end subroutine stream_get_record
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Return the current stream source as a message string.
(Lezer: public)+=
public :: stream_get_source_info_string

(Lexer: procedures)4+=
function stream_get_source_info_string (stream) result (string)

type(string_t) :: string

type(stream_t), intent(in) :: stream

character(20) :: buffer

if (associated (streamyfilename)) then
string = "File ’" // stream)filename // "’ (unit = "
write (buffer, "(I0)") streamfunit
string = string // trim (buffer) // ")"

else if (associated (stream%unit)) then
write (buffer, "(I0)") streamjunit
string = "Unit " // trim (buffer)

else if (associated (streamlstring)) then

string = "Input string"

else if (associated (stream)ifile) .or. associated (streamjline)) then
string = "Internal file"

else
string = ""

end if

end function stream_get_source_info_string

Return the index of the record just read as a message string.
(Lexer: public)+=
public :: stream_get_record_info_string

(Lexer: procedures)4+=

function stream_get_record_info_string (stream) result (string)
type(string_t) :: string
type(stream_t), intent(in) :: stream
character(20) :: buffer
string = stream_get_source_info_string (stream)
if (string /= "") string = string // ", "
write (buffer, "(I0)") streamlirecord
string = string // "line " // trim (buffer)

end function stream_get_record_info_string

7.2.2 Keyword list

The lexer should be capable of identifying a token as a known keyword. To this
end, we store a list of keywords:
(Lexer: public)+=
public :: keyword_list_t
(Lexer: types)+=
type :: keyword_entry_t
private
type(string_t) :: string
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type (keyword_entry_t), pointer :: next => null ()
end type keyword_entry_t

type :: keyword_list_t
private
type (keyword_entry_t), pointer :: first => null ()
type (keyword_entry_t), pointer :: last => null ()
end type keyword_list_t

Add a new string to the keyword list, unless it is already there:

(Lexer: public)+=
public :: keyword_list_add

(Lexer: procedures)+=
subroutine keyword_list_add (keylist, string)

type (keyword_list_t), intent(inout) :: keylist

type(string_t), intent(in) :: string

type (keyword_entry_t), pointer :: k_entry_new

if (.not. keyword_list_contains (keylist, string)) then
allocate (k_entry_new)
k_entry_new/string = string
if (associated (keylist)first)) then

keylist)last)next => k_entry_new

else
keylist)first => k_entry_new
end if
keylist)last => k_entry_new
end if

end subroutine keyword_list_add

Return true if a string is a keyword.
(Lexer: public)+=
public :: keyword_list_contains

(Lexer: procedures)+=
function keyword_list_contains (keylist, string) result (found)

type (keyword_list_t), intent(in) :: keylist
type(string_t), intent(in) :: string
logical :: found
found = .false.
call check_rec (keylist)first)

contains

recursive subroutine check_rec (k_entry)
type (keyword_entry_t), pointer :: k_entry
if (associated (k_entry)) then
if (k_entry)string /= string) then
call check_rec (k_entry’next)
else
found = .true.
end if
end if
end subroutine check_rec
end function keyword_list_contains
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Write the keyword list
(Lexer: public)+=
public :: keyword_list_write

(Lexer: interfaces)+=
interface keyword_list_write
module procedure keyword_list_write_unit
end interface

(Lexer: procedures)+=
subroutine keyword_list_write_unit (keylist, unit)
type (keyword_list_t), intent(in) :: keylist
integer, intent(in) :: unit
write (unit, "(A)") "Keyword list:"
if (associated (keylist)first)) then
call keyword_write_rec (keylistlfirst)
write (unit, *)
else
write (unit, "(1x,A)") "[emptyl"
end if
contains
recursive subroutine keyword_write_rec (k_entry)
type (keyword_entry_t), intent(in), pointer :: k_entry
if (associated (k_entry)) then
write (unit, "(1x,A)", advance="no") char (k_entry’%string)
call keyword_write_rec (k_entry’next)
end if
end subroutine keyword_write_rec
end subroutine keyword_list_write_unit

Clear the keyword list

(Lezer: public)+=
public :: keyword_list_final

(Lexer: procedures)+=
subroutine keyword_list_final (keylist)
type (keyword_list_t), intent(inout) :: keylist
call keyword_destroy_rec (keylistyfirst)
nullify (keylist%last)
contains
recursive subroutine keyword_destroy_rec (k_entry)
type (keyword_entry_t), pointer :: k_entry
if (associated (k_entry)) then
call keyword_destroy_rec (k_entry’next)
deallocate (k_entry)
end if
end subroutine keyword_destroy_rec
end subroutine keyword_list_final

7.2.3 Lexeme templates

This type is handled like a rudimentary regular expression. It determines the
lexer behavior when matching a string. The actual objects made from this type
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and the corresponding matching routines are listed below.

(Lexer: types)+=
type :: template_t

private

integer :: type

character (256) :: charsetl, charset2
integer :: lenl, len2

end type template_t

These are the types that valid lexemes can have:

(Lexer: public)+=
public :: T_KEYWORD, T_IDENTIFIER, T_QUOTED, T_NUMERIC

(Lexer: parameters)=
integer, parameter :: T_KEYWORD = 1
integer, parameter :: T_IDENTIFIER = 2, T_QUOTED = 3, T_NUMERIC = 4

These are special types:

(Lexer: parameters)+=
integer, parameter :: EMPTY = O, WHITESPACE = 10
integer, parameter :: NO_MATCH = 11, IO_ERROR = 12, OVERFLOW = 13
integer, parameter :: UNMATCHED_QUOTE = 14

In addition, we have EOF which is a negative integer, normally —1. Printout for
debugging:
(Lezer: procedures)+=

subroutine lexeme_type_write (type, unit)

integer, intent(in) :: type

integer, intent(in) :: unit

select case (type)

case (EMPTY); write(unit,"(A)",advance="no") " EMPTY "

case (WHITESPACE); write(unit,"(A)",advance="no") " WHITESPACE "
case (T_IDENTIFIER);write(unit,"(A)",advance="no") " IDENTIFIER "

case (T_QUOTED); write(unit,"(A)",advance="no") " QUOTED "
case (T_NUMERIC); write(unit," (A)",advance="no") " NUMERIC "
case (IO_ERROR); write(unit,"(A)",advance="no") " IO_ERROR "
case (OVERFLOW); write(unit,"(A)",advance="no") " OVERFLOW "
case (UNMATCHED_QUOTE); write(unit," (A)",advance="no") " UNMATCHEDQ "
case (NO_MATCH); write(unit,"(A)",advance="no") " NO_MATCH "
case (EOF); write(unit,"(A)",advance="no") " EOF "
case default; write(unit," (A)",advance="no") " [illegal] "

end select
end subroutine lexeme_type_write

subroutine template_write (tt, unit)

type(template_t), intent(in) :: tt

integer, intent(in) :: unit

call lexeme_type_write (ttltype, unit)

write (unit, "(A)", advance="no") "’" // tt¥%charseti(1l:ttl)lenl) // "’"
write (unit, "(A)", advance="no") " ’" // tt¥charset2(1:tt%len2) // "’"

end subroutine template_write
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The matching functions all return the number of matched characters in the
provided string. If this number is zero, the match has failed.

The template functions are declared pure because they appear in forall
loops below.

A template for whitespace:
(Lexer: procedures)+=

pure function template_whitespace (chars) result (tt)

character(x), intent(in) :: chars
type(template_t) :: tt
tt = template_t (WHITESPACE, chars, "", len (chars), 0)

end function template_whitespace

Just match the string against the character set.

(Lexer: procedures)+=

subroutine match_whitespace (tt, s, n)
type(template_t), intent(in) :: tt
character(x), intent(in) :: s
integer, intent(out) :: n
n = verify (s, tt%charset1(l:tt%lenl)) - 1
if (mn < 0) n = len (s)

end subroutine match_whitespace

A template for normal identifiers. To match, a lexeme should have a first char-
acter in class charsl and an arbitrary number of further characters in class
chars?2. If the latter is empty, we are looking for a single-character lexeme.

(Lezer: procedures)+=
pure function template_identifier (charsl, chars2) result (tt)
character(*), intent(in) :: charsl, chars2
type(template_t) :: tt
tt = template_t (T_IDENTIFIER, charsl, chars2, len(charsl), len(chars2))
end function template_identifier

Here, the first letter must match, the others may or may not.

(Lexer: procedures)+=
subroutine match_identifier (tt, s, n)
type(template_t), intent(in) :: tt
character(*), intent(in) :: s
integer, intent(out) :: n
if (verify (s(1:1), tt¥charset1(l:tt)lenl)) == 0) then
n = verify (s(2:), ttlcharset2(1l:tt)len2))
if (n == 0) n = len (s)
else
n=20
end if
end subroutine match_identifier

A template for quoted strings. The same template applies for comments. The
first character set indicates the left quote (could be a sequence of several char-
acters), the second one the matching right quote.
(Lexer: procedures)+=

pure function template_quoted (charsl, chars2) result (tt)
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character(*), intent(in) :: charsl, chars2

type(template_t) :: tt

tt = template_t (T_QUOTED, charsl, chars2, len (charsl), len (chars2))
end function template_quoted

Here, the beginning of the string must exactly match the first character set,
then we look for the second one. If found, return. If there is a first quote but
no second one, return a negative number, indicating this error condition.

(Lezer: procedures)+=
subroutine match_quoted (tt, s, n, range)

type(template_t), intent(in) :: tt
character(*), intent(in) :: s

integer, intent(out) :: n

integer, dimension(2), intent(out) :: range
character(tt)leni) :: chil
character(tt¥%len2) :: ch2

integer :: i

chl = tticharsetl
if (s(1:tt%lenl) == chl) then
ch2 = tt¥charset?2
do i = tt/lenl + 1, len (s) - ttl)len2 + 1
if (s(i:i+tt%len2-1) == ch2) then
n =1+ tt/len2 - 1
range(1) = tt¥%lenl + 1
range(2) =i - 1

return
end if

end do

n=-1

range = 0
else

n=20

range = 0
end if

end subroutine match_quoted

A template for real numbers. The first character set is the set of allowed expo-
nent letters. In accordance with the other functions we return the lexeme as a
string but do not read it.
(Lexer: procedures)+=
pure function template_numeric (chars) result (tt)
character(*), intent(in) :: chars
type(template_t) :: tt
tt = template_t (T_NUMERIC, chars, "", len (chars), 0)
end function template_numeric

A numeric lexeme may be real or integer. We purposely do not allow for a
preceding sign. If the number is followed by an exponent, this is included,
otherwise the rest is ignored.

There is a possible pitfall with this behavior: while the string 1e3 will be
interpreted as a single number, the analogous string 1a3 will be split into the
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number 1 and an identifier a3. There is no easy way around such an ambiguity.
We should make sure that the syntax does not contain identifiers like a3 or e3.

(Lexer: procedures)+=
subroutine match_numeric (tt, s, n)

type(template_t), intent(in) :: tt

character(*), intent(in) :: s

integer, intent(out) :: n

integer :: i, mnO

character(10), parameter :: digits = "0123456789"
character(2), parameter :: signs = "-+"

n = verify (s, digits) - 1
if (n < 0) then
n=20
return
else if (s(n+l:n+1) == ".") then
i = verify (s(n+2:), digits) - 1
if (i < 0) then
n = len (s)
return
else if (i > 0 .or. n > 0) then
n=n+1+1i

end if
end if
n0 = n

if (n > 0) then
if (verify (s(n+1l:n+1), ttlcharseti(l:tt)lenl)) == 0) then
n=n+1
if (verify (s(n+1l:n+1), signs) == 0) n=n + 1
i = verify (s(n+1:), digits) - 1
if (i < 0) then
n = len (s)
else if (i == 0) then

n = n0
else
n=n+i
end if
end if

end if
end subroutine match_numeric

The generic matching routine. With Fortran 2003 we would define separate
types and use a SELECT TYPE instead.

(Lexer: procedures)+=
subroutine match_template (tt, s, n, range)

type(template_t), intent(in) :: tt
character(*), intent(in) :: s

integer, intent(out) :: n

integer, dimension(2), intent(out) :: range

select case (ttitype)

case (WHITESPACE)
call match_whitespace (tt, s, n)
range = 0

case (T_IDENTIFIER)
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call match_identifier (tt, s, n)
range(1) =1
range(2) = len_trim (s)
case (T_QUOTED)
call match_quoted (tt, s, n, range)
case (T_NUMERIC)
call match_numeric (tt, s, n)
range(1) =1
range(2) = len_trim (s)
case default
call msg_bug ("Invalid lexeme template encountered")
end select
end subroutine match_template

Match against an array of templates. Return the index of the first template
that matches together with the number of characters matched and the range of
the relevant substring. If all fails, these numbers are zero.

(Lexer: procedures)+=
subroutine match (tt, s, n, range, ii)

type(template_t), dimension(:), intent(in) :: tt
character(*), intent(in) :: s

integer, intent(out) :: n

integer, dimension(2), intent(out) :: range
integer, intent(out) :: ii

integer :: i

do i =1, size (tt)
call match_template (tt(i), s, n, range)
if (n /= 0) then

ii =1
return
end if
end do
n=20
ii =0

end subroutine match

7.2.4 The lexer setup

This object contains information about character classes. As said above, one
class consists of quoting chars (matching left and right), another one of com-
ment chars (similar), a class of whitespace, and several classes of characters
that make up identifiers. When creating the lexer setup, the character classes
are transformed into lexeme templates which are to be matched in a certain
predefined order against the input stream.

BLANK should always be taken as whitespace, some things may depend on
this. TAB is also fixed by convention, but may in principle be modified. Newline
(DOS!) and linefeed are also defined as whitespace. The lexer setup, containing
the list of lexeme templates. No defaults yet. The type with index zero will be
assigned to the NO_MATCH lexeme.

The keyword list is not stored, just a pointer to it. We anticipate that
the keyword list is part of the syntax table, and the lexer needs not alter it.
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Furthermore, the lexer is typically finished before the syntax table is.

(Lexer: parameters)+=
integer, parameter :: CASE_KEEP = O, CASE_UP = 1, CASE_DOWN = 2

(Lexer: types)+=

type :: lexer_setup_t
private
type(template_t), dimension(:), allocatable :: tt
integer, dimension(:), allocatable :: type

integer :: keyword_case = CASE_KEEP
type (keyword_list_t), pointer :: keyword_list => null ()
end type lexer_setup_t

Fill the lexer setup object. Some things are hardcoded here (whitespace, al-
phanumeric identifiers), some are free: comment chars (but these must be sin-
gle, and comments must be terminated by line-feed), quote chars and matches
(must be single), characters to be read as one-character lexeme, special classes
(characters of one class that should be glued together as identifiers).
(Lexer: procedures)+=
subroutine lexer_setup_init (setup, &

comment_chars, quote_chars, quote_match, &

single_chars, special_class, &

keyword_list, upper_case_keywords)

type(lexer_setup_t), intent(inout) :: setup
character(*), intent(in) :: comment_chars

character(*), intent(in) :: quote_chars, quote_match
character(*), intent(in) :: single_chars

character(*), dimension(:), intent(in) :: special_class
type (keyword_list_t), pointer :: keyword_list

logical, intent(in), optional :: upper_case_keywords
integer :: n, i

if (present (upper_case_keywords)) then
if (upper_case_keywords) then
setuplkeyword_case = CASE_UP

else
setup%keyword_case = CASE_DOWN
end if
else
setup%keyword_case = CASE_KEEP
end if

n =1 + len (comment_chars) + len (quote_chars) + 1 &
+ len (single_chars) + size (special_class) + 1
allocate (setup%tt(n))
allocate (setupltype(0:n))
n=20
setupltype(n) = NO_MATCH
n=n+1
setup/tt(n) = template_whitespace (WHITESPACE_CHARS)
setup/type(n) = EMPTY
forall (i = 1:len(comment_chars))
setup/tt(n+i) = template_quoted (comment_chars(i:i), LF)
setup/type(n+i) = EMPTY
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end forall

n = n + len (comment_chars)

forall (i = 1:len(quote_chars))
setup/tt(n+i) = template_quoted (quote_chars(i:i), quote_match(i:i))
setuplitype(n+i) = T_QUOTED

end forall

n =n + len (quote_chars)

setup%tt(n+1) = template_numeric ("EeDd")

setuplitype (n+1) = T_NUMERIC

n=n+1

forall (i = 1:len (single_chars))
setup/4tt(n+i) = template_identifier (single_chars(i:i), "")
setup/type(n+i) = T_IDENTIFIER

end forall

n = n + len (single_chars)
forall (i = 1:size (special_class))
setupl/itt(n+i) = template_identifier &
(trim (special_class(i)), trim (special_class(i)))
setup/type(n+i) = T_IDENTIFIER
end forall
n = n + size (special_class)
setup/tt(n+l) = template_identifier &
(LCLETTERS//UCLETTERS, LCLETTERS//DIGITS//"_"//UCLETTERS)
setupltype(n+1) = T_IDENTIFIER
n=n+1
if (n /= size (setupltt)) &
call msg_bug ("Size mismatch in lexer setup")
setuplkeyword_list => keyword_list
end subroutine lexer_setup_init

The destructor is needed only if the object is not itself part of an allocatable
array

(Lezer: procedures)+=
subroutine lexer_setup_final (setup)
type(lexer_setup_t), intent(inout) :: setup
deallocate (setup’%tt, setuplktype)
setuplkeyword_list => null ()
end subroutine lexer_setup_final

For debugging: Write the lexer setup

(Lexer: procedures)4+=
subroutine lexer_setup_write (setup, unit)

type(lexer_setup_t), intent(in) :: setup
integer, intent(in) :: unit
integer :: i

write (unit, "(A)") "Lexer setup:"
if (allocated (setup’tt)) then
do i = 1, size (setupitt)
call template_write (setupltt(i), unit)
write (unit, ’(A)’, advance = "no") " -> "
call lexeme_type_write (setupltype(i), unit)
write (unit, *)
end do

164



else
write (unit, *) "[empty]"
end if
if (associated (setup/keyword_list)) then
call keyword_list_write (setup)keyword_list, unit)
end if
end subroutine lexer_setup_write

7.2.5 The lexeme type

An object of this type is returned by the lexer. Apart from the lexeme string,
it gives information about the relevant substring (first and last character index)
and the lexeme type. Interpreting the string is up to the parser.
(Lezer: public)+=
public :: lexeme_t
(Lezer: types)+=
type :: lexeme_t
private
integer :: type = EMPTY
type(string_t) :: s
integer :: b =0, e =0
end type lexeme_t

Debugging aid:
(Lexer: public)+=
public :: lexeme_write

(Lexer: procedures)+=
subroutine lexeme_write (t, unit)

type(lexeme_t), intent(in) :: t
integer, intent(in) :: unit
integer :: u

u = given_output_unit (unit); if (u < 0) return
select case (titype)
case (T_KEYWORD)

write (u, *) "KEYWORD: >n // char (t%hs) // "°"
case (T_IDENTIFIER)

write (u, *) "IDENTIFIER: °" // char (t%s) // "’"
case (T_QUOTED)

write (u, *) "QUOTED: v // char (t%s) // "’"
case (T_NUMERIC)
write (u, *) "NUMERIC: >n // char (t%hs) // "°"

case (UNMATCHED_QUOTE)
write (u, *) "Unmatched quote: "// char (tis)
case (OVERFLOW); write (u, *) "Overflow: "// char (t%s)
case (EMPTY); write (u, *) "Empty lexeme"
case (NO_MATCH); write (u, *) "No match"
case (IO_ERROR); write (u, *) "IO error"
case (EOF); write (u, *) "EOF"
case default
write (u, *) "Error"
end select
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end subroutine lexeme_write

Store string and type in a lexeme. The range determines the beginning and end
of the relevant part of the string. Check for a keyword.

(Lexer: procedures)+=
subroutine lexeme_set (t, keyword_list, s, range, type, keyword_case)
type(lexeme_t), intent(out) :: t
type (keyword_list_t), pointer :: keyword_list
type(string_t), intent(in) :: s
type(string_t) :: keyword
integer, dimension(2), intent(in) :: range
integer, intent(in) :: type
integer, intent(in), optional :: keyword_case
t/type = type
if (present (keyword_case)) then
select case (keyword_case)
case (CASE_KEEP); keyword = s
case (CASE_UP); keyword = upper_case (s)
case (CASE_DOWN); keyword = lower_case (s)
end select
else

keyword = s
end if
if (type == T_IDENTIFIER) then
if (associated (keyword_list)) then
if (keyword_list_contains (keyword_list, keyword)) &
t/type = T_KEYWORD
end if
end if
select case (tltype)
case (T_KEYWORD); t¥%s = keyword
case default; ths s
end select
t%b = range(1)
t%he = range(2)
end subroutine lexeme_set

subroutine lexeme_clear (t)
type(lexeme_t), intent(out) :: t
t/type = EMPTY
t%S = nn

end subroutine lexeme_clear

Retrieve the lexeme string, the relevant part of it, and the type. The last
function returns true if there is a break condition reached (error or EOF).

(Lezer: public)+=

public :: lexeme_get_string
public :: lexeme_get_contents
public :: lexeme_get_delimiters

public :: lexeme_get_type

(Lexer: procedures)+=
function lexeme_get_string (t) result (s)
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type(string_t) :: s
type(lexeme_t), intent(in) :: t
s = ths

end function lexeme_get_string

function lexeme_get_contents (t) result (s)
type(string_t) :: s
type(lexeme_t), intent(in) :: t
s = extract (t¥%s, thb, the)

end function lexeme_get_contents

function lexeme_get_delimiters (t) result (del)
type(string_t), dimension(2) :: del
type(lexeme_t), intent(in) :: t
del(1) extract (t%s, finish = t¥%b-1)
del(2) extract (t%s, start = the+1)

end function lexeme_get_delimiters

function lexeme_get_type (t) result (type)
integer :: type
type(lexeme_t), intent(in) :: t
type = thtype

end function lexeme_get_type

Check for a generic break condition (error/eof) and for eof in particular.
(Lexer: public)+=

public :: lexeme_is_break

public :: lexeme_is_eof

(Lezer: procedures)+=
function lexeme_is_break (t) result (break)
logical :: break
type(lexeme_t), intent(in) :: t
select case (t¥type)
case (EOF, IO_ERROR, OVERFLOW, NO_MATCH)

break = .true.
case default
break = .false.

end select
end function lexeme_is_break

function lexeme_is_eof (t) result (ok)
logical :: ok
type(lexeme_t), intent(in) :: t
ok = titype == EOF

end function lexeme_is_eof

7.2.6 The lexer object

We store the current lexeme and the current line. The line buffer is set each
time a new line is read from file. The working buffer has one character more,
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to hold any trailing blank. Pointers to line and column are for debugging, they
will be used to make up readable error messages for the parser.
(Lexer: public)+=
public :: lexer_t
(Lexer: types)+=
type :: lexer_t

private

type(lexer_setup_t) :: setup
type(stream_t), pointer :: stream => null ()
type(lexeme_t) :: lexeme

type(string_t) :: previous_line2
type(string_t) :: previous_linel
type(string_t) :: current_line

integer :: lines_read = 0

integer :: current_column = 0O

integer :: previous_column = 0

type(string_t) :: buffer
type(lexer_t), pointer :: parent => null ()
end type lexer_t

Create-setup wrapper
(Lexer: public)+=
public :: lexer_init

(Lexer: procedures)+=
subroutine lexer_init (lexer, &
comment_chars, quote_chars, quote_match, &
single_chars, special_class, &
keyword_list, upper_case_keywords, &

parent)
type(lexer_t), intent(inout) :: lexer
character(*), intent(in) :: comment_chars
character(*), intent(in) :: quote_chars, quote_match
character(*), intent(in) :: single_chars
character(*), dimension(:), intent(in) :: special_class
type (keyword_list_t), pointer :: keyword_list
logical, intent(in), optional :: upper_case_keywords

type(lexer_t), target, intent(in), optional :: parent
call lexer_setup_init (lexersetup, &
comment_chars = comment_chars, &
quote_chars = quote_chars, &
quote_match = quote_match, &
single_chars = single_chars, &
special_class = special_class, &
keyword_list = keyword_list, &
upper_case_keywords = upper_case_keywords)
if (present (parent)) lexeriparent => parent
call lexer_clear (lexer)
end subroutine lexer_init

Clear the lexer state, but not the setup. This should be done when the lexing
starts, but it is not known whether the lexer was used before.
(Lexer: public)+=

public :: lexer_clear
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(Lexer: procedures)+=

subroutine lexer_clear (lexer)
type(lexer_t), intent(inout) :: lexer
call lexeme_clear (lexerlexeme)
lexer/previous_line2 = ""
lexer%previous_linel = "
lexerj,current_line = ""
lexer’lines_read = 0
lexerYcurrent_column = O
lexer)previous_column = 0
lexer)buffer = ""

end subroutine lexer_clear

Reset lexer state and delete setup

(Lezer: public)+=
public :: lexer_final

(Lezer: procedures)+=
subroutine lexer_final (lexer)
type(lexer_t), intent(inout) :: lexer
call lexer_clear (lexer)
call lexer_setup_final (lexer%setup)
end subroutine lexer_final

7.2.7 The lexer routine

For lexing we need to associate an input stream to the lexer.

(Lexer: public)+=
public :: lexer_assign_stream

(Lezxer: procedures)+=
subroutine lexer_assign_stream (lexer, stream)
type(lexer_t), intent(inout) :: lexer
type(stream_t), intent(in), target :: stream
lexerjstream => stream
end subroutine lexer_assign_stream

The lexer. The lexer function takes the lexer and returns the currently stored
lexeme. If there is none, it is read from buffer, matching against the lexeme
templates in the lexer setup. Empty lexemes, i.e., comments and whitespace,
are discarded and the buffer is read again until we have found a nonempty
lexeme (which may also be EOF or an error condition).

The initial state of the lexer contains an empty lexeme, so reading from
buffer is forced. The empty state is restored after returning the lexeme. A
nonempty lexeme is present in the lexer only if lex_back has been executed
before.

The workspace is the lexeri,buffer, treated as a sort of input stream. We
chop off lexemes from the beginning, adjusting the buffer to the left. Whenever
the buffer is empty, or we are matching against an open quote which has not
terminated, we read a new line and append it to the right. This may result
in special conditions, which for simplicity are also returned as lexemes: 1/0
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error, buffer overflow, end of file. If the latter happens during reading a quoted
string, we return an unmatched-quote lexeme. Obviously, the special-condition
lexemes have to be caught by the parser.

Note that reading further lines is only necessary when reading a quoted
string. Otherwise, the line-feed that ends each line is interpreted as whites-
pace which terminates a preceding lexeme, so there are no other valid multiline
lexemes.

To enable meaningful error messages, we also keep track of the line number
of the last line read, and the beginning and the end of the current lexeme with
respect to this line.

The lexer is implemented as a function that returns the next lexeme (i.e.,
token). It uses the lexer setup and modifies the buffers and pointers stored
within the lexer, a side effect. The lexer reads from an input stream object,
which also is modified by this reading, e.g., a line pointer is advanced.

(Lezer: public)+=

public :: lex

(Lexer: procedures)4+=
subroutine lex (lexeme, lexer)

type(lexeme_t), intent(out) :: lexeme
type(lexer_t), intent(inout) :: lexer
integer :: iostatl, iostat2

integer :: pos

integer, dimension(2) :: range
integer :: template_index, type

if (.not. associated (lexerlstream)) &
call msg_bug ("Lexer called without assigned stream")
GET_LEXEME: do while (lexeme_get_type (lexerylexeme) == EMPTY)
if (len (lexer¥%buffer) /= 0) then
iostatl = 0
else
call lexer_read_line (lexer, iostatl)
end if
select case (iostatil)
case (0)
MATCH_BUFFER: do
call match (lexerysetup’itt, char (lexeribuffer), &
pos, range, template_index)
if (pos >= 0) then
type = lexersetup/type(template_index)
exit MATCH_BUFFER
else
pos = 0
call lexer_read_line (lexer, iostat2)
select case (iostat2)
case (EOF); type = UNMATCHED_QUOTE; exit MATCH_BUFFER
case (1); type = IO_ERROR; exit MATCH_BUFFER
case (2); type = OVERFLOW; exit MATCH_BUFFER
end select
end if
end do MATCH_BUFFER
case (EOF); type = EOF
case (1); type = IO_ERROR
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case (2); type = OVERFLOW
end select
call lexeme_set (lexerlexeme, lexerysetup/keyword_list, &
extract (lexerlbuffer, finish=pos), range, type, &
lexer/setuplkeyword_case)
lexer)buffer = remove (lexer)buffer, finish=pos)
lexer)previous_column = lexerjcurrent_column
lexerjcurrent_column = lexerjcurrent_column + pos
end do GET_LEXEME
lexeme = lexerylexeme
call lexeme_clear (lexerYlexeme)
end subroutine lex

Read a line and append it to the input buffer. If the input buffer overflows,
return iostat=2. Otherwise, iostat=1 indicates an I/O error, and iostat=-1
the EOF.

The input stream may either be an external unit or a ifile object. In the
latter case, a line is read and the line pointer is advanced.

Note that inserting LF between input lines is the Unix convention. Since
we are doing this explicitly when gluing lines together, we can pattern-match
against LF without having to worry about the system.

(Lexer: procedures)4+=
subroutine lexer_read_line (lexer, iostat)
type(lexer_t), intent(inout) :: lexer
integer, intent(out) :: iostat
type(string_t) :: current_line
current_line = lexerjcurrent_line
call stream_get_record (lexerlstream, lexerjcurrent_line, iostat)
if (iostat == 0) then
lexer/lines_read = lexer¥lines_read + 1
lexer/previous_line2 = lexeryprevious_linel
lexer%previous_linel = current_line
lexer)buffer = lexer)buffer // lexerlcurrent_line // LF
lexer/previous_column = O
lexerYcurrent_column = O
end if
end subroutine lexer_read_line

Once in a while we have read one lexeme to many, which can be pushed back
into the input stream. Do not do this more than once.
(Lexer: public)+=

public :: lexer_put_back

(Lexer: procedures)4+=
subroutine lexer_put_back (lexer, lexeme)
type(lexer_t), intent(inout) :: lexer
type(lexeme_t), intent(in) :: lexeme
if (lexeme_get_type (lexerylexeme) == EMPTY) then
lexer/lexeme = lexeme
else
call msg_bug (" Lexer: lex_back fails; probably called twice")
end if
end subroutine lexer_put_back
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7.2.8 Diagnostics

For debugging: print just the setup
(Lezer: public)+=

public :: lexer_write_setup

(Lexer: procedures)4+=
subroutine lexer_write_setup (lexer, unit)

type(lexer_t), intent(in) :: lexer
integer, intent(in), optional :: unit
integer :: u

u = given_output_unit (unit); if (u < 0) return
call lexer_setup_write (lexerisetup, u)
end subroutine lexer_write_setup

This is useful for error printing: show the current line with index and a pointer
to the current column within the line.

(Lezer: public)+=
public :: lexer_show_location

(Lexer: procedures)+=
subroutine lexer_show_location (lexer)

type(lexer_t), intent(in) :: lexer
type(string_t) :: loc_str
if (associated (lexer/parent)) then

call lexer_show_source (lexeryparent)

call msg_message ("[includes]")
else

call msg_message ()
end if
if (associated (lexerlstream)) then

call msg_message &

(char (stream_get_record_info_string (lexer)stream)) // ":")

end if
if (lexer¥lines_read >= 4) call msg_result ("[...1")
if (lexer)lines_read >= 3) call msg_result (char (lexeryprevious_line2))
if (lexer¥%lines_read >= 2) call msg_result (char (lexerprevious_linel))
if (lexer’lines_read >= 1) then

call msg_result (char (lexerfcurrent_line))

loc_str = repeat (" ", lexer)previous_column)

loc_str = loc_str // """

if (lexericurrent_column > lexer)previous_column) then

loc_str = loc_str &
// repeat ("-", max (lexerlcurrent_column &
- lexeryprevious_column - 1, 0)) &

// n~n
end if
call msg_result (char (loc_str))
end if

end subroutine lexer_show_location
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This just prints the current stream source.

(Lexer: procedures)+=
recursive subroutine lexer_show_source (lexer)
type(lexer_t), intent(in) :: lexer
if (associated (lexer/parent)) then
call lexer_show_source (lexerparent)
call msg_message ("[includes]")
else
call msg_message ()
end if
if (associated (lexerlstream)) then
call msg_message &
(char (stream_get_source_info_string (lexerstream)) // ":")
end if
end subroutine lexer_show_source

7.2.9 Unit tests

(Lexer: public)+=
public :: lexer_test

(Lezxer: procedures)+=
subroutine lexer_test (u, results)
integer, intent(in) :: u
type(test_results_t), intent(inout) :: results
(Lexer: ezecute tests)
end subroutine lexer_test

Test the lexer by lexing and printing all lexemes from unit u, one per line, using
preset conventions.
(Lexer: execute tests)=
call test (lexer_1, "lexer_1", &
"check lexer", u, results)

(Lexer: tests)=
subroutine lexer_1 (u)

integer, intent(in) :: u
type(lexer_t), target :: lexer
type(stream_t), target :: stream
type(string_t) :: string
type(lexeme_t) :: lexeme

string = "abcdefghij"
call lexer_init (lexer, &

comment_chars = "", &
quote_chars = "<’""" &
quote_match = "> """ &
single_chars = "7x+|=,(0", &
special_class = ["."], &

keyword_list = null ()
call stream_init (stream, string)
call lexer_assign_stream (lexer, stream)
do

call lex (lexeme, lexer)
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call lexeme_write (lexeme, u)
if (lexeme_is_break (lexeme)) exit
end do
call stream_final (stream)
call lexer_final (lexer)
end subroutine lexer_1
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7.3 Syntax rules

This module provides tools to handle syntax rules in an abstract way.

(syntax_rules.f90)=
(F'ile header)

module syntax_rules

(Use strings)
use io_units
use diagnostics
use system_defs, only: LCLETTERS, UCLETTERS, DIGITS
use ifiles, only: line_p, line_init, line_get_string_advance, line_final
use ifiles, only: ifile_t, ifile_get_length
use lexers

(Standard module head)
(Syntaz: public)
(Syntaz: parameters)
(Syntaz: types)
(Syntaz: interfaces)
contains

(Syntaz: subroutines)

end module syntax_rules

7.3.1 Syntax rules

Syntax rules are used by the parser. They determine how to translate the stream
of lexemes as returned by the lexer into the parse tree node. A rule may be
terminal, i.e., replace a matching lexeme into a terminal node. The node will
contain the lexeme interpreted as a recognized token:

e a keyword: unquoted fixed character string;
e a real number, to be determined at runtime;

e an integer, to be determined at runtime;

a boolean value, to be determined at runtime;

a quoted token (e.g., string), to be determined at runtime;

an identifier (unquoted string that is not a recognized keyword), to be
determined at runtime.

It may be nonterminal, i.e., contain a sequence of child rules. These are matched
consecutively (and recursively) against the input stream; the resulting node will
be a branch node.

175



e the file, i.e., the input stream as a whole;

e a sequence of syntax elements, where the last syntax element may be
optional, or optional repetitive;

Sequences carry a flag that tells whether the last child is optional or may be
repeated an arbitrary number of times, correponding to the regexp modifiers 7,
* and +.

We also need an alternative rule; this will be replaced by the node generated
by one of its children that matches; thus, it does not create a node of its own.

e an alternative of syntax elements.
We also define special types of sequences as convenience macros:

e a list: a sequence where the elements are separated by a separator keyword
(e.g., commas), the separators are thrown away when parsing the list;

e a group: a sequence of three tokens, where the first and third ones are left
and right delimiters, the delimiters are thrown away;

e an argument list: a delimited list, containing both delimiters and separa-
tors.

It would be great to have a polymorphic type for this purpose, but until Fortran
2003 is out we have to emulate this.
Here are the syntax element codes:
(Syntaz: public)=
public :: S_UNKNOWN
public :: S_LOGICAL, S_INTEGER, S_REAL, S_COMPLEX, S_QUOTED
public :: S_IDENTIFIER, S_KEYWORD
public :: S_SEQUENCE, S_LIST, S_GROUP, S_ARGS
public :: S_ALTERNATIVE
public :: S_IGNORE

(Syntaz: parameters)=
integer, parameter :: &

S_UNKNOWN = 0, &
S_LOGICAL = 1, S_INTEGER = 2, S_REAL = 3, S_COMPLEX = 4, &
S_QUOTED = 5, S_IDENTIFIER = 6, S_KEYWORD =7, &
S_SEQUENCE = 8, S_LIST = 9, S_GROUP = 10, S_ARGS = 11, &
S_ALTERNATIVE = 12, &
S_IGNORE = 99

We need arrays of rule pointers, therefore this construct.
(Syntaz: types)=
type :: rule_p
private
type(syntax_rule_t), pointer :: p => null ()
end type rule_p
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Return the association status of the rule pointer:
(Syntaz: subroutines)=
elemental function rule_is_associated (rp) result (ok)
logical :: ok
type (rule_p), intent(in) :: rp
ok = associated (rpikp)
end function rule_is_associated

The rule type is one of the types listed above, represented by an integer code.
The keyword, for a non-keyword rule, is an identifier used for the printed syntax
table. The array of children is needed for nonterminal rules. In that case, there
is a modifier for the last element (blank, ”?”, 7*” or ”+”), mirrored in the flags
opt and rep. Then, we have the character constants used as separators and
delimiters for this rule. Finally, the used flag can be set to indicate that this
rule is the child of another rule.
(Syntaz: types)+=

public :: syntax_rule_t
(Syntaz: types)+=

type :: syntax_rule_t

private

integer :: type = S_UNKNOWN

logical :: used = .false.

type(string_t) :: keyword

type(string_t) :: separator

type(string_t), dimension(2) :: delimiter
type(rule_p), dimension(:), allocatable :: child
character(1) :: modifier = ""

logical :: opt = .false., rep = .false.
end type syntax_rule_t

Initializer: Set type and key for a rule, but do not (yet) allocate anything.
Finalizer: not needed (no pointer components).

(Syntaz: subroutines)4+=
subroutine syntax_rule_init (rule, key, type)

type(syntax_rule_t), intent(inout) :: rule
type(string_t), intent(in) :: key
integer, intent(in) :: type

rulelkeyword = key
rulelitype = type
select case (rulelitype)
case (S_GROUP)
call syntax_rule_set_delimiter (rule)
case (S_LIST)
call syntax_rule_set_separator (rule)
case (S_ARGS)
call syntax_rule_set_delimiter (rule)
call syntax_rule_set_separator (rule)
end select
end subroutine syntax_rule_init
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These characters will not be enclosed in quotes when writing syntax rules:

(Syntaz: parameters)+=
character(*), parameter :: &

UNQUOTED = "(),|_"//LCLETTERS//UCLETTERS//DIGITS

7.3.2 I/O

Write an account of the rule. Setting short true will suppress the node type.
Setting key_only true will suppress the definition. Setting advance false will
suppress the trailing newline.

(Syntaz: public)+=

publi

c :: syntax_rule_write

(Syntax: subroutines)+=

subroutine syntax

typ
int
log
log
int
u =

typ

def =

adv
sel
cas
cas
cas
cas
cas
cas
cas
cas
cas

cas

cas

cas

cas

cas

end

if
conta

sub:

_rule_write (rule, unit, short, key_only, advance)

e(syntax_rule_t), intent(in) :: rule

eger, intent(in), optional :: unit

ical, intent(in), optional :: short, key_only, advance

ical :: typ, def, adv

eger :: u

given_output_unit (unit); if (u < 0) return

= .true.; if (present (short)) typ = .not. short

.true.; if (present (key_only)) def .not. key_only

= .true.; if (present (advance)) adv = advance

ect case (ruleltype)

e (S_UNKNOWN) ; call write_atom ("?7?7", typ)

e (S_IGNORE); call write_atom ("IGNORE", typ)

e (S_LOGICAL); call write_atom ("LOGICAL", typ)

e (S_INTEGER); call write_atom ("INTEGER", typ)

e (S_REAL); call write_atom ("REAL", typ)

e (S_COMPLEX); call write_atom ("COMPLEX", typ)

e (S_IDENTIFIER); call write_atom ("IDENTIFIER", typ)

e (S_KEYWORD); call write_atom ("KEYWORD", typ)

e (S_QUOTED)

call write_quotes (typ, def, del = ruleldelimiter)

e (S_SEQUENCE)

call write_sequence ("SEQUENCE", typ, def, size (rule)child))

e (S_GROUP)

call write_sequence ("GROUP", typ, def, size (rule)child), &
del = rulefdelimiter)

e (S_LIST)

call write_sequence ("LIST", typ, def, size (rulelchild), &
sep = rulejseparator)

e (S_ARGS)

call write_sequence ("ARGUMENTS", typ, def, size (rule’child), &
del = rulefdelimiter, sep = rulelseparator)

e (S_ALTERNATIVE)

call write_sequence ("ALTERNATIVE", typ, def, size (rulelchild), &
sep = var_str ("[|"))

select
(adv) write (u, *)
ins
routine write_type (type)
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character(*), intent(in) :: type
character(11) :: str
str = type
write (u, "(1x,A)", advance="no") str
end subroutine write_type
subroutine write_key
write (u, "(1x,A)", advance="no") char (wkey (rule))
end subroutine write_key
subroutine write_atom (type, typ)
character(*), intent(in) :: type
logical, intent(in) :: typ
if (typ) «call write_type (type)
call write_key
end subroutine write_atom
subroutine write_maybe_quoted (string)

character(*), intent(in) :: string
character, parameter :: q = "’"
character, parameter :: gqq = ’"’
if (verify (string, UNQUOTED) == 0) then
write (u, "(1x,A)", advance = "no") trim (string)
else if (verify (string, q) == 0) then

write (u, "(1x,A)", advance = "no") qq // trim (string) // qq
else
write (u, "(1x,A)", advance = "no") q // trim (string) // q
end if
end subroutine write_maybe_quoted
subroutine write_quotes (typ, def, del)
logical, intent(in) :: typ, def
type(string_t), dimension(2), intent(in) :: del
if (typ) call write_type ("QUOTED")
call write_key
if (def) then
write (u, "(1x,’=’)", advance="no")
call write_maybe_quoted (char (del(1)))
write (u, "(1x,A)", advance="no") "..."
call write_maybe_quoted (char (del(2))
end if
end subroutine write_quotes
subroutine write_sequence (type, typ, def, n, del, sep)

character(*), intent(in) :: type
logical, intent(in) :: typ, def
integer, intent(in) :: n

type(string_t), dimension(2), intent(in), optional :: del
type(string_t), intent(in), optional :: sep
integer :: i
if (typ) call write_type (type)
call write_key
if (def) then
write (u, "(1x,’=’)", advance="no")
if (present (del)) call write_maybe_quoted (char (del(1)))
doi=1,n
if (i > 1 .and. present (sep)) &
call write_maybe_quoted (char (sep))
write (u, "(1x,A)", advance="no") &
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char (wkey (syntax_rule_get_sub_ptr(rule, 1i)))

if (i == n) write (u, "(A)", advance="no") trim (rulelmodifier)
end do
if (present (del)) call write_maybe_quoted (char (del(2)))
end if

end subroutine write_sequence
end subroutine syntax_rule_write

In the printed representation, the keyword strings are enclosed as <. ..>, unless
they are bare keywords. Bare keywords are enclosed as ’ ..’ if they contain a
character which is not a letter, digit, or underscore. If they contain a single-
quote character, they are enclosed as "..". (A keyword must not contain both
single- and double-quotes.)

(Syntaz: subroutines)+=
function wkey (rule) result (string)

type(string_t) :: string

type(syntax_rule_t), intent(in) :: rule

select case (ruleltype)

case (S_KEYWORD)

if (verify (ruleYkeyword, UNQUOTED) == 0) then
string = rulelkeyword

else if (scan (rulefkeyword, "’") == 0) then
string = "’" // rulekeyword // "’"

else
string = ’"’ // rulefkeyword // ’"’

end if

case default
string = "<" // rulelkeyword // ">"
end select
end function wkey

7.3.3 Completing syntax rules

Set the separator and delimiter entries, using defaults:

(Syntaz: subroutines)4+=
subroutine syntax_rule_set_separator (rule, separator)
type(syntax_rule_t), intent(inout) :: rule
type(string_t), intent(in), optional :: separator
if (present (separator)) then
rule’,;separator = separator
else
ruleyseparator = ","
end if
end subroutine syntax_rule_set_separator

subroutine syntax_rule_set_delimiter (rule, delimiter)
type(syntax_rule_t), intent(inout) :: rule
type(string_t), dimension(2), intent(in), optional :: delimiter
if (present (delimiter)) then
rulejdelimiter = delimiter
else
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ruledelimiter = [" (", ")"]

end if

end subroutine syntax_rule_set_delimiter

Set the modifier entry and corresponding flags:

(Syntaz: subroutines)+=

function is_modifier (string) result (ok)

logical :: ok

type(string_t), intent(in) :: st
select case (char (string))

case (n n, u?n, u*n’ n+u); Ok =
case default; ok =

end select
end function is_modifier

ring

.true.
.false.

subroutine syntax_rule_set_modifier (rule, modifier)
type(syntax_rule_t), intent(inout) :: rule
type(string_t), intent(in) :: mo
rule)modifier = char (modifier)
select case (rule)modifier)

case (u n)

difier

case ("?"); rulejopt = .true.
case ("#"); rulejopt = .true.; rulelrep = .true.
case ("+"); rulejrep = .true.
case default
call msg_bug (" Syntax: sequence modifier ’" // rulelmodifier &
// "y iS not one Of Y4 Iy )?;n)

end select

end subroutine syntax_rule_set_modifier

Check a finalized rule for completeness

(Syntaz: subroutines)+=

subroutine syntax_rule_check (rule)
type(syntax_rule_t), intent(in)

if (rulelkeyword == ""
select case (rulejtype

)
)

: rule

call msg_bug ("Rule key not set")

case (S_UNKNOWN); call bug (" Undefined rule")
case (S_IGNORE, S_LOGICAL, S_INTEGER, S_REAL, S_COMPLEX, &
S_IDENTIFIER, S_KEYWORD)

case (S_QUOTED)

if (any (ruleldelimiter == ""

case (S_SEQUENCE)
case (S_GROUP)

)) call bug (" Missing quote character(s)")

if (any (ruleldelimiter == "")) call bug (" Missing delimiter(s)")
case (S_LIST)
if (rulelseparator == "") call bug (" Missing separator")
case (S_ARGS)
if (any (ruleldelimiter == "")) call bug (" Missing delimiter(s)")
if (rulelseparator == "") call bug (" Missing separator")

case (S_ALTERNATIVE)
case default

call bug (" Undefined syntax code")

end select
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select case (ruleltype)
case (S_SEQUENCE, S_GROUP, S_LIST, S_ARGS, S_ALTERNATIVE)
if (allocated (rule¥%child)) then
if (.not.all (rule_is_associated (rulejchild))) &
call bug (" Child rules not all associated")
else
call bug (" Parent rule without children")
end if
case default
if (allocated (rule¥%child)) call bug (" Non-parent rule with children")
end select

contains
subroutine bug (string)
character(*), intent(in) :: string
call msg_bug (" Syntax table: Rule " // char (rulefkeyword) // ": " &
// string)

end subroutine bug
end subroutine syntax_rule_check

7.3.4 Accessing rules

This is the API for syntax rules:
(Syntax: public)+=
public :: syntax_rule_get_type

(Syntaz: subroutines)+=
function syntax_rule_get_type (rule) result (type)
integer :: type
type(syntax_rule_t), intent(in) :: rule
type = rulelitype
end function syntax_rule_get_type

(Syntaz: public)+=
public :: syntax_rule_get_key

(Syntaz: subroutines)4+=
function syntax_rule_get_key (rule) result (key)
type(string_t) :: key
type(syntax_rule_t), intent(in) :: rule
key = rulejkeyword
end function syntax_rule_get_key

(Syntaz: public)+=
public :: syntax_rule_get_separator
public :: syntax_rule_get_delimiter

(Syntaz: subroutines)+=
function syntax_rule_get_separator (rule) result (separator)
type(string_t) :: separator
type(syntax_rule_t), intent(in) :: rule
separator = rulelseparator
end function syntax_rule_get_separator
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function syntax_rule_get_delimiter (rule) result (delimiter)
type(string_t), dimension(2) :: delimiter
type(syntax_rule_t), intent(in) :: rule
delimiter = rulejdelimiter

end function syntax_rule_get_delimiter

Accessing child rules. If we use syntax_rule_get_n_sub for determining loop
bounds, we do not need a check in the second routine.
(Syntax: public)+=

public :: syntax_rule_get_n_sub

public :: syntax_rule_get_sub_ptr

(Syntaz: subroutines)+=
function syntax_rule_get_n_sub (rule) result (n)
integer :: n
type(syntax_rule_t), intent(in) :: rule
if (allocated (rulel,child)) then
n = size (ruleYchild)
else
n=20
end if
end function syntax_rule_get_n_sub

function syntax_rule_get_sub_ptr (rule, i) result (sub)
type(syntax_rule_t), pointer :: sub
type(syntax_rule_t), intent(in), target :: rule
integer, intent(in) :: i
sub => rule’child(i)%p

end function syntax_rule_get_sub_ptr

subroutine syntax_rule_set_sub (rule, i, sub)
type(syntax_rule_t), intent(inout) :: rule
integer, intent(in) :: i
type(syntax_rule_t), intent(in), target :: sub
ruleychild(i)%p => sub

end subroutine syntax_rule_set_sub

Return the modifier flags:

(Syntaz: public)+=
public :: syntax_rule_last_optional
public :: syntax_rule_last_repetitive

(Syntaz: subroutines)+=

function syntax_rule_last_optional (rule) result (opt)
logical :: opt
type(syntax_rule_t), intent(in) :: rule
opt = rulelopt

end function syntax_rule_last_optional

function syntax_rule_last_repetitive (rule) result (rep)
logical :: rep
type(syntax_rule_t), intent(in) :: rule
rep = rulejrep

end function syntax_rule_last_repetitive
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Return true if the rule is atomic, i.e., logical, real, keyword etc.

(Syntaz: public)+=
public :: syntax_rule_is_atomic

(Syntaz: subroutines)+=
function syntax_rule_is_atomic (rule) result (atomic)
logical :: atomic
type(syntax_rule_t), intent(in) :: rule
select case (ruleltype)
case (S_LOGICAL, S_INTEGER, S_REAL, S_COMPLEX, S_IDENTIFIER, &
S_KEYWORD, S_QUOTED)

atomic = .true.
case default
atomic = .false.

end select
end function syntax_rule_is_atomic

7.3.5 Syntax tables

A syntax table contains the tree of syntax rules and, for direct parser access,
the list of valid keywords.

Types

The syntax contains an array of rules and a list of keywords. The array is
actually used as a tree, where the top rule is the first array element, and the
other rules are recursively pointed to by this first rule. (No rule should be used
twice or be unused.) The keyword list is derived from the rule tree.
Objects of this type need the target attribute if they are associated with a
lexer. The keyword list will be pointed to by this lexer.
(Syntaz: public)+=
public :: syntax_t
(Syntaz: types)+=
type :: syntax_t
private
type(syntax_rule_t), dimension(:), allocatable :: rule
type (keyword_list_t) :: keyword_list
end type syntax_t

Constructor/destructor

Initialize and finalize syntax tables
(Syntaz: public)+=

public :: syntax_init

public :: syntax_final
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There are two ways to create a syntax: hard-coded from rules or dynamically
from file.
(Syntaz: interfaces)=
interface syntax_init
module procedure syntax_init_from_ifile
end interface

The syntax definition is read from an ifile object which contains the syntax
definitions in textual form, one rule per line. This interface allows for determin-
ing the number of rules beforehand.

To parse the rule definitions, we make up a temporary lexer. Obviously, we
cannot use a generic parser yet, so we have to hardcode the parsing process.
(Syntaz: subroutines)+=

subroutine syntax_init_from_ifile (syntax, ifile)

type(syntax_t), intent(out), target :: syntax

type(ifile_t), intent(in) :: ifile

type(lexer_t) :: lexer

type(line_p) :: line

type(string_t) :: string

integer :: n_token

integer :: i

call lexer_init (lexer, &
comment_chars = "", &
quote_chars = "<’""" &
quote_match = ">2""" &
single_chars = "7*+|=,(0", &
special_class = ["."], &

keyword_list = null ()
allocate (syntaxirule (ifile_get_length (ifile)))
call line_init (line, ifile)
do i = 1, size (syntaxlrule)
string = line_get_string_advance (line)
call set_rule_type_and_key (syntaxjrule(i), string, lexer)
end do
call line_init (line, ifile)
do i = 1, size (syntaxjrule)
string = line_get_string_advance (line)
select case (syntaxjrule(i)itype)
case (S_QUOTED, S_SEQUENCE, S_GROUP, S_LIST, S_ARGS, S_ALTERNATIVE)
n_token = get_n_token (string, lexer)
call set_rule_contents &
(syntaxyrule(i), syntax, n_token, string, lexer)
end select
end do
call line_final (line)
call lexer_final (lexer)
call syntax_make_keyword_list (syntax)
if (.not. all (syntaxlrulejused)) then
do i = 1, size (syntaxlrule)
if (.not. syntaxlrule(i)%used) then
call syntax_rule_write (syntaxjrule(i), 6)
end if
end do
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call msg_bug (" Syntax table: unused rules")
end if
end subroutine syntax_init_from_ifile

For a given rule defined in the input, the first task is to determine its type
and key. With these, we can initialize the rule in the table, postponing the
association of children.

(Syntaz: subroutines)+=
subroutine set_rule_type_and_key (rule, string, lexer)

type(syntax_rule_t), intent(inout) :: rule

type(string_t), intent(in) :: string

type(lexer_t), intent(inout) :: lexer

type(stream_t), target :: stream

type(lexeme_t) :: lexeme

type(string_t) :: key

character(2) :: type

call lexer_clear (lexer)

call stream_init (stream, string)

call lexer_assign_stream (lexer, stream)

call lex (lexeme, lexer)

type = lexeme_get_string (lexeme)

call lex (lexeme, lexer)

key = lexeme_get_contents (lexeme)

call stream_final (stream)

if (trim (key) /= "") then
select case (type)
case ("IG"); call syntax_rule_init (rule, key, S_IGNORE)
case ("L0"); call syntax_rule_init (rule, key, S_LOGICAL)
case ("IN"); call syntax_rule_init (rule, key, S_INTEGER)

case ("RE"); call syntax_rule_init (rule, key, S_REAL)

case ("C0"); call syntax_rule_init (rule, key, S_COMPLEX)
case ("ID"); call syntax_rule_init (rule, key, S_IDENTIFIER)
case ("KE"); call syntax_rule_init (rule, key, S_KEYWORD)

case ("QU"); call syntax_rule_init (rule, key, S_QUOTED)
case ("SE"); call syntax_rule_init (rule, key, S_SEQUENCE)
case ("GR"); call syntax_rule_init (rule, key, S_GROUP)
case ("LI"); call syntax_rule_init (rule, key, S_LIST)
case ("AR"); call syntax_rule_init (rule, key, S_ARGS)
case ("AL"); call syntax_rule_init (rule, key, S_ALTERNATIVE)
case default
call lexer_show_location (lexer)
call msg_bug (" Syntax definition: unknown type ’" // type // "’")
end select
else
print *, char (string)
call msg_bug (" Syntax definition: empty rule key")
end if
end subroutine set_rule_type_and_key

This function returns the number of tokens in an input line.

(Syntaz: subroutines)+=
function get_n_token (string, lexer) result (n)
integer :: n
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type(string_t), intent(in) :: string

type(lexer_t), intent(inout) :: lexer
type(stream_t), target :: stream
type(lexeme_t) :: lexeme

integer :: i

call lexer_clear (lexer)

call stream_init (stream, string)

call lexer_assign_stream (lexer, stream)

i=0

do
call lex (lexeme, lexer)
if (lexeme_is_break (lexeme)) exit
i=1i+1

end do

n=1i

call stream_final (stream)

end function get_n_token

This subroutine extracts the rule contents for an input line. There are three
tasks: (1) determine the number of children, depending on the rule type; (2)
find and set the separator and delimiter strings, if required; (3) scan the child
rules, find them in the syntax table and associate the parent rule with them.

(Syntaz: subroutines)+=
subroutine set_rule_contents (rule, syntax, n_token, string, lexer)

type(syntax_rule_t), intent(inout) :: rule
type(syntax_t), intent(in), target :: syntax
integer, intent(in) :: n_token
type(string_t), intent(in) :: string
type(lexer_t), intent(inout) :: lexer
type(stream_t), target :: stream
type(lexeme_t), dimension(n_token) :: lexeme
integer :: i, n_children
call lexer_clear (lexer)
call stream_init (stream, string)
call lexer_assign_stream (lexer, stream)
do i =1, n_token

call lex (lexeme(i), lexer)
end do
call stream_final (stream)
n_children = get_n_children ()
call set_delimiters
if (n_children > 1) call set_separator
if (n_children > 0) call set_children

contains
function get_n_children () result (n_children)
integer :: n_children

select case (ruleltype)

case (S_QUOTED)
if (n_token /= 6) call broken_rule (rule)
n_children = 0

case (S_GROUP)
if (n_token /= 6) call broken_rule (rule)
n_children = 1

187



case (S_SEQUENCE)
if (is_modifier (lexeme_get_string (lexeme(n_token)))) then
if (n_token <= 4) call broken_rule (rule)
call syntax_rule_set_modifier &
(rule, lexeme_get_string (lexeme(n_token)))
n_children = n_token - 4
else
if (n_token <= 3) call broken_rule (rule)
n_children = n_token - 3
end if
case (S_LIST)
if (is_modifier (lexeme_get_string (lexeme(n_token)))) then
if (n_token <= 4 .or. mod (n_token, 2) /= 1) &
call broken_rule (rule)
call syntax_rule_set_modifier &
(rule, lexeme_get_string (lexeme(n_token)))
else if (n_token <= 3 .or. mod (n_token, 2) /= 0) then
call broken_rule (rule)
end if
n_children = (n_token - 2) / 2
case (S_ARGS)
if (is_modifier (lexeme_get_string (lexeme(n_token-1)))) then
if (n_token <= 6 .or. mod (n_token, 2) /= 1) &
call broken_rule (rule)
call syntax_rule_set_modifier &
(rule, lexeme_get_string (lexeme(n_token-1)))
else if (n_token <= 5 .or. mod (n_token, 2) /= 0) then
call broken_rule (rule)
end if
n_children = (n_token - 4) / 2
case (S_ALTERNATIVE)
if (n_token <= 3 .or. mod (n_token, 2) /= 0) call broken_rule (rule)
n_children = (n_token - 2) / 2
end select
end function get_n_children
subroutine set_delimiters
type(string_t), dimension(2) :: delimiter
select case (rulelitype)
case (S_QUOTED, S_GROUP, S_ARGS)
delimiter(1) = lexeme_get_contents (lexeme(4))
delimiter(2) = lexeme_get_contents (lexeme(n_token))
call syntax_rule_set_delimiter (rule, delimiter)
end select
end subroutine set_delimiters
subroutine set_separator
type(string_t) :: separator
select case (rulelitype)
case (S_LIST)
separator = lexeme_get_contents (lexeme(5))
call syntax_rule_set_separator (rule, separator)
case (S_ARGS)
separator = lexeme_get_contents (lexeme(6))

call syntax_rule_set_separator (rule, separator)
end select
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end subroutine set_separator
subroutine set_children
allocate (ruleYchild(n_children))
select case (ruleltype)
case (S_GROUP)
call syntax_rule_set_sub (rule, 1, syntax_get_rule_ptr (syntax, &
lexeme_get_contents (lexeme(5))))
case (S_SEQUENCE)
do i = 1, n_children
call syntax_rule_set_sub (rule, i, syntax_get_rule_ptr (syntax, &
lexeme_get_contents (lexeme(i+3))))
end do
case (S_LIST, S_ALTERNATIVE)
do i = 1, n_children
call syntax_rule_set_sub (rule, i, syntax_get_rule_ptr (syntax, &
lexeme_get_contents (lexeme(2*i+2))))
end do
case (S_ARGS)
do i = 1, n_children
call syntax_rule_set_sub (rule, i, syntax_get_rule_ptr (syntax, &
lexeme_get_contents (lexeme(2*i+3))))
end do
end select
end subroutine set_children
subroutine broken_rule (rule)

type(syntax_rule_t), intent(in) :: rule
call lexer_show_location (lexer)
call msg_bug (" Syntax definition: broken rule ’" &

// char (wkey (rule)) // "°")
end subroutine broken_rule
end subroutine set_rule_contents

This routine completes the syntax table object. We assume that the rule array
is set up. We associate the top rule with the first entry in the rule array and
build up the keyword list.

The keyword list includes delimiters and separators. Filling it can only be
done after all rules are set. We scan the rule tree. For each keyword that
we find, we try to add it to the keyword list; the pointer to the last element
is carried along with the recursive scanning. Before appending a keyword, we
check whether it is already in the list.

(Syntaz: subroutines)+=
subroutine syntax_make_keyword_list (syntax)
type(syntax_t), intent(inout), target :: syntax
type(syntax_rule_t), pointer :: rule
rule => syntaxirule(1)
call rule_scan_rec (rule, syntaxjkeyword_list)
contains
recursive subroutine rule_scan_rec (rule, keyword_list)
type(syntax_rule_t), pointer :: rule
type (keyword_list_t), intent(inout) :: keyword_list
integer :: i
if (rulelused) return
rulejused = .true.
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select case (ruleltype)
case (S_UNKNOWN)

call msg_bug (" Syntax: rule tree contains undefined rule")
case (S_KEYWORD)

call keyword_list_add (keyword_list, rulelkeyword)
end select
select case (ruleltype)
case (S_LIST, S_ARGS)

call keyword_list_add (keyword_list, rulelseparator)
end select
select case (ruleltype)
case (S_GROUP, S_ARGS)

call keyword_list_add (keyword_list, ruleldelimiter(1))

call keyword_list_add (keyword_list, rulejdelimiter(2))
end select
select case (ruleltype)
case (S_SEQUENCE, S_GROUP, S_LIST, S_ARGS, S_ALTERNATIVE)

if (.not. allocated (rule’child)) &

call msg_bug (" Syntax: Non-terminal rule without children")

case default

if (allocated (rule’child)) &

call msg_bug (" Syntax: Terminal rule with children")

end select
if (allocated (rulelchild)) then

do i = 1, size (rule¥child)

call rule_scan_rec (ruleychild(i)%p, keyword_list)

end do

end if
end subroutine rule_scan_rec
end subroutine syntax_make_keyword_list

The finalizer deallocates the rule pointer array and deletes the keyword list.

(Syntaz: subroutines)+=
subroutine syntax_final (syntax)
type(syntax_t), intent(inout) :: syntax
if (allocated (syntaxirule)) deallocate (syntaxjrule)
call keyword_list_final (syntax’keyword_list)
end subroutine syntax_final

7.3.6 Accessing the syntax table

Return a pointer to the top rule

(Syntaz: public)+=
public :: syntax_get_top_rule_ptr

(Syntax: subroutines)+=
function syntax_get_top_rule_ptr (syntax) result (rule)
type(syntax_rule_t), pointer :: rule
type(syntax_t), intent(in), target :: syntax
if (allocated (syntaxirule)) then
rule => syntaxirule(1)
else
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rule => null ()
end if
end function syntax_get_top_rule_ptr

Assign the pointer to the rule associated with a given key (assumes that the
rule array is allocated)
(Syntaz: public)+=
public :: syntax_get_rule_ptr
(Syntaz: subroutines)+=
function syntax_get_rule_ptr (syntax, key) result (rule)

type(syntax_rule_t), pointer :: rule
type(syntax_t), intent(in), target :: syntax
type(string_t), intent(in) :: key

integer :: i

do i = 1, size (syntaxirule)
if (syntaxlrule(i)’keyword == key) then
rule => syntaxirule(i)
return
end if
end do
call msg_bug (" Syntax table: Rule " // char (key) // " not found")
end function syntax_get_rule_ptr

Return a pointer to the keyword list
(Syntaz: public)+=
public :: syntax_get_keyword_list_ptr
(Syntaz: subroutines)+=
function syntax_get_keyword_list_ptr (syntax) result (keyword_list)
type (keyword_list_t), pointer :: keyword_list
type(syntax_t), intent(in), target :: syntax
keyword_list => syntaxlkeyword_list
end function syntax_get_keyword_list_ptr

7.3.7 1/O

Write a readable representation of the syntax table
(Syntaz: public)+=
public :: syntax_write

(Syntaz: subroutines)+=
subroutine syntax_write (syntax, unit)

type(syntax_t), intent(in) :: syntax
integer, intent(in), optional :: unit
integer :: u
integer :: i

u = given_output_unit (unit); if (u < 0) return
write (u, "(A)") "Syntax table:"
if (allocated (syntaxjrule)) then
do i = 1, size (syntaxlrule)
call syntax_rule_write (syntaxjrule(i), u)
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end do
else
write (u, "(1x,A)") "[not allocated]"
end if
call keyword_list_write (syntaxkeyword_list, u)
end subroutine syntax_write
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7.4 The parser

On a small scale, the parser interprets the string tokens returned by the lexer;
they are interpreted as numbers, keywords and such and stored as a typed
object. On a large scale, a text is read, parsed, and a syntax rule set is applied
such that the tokens are stored as a parse tree. Syntax errors are spotted in
this process, so the resulting parse tree is syntactically correct by definition.

(parser.£90)=
(File header)

module parser

(Use kinds)
(Use strings)
use io_units
use format_defs, only: FMT_19
use unit_tests
use system_defs, only: DIGITS
use diagnostics
use mdb
use lexers
use syntax_rules

(Standard module head)
(Parser: public)
(Parser: types)
(Parser: interfaces)
contains

(Parser: procedures)
(Parser: tests)

end module parser

7.4.1 The token type

Tokens are elements of the parsed input that carry a value: logical, integer, real,
quoted string, (unquoted) identifier, or known keyword. Note that non-keyword
tokens also have an abstract key attached to them.
This is an obvious candidate for polymorphism.
(Parser: types)=
type :: token_t

private

integer :: type = S_UNKNOWN

logical, pointer :: lval => null ()

integer, pointer :: ival => null ()

real(default), pointer :: rval => null ()
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complex(default), pointer :: cval => null ()

type(string_t), pointer :: sval => null ()

type(string_t), pointer :: kval => null ()

type(string_t), dimension(:), pointer :: quote => null ()
end type token_t

Create a token from the lexeme returned by the lexer: Allocate storage and try
to interpret the lexeme according to the type that is requested by the parser.
For a keyword token, match the lexeme against the requested key. If successful,
set the token type, value, and key. Otherwise, set the type to S_UNKNOWN.
(Parser: procedures)=

subroutine token_init (token, lexeme, requested_type, key)

type(token_t), intent(out) :: token
type(lexeme_t), intent(in) :: lexeme
integer, intent(in) :: requested_type

type(string_t), intent(in) :: key
integer :: type
type = lexeme_get_type (lexeme)
tokenlitype = S_UNKNOWN
select case (requested_type)
case (S_LOGICAL)
if (type == T_IDENTIFIER) call read_logical &
(char (lexeme_get_string (lexeme)))
case (S_INTEGER)
if (type == T_NUMERIC) call read_integer &
(char (lexeme_get_string (lexeme)))
case (S_REAL)
if (type == T_NUMERIC) call read_real &
(char (lexeme_get_string (lexeme)))
case (S_COMPLEX)
if (type == T_NUMERIC) call read_complex &
(char (lexeme_get_string (lexeme)))
case (S_IDENTIFIER)
if (type == T_IDENTIFIER) call read_identifier &
(lexeme_get_string (lexeme))
case (S_KEYWORD)
if (type == T_KEYWORD) call check_keyword &
(lexeme_get_string (lexeme), key)
case (S_QUOTED)
if (type == T_QUOTED) call read_quoted &
(lexeme_get_contents (lexeme), lexeme_get_delimiters (lexeme))
case default
print *, requested_type
call msg_bug (" Invalid token type code requested by the parser")
end select
if (tokenjtype /= S_UNKNOWN) then
allocate (tokenjkval)
tokenkval = key
end if
contains
subroutine read_logical (s)
character(x), intent(in) :: s
select case (s)
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case ("t", "T", "true", "TRUE", "y", "Y", "yes",
allocate (token%lval)
token)lval = .true.
token/type = S_LOGICAL
case ("f", "F", "false", "FALSE", "n", "N", "no",
allocate (tokenjlval)
token)lval = .false.
token/type = S_LOGICAL
end select
end subroutine read_logical
subroutine read_integer (s)
character(*x), intent(in) :: s
integer :: tmp, iostat
if (verify (s, DIGITS) == 0) then
read (s, *, iostat=iostat) tmp
if (iostat == 0) then
allocate (tokenYival)
token%ival = tmp
token/type = S_INTEGER
end if
end if
end subroutine read_integer
subroutine read_real (s)
character(x), intent(in) :: s
real(default) :: tmp
integer :: iostat
read (s, *, iostat=iostat) tmp
if (iostat == 0) then
allocate (tokenjrval)
token/rval = tmp
token/type = S_REAL
end if
end subroutine read_real
subroutine read_complex (s)

character(*), intent(in) :: s
complex(default) :: tmp
integer :: iostat

read (s, *, iostat=iostat) tmp
if (iostat == 0) then
allocate (tokenj,cval)
tokenj,cval = tmp
token)type = S_COMPLEX
end if
end subroutine read_complex
subroutine read_identifier (s)
type(string_t), intent(in) :: s
allocate (tokenysval)
token)sval = s
tokenY%type = S_IDENTIFIER
end subroutine read_identifier
subroutine check_keyword (s, key)
type(string_t), intent(in) :: s
type(string_t), intent(in) :: key
if (key == s) token)itype = S_KEYWORD
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end subroutine check_keyword
subroutine read_quoted (s, del)

type(string_t), intent(in)

. S

type(string_t), dimension(2), intent(in) :: del
allocate (token¥%sval, tokenlquote(2))

token/sval = s
token/quote (1) = del(1)
tokenYquote(2) = del(2)
token)type = S_QUOTED

end subroutine read_quoted

end

subroutine token_init

Manually set a token to a keyword.

(Parser: procedures)+=
subroutine token_init_key (token, key)

type(token_t), intent(out)
type(string_t), intent(in)

to

al

to
end

Reset a token to an empty state, freeing allocated

ken/%type = S_KEYWORD
locate (tokenlkval)
kenjkval = key

subroutine token_init_key

token itself.
(Parser: procedures)+=
subroutine token_final (token)
type(token_t), intent(inout)

to
if
if
if
if
if
if
end

ken/type = S_UNKNOWN
(associated (token%lval))
(associated (tokenlival))
(associated (tokenjrval))
(associated (token%sval))
(associated (tokenlkval))
(associated (tokenjquote))

subroutine token_final

Check for empty=valid token:

(Parser: procedures)+=
function token_is_valid (token) result (valid)
logical :: valid

type(token_t), intent(in)

:: token
11 key

: token

deallocate
deallocate
deallocate
deallocate
deallocate

memory, and deallocate the

(token%lval)
(token%ival)
(token¥rval)
(token%sval)
(token%kval)

deallocate (tokenjquote)

:: token

valid = tokentype /= S_UNKNOWN

end

function token_is_valid

Write the contents of a token.

(Parser: procedures)+=
subroutine token_write (token, unit)

type(token_t), intent(in)
integer, intent(in), optional ::

integer :: u

u
se

= given_output_unit (unit);
lect case (tokenltype)

:: token

unit

if (u < 0)
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case (S_LOGICAL)
write (u, "(L1)") tokenllval
case (S_INTEGER)
write (u, "(I0)") tokenjival
case (S_REAL)
write (u, "(" // FMT_19 // ")") token)rval
case (S_COMPLEX)

write (u, "C(C," // EMT_19 // ",’,>," // FMT_19 // ",?)?)") tokenYcval

case (S_IDENTIFIER)

write (u, "(A)") char (tokenYsval)
case (S_KEYWORD)

write (u, "(A,A)") ’[keyword] ’ // char (token%kval)
case (S_QUOTED)

write (u, "(A)") &

char (tokenYquote(1)) // char (tokenysval) // char (tokenjquote(2))

case default
write (u, "(A)") °’ [empty]’
end select
end subroutine token_write

Token assignment via deep copy. This is useful to avoid confusion when the

token is transferred to some parse-tree node.

(Parser: interfaces)=

interface assignment (=)
module procedure token_assign
module procedure token_assign_integer
module procedure token_assign_real
module procedure token_assign_complex
module procedure token_assign_logical
module procedure token_assign_string

end interface

We need to copy only the contents that are actually assigned, the other pointers

remain disassociated.

(Parser: procedures)+=
subroutine token_assign (token, token_in)
type(token_t), intent(out) :: token
type(token_t), intent(in) :: token_in
tokenlitype = token_in¥type
select case (tokenltype)

case (S_LOGICAL); allocate (tokenl)lval); token)lval =
case (S_INTEGER); allocate (tokenYival); tokenlival =
case (S_REAL); allocate (tokenl)rval); token)rval =

token_in%lval
token_inY%ival
token_inY%rval

case (S_COMPLEX); allocate (tokenlcval); tokenlcval = token_incval

case (S_IDENTIFIER); allocate (tokenlsval); tokenYsval =
case (S_QUOTED); allocate (token%sval); token)sval =

token_inY%sval
token_inYsval

allocate (tokenlkquote(2)); tokenjquote = token_injquote

end select
if (tokenjtype /= S_UNKNOWN) then
allocate (tokenl)kval); token¥kval = token_injkval
end if
end subroutine token_assign

197



We need to copy only the contents that are actually assigned, the other pointers
remain disassociated.

(Parser: procedures)+=

subroutine token_assign_integer (token, ival)
type(token_t), intent(out) :: token
integer, intent(in) :: ival
token%type = S_INTEGER
allocate (tokenYival)
token)ival = ival

end subroutine token_assign_integer

subroutine token_assign_real (token, rval)
type(token_t), intent(out) :: token
real (default), intent(in) :: rval
token/type = S_REAL
allocate (tokenyrval)
tokenjrval = rval

end subroutine token_assign_real

subroutine token_assign_complex (token, cval)
type(token_t), intent(out) :: token
complex(default), intent(in) :: cval
token),type = S_COMPLEX
allocate (tokenjcval)
tokenl,cval = cval

end subroutine token_assign_complex

subroutine token_assign_logical (token, lval)
type(token_t), intent(out) :: token
logical, intent(in) :: lval
token%type = S_LOGICAL
allocate (tokenYlval)
token)lval = lval

end subroutine token_assign_logical

subroutine token_assign_string (token, sval)
type(token_t), intent(out) :: token
type(string_t), intent(in) :: sval
token/type = S_QUOTED
allocate (tokenYsval)
token/sval = sval
allocate (tokenquote(2)); tokenjquote = "’
end subroutine token_assign_string

7.4.2 Retrieve token contents

These functions all do a trivial sanity check that should avoid crashes.

(Parser: procedures)+=
function token_get_logical (token) result (lval)
logical :: lval
type(token_t), intent(in) :: token
if (associated (token%lval)) then
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lval = tokenjlval
else
call token_mismatch (token, "logical")
end if
end function token_get_logical

function token_get_integer (token) result (ival)
integer :: ival
type(token_t), intent(in) :: token
if (associated (tokenjival)) then
ival = tokenjival
else
call token_mismatch (token, "integer")
end if
end function token_get_integer

function token_get_real (token) result (rval)
real(default) :: rval
type(token_t), intent(in) :: token
if (associated (tokenYrval)) then
rval = tokenj)rval
else
call token_mismatch (token, "real")
end if
end function token_get_real

function token_get_cmplx (token) result (cval)
complex(default) :: cval
type(token_t), intent(in) :: token
if (associated (tokenYcval)) then
cval = tokenjcval
else
call token_mismatch (token, "complex")
end if
end function token_get_cmplx

function token_get_string (token) result (sval)
type(string_t) :: sval
type(token_t), intent(in) :: token
if (associated (tokenjsval)) then
sval = tokensval
else
call token_mismatch (token, "string")
end if
end function token_get_string

function token_get_key (token) result (kval)
type(string_t) :: kval
type(token_t), intent(in) :: token
if (associated (token}kval)) then
kval = token¥%kval
else
call token_mismatch (token, "keyword")
end if

199



end function token_get_key

function token_get_quote (token) result (quote)
type(string_t), dimension(2) :: quote
type(token_t), intent(in) :: token
if (associated (tokenyquote)) then
quote = tokenjquote
else
call token_mismatch (token, "quote")
end if
end function token_get_quote

(Parser: procedures)+=
subroutine token_mismatch (token, type)
type(token_t), intent(in) :: token
character(*), intent(in) :: type
write (6, "(A)", advance="no") "Token: "
call token_write (token)
call msg_bug (" Token type mismatch; value required as " // type)
end subroutine token_mismatch

7.4.3 The parse tree: nodes

The parser will generate a parse tree from the input stream. Each node in this
parse tree points to the syntax rule that was applied. (Since syntax rules are
stored in a pointer-type array within the syntax table, they qualify as targets.)
A leaf node contains a token. A branch node has subnodes. The subnodes are
stored as a list, so each node also has a next pointer.
(Parser: public)=
public :: parse_node_t
(Parser: types)+=
type :: parse_node_t
private
type(syntax_rule_t), pointer :: rule => null ()
type(token_t) :: token

integer :: n_sub = 0

type(parse_node_t), pointer :: sub_first => null ()

type(parse_node_t), pointer :: sub_last => null ()

type(parse_node_t), pointer :: mnext => null ()
contains

(Parser: parse node: TBP)
end type parse_node_t

Container for parse node pointers, useful for creating pointer arrays:
(Parser: public)+=
public :: parse_node_p
(Parser: types)+=
type :: parse_node_p
type(parse_node_t), pointer :: ptr => null ()
end type parse_node_p
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Output. The first version writes a node together with its sub-node tree, orga-
nized by indentation.

(Parser: parse node: TBP)=

procedure :: write => parse_node_write_rec
(Parser: public)+=
public :: parse_node_write_rec

(Parser: procedures)+=
recursive subroutine parse_node_write_rec (node, unit, short, depth)

class(parse_node_t), intent(in), target :: node
integer, intent(in), optional :: unit

logical, intent(in), optional :: short

integer, intent(in), optional :: depth

integer :: u, d

type(parse_node_t), pointer :: current

u = given_output_unit (unit); if (u < 0) return

d = 0; if (present (depth)) d = depth

call parse_node_write (node, u, short=short)

current => nodeY,sub_first

do while (associated (current))
write (u, "(A)", advance = "no") repeat ("| ", d)
call parse_node_write_rec (current, unit, short, d+1)
current => currentynext

end do

end subroutine parse_node_write_rec

This does the actual output for a single node, without recursion.
(Parser: public)+=
public :: parse_node_write

(Parser: procedures)+=
subroutine parse_node_write (node, unit, short)

class(parse_node_t), intent(in) :: node

integer, intent(in), optional :: unit

logical, intent(in), optional :: short

integer :: u

type(parse_node_t), pointer :: current

u = given_output_unit (unit); if (u < 0) return
write (u, "(’°+ ’)", advance = "no")

if (associated (nodelirule)) then
call syntax_rule_write (nodelrule, u, &
short=short, key_only=.true., advance=.false.)
if (token_is_valid (node%token)) then
write (u, "(° = )", advance="no")
call token_write (nodetoken, u)
else if (associated (nodef%sub_first)) then
write (u, "(° = )", advance="no")
current => nodelsub_first
do while (associated (current))
call syntax_rule_write (currentirule, u, &
short=.true., key_only=.true., advance=.false.)
current => currentnext
end do
write (u, *)
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else
write (u, *)
end if
else
write (u, *) "[emptyl"
end if
end subroutine parse_node_write

Finalize the token and recursively finalize and deallocate all sub-nodes.

(Parser: public)+=
public :: parse_node_final

(Parser: procedures)+=
recursive subroutine parse_node_final (node, recursive)
type(parse_node_t), intent(inout) :: node
type(parse_node_t), pointer :: current
logical, intent(in), optional :: recursive
logical :: rec
rec = .true.; if (present (recursive)) rec = recursive
call token_final (nodeltoken)
if (rec) then
do while (associated (nodeYsub_first))
current => node)sub_first
node%sub_first => nodelsub_firstinext
call parse_node_final (current)
deallocate (current)
end do
end if
end subroutine parse_node_final

7.4.4 Filling nodes

The constructors allocate and initialize the node. There are two possible ini-

tializers (in a later version, should correspond to different type extensions).
First, leaf (terminal) nodes. The token constructor does the actual work,

looking at the requested type and key for the given rule and matching against

the lexeme contents. If it fails, the token will keep the type S_UNKNOWN and

remain empty. Otherwise, we have a valid node which contains the new token.
If the lexeme argument is absent, the token is left empty.

(Parser: procedures)+=

subroutine parse_node_create_leaf (node, rule, lexeme)
type(parse_node_t), pointer :: node
type(syntax_rule_t), intent(in), target :: rule
type(lexeme_t), intent(in) :: lexeme
allocate (node)
nodejrule => rule
call token_init (nodelitoken, lexeme, &

syntax_rule_get_type (rule), syntax_rule_get_key (rule))

if (.not. token_is_valid (node%token)) deallocate (node)

end subroutine parse_node_create_leaf

202



This version allows us to manually create a leaf node that holds a keyword.
(Parser: public)+=
public :: parse_node_create_key
(Parser: procedures)+=
subroutine parse_node_create_key (node, rule)
type(parse_node_t), intent(out) :: node
type(syntax_rule_t), intent(in), target :: rule
nodeYrule => rule
call token_init_key (nodelitoken, syntax_rule_get_key (rule))
end subroutine parse_node_create_key

This version allows us to manually create a leaf node that holds a fixed value.
Only one of the optional values should be provided.
(Parser: public)+=

public :: parse_node_create_value

(Parser: procedures)+=
subroutine parse_node_create_value (node, rule, ival, rval, cval, sval, lval)

type(parse_node_t), intent(out) :: node
type(syntax_rule_t), intent(in), target :: rule
integer, intent(in), optional :: ival
real(default), intent(in), optional :: rval
complex(default), intent(in), optional :: cval
type(string_t), intent(in), optional :: sval
logical, intent(in), optional :: lval

nodefrule => rule
call parse_node_set_value (node, ival, rval, cval, sval, lval)
end subroutine parse_node_create_value

Directly set the value without changing anything else.
(Parser: public)+=
public :: parse_node_set_value

(Parser: procedures)+=
subroutine parse_node_set_value (node, ival, rval, cval, sval, lval)

type(parse_node_t), intent(inout) :: node
integer, intent(in), optional :: ival
real(default), intent(in), optional :: rval
complex(default), intent(in), optional :: cval
type(string_t), intent(in), optional :: sval
logical, intent(in), optional :: lval

if (present (ival)) then
node¥token = ival

else if (present (rval)) then
nodeYtoken = rval

else if (present (cval)) then
node¥token = cval

else if (present (lval)) then
node¥token = lval

else if (present (sval)) then
node/token = sval

end if

end subroutine parse_node_set_value
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Second, branch nodes. We first assign the rule:

(Parser: public)+=
public :: parse_node_create_branch

(Parser: procedures)+=
subroutine parse_node_create_branch (node, rule)
type(parse_node_t), pointer :: node
type(syntax_rule_t), intent(in), target :: rule
allocate (node)
nodejrule => rule
end subroutine parse_node_create_branch

Append a sub-node. The sub-node must exist and be a valid target, otherwise
nothing is done.

(Parser: public)+=
public :: parse_node_append_sub

(Parser: procedures)+=
subroutine parse_node_append_sub (node, sub)
type(parse_node_t), intent(inout) :: node
type(parse_node_t), pointer :: sub
if (associated (sub)) then
if (associated (node’sub_last)) then
nodeYsub_last/next => sub

else
node’,sub_first => sub
end if
node’,sub_last => sub
end if

end subroutine parse_node_append_sub

For easy access, once the list is complete we count the number of sub-nodes. If
there are no subnodes, the whole node is deleted.
(Parser: public)+=

public :: parse_node_freeze_branch

(Parser: procedures)+=
subroutine parse_node_freeze_branch (node)
type(parse_node_t), pointer :: node
type(parse_node_t), pointer :: current
node%n_sub = 0
current => nodejsub_first
do while (associated (current))
node%n_sub = node¥%n_sub + 1
current => currentinext
end do
if (nodeYn_sub == 0) deallocate (node)
end subroutine parse_node_freeze_branch

Replace the syntax rule. This makes sense only if the parse node adheres to the
syntax of the new rule.
(Parser: public)+=

public :: parse_node_replace_rule
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(Parser: procedures)+=
subroutine parse_node_replace_rule (node, rule)
type(parse_node_t), pointer :: node
type(syntax_rule_t), intent(in), target :: rule
nodeYrule => rule
end subroutine parse_node_replace_rule

Replace the last subnode by the target node. Since the subnodes are stored as
a linked list, we can do this only if we copy the subnodes. Furthermore, the
target node must also be copied, and the next pointer of the copy is nullified.
This ensures that we cannot modify the originals at the subnode level.

All copies are shallow copies. This implies that further modifications at the
sub-subnode level will affect the original nodes and must therefore be forbidden.

Use with care, this invites to memory mismanagement. The copy nodes can
be deallocated, but not finalized, since its subnodes are the same objects as the
subnodes of the target node.
(Parser: public)+=

public :: parse_node_replace_last_sub

(Parser: procedures)+=
subroutine parse_node_replace_last_sub (node, pn_target)

type(parse_node_t), intent(inout), target :: node
type(parse_node_t), intent(in), target :: pn_target
type(parse_node_t), pointer :: current, current_copy, previous
integer :: i

select case (node%n_sub)

case (1)

allocate (current_copy)
current_copy = pn_target
node)sub_first => current_copy
case (2:)
current => nodeYsub_first
allocate (current_copy)
current_copy = current
nodesub_first => current_copy
previous => current_copy
do i = 1, nodeyn_sub - 2
current => currentynext
allocate (current_copy)
current_copy = current
previous/next => current_copy
previous => current_copy
end do
allocate (current_copy)
current_copy = pn_target
previous%next => current_copy
case default
call parse_node_write (node)
call msg_bug ("’replace_last_sub’ called for non-branch parse node")
end select
current_copy%next => null ()
nodeYsub_last => current_copy
end subroutine parse_node_replace_last_sub
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7.4.5 Accessing nodes

Return the node contents. Check if pointers are associated. No check when
accessing a sub-node; assume that parse_node_n_sub is always used for the
upper bound.

The token extractor returns a pointer.

(Parser: public)+=

public :: parse_node_get_rule_ptr
public :: parse_node_get_n_sub

public :: parse_node_get_sub_ptr
public :: parse_node_get_next_ptr

public :: parse_node_get_last_sub_ptr

(Parser: procedures)+=
function parse_node_get_rule_ptr (node) result (rule)
type(syntax_rule_t), pointer :: rule
type(parse_node_t), intent(in), target :: node
if (associated (nodelrule)) then
rule => nodejrule
else
rule => null ()
call parse_node_undefined (node, "rule")
end if
end function parse_node_get_rule_ptr

function parse_node_get_n_sub (node) result (n)
integer :: n
type(parse_node_t), intent(in) :: node
n = node/n_sub

end function parse_node_get_n_sub

function parse_node_get_sub_ptr (node, n, tag, required) result (sub)
type(parse_node_t), pointer :: sub
type(parse_node_t), intent(in), target :: node

integer, intent(in), optiomal :: n
character(*), intent(in), optional :: tag
logical, intent(in), optional :: required
integer :: i

sub => nodelsub_first
if (present (n)) then
doi=2,n
if (associated (sub)) then
sub => sublnext
else
return
end if
end do
end if
call parse_node_check (sub, tag, required)
end function parse_node_get_sub_ptr

function parse_node_get_next_ptr (sub, n, tag, required) result (next)
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type(parse_node_t), pointer :: next
type(parse_node_t), intent(in), target :: sub

integer, intent(in), optiomal :: n
character(*), intent(in), optional :: tag
logical, intent(in), optional :: required
integer :: i

next => sublnext
if (present (n)) then
doi=2,n
if (associated (next)) then
next => next¥next
else
exit
end if
end do
end if
call parse_node_check (next, tag, required)
end function parse_node_get_next_ptr

function parse_node_get_last_sub_ptr (node, tag, required) result (sub)
type(parse_node_t), pointer :: sub
type(parse_node_t), intent(in), target :: node
character(*), intent(in), optional :: tag
logical, intent(in), optional :: required
sub => nodelsub_last
call parse_node_check (sub, tag, required)
end function parse_node_get_last_sub_ptr

(Parser: procedures)+=
subroutine parse_node_undefined (node, obj)
type(parse_node_t), intent(in) :: node
character (*), intent(in) :: obj
call parse_node_write (node, 6)
call msg_bug (" Parse-tree node: " // obj // " requested, but undefined")
end subroutine parse_node_undefined

Check if a parse node has a particular tag, and if it is associated:
(Parser: public)+=

public :: parse_node_check
(Parser: procedures)+=

subroutine parse_node_check (node, tag, required)

type(parse_node_t), pointer :: node
character(*), intent(in), optional :: tag
logical, intent(in), optional :: required

if (associated (node)) then
if (present (tag)) then
if (parse_node_get_rule_key (node) /= tag) &
call parse_node_mismatch (tag, node)
end if
else
if (present (required)) then
if (required) &
call msg_bug (" Missing node, expected <" // tag // ">")
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end if
end if
end subroutine parse_node_check

This is called by a parse-tree scanner if the expected and the actual nodes do
not match
(Parser: public)+=

public :: parse_node_mismatch

(Parser: procedures)+=
subroutine parse_node_mismatch (string, parse_node)
character(*), intent(in) :: string
type(parse_node_t), intent(in) :: parse_node
call parse_node_write (parse_node)
call msg_bug (" Syntax mismatch, expected <" // string // ">.")
end subroutine parse_node_mismatch

The following functions are wrappers for extracting the token contents.
(Parser: public)+=

public :: parse_node_get_logical
public :: parse_node_get_integer
public :: parse_node_get_real
public :: parse_node_get_cmplx
public :: parse_node_get_string
public :: parse_node_get_key
public :: parse_node_get_rule_key

(Parser: procedures)+=
function parse_node_get_logical (node) result (lval)
logical :: lval
type(parse_node_t), intent(in), target :: node
lval = token_get_logical (parse_node_get_token_ptr (node))
end function parse_node_get_logical

function parse_node_get_integer (node) result (ival)

integer :: ival

type(parse_node_t), intent(in), target :: node

ival = token_get_integer (parse_node_get_token_ptr (node))
end function parse_node_get_integer

function parse_node_get_real (node) result (rval)
real(default) :: rval
type(parse_node_t), intent(in), target :: node
rval = token_get_real (parse_node_get_token_ptr (node))
end function parse_node_get_real

function parse_node_get_cmplx (node) result (cval)
complex(default) :: cval
type(parse_node_t), intent(in), target :: node
cval = token_get_cmplx (parse_node_get_token_ptr (node))
end function parse_node_get_cmplx

function parse_node_get_string (node) result (sval)
type(string_t) :: sval
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type(parse_node_t), intent(in), target :: node
sval = token_get_string (parse_node_get_token_ptr (node))
end function parse_node_get_string

function parse_node_get_key (node) result (kval)
type(string_t) :: kval
type(parse_node_t), intent(in), target :: node
kval = token_get_key (parse_node_get_token_ptr (node))
end function parse_node_get_key

function parse_node_get_rule_key (node) result (kval)
type(string_t) :: kval
type(parse_node_t), intent(in), target :: node
kval = syntax_rule_get_key (parse_node_get_rule_ptr (node))
end function parse_node_get_rule_key

function parse_node_get_token_ptr (node) result (token)
type(token_t), pointer :: token
type(parse_node_t), intent(in), target :: node
if (token_is_valid (node%token)) then
token => node’,token
else
call parse_node_undefined (node, "token")
end if
end function parse_node_get_token_ptr

Return a MD5 sum for a parse node. The method is to write the node to a
scratch file and to evaluate the MD5 sum of that file.

(Parser: public)+=
public :: parse_node_get_md5sum

(Parser: procedures)+=

function parse_node_get_md5sum (pn) result (md5sum_pn)
character(32) :: md5sum_pn
type(parse_node_t), intent(in) :: pn
integer :: u
u = free_unit ()
open (unit = u, status = "scratch", action = "readwrite")
call parse_node_write_rec (pn, unit=u)
rewind (u)
md5sum_pn = md5sum (u)
close (u)

end function parse_node_get_md5sum

7.4.6 The parse tree

The parse tree is a tree of nodes, where leaf nodes hold a valid token, while
branch nodes point to a list of sub-nodes.

(Parser: public)+=
public :: parse_tree_t
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(Parser: types)+=
type :: parse_tree_t
private
type(parse_node_t), pointer :: root_node => null ()
end type parse_tree_t

The parser. Its arguments are the parse tree (which should be empty initially),
the lexer (which should be already set up), the syntax table (which should be
valid), and the input stream. The input stream is completely parsed, using the
lexer setup and the syntax rules as given, and the parse tree is built accordingly.

If check_eof is absent or true, the parser will complain about trailing
garbage. Otherwise, it will ignore it.

By default, the input stream is matched against the top rule in the specified
syntax. If key is given, it is matched against the rule with the specified key
instead.

Failure at the top level means that no rule could match at all; in this case
the error message will show the top rule.

(Parser: public)+=
public :: parse_tree_init

(Parser: procedures)+=
subroutine parse_tree_init &
(parse_tree, syntax, lexer, key, check_eof)

type(parse_tree_t), intent(inout) :: parse_tree
type(lexer_t), intent(inout) :: lexer
type(syntax_t), intent(in), target :: syntax
type(string_t), intent(in), optional :: key
logical, intent(in), optional :: check_eof
type(syntax_rule_t), pointer :: rule
type(lexeme_t) :: lexeme

type(parse_node_t), pointer :: node

logical :: ok, check
check = .true.; if (present (check_eof)) check = check_eof
call lexer_clear (lexer)
if (present (key)) then
rule => syntax_get_rule_ptr (syntax, key)
else
rule => syntax_get_top_rule_ptr (syntax)
end if
if (associated (rule)) then
call parse_node_match_rule (node, rule, ok)
if (ok) then
parse_treeliroot_node => node
else
call parse_error (rule, lexeme)
end if
if (check) then
call lex (lexeme, lexer)
if (.not. lexeme_is_eof (lexeme)) then
call lexer_show_location (lexer)
call msg_fatal (" Syntax error " &
// "(at or before the location indicated above)")
end if
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end if
else
call msg_bug (" Parser failed because syntax is empty")
end if
contains
(Parser: internal subroutines of parse_tree_init)
end subroutine parse_tree_init

The parser works recursively, following the rule tree, building the tree of nodes
on the fly. If the given rule matches, the node is filled on return. If not, the
node remains empty.

(Parser: internal subroutines of parse_tree_init)=
recursive subroutine parse_node_match_rule (node, rule, ok)

type(parse_node_t), pointer :: node
type(syntax_rule_t), intent(in), target :: rule
logical, intent(out) :: ok

logical, parameter :: debug = .false.

integer :: type
if (debug) write (6, "(A)", advance="no") "Parsing rule: "
if (debug) call syntax_rule_write (rule, 6)
node => null ()
type = syntax_rule_get_type (rule)
if (syntax_rule_is_atomic (rule)) then
call lex (lexeme, lexer)
if (debug) write (6, "(A)", advance="no") "Token: "
if (debug) call lexeme_write (lexeme, 6)
call parse_node_create_leaf (node, rule, lexeme)
ok = associated (node)
if (.not. ok) call lexer_put_back (lexer, lexeme)
else
select case (type)
case (S_ALTERNATIVE); call parse_alternative (node, rule, ok)

case (S_GROUP); call parse_group (node, rule, ok)
case (S_SEQUENCE); call parse_sequence (node, rule, .false., ok)
case (S_LIST); call parse_sequence (node, rule, .true., ok)
case (S_ARGS); call parse_args (node, rule, ok)
case (S_IGNORE); call parse_ignore (node, ok)
end select

end if

if (debug) then
if (ok) then
write (6, "(A)", advance="no") "Matched rule: "
else
write (6, "(A)", advance="no") "Failed rule: "
end if
call syntax_rule_write (rule)
if (associated (node)) call parse_node_write (node)
end if
end subroutine parse_node_match_rule

Parse an alternative: try each case. If the match succeeds, the node has been
filled, so return. If nothing works, return failure.

(Parser: internal subroutines of parse_tree_init)+=
recursive subroutine parse_alternative (node, rule, ok)
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type(parse_node_t), pointer :: node

type(syntax_rule_t), intent(in), target :: rule

logical, intent(out) :: ok

integer :: i

do i = 1, syntax_rule_get_n_sub (rule)
call parse_node_match_rule (node, syntax_rule_get_sub_ptr (rule, i), ok)
if (ok) return

end do

ok = .false.

end subroutine parse_alternative

Parse a group: the first and third lexemes have to be the delimiters, the second
one is parsed as the actual node, using now the child rule. If the first match fails,
return with failure. If the other matches fail, issue an error, since we cannot lex
back more than one item.

(Parser: internal subroutines of parse_tree_init)+=
recursive subroutine parse_group (node, rule, ok)

type(parse_node_t), pointer :: node
type(syntax_rule_t), intent(in), target :: rule
logical, intent(out) :: ok

type(string_t), dimension(2) :: delimiter

delimiter = syntax_rule_get_delimiter (rule)
call lex (lexeme, lexer)
if (lexeme_get_string (lexeme) == delimiter (1)) then
call parse_node_match_rule (node, syntax_rule_get_sub_ptr (rule, 1), ok)
if (ok) then
call lex (lexeme, lexer)

if (lexeme_get_string (lexeme) == delimiter(2)) then
ok = .true.
else
call parse_error (rule, lexeme)
end if
else
call parse_error (rule, lexeme)
end if
else
call lexer_put_back (lexer, lexeme)
ok = .false.
end if

end subroutine parse_group

Parsing a sequence. The last rule element may be special: optional and/or
repetitive. Each sub-node that matches is appended to the sub-node list of the
parent node.

If sep is true, we look for a separator after each element.

(Parser: internal subroutines of parse_tree_init)+=
recursive subroutine parse_sequence (node, rule, sep, ok)

type(parse_node_t), pointer :: node
type(syntax_rule_t), intent(in), target :: rule
logical, intent(in) :: sep

logical, intent(out) :: ok

type(parse_node_t), pointer :: current

integer :: i, n

logical :: opt, rep, cont
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type(string_t) :: separator
call parse_node_create_branch (node, rule)
if (sep) separator = syntax_rule_get_separator (rule)
n = syntax_rule_get_n_sub (rule)
opt = syntax_rule_last_optional (rule)
rep = syntax_rule_last_repetitive (rule)
ok = .true.
cont = .true.
SCAN_RULE: do i =1, n
call parse_node_match_rule &
(current, syntax_rule_get_sub_ptr (rule, i), cont)
if (cont) then
call parse_node_append_sub (node, current)
if (sep .and. (i<n .or. rep)) then
call lex (lexeme, lexer)
if (lexeme_get_string (lexeme) /= separator) then
call lexer_put_back (lexer, lexeme)

cont = .false.
exit SCAN_RULE
end if
end if

else
if (i == n .and. opt) then
exit SCAN_RULE
else if (i == 1) then
ok = .false.
exit SCAN_RULE
else
call parse_error (rule, lexeme)
end if
end if
end do SCAN_RULE
if (rep) then
do while (cont)
call parse_node_match_rule &
(current, syntax_rule_get_sub_ptr (rule, n), cont)
if (cont) then
call parse_node_append_sub (node, current)
if (sep) then
call lex (lexeme, lexer)
if (lexeme_get_string (lexeme) /= separator) then
call lexer_put_back (lexer, lexeme)

cont = .false.
end if

end if
else

if (sep) «call parse_error (rule, lexeme)
end if

end do
end if

call parse_node_freeze_branch (node)
end subroutine parse_sequence

Argument list: We use the parse_group code, but call parse_sequence inside.
(Parser: internal subroutines of parse_tree_init)+=
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recursive subroutine parse_args (node, rule, ok)

type(parse_node_t), pointer :: node
type(syntax_rule_t), intent(in), target :: rule
logical, intent(out) :: ok

type(string_t), dimension(2) :: delimiter

delimiter = syntax_rule_get_delimiter (rule)
call lex (lexeme, lexer)
if (lexeme_get_string (lexeme) == delimiter(1)) then
call parse_sequence (node, rule, .true., ok)
if (ok) then
call lex (lexeme, lexer)

if (lexeme_get_string (lexeme) == delimiter(2)) then
ok = .true.
else

call parse_error (rule, lexeme)

end if
else
call parse_error (rule, lexeme)
end if
else
call lexer_put_back (lexer, lexeme)
ok = .false.
end if

end subroutine parse_args

The IGNORE syntax reads one lexeme and discards it if it is numeric, logical
or string/identifier (but not a keyword). This is a successful match. Otherwise,
the match fails. The node pointer is returned disassociated in any case.

(Parser: internal subroutines of parse_tree_init)+=
subroutine parse_ignore (node, ok)
type(parse_node_t), pointer :: node
logical, intent(out) :: ok
call lex (lexeme, lexer)
select case (lexeme_get_type (lexeme))
case (T_NUMERIC, T_IDENTIFIER, T_QUOTED)

ok = .true.
case default
ok = .false.

end select
node => null ()
end subroutine parse_ignore

If the match fails and we cannot step back:

(Parser: internal subroutines of parse_tree_init)+=
subroutine parse_error (rule, lexeme)

type(syntax_rule_t), intent(in) :: rule
type(lexeme_t), intent(in) :: lexeme
character(80) :: buffer

integer :: u, iostat

call lexer_show_location (lexer)

u = free_unit ()

open (u, status = "scratch")

write (u, "(A)", advance="no") "Expected syntax:"
call syntax_rule_write (rule, u)

write (u, "(A)", advance="no") "Found token:"
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call lexeme_write (lexeme, u)
rewind (u)
do

read (u, "(A)", iostat=iostat) buffer

if (iostat /= 0) exit

call msg_message (trim (buffer))
end do
call msg_fatal (" Syntax error " &

// "(at or before the location indicated above)")
end subroutine parse_error

The finalizer recursively deallocates all nodes and their contents. For each node,
parse_node_final is called on the sub-nodes, which in turn deallocates the
token or sub-node array contained within each of them. At the end, only the
top node remains to be deallocated.
(Parser: public)+=
public :: parse_tree_final
(Parser: procedures)+=
subroutine parse_tree_final (parse_tree)
type(parse_tree_t), intent(inout) :: parse_tree
if (associated (parse_treejroot_node)) then
call parse_node_final (parse_treelroot_node)
deallocate (parse_treelroot_node)
end if
end subroutine parse_tree_final

Print the parse tree. Print one token per line, indented according to the depth
of the node.
The verbose version includes type identifiers for the nodes.
(Parser: public)+=
public :: parse_tree_write
(Parser: procedures)+=
subroutine parse_tree_write (parse_tree, unit, verbose)

type(parse_tree_t), intent(in) :: parse_tree
integer, intent(in), optional :: unit
logical, intent(in), optional :: verbose
integer :: u

logical :: short
u = given_output_unit (unit); if (u < 0) return
short = .true.; if (present (verbose)) short = .not. verbose
write (u, "(A)") "Parse tree:"
if (associated (parse_treelroot_node)) then
call parse_node_write_rec (parse_treelroot_node, unit, short, 1)
else
write (u, *) "[emptyl"
end if
end subroutine parse_tree_write

This is a generic error that can be issued if the parse tree does not meet the
expectaions of the parser. This most certainly indicates a bug.
(Parser: public)+=

public :: parse_tree_bug
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(Parser: procedures)+=
subroutine parse_tree_bug (node, keys)
type(parse_node_t), intent(in) :: node
character(*), intent(in) :: keys
call parse_node_write (node)
call msg_bug (" Inconsistency in parse tree: expected " // keys)
end subroutine parse_tree_bug

7.4.7 Access the parser

For scanning the parse tree we give access to the top node, as a node pointer.
Of course, there should be no write access.
(Parser: public)+=

public :: parse_tree_get_root_ptr

(Parser: procedures)+=
function parse_tree_get_root_ptr (parse_tree) result (node)
type(parse_node_t), pointer :: node
type(parse_tree_t), intent(in), target :: parse_tree
node => parse_treelroot_node
end function parse_tree_get_root_ptr

7.4.8 Tools

This operation traverses the parse tree and simplifies any occurences of a set of
syntax rules. If such a parse node has only one sub-node, it is replaced by that
subnode. (This makes sense only of the rules to eliminate have no meaningful
token.)

(Parser: public)+=
public :: parse_tree_reduce

(Parser: procedures)+=
subroutine parse_tree_reduce (parse_tree, rule_key)
type(parse_tree_t), intent(inout) :: parse_tree
type(string_t), dimension(:), intent(in) :: rule_key
type (parse_node_t), pointer :: pn
pn => parse_tree)root_node
if (associated (pn)) then
call parse_node_reduce (pn, null(), null())

end if
contains
recursive subroutine parse_node_reduce (pn, pn_prev, pn_parent)
type(parse_node_t), intent(inout), pointer :: pn
type(parse_node_t), intent(in), pointer :: pn_prev, pn_parent

type(parse_node_t), pointer :: pn_sub, pn_sub_prev, pn_tmp
pn_sub_prev => null ()
pn_sub => pnisub_first
do while (associated (pn_sub))
call parse_node_reduce (pn_sub, pn_sub_prev, pn)
pn_sub_prev => pn_sub
pn_sub => pn_sublnext
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end do
if (parse_node_get_n_sub (pn) == 1) then
if (matches (parse_node_get_rule_key (pn), rule_key)) then
pn_tmp => pn
pn => pnjsub_first
if (associated (pn_prev)) then
pn_prevjnext => pn
else if (associated (pn_parent)) then
pn_parent)sub_first => pn
else
parse_treejroot_node => pn
end if
if (associated (pn_tmp¥next)) then
pn%next => pn_tmp%next
else if (associated (pn_parent)) then
pn_parentysub_last => pn
end if
call parse_node_final (pn_tmp, recursive=.false.)
deallocate (pn_tmp)
end if
end if
end subroutine parse_node_reduce
function matches (key, key_list) result (flag)
logical :: flag
type(string_t), intent(in) :: key
type(string_t), dimension(:), intent(in) :: key_list
integer :: i
flag = .true.
do i =1, size (key_list)
if (key == key_list(i)) return
end do
flag = .false.
end function matches
end subroutine parse_tree_reduce

7.4.9 Applications
For a file of the form

process foo, bar
<something>

process xyz
<something>

get the <something> entry node for the first matching process tag. If no match-
ing entry is found, the node pointer remains unassociated.
(Parser: public)+=
public :: parse_tree_get_process_ptr
(Parser: procedures)+=
function parse_tree_get_process_ptr (parse_tree, process) result (node)
type(parse_node_t), pointer :: node
type(parse_tree_t), intent(in), target :: parse_tree
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type(string_t), intent(in) :: process

type(parse_node_t), pointer :: node_root, node_process_def
type(parse_node_t), pointer :: node_process_phs, node_process_list
integer :: j

node_root => parse_tree_get_root_ptr (parse_tree)
if (associated (node_root)) then
node_process_phs => parse_node_get_sub_ptr (node_root)
SCAN_FILE: do while (associated (node_process_phs))
node_process_def => parse_node_get_sub_ptr (node_process_phs)
node_process_list => parse_node_get_sub_ptr (node_process_def, 2)
do j = 1, parse_node_get_n_sub (node_process_list)
if (parse_node_get_string &
(parse_node_get_sub_ptr (node_process_list, j)) &
== process) then
node => parse_node_get_next_ptr (node_process_def)
return
end if
end do
node_process_phs => parse_node_get_next_ptr (node_process_phs)
end do SCAN_FILE
node => null ()
else
node => null ()
end if
end function parse_tree_get_process_ptr

7.4.10 TUnit tests

(Parser: public)+=
public :: parse_test

(Parser: procedures)+=
subroutine parse_test (u, results)
integer, intent(in) :: u
type(test_results_t), intent(inout) :: results
(Parser: execute tests)
end subroutine parse_test

This checks the parser.

(Parser: execute tests)=
call test (parse_l, "parse_1", &
"check the parser", &
u, results)

(Parser: tests)=
subroutine parse_1 (u)
use ifiles
use lexers
integer, intent(in) :: u

type(ifile_t) :: ifile

type(syntax_t), target :: syntax
type(lexer_t) :: lexer
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type(stream_t), target :: stream
type(parse_tree_t), target :: parse_tree

write (u, "(A)") "x Test output: Parsing"
write (u, "(A)") "x Purpose: test parse routines"
write (u, "(A)")

call ifile_append (ifile, "SEQ expr = term addition*")

call ifile_append (ifile, "SEQ addition = plus_or_minus term")

call ifile_append (ifile, "SEQ term = factor multiplication*")

call ifile_append (ifile, "SEQ multiplication = times_or_over factor")
call ifile_append (ifile, "SEQ factor = atom exponentiation*")

call ifile_append (ifile, "SEQ exponentiation = ’~’ atom")

call ifile_append (ifile, "ALT atom = real | delimited_expr")

call ifile_append (ifile, "GRO delimited_expr = ( expr )")

call ifile_append (ifile, "ALT plus_or_minus = ’+’ | ’-’")
call ifile_append (ifile, "ALT times_or_over = ’x’ | ’/’")
call ifile_append (ifile, "KEY ’+’")
call ifile_append (ifile, "KEY ’-’")

call ifile_append (ifile, "KEY ’%°")
call ifile_append (ifile, "KEY ’/°")
call ifile_append (ifile, "KEY ’~’")
call ifile_append (ifile, "REA real")

write (u, "(A)") "x File contents (syntax definition):"
call ifile_write (ifile, u)

write (u, "(A)") "EOF"

write (u, "(A)")

call syntax_init (syntax, ifile)
call ifile_final (ifile)

call syntax_write (syntax, u)
write (u, "(A)")

call lexer_init (lexer, &

comment_chars = "", &
quote_chars = "’", &
quote_match = "’", &
single_chars = "+-x/"()", &

special_class = [""] , &

keyword_list = syntax_get_keyword_list_ptr (syntax))
call lexer_write_setup (lexer, u)
write (u, "(A)")

call ifile_append (ifile, "(27+873-2/3)*(4+7)"2%99")
write (u, "(A)") "x File contents (input file):"
call ifile_write (ifile, u)

write (u, "(A)") "EOF"

print *

call stream_init (stream, ifile)

call lexer_assign_stream (lexer, stream)

call parse_tree_init (parse_tree, syntax, lexer)
call stream_final (stream)
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call parse_tree_write (parse_tree, u, .true.)
print *

write (u, "(A)") "x Cleanup, everything should now be empty:"
write (u, "(A)")

call parse_tree_final (parse_tree)
call parse_tree_write (parse_tree, u, .true.)
write (u, "(A)")

call lexer_final (lexer)
call lexer_write_setup (lexer, u)
write (u, "(A)")

call ifile_final (ifile)

write (u, "(A)") "* File contents:"
call ifile_write (ifile, u)

write (u, "(A)") "EOF"

write (u, "(A)")

call syntax_final (syntax)
call syntax_write (syntax, u)

write (u, "(A)")
write (u, "(A)") "x Test output end: parser_1"

end subroutine parse_1
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7.5 XML Parser

The XML parser is actually independent from the previous modules of lexer
and parser. However, for a generic I/O interface we make use of the stream_t
facility.

We need the XML parser for reading and writing LHEF data files. Only a
subset of XML is actually relevant. The parser is of the “pull” type, i.e., the
program steers the reading of XML data in a context-sensitive manner.
(xm1.£90)=

(F'ile header)

module xml

(Use strings)
use jo_units
use unit_tests
use system_defs, only: BLANK, TAB
use diagnostics
use ifiles
use lexers

(Standard module head)
(XML: public)

(XML: types)

contains

(XML: procedures)
(XML: tests)

end module xml

7.5.1 Cached Stream

The stream type as defined in the lexer module is versatile regarding the choice
of input channel, but it does not allow reading a section more than once. Here,
we define an extension where we can return a string to the stream, which is
stored in a cache variable, and presented to the caller for the next read.

(XML: public)=

public :: cstream_t
(XML: types)=
type, extends (stream_t) :: cstream_t
logical :: cache_is_empty = .true.
type(string_t) :: cache
contains

(XML: cstream: TBP)

end type cstream_t
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The initializers are simply inherited. We require a generic.
(XML: cstream: TBP)=
generic :: init => init_filename, init_unit, init_string, &
init_ifile, init_line

procedure :: init_filename => cstream_init_filename
procedure :: init_unit => cstream_init_unit
procedure :: init_string => cstream_init_string
procedure :: init_ifile => cstream_init_ifile
procedure :: init_line => cstream_init_line

(XML: procedures)=
subroutine cstream_init_filename (cstream, filename)
class(cstream_t), intent(out) :: cstream
character(*), intent(in) :: filename
call stream_init (cstreamlistream_t, filename)
end subroutine cstream_init_filename

subroutine cstream_init_unit (cstream, unit)
class(cstream_t), intent(out) :: cstream
integer, intent(in) :: unit
call stream_init (cstreamlistream_t, unit)
end subroutine cstream_init_unit

subroutine cstream_init_string (cstream, string)
class(cstream_t), intent(out) :: cstream
type(string_t), intent(in) :: string
call stream_init (cstreamj,stream_t, string)
end subroutine cstream_init_string

subroutine cstream_init_ifile (cstream, ifile)
class(cstream_t), intent(out) :: cstream
type(ifile_t), intent(in) :: ifile
call stream_init (cstreaml,stream_t, ifile)
end subroutine cstream_init_ifile

subroutine cstream_init_line (cstream, line)
class(cstream_t), intent(out) :: cstream
type(line_p), intent(in) :: line
call stream_init (cstreamlistream_t, line)
end subroutine cstream_init_line

Finalizer: also inherited

(XML: cstream: TBP)+=
procedure :: final => cstream_final

(XML: procedures)+=
subroutine cstream_final (cstream)
class(cstream_t), intent(inout) :: cstream
cstream),cache_is_empty = .true.
call stream_final (cstream)stream_t)
end subroutine cstream_final

Get record: now, if there is a cache string, return this instead of the record from
the stream.
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(XML: cstream: TBP)+=
procedure :: get_record => cstream_get_record

(XML: procedures)+=
subroutine cstream_get_record (cstream, string, iostat)

class(cstream_t), intent(inout) :: cstream
type(string_t), intent(out) :: string
integer, intent(out) :: iostat

if (cstreamjcache_is_empty) then
call stream_get_record (cstream)stream_t, string, iostat)

else
string = cstreamjcache
cstreamjcache_is_empty = .true.
iostat = 0

end if

end subroutine cstream_get_record

Revert: return the (partially read) record to the stream, putting it in the cache.

(XML: cstream: TBP)+=
procedure :: revert_record => cstream_revert_record

(XML: procedures)+=
subroutine cstream_revert_record (cstream, string)
class(cstream_t), intent(inout) :: cstream
type(string_t), intent(in) :: string
if (cstreamjcache_is_empty) then
cstreamjcache = string

cstream%cache_is_empty = .false.
else

call msg_bug ("CStream: attempt to revert twice")
end if

end subroutine cstream_revert_record

7.5.2 Attributes

A tag attribute has a name and a value; both are strings. When the attribute
is defined, the known flag indicates this.
(XML: types)+=

type :: attribute_t

type(string_t) :: name

type(string_t) :: value

logical :: known = .false.
contains

(XML: attribute: TBP)
end type attribute_t

Output in standard format, non-advancing. (If the value is unknown, we indi-
cate this by a question mark, which is non-standard.)

(XML: attribute: TBP)=
procedure :: write => attribute_write
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(XML: procedures)+=
subroutine attribute_write (object, unit)

class(attribute_t), intent(in) :: object
integer, intent(in), optional :: unit
integer :: u
u = given_output_unit (unit)
write (u, "(A,’=’)", advance = "no") char (object’name)
if (object¥%known) then
write (u, "(A,A,A)", advance = "no") ’"’, char (objectlvalue), ’"’
else
write (u, "(’?’)", advance = "no")
end if

end subroutine attribute_write

This is a genuine constructor. The value is optional.
(XML: public)+=

public :: xml_attribute
(XML: procedures)+=

function xml_attribute (name, value) result (attribute)

type(string_t), intent(in) :: name
type(string_t), intent(in), optional :: value
type(attribute_t) :: attribute

attributeyname = name
if (present (value)) then
attributelvalue = value

attributelknown = .true.
else

attributelknown = .false.
end if

end function xml_attribute

Set a value explicitly.
(XML: attribute: TBP)+=

procedure :: set_value => attribute_set_value

(XML: procedures)+=
subroutine attribute_set_value (attribute, value)

class(attribute_t), intent(inout) :: attribute
type(string_t), intent(in) :: value
attribute¥value = value

attributelknown = .true.

end subroutine attribute_set_value

Extract a value. If unset, return "7"

(XML: attribute: TBP)+=
procedure :: get_value => attribute_get_value

(XML: procedures)+=
function attribute_get_value (attribute) result (value)
class(attribute_t), intent(in) :: attribute
type(string_t) :: value
if (attributelknown) then
value = attributelvalue
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else
value = "7?"
end if
end function attribute_get_value

7.5.3 The Tag Type

The basic entity is the internal representation of an XML tag. The tag has a
name, a well-defined set of attributes which may be mandatory or optional, and
a flag that determines whether there is content or not. The content itself is not
stored in the data structure.
(XML: public)+=

public :: xml_tag_t
(XML: types)+=

type :: xml_tag_t

type(string_t) :: name
type(attribute_t), dimension(:), allocatable :: attribute
logical :: has_content = .false.

contains

(XML: tag: TBP)
end type xml_tag_t

Initialization. There are different versions, depending on content.
(XML: tag: TBP)=

generic :: init => init_no_attributes

procedure :: init_no_attributes => tag_init_no_attributes
(XML: procedures)+=

subroutine tag_init_no_attributes (tag, name, has_content)

class(xml_tag_t), intent(out) :: tag
type(string_t), intent(in) :: name
logical, intent(in), optional :: has_content

taglname = name

allocate (taghattribute (0))

if (present (has_content)) tag/has_content = has_content
end subroutine tag_init_no_attributes

This version sets attributes.
(XML: tag: TBP)+=
generic :: init => init_with_attributes
procedure :: init_with_attributes => tag_init_with_attributes
(XML: procedures)+=
subroutine tag_init_with_attributes (tag, name, attribute, has_content)

class(xml_tag_t), intent(out) :: tag

type(string_t), intent(in) :: name

type(attribute_t), dimension(:), intent(in) :: attribute
logical, intent(in), optional :: has_content

taglname = name
allocate (taglattribute (size (attribute)))
taghattribute = attribute
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if (present (has_content)) tag/has_content = has_content
end subroutine tag_init_with_attributes

Set an attribute value explicitly.
(XML: tag: TBP)+=
procedure :: set_attribute => tag_set_attribute

(XML: procedures)+=
subroutine tag_set_attribute (tag, i, value)

class(xml_tag_t), intent(inout) :: tag
integer, intent(in) :: i
type(string_t), intent(in) :: value

call taglattribute(i)’set_value (value)
end subroutine tag_set_attribute

Get an attribute value.
(XML: tag: TBP)4+=
procedure :: get_attribute => tag_get_attribute

(XML: procedures)+=
function tag_get_attribute (tag, i) result (value)

class(xml_tag_t), intent(in) :: tag
integer, intent(in) :: i
type(string_t) :: value

value = taglattribute(i)lget_value ()
end function tag_get_attribute

Output to an 1/0 unit, default STDOUT. We use non-advancing output.
(XML: tag: TBP)+=

generic :: write => write_without_content

procedure :: write_without_content => tag_write

(XML: procedures)+=
subroutine tag_write (tag, unit)

class(xml_tag_t), intent(in) :: tag
integer, intent(in), optional :: unit
integer :: u, i
u = given_output_unit (unit)
write (u, "(’<’,A)", advance = "no") char (taglname)
do i = 1, size (taghattribute)
write (u, "(1x)", advance = "no")
call taghattribute(i)write (u)
end do
if (taghkhas_content) then
write (u, "(’°>’)", advance = "no")
else
write (u, "(° />’)", advance = "no")
end if

end subroutine tag_write

If there is content, we should write the context next (arbitrary format), the
write the corresponding closing tag. Again, non-advancing.
(XML: tag: TBP)+=

procedure :: close => tag_close
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(XML: procedures)+=
subroutine tag_close (tag, unit)

class(xml_tag_t), intent(in) :: tag

integer, intent(in), optional :: unit

integer :: u

u = given_output_unit (unit)

write (u, "(’</’,A,’>’)", advance = "no") char (taglname)

end subroutine tag_close

Given content as a single string, we can write tag, content, and closing at once
(XML: tag: TBP)+=
generic :: write => write_with_content

procedure :: write_with_content => tag_write_with_content

(XML: procedures)+=
subroutine tag_write_with_content (tag, content, unit)

class(xml_tag_t), intent(in) :: tag
type(string_t), intent(in) :: content
integer, intent(in), optional :: unit
integer :: u

u = given_output_unit (unit)
call taglwrite (u)
write (u, "(A)", advance = "no") char (content)
call tagiclose (u)
end subroutine tag_write_with_content

Input from stream. We know what we are looking for, so we check if the name
matches, then fill attributes. We report an error if (a) an I/O error occurs, (b)
we reach EOF before encountering the tag, (c) if the tag is incomplete.
Trailing text after reading a tag is put back to the input stream.
We assume that the tag is not broken across records, and that there is only
one tag within the record. This is more restricted than standard XML.
(XML: tag: TBP)+=

procedure :: read => tag_read

(XML: procedures)+=

subroutine tag_read (tag, cstream, success)

class(xml_tag_t), intent(inout) :: tag
type(cstream_t), intent(inout) :: cstream
logical, intent(out) :: success

type(string_t) :: string

integer :: iostat, pl, p2

character(2), parameter :: WS = BLANK // TAB
logical :: dome

! Skip comments and blank lines
FIND_NON_COMMENT: do
FIND_NONEMPTY_RECORD: do
call cstreamlget_record (string, iostat)
if (iostat /= 0) call err_io ()
pl = verify (string, WS)
if (p1 > 0) exit FIND_NONEMPTY_RECORD
end do FIND_NONEMPTY_RECORD
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! Look for comment beginning
p2 =pl +3
if (extract (string, pl, p2) /= "<!--") exit FIND_NON_COMMENT

! Look for comment end, then restart
string = extract (string, p2 + 1)
FIND_COMMENT_END: do
do pl = 1, len (string) - 2
p2 = pl + 2
if (extract (string, pl, p2) == "-->") then

! Return trailing text to the stream

string = extract (string, p2 + 1)

if (string /= "") call cstreamjrevert_record (string)
exit FIND_COMMENT_END

end if
end do
call cstreamlget_record (string, iostat)
if (diostat /= 0) call err_io ()
end do FIND_COMMENT_END
end do FIND_NON_COMMENT

! Look for opening <

p2 = pil

if (extract (string, pl, p2) /= "<") then
call cstreamjrevert_record (string)
success = .false.; return

else

! Look for tag name
string = extract (string, p2 + 1)
pl = verify (string, WS); if (pl == 0) call err_incomplete ()
p2 = pl + len (taginame) - 1
if (extract (string, pl, p2) /= taglname) then
call cstreamjrevert_record ("<" // string)
success = .false.; return
else

! Look for attributes
string = extract (string, p2 + 1)
READ_ATTRIBUTES: do
call taglread_attribute (string, done)
if (done) exit READ_ATTRIBUTES
end do READ_ATTRIBUTES

! Look for closing >
pl = verify (string, WS); if (pl == 0) call err_incomplete ()

p2 = pl

if (extract (string, pl, pl) == ">") then
tag/has_content = .true.

else

228



! Look for closing />

p2 =pl +1
if (extract (string, pl, p2) /= "/>") call err_incomplete ()
end if

! Return trailing text to the stream
string = extract (string, p2 + 1)

if (string /= "") call cstreamjrevert_record (string)
success = .true.
end if
end if
contains

subroutine err_io ()
select case (iostat)
case (:-1)
call msg_fatal ("XML: Error reading tag ’" // char (taglname) &

// "’: end of file")
case (1:)
call msg_fatal ("XML: Error reading tag ’" // char (taglname) &
// "’: I/0 error")
end select
success = .false.

end subroutine err_io

subroutine err_incomplete ()
call msg_fatal ("XML: Error reading tag ’" // char (taglname) &
// "’: tag incomplete")
success = .false.
end subroutine err_incomplete

end subroutine tag_read

Read a single attribute. If the attribute is valid, assign the value. Setting a
value twice should be an error, but is not detected. If the attribute is unknown,
ignore it. If we reach the closing sign, report this.

(XML: tag: TBP)+=

procedure :: read_attribute => tag_read_attribute

(XML: procedures)+=

subroutine tag_read_attribute (tag, string, done)

class(xml_tag_t), intent(inout) :: tag
type(string_t), intent(inout) :: string
logical, intent(out) :: done

character(2), parameter :: WS = BLANK // TAB
type(string_t) :: name, value

integer :: pl, p2, i

pl = verify (string, WS); if (pl == 0) call err ()
p2 = pl

! Look for first terminating ’>’ or ’/>’

229



if (extract (string, pl, p2) == ">") then

done = .true.
else

p2 =pl +1

if (extract (string, pl, p2) == "/>") then
done = .true.

else
! Look for ’=’
p2 = scan (string, ’=’)

if (p2 == 0) call err ()
name = trim (extract (string, pl, p2 - 1))

! Look for "’

string = extract (string, p2 + 1)

pl = verify (string, WS); if (pl == 0) call err Q)
p2 = pl

if (extract (string, pl, p2) /= ’"’) call err O

! Look for matching ’"’ and get value

string = extract (string, p2 + 1)

pl =1

p2 = scan (string, ’"’)

if (p2 == 0) call err ()
value = extract (string, pl, p2 - 1)

SCAN_KNOWN_ATTRIBUTES: do i = 1, size (taglhattribute)
if (name == taghattribute(i)’name) then
call taglattribute(i)¥set_value (value)
exit SCAN_KNOWN_ATTRIBUTES
end if
end do SCAN_KNOWN_ATTRIBUTES

string = extract (string, p2 + 1)
done = .false.
end if
end if

contains

subroutine err ()
call msg_fatal ("XML: Error reading attributes of ’" // char (taglname) &
// "’: syntax error")
end subroutine err

end subroutine tag_read_attribute

Read the content string of a tag. We check for the appropriate closing tag and
report it. If a closing tag does not match in name, ignore it.

Note: this assumes that no tag with the same name is embedded in the
current content. Also, we do not check for XML validity inside the content.
(XML: tag: TBP)+=

procedure :: read_content => tag_read_content
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(XML: procedures)+=
subroutine tag_read_content (tag, cstream, content, closing)

class(xml_tag_t), intent(in) :: tag
type(cstream_t), intent(inout) :: cstream
type(string_t), intent(out) :: content
type(string_t) :: string

logical, intent(out) :: closing

integer :: iostat

integer :: pO, pl, p2

character(2), parameter :: WS = BLANK // TAB
call cstream/get_record (content, iostat)

if (iostat /= 0) call err_io ()

closing = .false.

FIND_CLOSING: do pO = 1, len (content) - 1

! Look for terminating </

pl = p0
p2 =pl +1
if (extract (content, pl, p2) == "</") then

! Look for closing tag name

string = extract (content, p2 + 1)

pl = verify (string, WS); if (pl == 0) call err_incomplete ()
p2 = pl + len (taginame) - 1

if (extract (string, pl, p2) == taglname) then

! Tag name matches: look for final >

string = extract (string, p2 + 1)

pl = verify (string, WS); if (pl == 0) call err_incomplete ()
p2 = pl

if (extract (string, pl, p2) /= ">") call err_incomplete ()

! Return trailing text to the stream
string = extract (string, p2 + 1)

if (string /= "") call cstreamjrrevert_record (string)
content = extract (content, 1, pO -1)
closing = .true.

exit FIND_CLOSING

end if
end if
end do FIND_CLOSING

contains

subroutine err_io ()
select case (iostat)
case (:-1)
call msg_fatal ("XML: Error reading content of ’" // char (taglname) &

// "’: end of file")
case (1:)
call msg_fatal ("XML: Error reading content of ’" // char (taglname) &
// "’: I/0 error")

end select

231



closing = .false.
end subroutine err_io

subroutine err_incomplete ()
call msg_fatal ("XML: Error reading content ’" // char (taglname) &
// "’: closing tag incomplete")
closing = .false.
end subroutine err_incomplete

end subroutine tag_read_content

7.5.4 Unit tests

(XML: public)+=
public :: xml_test
(XML: tests)=
subroutine xml_test (u, results)
integer, intent(in) :: u
type(test_results_t), intent(inout) :: results
(XML: execute tests)
end subroutine xml_test

7.5.5 Auxiliary Routines

Show the contents of a temporary file, i.e., open unit.
(XML: tests)+=

subroutine show (u_tmp, u)

integer, intent(in) :: u_tmp, u
character (80) :: buffer
integer :: iostat

write (u, "(A)") "File content:"

rewind (u_tmp)

do
read (u_tmp, "(A)", iostat = iostat) buffer
if (iostat /= 0) exit
write (u, "(A)") +trim (buffer)

end do

rewind (u_tmp)

end subroutine show

7.5.6 Basic Tag I/O

Write a tag and read it again, using a temporary file.

(XML: ezecute tests)=
call test (xml_1, "xml_1", &
"basic I/0", &
u, results)
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(XML: tests)+=
subroutine xml_1 (u)
integer, intent(in) :: u
type(xml_tag_t), allocatable :: tag
integer :: u_tmp
type(cstream_t) :: cstream
logical :: success

write (u, "(A)") "x Test output: xml_1"
write (u, "(A)") "x Purpose: write and read tag"
write (u, "(A)")

write (u, "(A)") "x Empty tag"
write (u, *)

u_tmp = free_unit ()
open (u_tmp, status = "scratch", action = "readwrite")

allocate (tag)

call taghinit (var_str ("tagname"))
call taglwrite (u_tmp)

write (u_tmp, *)

deallocate (tag)

call show (u_tmp, w)

write (u, *)

write (u, "(A)") "Result from read:"
call cstreamfinit (u_tmp)

allocate (tag)

call taglinit (var_str ("tagname"))
call taglread (cstream, success)

call taghwrite (u)

write (u, *)

write (u, "(A,L1)") ‘"success = ", success
deallocate (tag)

call cstream)final ()

write (u, *)
write (u, "(A)") "x Tag with preceding blank lines"
write (u, *)

u_tmp = free_unit ()
open (u_tmp, status = "scratch", action = "readwrite")

allocate (tag)

call taghinit (var_str ("tagname"))
write (u_tmp, *)

write (u_tmp, "(A)") " "

write (u_tmp, "(2x)", advance = "no")
call taglwrite (u_tmp)

write (u_tmp, *)

deallocate (tag)
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call show (u_tmp, w)

write (u, *)

write (u, "(A)") "Result from read:"
call cstreamjinit (u_tmp)

allocate (tag)

call taglinit (var_str ("tagname"))
call taglread (cstream, success)

call tagiwrite (u)

write (u, *)

write (u, "(A,L1)") ‘"success = ", success
deallocate (tag)

call cstream)final ()

write (u, *)
write (u, "(A)") "x Tag with preceding comments"
write (u, *)

u_tmp = free_unit ()
open (u_tmp, status = "scratch", action = "readwrite")

allocate (tag)

call taghinit (var_str ("tagname"))
write (u_tmp, "(A)") "<!-- comment -->"
write (u_tmp, *)

write (u_tmp, "(A)") "<!-- multiline"
write (u_tmp, "(A)") " comment —-->"
call taglwrite (u_tmp)

write (u_tmp, *)

deallocate (tag)

call show (u_tmp, u)

write (u, *)

write (u, "(A)") "Result from read:"
call cstream)init (u_tmp)

allocate (tag)

call taghinit (var_str ("tagname"))
call taglread (cstream, success)

call tagfwrite (u)

write (u, *)

write (u, "(A,L1)") '"success = ", success
deallocate (tag)

call cstream)final ()

write (u, *)
write (u, "(A)") "* Tag with name mismatch"

write (u, *)

u_tmp = free_unit ()
open (u_tmp, status = "scratch", action = "readwrite")

allocate (tag)
call taglinit (var_str ("wrongname"))
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call taglwrite (u_tmp)
write (u_tmp, *)
deallocate (tag)

call show (u_tmp, u)

write (u, *)

write (u, "(A)") "Result from read:"
call cstream)init (u_tmp)

allocate (tag)

call taglinit (var_str ("tagname"))
call taglread (cstream, success)

call tagfwrite (u)

write (u, *)

write (u, "(A,L1)") "success = ", success
deallocate (tag)

call cstream)final ()

write (u, "(A)")
write (u, "(A)") "* Test output end: xml_1"

end subroutine xml_1

7.5.7 Optional Tag

Write and read two tags, one of them optional.

(XML: execute tests)+=
call test (xml_2, "xml_2", &
"optional tag", &
u, results)

(XML: tests)+=
subroutine xml_2 (u)
integer, intent(in) :: u
type(xml_tag_t), allocatable :: tagl, tag2
integer :: u_tmp
type(cstream_t) :: cstream
logical :: success

write (u, "(A)") "x Test output: xml_2"
write (u, "(A)") "x Purpose: handle optional tag"
write (u, "(A)")

write (u, "(A)") "* Optional tag present"
write (u, *)

u_tmp = free_unit ()
open (u_tmp, status = "scratch", action = "readwrite")

allocate (tagl)

call tagl¥%init (var_str ("option"))
call tagliwrite (u_tmp)

write (u_tmp, *)
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allocate (tag2)

call tag2init (var_str ("tagname"))
call tag2jwrite (u_tmp)

write (u_tmp, *)

deallocate (tagl, tag2)

call show (u_tmp, w)

write (u, *)

write (u, "(A)") "Result from read:"

call cstreamfinit (u_tmp)

allocate (tagl)

call tagl¥init (var_str ("option"))

call taglliread (cstream, success)

call tagliwrite (u)

write (u, *)

write (u, "(A,L1)") ‘"success = ", success
write (u, *)

allocate (tag2)

call tag2lkinit (var_str ("tagname"))

call tag2jread (cstream, success)

call tag2jwrite (u)

write (u, *)

write (u, "(A,L1)") '"success = ", success
deallocate (tagl, tag2)

call cstream)final ()

write (u, *)
write (u, "(A)") "x Optional tag absent"
write (u, *)

u_tmp = free_unit ()
open (u_tmp, status = "scratch", action = "readwrite")

allocate (tag2)

call tag2jinit (var_str ("tagname"))
call tag2jwrite (u_tmp)

write (u_tmp, *)

deallocate (tag2)

call show (u_tmp, u)

write (u, *)

write (u, "(A)") "Result from read:"
call cstream)init (u_tmp)

allocate (tagl)

call tagllinit (var_str ("option"))
call tagllread (cstream, success)
call tagliwrite (u)

write (u, *)

write (u, "(A,L1)") '"success = ", success
write (u, *)

allocate (tag2)

call tag2jinit (var_str ("tagname"))
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call tag2jread (cstream, success)

call tag2jwrite (u)

write (u, *)

write (u, "(A,L1)") ‘"success = ", success
deallocate (tagl, tag2)

call cstream)final ()

write (u, "(A)")
write (u, "(A)") "x Test output end: xml_2"

end subroutine xml_2

7.5.8 Optional Tag

Write and read a tag with single-line content.

(XML: execute tests)+=
call test (xml_3, "xml_3", &
"content", &
u, results)

(XML: tests)+=
subroutine xml_3 (u)

integer, intent(in) :: u
type(xml_tag_t), allocatable :: tag
integer :: u_tmp
type(cstream_t) :: cstream
logical :: success, closing
type(string_t) :: content

write (u, "(A)") "x Test output: xml_3"
write (u, "(A)") "x Purpose: handle tag with content"
write (u, "(A)")

write (u, "(A)") "x Tag without content"
write (u, *)

u_tmp = free_unit ()
open (u_tmp, status = "scratch", action = "readwrite")

allocate (tag)

call taglinit (var_str ("tagname"))
call tagiwrite (u_tmp)

write (u_tmp, *)

deallocate (tag)

call show (u_tmp, w)

write (u, *)

write (u, "(A)") "Result from read:"
call cstreamfinit (u_tmp)

allocate (tag)

call taglinit (var_str ("tagname"))
call taglread (cstream, success)
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call taghwrite (u)

write (u, *)

write (u, "(A,L1)") "success = ", success

write (u, "(A,L1)") "content ", taghkhas_content
write (u, *)

deallocate (tag)

call cstream)final ()

write (u, "(A)") "* Tag with content"
write (u, *)

u_tmp = free_unit ()
open (u_tmp, status = "scratch", action = "readwrite")

allocate (tag)

call taglinit (var_str ("tagname"), has_content = .true.)
call tagiwrite (var_str ("Content text"), u_tmp)

write (u_tmp, *)

deallocate (tag)

call show (u_tmp, w)

write (u, *)

write (u, "(A)") "Result from read:"

call cstream)init (u_tmp)

allocate (tag)

call taglinit (var_str ("tagname"))

call taglread (cstream, success)

call taglread_content (cstream, content, closing)
call tagfwrite (u)

write (u, "(A)", advance = "no") char (content)
call taglclose (u)

write (u, *)

write (u, "(A,L1)") ‘"success = ", success
write (u, "(A,L1)") ‘'content = ", tag/has_content
write (u, "(A,L1)") “"closing = ", closing

deallocate (tag)
call cstream)final ()

write (u, *)
write (u, "(A)") "* Tag with multiline content"
write (u, *)

u_tmp = free_unit ()
open (u_tmp, status = "scratch", action = "readwrite")

allocate (tag)

call tagiinit (var_str ("tagname"), has_content = .true.)
call taglwrite (u_tmp)

write (u_tmp, *)

write (u_tmp, "(A)") "Line 1"

write (u_tmp, "(A)") "Line 2"

call taglclose (u_tmp)

write (u_tmp, *)
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deallocate (tag)
call show (u_tmp, u)

write (u, *)
write (u, "(A)") "Result from read:"
call cstream)init (u_tmp)
allocate (tag)
call taghinit (var_str ("tagname"))
call taglread (cstream, success)
call tagiwrite (u)
write (u, *)
do
call taglread_content (cstream, content, closing)
if (closing) exit
write (u, "(A)") char (content)
end do
call taglclose (u)
write (u, *)
write (u, "(A,L1)") ‘"success = ", success
write (u, "(A,L1)") "content ", taghkhas_content
deallocate (tag)
call cstream)final ()

write (u, "(A)")
write (u, "(A)") "* Test output end: xml_3"

end subroutine xml_3

7.5.9 Basic Tag I/O

Write a tag and read it again, using a temporary file.

(XML: execute tests)+=
call test (xml_4, "xml_4", &
"attributes", &
u, results)

(XML: tests)+=
subroutine xml_4 (u)
integer, intent(in) :: u
type(xml_tag_t), allocatable :: tag
integer :: u_tmp
type(cstream_t) :: cstream
logical :: success

write (u, "(A)") "x Test output: xml_4"
write (u, "(A)") "x Purpose: handle tag with attributes"
write (u, "(A)")

write (u, "(A)") "* Tag with one mandatory and one optional attribute,"

write (u, "(A)") " unknown attribute ignored"
write (u, *)
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u_tmp = free_unit ()
open (u_tmp, status = "scratch", action = "readwrite")

allocate (tag)
call taghinit (var_str ("tagname"), &
[xml_attribute (var_str ("al"), var_str ("foo")), &
xml_attribute (var_str ("a3"), var_str ("gee"))])
call taglwrite (u_tmp)
deallocate (tag)

call show (u_tmp, u)

write (u, *)

write (u, "(A)") "Result from read:"

call cstream)init (u_tmp)

allocate (tag)

call taghinit (var_str ("tagname"), &
[xml_attribute (var_str ("al")), &
xml_attribute (var_str ("a2"), var_str ("bar"))])

call taglread (cstream, success)

call tagfwrite (u)

write (u, *)

deallocate (tag)

call cstream)final ()

write (u, "(A)"™)
write (u, "(A)") "x Test output end: xml_4"

end subroutine xml_4
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Chapter 8

Random-Number
Generator

These modules implement abstract types and tools for random-number genera-
tion.

rng_base Abstract random-number generator and factory

selectors Selection depending on weights and random numbers
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8.1 Generic Random-Number Generator

For all generator implementations, we define a rng type which represents the
state of a random-number generator with the associated methods that produce
a random number. Furthermore, we define a rng_factory type. An object of
this type is capable of allocating a sequence of rng objects. These generator
states should be, if possible, statistically independent, so they can be used in
parallel in different places of the event-generation chain.

(rng_base.f90)=

(F'ile header)

module rng_base

use kinds

use io_units

use format_utils, only: write_indent
use unit_tests

(Standard module head)
(RNG base: public)
(RNG base: types)
(RNG base: interfaces)
(RNG base: test types)
contains

(RNG base: tests)

end module rng_base

8.1.1 Generator type

The rng object is actually the state of the random-number generator. The
methods initialize/reset and call the generator for this state.
(RNG base: public)=
public :: rng_t
(RNG base: types)=
type, abstract :: rng_t
contains
(RNG base: rng: TBP)
end type rng_t

The init method initializes the generator and sets a seed. We should implement
the interface such that a single integer is sufficient for a seed.

The seed may be omitted. The behavior without seed is not defined, however.
(RNG base: rng: TBP)=

procedure (rng_init), deferred :: init
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(RNG base: interfaces)=
abstract interface
subroutine rng_init (rng, seed)

import
class(rng_t), intent(out) :: rng
integer, intent(in), optional :: seed

end subroutine rng_init
end interface

The final method deallocates memory where necessary and allows for another
call of init to reset the generator.
(RNG base: rng: TBP)+=

procedure (rng_final), deferred :: final

(RNG base: interfaces)+=
abstract interface
subroutine rng_final (rng)
import
class(rng_t), intent(inout) :: rng
end subroutine rng_final
end interface

Output. We should, at least, identify the generator.
(RNG base: rng: TBP)+=

procedure (rng_write), deferred :: write
(RNG base: interfaces)+=

abstract interface
subroutine rng_write (rng, unit, indent)

import
class(rng_t), intent(in) :: rng
integer, intent(in), optional :: unit, indent

end subroutine rng_write
end interface

These routines generate a single and an array of default-precision random num-
bers, respectively.

(RNG base: rng: TBP)+=

generic :: generate => generate_single, generate_array
procedure (rng_generate_single), deferred :: generate_single
procedure (rng_generate_array), deferred :: generate_array

(RNG base: interfaces)+=
abstract interface
subroutine rng_generate_single (rng, x)

import
class(rng_t), intent(inout) :: rng
real (default), intent(out) :: x

end subroutine rng_generate_single
end interface

abstract interface
subroutine rng_generate_array (rng, x)
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import
class(rng_t), intent(inout) :: rng
real (default), dimension(:), intent(out) :: x
end subroutine rng_generate_array
end interface

8.1.2 RNG Factory

A factory object has a make method that allocates and initializes a new gen-
erator of appropriate type. It uses a 16-bit integer for initialization. For a
real-life implementation, the factory should return a sequence of statistically
independent generators, and for different seeds, the sequences should also be
independent.
(RNG base: public)+=
public :: rng_factory_t
(RNG base: types)+=
type, abstract :: rng_factory_t
contains
(RNG base: rng factory: TBP)
end type rng_factory_t

Output. Should be short, just report the seed and current state of the factory.
(RNG base: rng factory: TBP)=

procedure (rng_factory_write), deferred :: write

(RNG base: interfaces)+=
abstract interface
subroutine rng_factory_write (object, unit)

import
class(rng_factory_t), intent(in) :: object
integer, intent(in), optional :: unit

end subroutine rng_factory_write
end interface

Initialize. It should be possible to do this repeatedly, resetting the state. The
default seed should be 0.
(RNG base: rng factory: TBP)+=

procedure (rng_factory_init), deferred :: init

(RNG base: interfaces)+=
abstract interface
subroutine rng_factory_init (factory, seed)

import
class(rng_factory_t), intent(out) :: factory
integer(il6), intent(in), optional :: seed

end subroutine rng_factory_init
end interface

Spawn a new generator.

(RNG base: rng factory: TBP)+=
procedure (rng_factory_make), deferred :: make
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(RNG base: interfaces)+=
abstract interface
subroutine rng_factory_make (factory, rng)
import
class(rng_factory_t), intent(inout) :: factory
class(rng_t), intent(out), allocatable :: rng
end subroutine rng_factory_make
end interface

8.1.3 Unit tests

(RNG base: public)+=
public :: rng_base_test
(RNG base: tests)=
subroutine rng_base_test (u, results)
integer, intent(in) :: u
type(test_results_t), intent(inout) :: results
(RNG base: execute tests)
end subroutine rng_base_test

Test generator

The test 'mock’ random generator generates a repeating series with the numbers
0.1,0.3,0.5,0.7,0.9. It has an integer stored as state. The integer must be one
of 1,3,5,7,9.
(RNG base: public)+=

public :: rng_test_t

(RNG base: test types)=

type, extends (rng_t) :: rng_test_t

integer :: state =1
contains

procedure :: write => rng_test_write
procedure :: init => rng_test_init
procedure :: final => rng_test_final
procedure :: generate_single => rng_test_generate_single
procedure :: generate_array => rng_test_generate_array

end type rng_test_t

Output. The state is a single number, so print it.

(RNG base: tests)+=
subroutine rng_test_write (rng, unit, indent)

class(rng_test_t), intent(in) :: rng
integer, intent(in), optional :: unit, indent
integer :: u, ind

u = given_output_unit (unit)

ind = 0; if (present (indent)) ind = indent

call write_indent (u, ind)

write (u, "(A,I0,A)") "Random-number generator: &
&test (state = ", rnglstate, ")"
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end subroutine rng_test_write

The default seed is 1.
(RNG base: tests)+=

subroutine rng_test_init (rng, seed)
class(rng_test_t), intent(out) :: rng
integer, intent(in), optional :: seed
if (present (seed)) rnglstate = seed
end subroutine rng_test_init

Nothing to finalize:

(RNG base: tests)+=
subroutine rng_test_final (rng)
class(rng_test_t), intent(inout) :: rng
end subroutine rng_test_final

Generate a single number and advance the state.
(RNG base: tests)+=

subroutine rng_test_generate_single (rng, x)
class(rng_test_t), intent(inout) :: rng
real(default), intent(out) :: x
x = rnglstate / 10._default
rnglstate = mod (rnglstate + 2, 10)

end subroutine rng_test_generate_single

The array generator calls the single-item generator multiple times.
(RNG base: tests)+=

subroutine rng_test_generate_array (rng, x)

class(rng_test_t), intent(inout) :: rng
real (default), dimension(:), intent(out) :: x
integer :: i

do i =1, size (%)
call rnglgenerate (x(i))
end do
end subroutine rng_test_generate_array

Test Factory

This factory makes rng_test_t generators, initialized with integers 1, 3, 5, 7,
9 if given the input 0, 1, 2, 3, 4. The generators within one sequence are all
identical, however.
(RNG base: public)+=

public :: rng_test_factory_t

(RNG base: test types)+=

type, extends (rng_factory_t) :: rng_test_factory_t
integer :: seed =1
contains

(RNG base: rng test factory: TBP)
end type rng_test_factory_t
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Output.
(RNG base: rng test factory: TBP)=
procedure :: write => rng_test_factory_write

(RNG base: tests)+=
subroutine rng_test_factory_write (object, unit)

class(rng_test_factory_t), intent(in) :: object
integer, intent(in), optional :: unit
integer :: u

u = given_output_unit (unit)
write (u, "(1x,A,I0,A)") "RNG factory: test (", objectlseed, ")"
end subroutine rng_test_factory_write

Initialize, translating the given seed.

(RNG base: rng test factory: TBP)+=
procedure :: init => rng_test_factory_init

(RNG base: tests)+=
subroutine rng_test_factory_init (factory, seed)
class(rng_test_factory_t), intent(out) :: factory
integer(il6), intent(in), optional :: seed
if (present (seed)) factorylseed = mod (seed * 2 + 1, 10)
end subroutine rng_test_factory_init

(RNG base: rng test factory: TBP)+=
procedure :: make => rng_test

(RNG base: tests)+=

subroutine rng_test_factory_make (factory, rng)
class(rng_test_factory_t), intent(inout) :: factory
class(rng_t), intent(out), allocatable :: rng
allocate (rng_test_t :: rng)
select type (rng)
type is (rng_test_t)

call rnglinit (int (factorylseed))

end select

end subroutine rng_test_factory_make

factory_make

Generator check

Initialize the generator and draw random numbers.
(RNG base: execute tests)=
call test (rng_base_l, "rng_base_1", &
"rng initialization and call", &
u, results)

(RNG base: tests)+=
subroutine rng_base_1 (u)
integer, intent(in) :: u
class(rng_t), allocatable :: rng

real(default) :: x
real (default), dimension(2) :: x2
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write (u, "(A)") "x Test output: rng_base_1"

write (u, "(A)") "x Purpose: initialize and call a test random-number &
&generator"

write (u, "(A)")

write (u, "(A)") "x Initialize generator"
write (u, "(A)")

allocate (rng_test_t :: rng)
call rngfinit (3)

call rngfwrite (u)

write (u, "(A)™)
write (u, "(A)") "% Get random number"
write (u, "(A)"™)

call rnglgenerate (x)
write (u, "(4,2(1x,F9.7))") "x =", x

write (u, "(A)")
write (u, "(A)") "x Get random number pair"
write (u, "(A)")

call rnglgenerate (x2)
write (u, "(4,2(1x,F9.7))") "x =", x2

write (u, "(A)")
write (u, "(A)") "x Cleanup"

call rngffinal ()

write (u, "(A)")
write (u, "(A)") "* Test output end: rng_base_1"

end subroutine rng_base_1

Factory check

Set up a factory and spawn generators.
(RNG base: execute tests)+=
call test (rng_base_Q, "rng_base_2", &
"rng factory", &
u, results)

(RNG base: tests)+=
subroutine rng_base_2 (u)
integer, intent(in) :: u
type(rng_test_factory_t) :: rng_factory
class(rng_t), allocatable :: rng

write (u, "(A)") "x Test output: rng_base_2"
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write (u, "(A)") "x Purpose: initialize and use a rng factory"
write (u, "(A)")

write (u, "(A)") "x Initialize factory"
write (u, "(A)")

call rng_factory%init ()
call rng_factory%write (u)

write (u, "(A)")
write (u, "(A)") "* Make a generator"

write (u, "(A)"™)

call rng_factory%make (rng)
call rnglurite (u)

write (u, "(A)")
write (u, "(A)") "x Cleanup"

call rngffinal ()

write (u, "(A)"™)
write (u, "(A)") "* Test output end: rng_base_2"

end subroutine rng_base_2
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8.2 Select from a weighted sample

(selectors.f90)=
(File header)

module selectors
use kinds
use jo_units
use unit_tests
use diagnostics
use rng_base
(Standard module head)
(Selectors: public)
(Selectors: types)
contains
(Selectors: procedures)

(Selectors: tests)

end module selectors

8.2.1 Selector type

The rng object is actually the state of the random-number generator.

methods initialize/reset and call the generator for this state.
(Selectors: public)=
public :: selector_t

(Selectors: types)=
type :: selector_t

integer, dimension(:), allocatable :: map

real(default), dimension(:), allocatable :: weight

real (default), dimension(:), allocatable :: acc
contains

(Selectors: selector: TBP)
end type selector_t

Display contents.
(Selectors: selector: TBP)=

procedure :: write => selector_write

(Selectors: procedures)=
subroutine selector_write (object, unit)

class(selector_t), intent(in) :: object
integer, intent(in), optional :: unit
integer :: u, i

u = given_output_unit (unit)
write (u, "(1x,A)") "Selector: i, weight, acc. weight"
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if (allocated (objectweight)) then

do i = 1, size (objectVweight)
write (u, "(3x,I10,1x,ES19.12,1x,ES19.12)") &
objectymap (i), objectlweight(i), objectlacc(i)

end do

else
write (u, "(3x,A)") "[undefined]"

end if

end subroutine selector_write

We pack the input weight array such that zero-weight entries are removed. We
also normalize it. This makes a map array for mapping the selected weight to
the actual entry necessary.

(Selectors: selector: TBP)+=
procedure :: init => selector_init

(Selectors: procedures)+=
subroutine selector_init (selector, weight)
class(selector_t), intent(out) :: selector
real(default), dimension(:), intent(in) :: weight
real(default) :: s
integer :: mn, i
logical, dimension(:), allocatable :: mask
if (size (weight) == 0) &
call msg_bug ("Selector init: zero-size weight array")
if (any (weight < 0)) &
call msg_bug ("Selector init: negative weight")
s = sum (weight)
if (s ==0) &
call msg_bug ("Selector init: all weights are zero")
allocate (mask (size (weight)), &
source = weight /= 0)
n = count (mask)
allocate (selectorimap (n), &
source = pack ([(i, i = 1, size (weight))], mask))
allocate (selectorweight (n), &
source = pack (weight / s, mask))
allocate (selectorfacc (n))
selectorfacc(l) = selectoriweight (1)
doi=2,n-1
selectorjacc(i) = selectoriacc(i-1) + selectorweight (i)
end do
selectorfacc(n) = 1
end subroutine selector_init

Select an entry based upon the number x, which should be a uniformly dis-
tributed random number between 0 and 1.

(Selectors: selector: TBP)+=
procedure :: select => selector_select

(Selectors: procedures)+=
function selector_select (selector, x) result (n)
class(selector_t), intent(in) :: selector
real (default), intent(in) :: x

251



integer :: n
integer :: i
if (x <0 .or. x> 1) &
call msg_bug ("Selector: random number out of range")
do i = 1, size (selector%acc)
if (x <= selectoracc(i)) exit
end do
n = selector’map(i)
end function selector_select

Use the provided random-number generator to select an entry. (Unless there is
only one entry.)
(Selectors: selector: TBP)+=
procedure :: generate => selector_generate
(Selectors: procedures)+=
subroutine selector_generate (selector, rng, n)

class(selector_t), intent(in) :: selector
class(rng_t), intent(inout) :: rng
integer, intent(out) :: n

real(default) :: x

select case (size (selectorjacc))
case (1); n =1
case default
call rnglgenerate (x)
n = selectoriselect (x)
end select
end subroutine selector_generate

Determine the normalized weight for a selected entry. We use a linear search
for the inverse lookup, assuming that efficiency is not an issue for this function.
(Selectors: selector: TBP)+=

procedure :: get_weight => selector_get_weight
(Selectors: procedures)+=

function selector_get_weight (selector, n) result (weight)

class(selector_t), intent(in) :: selector
integer, intent(in) :: n
real(default) :: weight
integer :: i
do i = 1, size (selectorweight)
if (selectorymap(i) == n) then
weight = selector’weight (i)
return
end if
end do
weight = 0

end function selector_get_weight

8.2.2 TUnit tests

(Selectors: public)+=
public :: selectors_test
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(Selectors: tests)=
subroutine selectors_test (u, results)
integer, intent(in)
type(test_results_t), intent(inout)
(Selectors: execute tests)
end subroutine selectors_test

cu
L r

Basic check

Initialize the selector and draw random numbers.

(Selectors: execute tests)=
call test (selectors_1, "selectors_1", &
"rng initialization and call", &
u, results)

(Selectors: tests)+=

subroutine selectors_1 (u)

integer, intent(in)
type(selector_t)

rou
selector

class(rng_t), allocatable, target :: rng
integer :: i, n

write (u, "(A)") "x Test output: select
write (u, "(A)") "=

write (u, "(A)")

write (u, "(A)") "% Initialize selector
write (u, "(A)")

call selector%init &
([2._default, 3.5_default, 0._defau

esults

ors_1"

Purpose: initialize a selector and test it"

1t, &

2._default, 0.5_default, 2._default])

call selectorfwrite (u)

write (u, "(A)™)
write (u, "(A)")
write (u, "(A)"™)

allocate (rng_test_t
call rngfinit (1)

11 rng)

do i 1, 5
call selectorigenerate (rng, n)

write (u, "(1x,I0)") n

end do

write (u, "(A)"™)

write (u, "(A)")

write (u, "(A)"™)

write (u, "(1x,A,I0)") ‘'"select(0.00) =
write (u, "(1x,A,I0)") ‘'"select(0.77) =
write (u, "(1x,A,I0)") ‘'"select(1.00) =
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write
write
write

write
write

write
write

(u,
(u,
(u,

(u,
(u,

(u,
(u,

"(A)")

"(A)") "k Get weight"

n (A) II)

"(1x,A,ES19.12)") "weight(2) =", selectoryget_weight(2)

"(1x,A,ES19.12)") "weight(3) =", selectorlget_weight(3)

"(A)H)
"(A)") [ Cleanup“

call rngffinal ()

write (u, "(A)")
write (u, "(A)") "x Test output end: selectors_1"

end subroutine selectors_1
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Chapter 9
Physics

Here we collect definitions and functions that we need for (particle) physics in
general, to make them available for the more specific needs of WHIZARD.

physics_defs Physical constants.
c_particles A simple data type for particles which is C compatible.

lorentz Define three-vectors, four-vectors and Lorentz transformations and
common operations for them.

sm_physics Here, running functions are stored for special kinematical setup
like running coupling constants, Catani-Seymour dipoles, or Sudakov fac-
tors.

sm_qgcd Definitions and methods for dealing with the running QCD coupling.
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9.1 Physics Constants

There is also the generic constants module. The constants listed here are more
specific for particle physics.

(physics_defs.f90)=
(File header)

module physics_defs

(Use kinds)
use constants, only: one, two, three

(Standard module head)
(Physics defs: public parameters)

end module physics_defs

9.1.1 Units

Conversion from energy units to cross-section units.

(Physics defs: public parameters)=
real(default), parameter, public :: &
conv = 0.38937966e12_default

Rescaling factor.

ysics defs: public parameters)+=
Physics d bli ters)+
real(default), parameter, public :: &
pb_per_fb = 1.e-3_default

String for the default energy and cross-section units.

(Physics defs: public parameters)+=

character(*), parameter, public :: &
energy_unit = "GeV"

character (%), parameter, public :: &
cross_section_unit = "fb"

9.1.2 SM and QCD constants

(Physics defs: public parameters)+=
real(default), parameter, public :: &
NC = three, &

CF = (NC**2 - omne)/two/NC, &
CA = NC, &
TR = one/two

9.1.3 Parameter Reference values

These are used exclusively in the context of running QCD parameters. In other
contexts, we rely on the uniform parameter set as provided by the model defi-
nition, modifiable by the user.

(Physics defs: public parameters)+=
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MZ_REF = 91.188_default
ALPHA_QCD_MZ_REF = 0.1178_default
LAMBDA_QCD_REF = 200.e-3_default

real(default), public, parameter ::
real(default), public, parameter ::
real(default), public, parameter ::

9.1.4 Particle codes

Let us define a few particle codes independent of the model.
We need an UNDEFINED value:

(Physics defs: public parameters)+=

integer, parameter, public :: UNDEFINED = O
SM fermions:

(Physics defs: public parameters)+=

integer, parameter, public :: ELECTRON = 11

Gauge bosons:

(Physics defs: public parameters)+=

integer, parameter, public :: GLUON = 21

integer, parameter, public :: PHOTON = 22

integer, parameter, public :: Z_BOSON = 23

integer, parameter, public :: W_BOSON = 24
Hadrons:

(Physics defs: public parameters)+=

integer, parameter, public

(Physics defs: public parameters)+=

:: PROTON = 2212

integer, parameter, public :: PION = 111
integer, parameter, public :: PIPLUS = 211
integer, parameter, public :: PIMINUS = - PIPLUS

Hadron remnants (internal)
(Physics defs: public parameters)+=

integer, parameter, public ::
integer, parameter, public ::
: HADRON_REMNANT_TRIPLET

integer, parameter, public

integer, parameter, public ::

HADRON_REMNANT = 90
HADRON_REMNANT_SINGLET

HADRON_REMNANT_OCTET =

91
92

Generic particles for internal use in event analysis:

(Physics defs: public parameters)+=

integer, parameter, public :: PRT_ANY = 81

integer, parameter, public :: PRT_VISIBLE = 82
integer, parameter, public :: PRT_CHARGED = 83
integer, parameter, public :: PRT_COLORED = 84

Further particle codes for internal use:

(Physics defs: public parameters)+=
integer, parameter, public
integer, parameter, public
integer, parameter, public ::

INVALID = 97
:: KEYSTONE = 98
COMPOSITE = 99
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9.1.5 Spin codes

Somewhat redundant, but for better readability we define named constants for
spin types. If the mass is nonzero, this is equal to the number of degrees of
freedom.
(Physics defs: public parameters)+=

integer, parameter, public:: UNKNOWN=0

integer, parameter, public :: SCALAR=1, SPINOR=2, VECTOR=3, &

VECTORSPINOR=4, TENSOR=5
Isospin types and charge types are counted in an analogous way, where charge
type 1 is charge 0, 2 is charge 1/3, and so on. Zero always means unknown.
Note that charge and isospin types have an explicit sign.
Color types are defined as the dimension of the representation.
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9.2 C-compatible Particle Type

For easy communication with C code, we introduce a simple C-compatible type
for particles. The components are either default C integers or default C doubles.
The c_prt type is transparent, and its contents should be regarded as part
of the interface.
(c_particles.f90)=
(File header)

module c_particles
use, intrinsic :: iso_c_binding !NODEP!

use io_units
use format_defs, only: FMT_14, FMT_19

(Standard module head)
(C Particles: public)
(C Particles: types)
contains

(C Particles: procedures)
end module c_particles

(C Particles: public)=
public :: c_prt_t

(C Particles: types)=

type, bind(C) :: c_prt_t
integer(c_int) :: type = 0
integer(c_int) :: pdg = 0O
integer(c_int) :: polarized = 0
integer(c_int) :: h = 0
real(c_double) :: pe =
real(c_double) :: px =
real(c_double) :: py =
real(c_double) :: pz =
real(c_double) :: p2 =

end type c_prt_t

O O O o o

This is for debugging only, there is no C binding. It is a simplified version of
prt_write.
(C Particles: public)+=

public :: c_prt_write

(C Particles: procedures)=
subroutine c_prt_write (prt, unit)

type(c_prt_t), intent(in) :: prt
integer, intent(in), optional :: unit
integer :: u, i

u = given_output_unit (unit); if (u < 0) return
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write (u, "(1x,A)", advance="no") '"prt("
write (u, "(I0,’:’)", advance="no") prtitype
if (prtipolarized /= 0) then
write (u, "(I0,’/’,I0,’|’)", advance="no") prtipdg, prt/h
else
write (u, "(I0,’|’)", advance="no") prtipdg

end if

write (u, "(" // FMT_14 // “,’;’," // FMT_14 // ",’,’," // &
FMT_14 // ",’,>," // FMT_14 // ")", advance="no") &
prt/pe, prtipx, prthpy, prthpz

write (u, "(|’," // FMT_19 // ")", advance="no") prt¥p2

write (u, "(A)") ")"
end subroutine c_prt_write
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9.3 Lorentz algebra

Define Lorentz vectors, three-vectors, boosts, and some functions to manipulate
them.
To make maximum use of this, all functions, if possible, are declared ele-
mental (or pure, if this is not possible).
(lorentz.£90)=
(File header)

module lorentz

(Use kinds)
use io_units
use constants, only: pi, twopi, degree
use format_defs, only: FMT_15, FMT_17, FMT_19
use format_utils, only: pac_fmt
use diagnostics
use c_particles

(Standard module head)
(Lorentz: public)

(Lorentz: public operators)
(Lorentz: public functions)
(Lorentz: types)

(Lorentz: parameters)
(Lorentz: interfaces)
contains

(Lorentz: procedures)
end module lorentz

9.3.1 Three-vectors

First of all, let us introduce three-vectors in a trivial way. The functions and
overloaded elementary operations clearly are too much overhead, but we like
to keep the interface for three-vectors and four-vectors exactly parallel. By the
way, we might attach a label to a vector by extending the type definition later.
(Lorentz: public)=

public :: vector3_t

(Lorentz: types)=
type :: vector3d_t
private
real(default), dimension(3) :: p
end type vector3_t
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Output a vector
(Lorentz: public)+=
public :: vector3_write

(Lorentz: procedures)=
subroutine vector3_write (p, unit, testflag)

type(vector3_t), intent(in) :: p

integer, intent(in), optional :: unit
logical, intent(in), optional :: testflag
character(len=7) :: fmt

integer :: u

u = given_output_unit (unit); if (u < 0) return

call pac_fmt (fmt, FMT_19, FMT_15, testflag)

write(u, "(1x,A,3(1x," // fmt // "))") ’P = ’, php
end subroutine vector3_write

This is a three-vector with zero components
(Lorentz: public)+=

public :: vector3_null
(Lorentz: parameters)=

type(vector3_t), parameter :: vector3_null = &
vector3_t ([ 0._default, O0._default, 0._default ])

Canonical three-vector:
(Lorentz: public)+=

public :: vector3_canonical

(Lorentz: procedures)+=
elemental function vector3_canonical (k) result (p)
type(vector3_t) :: p

integer, intent(in) :: k
p = vector3_null
phpx) =1

end function vector3_canonical

A moving particle (k-axis, or arbitrary axis). Note that the function for the
generic momentum cannot be elemental.
(Lorentz: public)+=

public :: vector3_moving

(Lorentz: interfaces)=
interface vector3_moving
module procedure vector3_moving_canonical
module procedure vector3_moving_generic
end interface

(Lorentz: procedures)+=
elemental function vector3_moving_canonical (p, k) result(q)

type(vector3_t) :: q
real(default), intent(in) :: p
integer, intent(in) :: k

q = vector3_null

qhpk) = p
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end function vector3_moving_canonical

pure function vector3_moving_generic (p) result(q)
real(default), dimension(3), intent(in) :: p
type(vector3_t) :: q
qkp = P

end function vector3_moving_generic

Equality and inequality
(Lorentz: public operators)=
public :: operator(==), operator (/=)

(Lorentz: interfaces)+=
interface operator (==
module procedure vector3_eq
end interface
interface operator (/=)
module procedure vector3_neq
end interface

(Lorentz: procedures)+=

elemental function vector3_eq (p, q) result (r)
logical :: r
type(vector3_t), intent(in) :: p,q
r = all (plkp == q%p)

end function vector3_eq

elemental function vector3_neq (p, q) result (r)
logical :: r
type(vector3_t), intent(in) :: p,q
r = any (plhp /= q%p)

end function vector3_neq

Define addition and subtraction

(Lorentz: public operators)+=
public :: operator(+), operator(-)

(Lorentz: interfaces)+=
interface operator(+)
module procedure add_vector3
end interface
interface operator(-)
module procedure sub_vector3
end interface

(Lorentz: procedures)+=

elemental function add_vector3 (p, q) result (r)
type(vector3_t) :: r
type(vector3_t), intent(in) :: p,q
rhp = php + Qkp

end function add_vector3

elemental function sub_vector3 (p, q) result (r)
type(vector3_t) :: r
type(vector3_t), intent(in) :: p,q
r4p = Php - Qhp

end function sub_vector3
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The multiplication sign is overloaded with scalar multiplication; similarly divi-
sion:

(Lorentz: public operators)+=
public :: operator(*), operator(/)

(Lorentz: interfaces)+=

interface operator ()
module procedure prod_integer_vector3, prod_vector3_integer
module procedure prod_real_vector3, prod_vector3_real

end interface

interface operator(/)
module procedure div_vector3_real, div_vector3_integer

end interface

(Lorentz: procedures)+=

elemental function prod_real_vector3 (s, p) result (q)
type(vector3_t) :: q
real (default), intent(in) :: s
type(vector3_t), intent(in) :: p
qkp = s * php

end function prod_real_vector3

elemental function prod_vector3_real (p, s) result (q)
type(vector3_t) :: q
real (default), intent(in) :: s
type(vector3_t), intent(in) :: p
qkp = s * php

end function prod_vector3_real

elemental function div_vector3_real (p, s) result (q)
type(vector3_t) :: q
real (default), intent(in) :: s
type(vector3_t), intent(in) :: p
qkp = php/s

end function div_vector3_real

elemental function prod_integer_vector3 (s, p) result (q)
type(vector3_t) :: q
integer, intent(in) :: s
type(vector3_t), intent(in) :: p
qkp = s * php

end function prod_integer_vector3

elemental function prod_vector3_integer (p, s) result (q)
type(vector3_t) :: q
integer, intent(in) :: s
type(vector3_t), intent(in) :: p
qkp = s * php

end function prod_vector3_integer

elemental function div_vector3_integer (p, s) result (q)
type(vector3_t) :: q
integer, intent(in) :: s
type(vector3_t), intent(in) :: p
qkp = php/s

end function div_vector3_integer

The multiplication sign can also indicate scalar products:

(Lorentz: interfaces)+=
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interface operator ()
module procedure prod_vector3
end interface

(Lorentz: procedures)+=
elemental function prod_vector3 (p, q) result (s)
real(default) :: s
type(vector3_t), intent(in) :: p,q
s = dot_product (p%p, q%p)
end function prod_vector3

(Lorentz: public functions)=
public :: cross_product

(Lorentz: interfaces)+=
interface cross_product
module procedure vector3_cross_product
end interface

(Lorentz: procedures)+=
elemental function vector3_cross_product (p, q) result (r)

type(vector3_t) :: r
type(vector3_t), intent(in) :: p,q
integer :: i
do i=1,3
rp(i) = dot_product (plp, matmul (epsilon_three(i,:,:), q%p))
end do

end function vector3_cross_product

Exponentiation is defined only for integer powers. Odd powers mean take the
square root; so p**1 is the length of p.

(Lorentz: public operators)+=
public :: operator (*x*)

(Lorentz: interfaces)+=
interface operator (**)
module procedure power_vector3
end interface

(Lorentz: procedures)+=
elemental function power_vector3 (p, e) result (s)
real(default) :: s
type(vector3_t), intent(in) :: p
integer, intent(in) :: e
s = dot_product (plp, phkp)
if (e/=2) then
if (mod(e,2)==0) then

s = sx*x(e/2)
else
s = sqrt(s)*x*e
end if
end if

end function power_vector3
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Finally, we need a negation.

(Lorentz: interfaces)+=
interface operator(-)
module procedure negate_vector3d
end interface

(Lorentz: procedures)+=
elemental function negate_vector3 (p) result
type(vector3_t) :: q

type(vector3_t), intent(in) :: p
integer :: i
doi=1, 3
if (php(i) == -p%p(i)) then
qhp(i) = 0
else
qhp(i) = -php(i)
end if
end do

end function negate_vector3

The sum function can be useful:
(Lorentz: public functions)+=

public :: sum

(Lorentz: interfaces)+=
interface sum
module procedure sum_vector3
end interface

(Lorentz: public)+=
public :: vector3_set_component

(Lorentz: procedures)+=

(@

subroutine vector3_set_component (p, i, value)

type(vector3_t), intent(inout) :: p
integer, intent(in) :: i
real (default), intent(in) :: value

p/ip(i) = value
end subroutine vector3_set_component

(Lorentz: procedures)+=

pure function sum_vector3 (p) result (q)
type(vector3_t) :: q
type(vector3_t), dimension(:), intent(in)
integer :: i
do i=1, 3

qhp(i) = sum (pkp(i))

end do

end function sum_vector3

Any component;:

(Lorentz: public)+=
public :: vector3_get_component

266

(i p



(Lorentz: procedures)+=
elemental function vector3_get_component (p, k) result (c)

type(vector3_t), intent(in) :: p
integer, intent(in) :: k
real(default) :: c

c = php(k)

end function vector3_get_component

Extract all components. This is not elemental.
(Lorentz: public)+=
public :: vector3_get_components

(Lorentz: procedures)+=
pure function vector3_get_components (p) result (a)

type(vector3_t), intent(in) :: p
real (default), dimension(3) :: a
a = pip

end function vector3_get_components

This function returns the direction of a three-vector, i.e., a normalized three-
vector. If the vector is null, we return a null vector.

(Lorentz: public functions)+=
public :: direction

(Lorentz: interfaces)+=
interface direction
module procedure vector3_get_direction
end interface

(Lorentz: procedures)+=
elemental function vector3_get_direction (p) result (q)
type(vector3_t) :: q

type(vector3_t), intent(in) :: p
real(default) :: pp
pp = p**1

if (pp /= 0) then

qkp = php / pp
else
qQhp = O
end if
end function vector3_get_direction

9.3.2 Four-vectors

In four-vectors the zero-component needs special treatment, therefore we do not
use the standard operations. Sure, we pay for the extra layer of abstraction by
losing efficiency; so we have to assume that the time-critical applications do not
involve four-vector operations.
(Lorentz: public)+=

public :: vector4_t
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(Lorentz: types)+=
type :: vectord_t
private
real(default), dimension(0:3) :: p = &
[0._default, 0._default, O._default, 0._default]
end type vector4_t

Output a vector
(Lorentz: public)+=
public :: vector4_write

(Lorentz: procedures)+=
subroutine vector4_write (p, unit, show_mass, testflag)

type(vector4_t), intent(in) :: p

integer, intent(in), optional :: unit
logical, intent(in), optional :: show_mass
logical, intent(in), optional :: testflag
integer :: u

character(len=7) :: fmt

call pac_fmt (fmt, FMT_19, FMT_15, testflag)
u = given_output_unit (unit); if (u < 0) return
write(u, "(1x,A,1x," // fmt // ")") ’E = ’, php(0)
write(u, "(1x,A,3(1x," // fmt // "™))") °P = *, php(1:)
if (present (show_mass)) then
if (show_mass) &
write (u, "(1x,A,1x," // fmt // "™)") °M = ’, p*x1
end if
end subroutine vector4_write

Binary I/0

(Lorentz: public)+=
public :: vector4_write_raw
public :: vector4_read_raw

(Lorentz: procedures)+=
subroutine vector4_write_raw (p, u)
type(vector4_t), intent(in) :: p
integer, intent(in) :: u
write (u) php
end subroutine vector4_write_raw

subroutine vector4_read_raw (p, u, iostat)

type(vector4_t), intent(out) :: p
integer, intent(in) :: u
integer, intent(out), optional :: iostat

read (u, iostat=iostat) pikp
end subroutine vector4_read_raw

This is a four-vector with zero components
(Lorentz: public)+=

public :: vector4_null
(Lorentz: parameters)+=

type(vector4_t), parameter :: vector4_null = &
vectord_t ([ 0._default, 0._default, 0._default, O._default ])
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Canonical four-vector:
(Lorentz: public)+=

public :: vector4_canonical

(Lorentz: procedures)+=
elemental function vector4_canonical (k) result (p)
type(vectord_t) :: p

integer, intent(in) :: k
p = vector4_null
phpx) =1

end function vector4_canonical

A particle at rest:

(Lorentz: public)+=
public :: vector4_at_rest

(Lorentz: procedures)+=
elemental function vector4_at_rest (m) result (p)
type(vectord_t) :: p
real(default), intent(in) :: m
p = vectord_t ([ m, O._default, 0._default, 0._default ])
end function vector4_at_rest

A moving particle (k-axis, or arbitrary axis)

(Lorentz: public)+=
public :: vector4_moving

(Lorentz: interfaces)+=
interface vector4_moving
module procedure vector4_moving_canonical
module procedure vector4_moving_generic
end interface

(Lorentz: procedures)+=
elemental function vector4_moving_canonical (E, p, k) result (q)
type(vectord_t) :: q
real(default), intent(in) :: E, p

integer, intent(in) :: k
q = vector4_at_rest(E)
qhpk) = p

end function vector4_moving_canonical
elemental function vector4_moving_generic (E, p) result (q)
type(vectord_t) :: q

real (default), intent(in) :: E
type(vector3_t), intent(in) :: p
q%p(0) = E

qhp(1:) = php

end function vector4_moving_generic

Equality and inequality
(Lorentz: interfaces)+=
interface operator (==
module procedure vector4_eq
end interface
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interface operator (/=)
module procedure vector4_neq
end interface

(Lorentz: procedures)+=

elemental function vector4d_eq (p, q) result (r)
logical :: r
type(vector4_t), intent(in) :: p,q
r = all (p%p == qkp)

end function vector4_eq

elemental function vector4_neq (p, q) result (r)
logical :: r
type(vector4_t), intent(in) :: p,q
r = any (php /= q%p)

end function vector4_neq

Addition and subtraction:

(Lorentz: interfaces)+=
interface operator(+)

module procedure add_vector4
end interface

interface operator(-)

module procedure sub_vector4
end interface

(Lorentz: procedures)+=

elemental function add_vector4 (p,q) result (r)
type(vector4_t) :: r
type(vector4_t), intent(in) :: p,q
rhp = Php + Qhp

end function add_vector4d

elemental function sub_vector4 (p,q) result (r)
type(vectord_t) :: r
type(vector4_t), intent(in) :: p,q
thp = php - qhp

end function sub_vector4

We also need scalar multiplication and division:
(Lorentz: interfaces)+=
interface operator (%)
module procedure prod_real_vector4, prod_vector4_real

module procedure prod_integer_vector4, prod_vector4_integer
end interface

interface operator(/)
module procedure div_vector4_real

module procedure div_vector4_integer
end interface

(Lorentz: procedures)+=
elemental function prod_real_vector4 (s, p) result (q)
type(vectord_t) :: q
real (default), intent(in) :: s
type(vector4_t), intent(in) :: p
qkp = s * php
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end function prod_real_vector4
elemental function prod_vector4d_real (p, s) result (q)
type(vector4_t) :: q
real (default), intent(in) :: s
type(vector4_t), intent(in) :: p
qkp = s * php
end function prod_vector4_real
elemental function div_vector4_real (p, s) result (q)
type(vectord_t) :: q
real (default), intent(in) :: s
type(vector4_t), intent(in) :: p
qkp = php/s
end function div_vector4_real
elemental function prod_integer_vector4 (s, p) result (q)
type(vectord_t) :: q
integer, intent(in) :: s
type(vector4_t), intent(in) :: p
qkp = s * phkp
end function prod_integer_vector4
elemental function prod_vector4_integer (p, s) result (q)
type(vectord_t) :: q
integer, intent(in) :: s
type(vector4_t), intent(in) :: p
qkp = s * php
end function prod_vector4_integer
elemental function div_vector4_integer (p, s) result (q)
type(vectord_t) :: q
integer, intent(in) :: s
type(vector4_t), intent(in) :: p
qkp = php/s
end function div_vector4_integer

Scalar products and squares in the Minkowski sense:

(Lorentz: interfaces)+=
interface operator(*)
module procedure prod_vector4
end interface
interface operator (**)
module procedure power_vector4
end interface

(Lorentz: procedures)+=
elemental function prod_vector4 (p, q) result (s)
real(default) :: s
type(vector4_t), intent(in) :: p,q
s = php(0)*q%p(0) - dot_product (p/%p(1:), qkp(1:))
end function prod_vector4

The power operation for four-vectors is signed, i.e., px*1 is positive for timelike
and negative for spacelike vectors. Note that (p**1)**2 is not necessarily equal
to px*2.

(Lorentz: procedures)+=
elemental function power_vector4 (p, e) result (s)
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real(default) :: s

type(vector4_t), intent(in) :: p
integer, intent(in) :: e
S = P*p

if (e/=2) then
if (mod(e,2)==0) then
s = s*x(e/2)
elseif (s>=0) then
s = sqrt(s)*x*e
else
s = -(sqrt(abs(s))*x*e)
end if
end if
end function power_vector4

Finally, we introduce a negation

(Lorentz: interfaces)+=
interface operator(-)
module procedure negate_vector4
end interface

(Lorentz: procedures)+=
elemental function negate_vector4d (p) result (q)
type(vector4_t) :: q

type(vector4_t), intent(in) :: p
integer :: i
doi=20,3
if (php(i) == -p%p(i)) then
qkp(i) = 0
else
qkp(i) = -php(i)
end if
end do

end function negate_vector4

The sum function can be useful:

(Lorentz: interfaces)+=
interface sum
module procedure sum_vector4
end interface

(Lorentz: procedures)+=
pure function sum_vector4 (p) result (q)
type(vectord_t) :: q

type(vector4_t), dimension(:), intent(in) :: p
integer :: i
do i=0, 3
qhp(i) = sum (pkp(i))
end do

end function sum_vector4d

272



9.3.3 Conversions

Manually set a component of the four-vector:
(Lorentz: public)+=

public :: vector4_set_component

(Lorentz: procedures)+=
subroutine vector4_set_component (p, k, c)

type(vector4_t), intent(inout) P
integer, intent(in) :: k

real (default), intent(in) :: c
phip(k) = ¢

end subroutine vector4_set_component

Any component:
(Lorentz: public)+=
public :: vector4_get_component

(Lorentz: procedures)+=
elemental function vector4_get_component (p, k) result (c)
real(default) :: c

type(vector4_t), intent(in) :: p
integer, intent(in) :: k
c = php(k)

end function vector4_get_component

Extract all components. This is not elemental.
(Lorentz: public)+=
public :: vector4_get_components

(Lorentz: procedures)+=
pure function vector4_get_components (p) result (a)

real (default), dimension(0:3) :: a
type(vector4_t), intent(in) :: p
a = plp

end function vector4_get_components

This function returns the space part of a four-vector, such that we can apply
three-vector operations on it:

(Lorentz: public functions)+=
public :: space_part

(Lorentz: interfaces)+=
interface space_part
module procedure vector4_get_space_part
end interface

(Lorentz: procedures)+=
elemental function vector4_get_space_part (p) result (q)
type(vector3_t) :: q
type(vector4_t), intent(in) :: p
qkp = php(1:)
end function vector4_get_space_part
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This function returns the direction of a four-vector, i.e., a normalized three-
vector. If the four-vector has zero space part, we return a null vector.

(Lorentz: interfaces)+=
interface direction
module procedure vector4_get_direction
end interface

(Lorentz: procedures)+=
elemental function vector4_get_direction (p) result (q)
type(vector3_t) :: q
type(vector4_t), intent(in) :: p
real(default) :: qq
qhkp = php(1:)
qq = g**1
if (qq /= 0) then
Qkp = akp / aq
else
qkp = 0
end if
end function vector4_get_direction

This function returns the four-vector as an ordinary array. A second version for
an array of four-vectors.

(Lorentz: public functions)+=
public :: array_from_vector4

(Lorentz: interfaces)+=
interface array_from_vector4
module procedure array_from_vector4_1
module procedure array_from_vector4_2
end interface

(Lorentz: procedures)+=
pure function array_from_vector4_1 (p) result (a)

type(vector4_t), intent(in) :: p
real(default), dimension(0:3) :: a
a = plkp

end function array_from_vector4_1

pure function array_from_vector4_2 (p) result (a)

type(vector4_t), dimension(:), intent(in) :: p
real(default), dimension(0:3, size(p)) :: a
integer :: i

forall (i=1:size(p))
a(0:3,i) = p(i)%p
end forall
end function array_from_vector4_2

Transform the momentum of a c_prt object into a four-vector:

(Lorentz: public)+=
public :: vector4_from_c_prt

(Lorentz: procedures)+=
elemental function vector4_from_c_prt (c_prt) result (p)

274



type(vectord_t) :: p
type(c_prt_t), intent(in) :: c_prt
p%4p(0) = c_prtipe
php(1) = c_prtihpx
php(2) = c_prtihpy
php(3) = c_prtihpz

end function vector4_from_c_prt

Initialize a c_prt_t object with the components of a four-vector as its kine-
matical entries. Compute the invariant mass, or use the optional mass-squared
value instead.

(Lorentz: public)+=
public :: vector4_to_c_prt

(Lorentz: procedures)+=
elemental function vector4_to_c_prt (p, p2) result (c_prt)
type(c_prt_t) :: c_prt
type(vector4_t), intent(in) :: p
real(default), intent(in), optional :: p2
c_prtipe = php(0)
c_prtipx = php(1)
c_prtipy = php(2)
c_prthpz = php(3)
if (present (p2)) then
c_prt/p2 = p2
else
c_prt/4p2 = p ** 2
end if

end function vector4_to_c_prt

9.3.4 Angles

Return the angles in a canonical system. The angle ¢ is defined between 0 <
¢ < 27. In degenerate cases, return zero.

(Lorentz: public functions)+=
public :: azimuthal_angle

(Lorentz: interfaces)+=
interface azimuthal_angle
module procedure vector3_azimuthal_angle
module procedure vector4_azimuthal_angle
end interface

(Lorentz: procedures)+=
elemental function vector3_azimuthal_angle (p) result (phi)
real(default) :: phi
type(vector3_t), intent(in) :: p
if (any(p%p(1:2)/=0)) then
phi = atan2(p%p(2), php(1))
if (phi < 0) phi = phi + twopi
else
phi = 0
end if
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end function vector3_azimuthal_angle

elemental function vector4_azimuthal_angle (p) result (phi)
real(default) :: phi
type(vector4_t), intent(in) :: p
phi = vector3_azimuthal_angle (space_part (p))

end function vector4_azimuthal_angle

Azimuthal angle in degrees

(Lorentz: public functions)+=
public :: azimuthal_angle_deg

(Lorentz: interfaces)+=
interface azimuthal_angle_deg
module procedure vector3_azimuthal_angle_deg
module procedure vector4_azimuthal_angle_deg
end interface

(Lorentz: procedures)+=

elemental function vector3_azimuthal_angle_deg (p) result (phi)
real(default) :: phi
type(vector3_t), intent(in) :: p
phi = vector3_azimuthal_angle (p) / degree

end function vector3_azimuthal_angle_deg

elemental function vector4_azimuthal_angle_deg (p) result (phi)
real(default) :: phi
type(vector4_t), intent(in) :: p
phi = vector4_azimuthal_angle (p) / degree

end function vector4_azimuthal_angle_deg

The azimuthal distance of two vectors. This is the difference of the azimuthal
angles, but cannot be larger than 7: The result is between —7 < A¢ < 7.

(Lorentz: public functions)+=
public :: azimuthal_distance

(Lorentz: interfaces)+=
interface azimuthal_distance
module procedure vector3_azimuthal_distance
module procedure vector4_azimuthal_distance
end interface

(Lorentz: procedures)+=
elemental function vector3_azimuthal_distance (p, q) result (dphi)
real(default) :: dphi
type(vector3_t), intent(in) :: p,q
dphi = vector3_azimuthal_angle (q) - vector3_azimuthal_angle (p)
if (dphi <= -pi) then
dphi = dphi + twopi
else if (dphi > pi) then
dphi = dphi - twopi
end if
end function vector3_azimuthal_distance
elemental function vector4_azimuthal_distance (p, q) result (dphi)
real(default) :: dphi
type(vector4_t), intent(in) :: p,q
dphi = vector3_azimuthal_distance &
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(space_part (p), space_part (q))
end function vector4_azimuthal_distance

The same in degrees:

(Lorentz: public functions)+=
public :: azimuthal_distance_deg

(Lorentz: interfaces)+=
interface azimuthal_distance_deg
module procedure vector3_azimuthal_distance_deg
module procedure vector4_azimuthal_distance_deg
end interface

(Lorentz: procedures)+=

elemental function vector3_azimuthal_distance_deg (p, q) result (dphi)
real(default) :: dphi
type(vector3_t), intent(in) :: p,q
dphi = vector3_azimuthal_distance (p, q) / degree

end function vector3_azimuthal_distance_deg

elemental function vector4_azimuthal_distance_deg (p, q) result (dphi)
real(default) :: dphi
type(vector4_t), intent(in) :: p,q
dphi = vector4_azimuthal_distance (p, q) / degree

end function vector4_azimuthal_distance_deg

The polar angle is defined 0 < # < 7. Note that ATAN2 has the reversed order of
arguments: ATAN2(Y,X). Here, = is the 3-component while y is the transverse
momentum which is always nonnegative. Therefore, the result is nonnegative
as well.

(Lorentz: public functions)+=
public :: polar_angle

(Lorentz: interfaces)+=
interface polar_angle
module procedure polar_angle_vector3
module procedure polar_angle_vector4
end interface

(Lorentz: procedures)+=
elemental function polar_angle_vector3 (p) result (theta)
real(default) :: theta
type(vector3_t), intent(in) :: p
if (any(pkp/=0)) then
theta = atan2 (sqrt(php(1)**2 + plp(2)**2), pkp(3))
else
theta = 0
end if
end function polar_angle_vector3d
elemental function polar_angle_vector4 (p) result (theta)
real(default) :: theta
type(vector4_t), intent(in) :: p
theta = polar_angle (space_part (p))
end function polar_angle_vector4
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This is the cosine of the polar angle: —1 < cosf < 1.

(Lorentz: public functions)+=
public :: polar_angle_ct

(Lorentz: interfaces)+=
interface polar_angle_ct
module procedure polar_angle_ct_vector3d
module procedure polar_angle_ct_vector4
end interface

(Lorentz: procedures)+=
elemental function polar_angle_ct_vector3 (p) result (ct)
real(default) :: ct
type(vector3_t), intent(in) :: p
if (any(pkp/=0)) then
ct = php(3) / p**1
else
ct =1
end if
end function polar_angle_ct_vector3
elemental function polar_angle_ct_vector4 (p) result (ct)
real(default) :: ct
type(vector4_t), intent(in) :: p
ct = polar_angle_ct (space_part (p))
end function polar_angle_ct_vector4

The polar angle in degrees.

(Lorentz: public functions)+=
public :: polar_angle_deg

(Lorentz: interfaces)+=
interface polar_angle_deg
module procedure polar_angle_deg_vector3d
module procedure polar_angle_deg_vector4
end interface

(Lorentz: procedures)+=

elemental function polar_angle_deg_vector3 (p) result (theta)
real(default) :: theta
type(vector3_t), intent(in) :: p
theta = polar_angle (p) / degree

end function polar_angle_deg_vector3

elemental function polar_angle_deg_vector4 (p) result (theta)
real(default) :: theta
type(vector4_t), intent(in) :: p
theta = polar_angle (p) / degree

end function polar_angle_deg_vector4

This is the angle enclosed between two three-momenta. If one of the momenta
is zero, we return an angle of zero. The range of the result is 0 < 6 < 7. If
there is only one argument, take the positive z axis as reference.

(Lorentz: public functions)+=
public :: enclosed_angle

278



(Lorentz: interfaces)+=
interface enclosed_angle
module procedure enclosed_angle_vector3d
module procedure enclosed_angle_vector4
end interface

(Lorentz: procedures)+=

elemental function enclosed_angle_vector3 (p, q) result (theta)
real(default) :: theta
type(vector3_t), intent(in) :: p, q
theta = acos (enclosed_angle_ct (p, q))

end function enclosed_angle_vector3

elemental function enclosed_angle_vector4 (p, q) result (theta)
real(default) :: theta
type(vector4_t), intent(in) :: p, q
theta = enclosed_angle (space_part (p), space_part (q))

end function enclosed_angle_vector4

The cosine of the enclosed angle.

(Lorentz: public functions)+=
public :: enclosed_angle_ct

(Lorentz: interfaces)+=
interface enclosed_angle_ct
module procedure enclosed_angle_ct_vector3
module procedure enclosed_angle_ct_vector4
end interface

(Lorentz: procedures)+=
elemental function enclosed_angle_ct_vector3 (p, q) result (ct)
real(default) :: ct
type(vector3_t), intent(in) :: p, q
if (any(p%p/=0).and.any(q%p/=0)) then
ct = pxq / (p**1 * g*x1)
if (ct>1) then

ct =1
else if (ct<-1) then
ct = -1
end if
else
ct =1
end if

end function enclosed_angle_ct_vector3

elemental function enclosed_angle_ct_vector4 (p, q) result (ct)
real(default) :: ct
type(vector4_t), intent(in) :: p, q
ct = enclosed_angle_ct (space_part (p), space_part (q))

end function enclosed_angle_ct_vector4

The enclosed angle in degrees.

(Lorentz: public functions)+=
public :: enclosed_angle_deg

(Lorentz: interfaces)+=
interface enclosed_angle_deg
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module procedure enclosed_angle_deg_vector3
module procedure enclosed_angle_deg_vector4
end interface

(Lorentz: procedures)+=

elemental function enclosed_angle_deg_vector3 (p, q) result (theta)
real(default) :: theta
type(vector3_t), intent(in) :: p, q
theta = enclosed_angle (p, q) / degree

end function enclosed_angle_deg_vector3

elemental function enclosed_angle_deg_vectord (p, q) result (theta)
real(default) :: theta
type(vector4_t), intent(in) :: p, q
theta = enclosed_angle (p, q) / degree

end function enclosed_angle_deg_vector4d

The polar angle of the first momentum w.r.t. the second momentum, evaluated
in the rest frame of the second momentum. If the second four-momentum is not
timelike, return zero.

(Lorentz: public functions)+=

public :: enclosed_angle_rest_frame
public :: enclosed_angle_ct_rest_frame
public :: enclosed_angle_deg_rest_frame

(Lorentz: interfaces)+=

interface enclosed_angle_rest_frame

module procedure enclosed_angle_rest_frame_vector4
end interface
interface enclosed_angle_ct_rest_frame

module procedure enclosed_angle_ct_rest_frame_vector4
end interface
interface enclosed_angle_deg_rest_frame

module procedure enclosed_angle_deg_rest_frame_vector4
end interface

(Lorentz: procedures)+=
elemental function enclosed_angle_rest_frame_vector4 (p, q) result (theta)
type(vector4_t), intent(in) :: p, q
real(default) :: theta
theta = acos (enclosed_angle_ct_rest_frame (p, q))
end function enclosed_angle_rest_frame_vector4
elemental function enclosed_angle_ct_rest_frame_vector4d (p, q) result (ct)
type(vector4_t), intent(in) :: p, q
real(default) :: ct
if (invariant_mass(q) > 0) then
ct = enclosed_angle_ct ( &
space_part (boost(-q, invariant_mass (q)) * p), &
space_part (q))
else
ct =1
end if
end function enclosed_angle_ct_rest_frame_vector4
elemental function enclosed_angle_deg_rest_frame_vector4 (p, q) &
result (theta)
type(vector4_t), intent(in) :: p, q
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real(default) :: theta
theta = enclosed_angle_rest_frame (p, q) / degree
end function enclosed_angle_deg_rest_frame_vector4d

9.3.5 More kinematical functions (some redundant)

The scalar transverse momentum (assuming the z axis is longitudinal)

(Lorentz: public functions)+=
public :: transverse_part

(Lorentz: interfaces)+=
interface transverse_part
module procedure transverse_part_vector4
end interface

(Lorentz: procedures)+=
elemental function transverse_part_vector4 (p) result (pT)
real(default) :: pT
type(vector4_t), intent(in) :: p
pT = sqrt(plhp(1)**2 + plp(2)**2)
end function transverse_part_vector4

The scalar longitudinal momentum (assuming the z axis is longitudinal). Iden-
tical to momentum_z_component.

(Lorentz: public functions)+=
public :: longitudinal_part

(Lorentz: interfaces)+=
interface longitudinal_part
module procedure longitudinal_part_vector4
end interface

(Lorentz: procedures)+=
elemental function longitudinal_part_vector4 (p) result (pL)
real(default) :: pL
type(vector4_t), intent(in) :: p
pL = p/p(3)
end function longitudinal_part_vector4

Absolute value of three-momentum

(Lorentz: public functions)+=
public :: space_part_norm

(Lorentz: interfaces)+=
interface space_part_norm
module procedure space_part_norm_vector4
end interface

(Lorentz: procedures)+=
elemental function space_part_norm_vector4 (p) result (p3)
real(default) :: p3
type(vector4_t), intent(in) :: p
p3 = sqrt (php(L)**2 + plp(2)**2 + plp(3)**2)
end function space_part_norm_vector4
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The energy (the zeroth component)

(Lorentz: public functions)+=
public :: energy

(Lorentz: interfaces)+=
interface energy
module procedure energy_vector4
module procedure energy_vector3
module procedure energy_real
end interface

(Lorentz: procedures)+=
elemental function energy_vector4 (p) result (E)
real(default) :: E
type(vector4_t), intent(in) :: p
E = plp(0)
end function energy_vector4

Alternative: The energy corresponding to a given momentum and mass. If the
mass is omitted, it is zero

(Lorentz: procedures)+=
elemental function energy_vector3 (p, mass) result (E)
real(default) :: E
type(vector3_t), intent(in) :: p
real(default), intent(in), optional :: mass
if (present (mass)) then
E = sqrt (p**2 + mass**2)
else
E = p¥x1
end if
end function energy_vector3

elemental function energy_real (p, mass) result (E)
real(default) :: E
real(default), intent(in) :: p
real(default), intent(in), optional :: mass
if (present (mass)) then
E = sqrt (p**2 + mass**2)
else
E = abs (p)
end if
end function energy_real

The invariant mass of four-momenta. Zero for lightlike, negative for spacelike
momenta.

(Lorentz: public functions)+=
public :: invariant_mass

(Lorentz: interfaces)+=
interface invariant_mass
module procedure invariant_mass_vector4
end interface
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(Lorentz: procedures)+=
elemental function invariant_mass_vector4 (p) result (m)
real(default) :: m

type(vector4_t), intent(in) :: p
real(default) :: msq
msq = p*p

if (msq >= 0) then
m = sqrt (msq)
else
m = - sqrt (abs (msq))
end if
end function invariant_mass_vector4

The invariant mass squared. Zero for lightlike, negative for spacelike momenta.

(Lorentz: public functions)+=
public :: invariant_mass_squared

(Lorentz: interfaces)+=
interface invariant_mass_squared
module procedure invariant_mass_squared_vector4
end interface

(Lorentz: procedures)+=
elemental function invariant_mass_squared_vector4 (p) result (msq)
real(default) :: msq
type(vector4_t), intent(in) :: p
msq = p*p
end function invariant_mass_squared_vector4

The transverse mass. If the mass squared is negative, this value also is negative.

(Lorentz: public functions)+=
public :: transverse_mass

(Lorentz: interfaces)+=
interface transverse_mass
module procedure transverse_mass_vector4
end interface

(Lorentz: procedures)+=
elemental function transverse_mass_vector4 (p) result (m)
real(default) :: m
type(vector4_t), intent(in) :: p
real(default) :: msq
msq = php(0)**2 — pip(1)*x2 — plp(2)**2
if (msq >= 0) then
m = sqrt (msq)
else
m = - sqrt (abs (msq))
end if
end function transverse_mass_vector4

The rapidity (defined if particle is massive or p; > 0)

(Lorentz: public functions)+=
public :: rapidity
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(Lorentz: interfaces)+=
interface rapidity
module procedure rapidity_vector4
end interface

(Lorentz: procedures)+=
elemental function rapidity_vector4 (p) result (y)
real(default) :: y

type(vector4_t), intent(in) :: p
y = .5 * log( (energy (p) + longitudinal_part (p)) &
& /(energy (p) - longitudinal_part (p)))

end function rapidity_vector4

The pseudorapidity (defined if p; > 0)

(Lorentz: public functions)+=
public :: pseudorapidity

(Lorentz: interfaces)+=
interface pseudorapidity
module procedure pseudorapidity_vector4
end interface

(Lorentz: procedures)+=
elemental function pseudorapidity_vector4 (p) result (eta)
real(default) :: eta
type(vector4_t), intent(in) :: p
eta = -log( tan (.5 * polar_angle (p)))
end function pseudorapidity_vector4

The rapidity distance (defined if both p; > 0)

(Lorentz: public functions)+=
public :: rapidity_distance

(Lorentz: interfaces)+=
interface rapidity_distance
module procedure rapidity_distance_vector4
end interface

(Lorentz: procedures)+=
elemental function rapidity_distance_vector4 (p, q) result (dy)
type(vector4_t), intent(in) :: p, gq
real(default) :: dy
dy = rapidity (q) - rapidity (p)
end function rapidity_distance_vector4

The pseudorapidity distance (defined if both p; > 0)
(Lorentz: public functions)+=

public :: pseudorapidity_distance
(Lorentz: interfaces)+=

interface pseudorapidity_distance

module procedure pseudorapidity_distance_vector4
end interface
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(Lorentz: procedures)+=
elemental function pseudorapidity_distance_vectord (p, q) result (deta)
real(default) :: deta
type(vector4_t), intent(in) :: p, q
deta = pseudorapidity (q) - pseudorapidity (p)
end function pseudorapidity_distance_vector4

The distance on the n — ¢ cylinder:

(Lorentz: public functions)+=
public :: eta_phi_distance

(Lorentz: interfaces)+=
interface eta_phi_distance
module procedure eta_phi_distance_vector4
end interface

(Lorentz: procedures)+=
elemental function eta_phi_distance_vector4 (p, q) result (dr)
type(vector4_t), intent(in) :: p, q
real(default) :: dr
dr = sqrt ( &
pseudorapidity_distance (p, Q) **2 &
+ azimuthal_distance (p, q)**2)
end function eta_phi_distance_vector4

9.3.6 Lorentz transformations

(Lorentz: public)+=
public :: lorentz_transformation_t

(Lorentz: types)+=

type :: lorentz_transformation_t

private

real(default), dimension(0:3, 0:3) :: L
contains

(Lorentz: lorentz transformation: TBP)
end type lorentz_transformation_t

Output:
(Lorentz: public)+=
public :: lorentz_transformation_write

(Lorentz: lorentz transformation: TBP)=
procedure :: write => lorentz_transformation_write

(Lorentz: procedures)+=
subroutine lorentz_transformation_write (L, unit)

class(lorentz_transformation_t), intent(in) :: L

integer, intent(in), optional :: unit

integer :: u

integer :: i

u = given_output_unit (unit); if (u < 0) return

write (u, "(1x,A,3(1x," // FMT_19 // ™))") "LOO = ", L%L(0,0)
write (u, "(1x,A,3(1x," // FMT_19 // "))") "LOj = ", L%L(0,1:3)
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doi=1, 3
write (u, "(1x,A,I0,A,3(1x," // FMT_19 // ™))") &

"L“, i) "0 = "5 Lo/aL(i,O)
write (u, "(1x,A,I0,A,3(1x," // FMT_19 // "))") &
IlLll’ i, IlJ‘ = Il, L%L(l,l:B)

end do
end subroutine lorentz_transformation_write

Extract all components:
(Lorentz: public)+=
public :: lorentz_transformation_get_components

(Lorentz: procedures)+=
pure function lorentz_transformation_get_components (L) result (a)

type(lorentz_transformation_t), intent(in) :: L
real(default), dimension(0:3,0:3) :: a
a = LJL

end function lorentz_transformation_get_components

9.3.7 Functions of Lorentz transformations

For the inverse, we make use of the fact that A*”A,, = ¢7. So, lowering the
indices and transposing is sufficient.

(Lorentz: public functions)+=
public :: inverse

(Lorentz: interfaces)+=
interface inverse
module procedure lorentz_transformation_inverse
end interface

(Lorentz: procedures)+=

elemental function lorentz_transformation_inverse (L) result (IL)
type(lorentz_transformation_t) :: IL
type(lorentz_transformation_t), intent(in) :: L
IL%L(0,0) = L%L(0,0)
IL%L(0,1:) = -L4L(1:,0)
IL%L(1:,0) = -L4L(0,1:)
IL%L(1:,1:) = transpose(L)L(1:,1:))

end function lorentz_transformation_inverse

9.3.8 Invariants

These are used below. The first array index is varying fastest in FORTRAN;
therefore the extra minus in the odd-rank tensor epsilon.

(Lorentz: pammeters} +=

integer, dimension(3,3), parameter :: delta_three = &
& reshape( source = [ 1,0,0, 0,1,0, 0,0,1 1, &
& shape = [3,3] )
integer, dimension(3,3,3), parameter :: epsilon_three = &

& reshape( source = [ 0, 0,0, 0,0,-1, 0,1,0, &
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& o, 0,1, 0,0, 0, -1,0,0, &
& 0,-1,0, 1,0, O, 0,0,0 1,&
& shape = [3,3,3] )

This could be of some use:

(Lorentz: public)+=
public :: identity

(Lorentz: parameters)+=
type(lorentz_transformation_t), parameter :: &
& identity = &
& lorentz_transformation_t ( &
& reshape( source = [ 1._default, 0._default, 0._default, 0._default, &

& 0._default, 1._default, 0._default, 0._default, &
& 0._default, 0._default, 1._default, 0._default, &
& 0._default, 0._default, O._default, 1._default ],&
& shape = [4,4] ) )
(Lorentz: public)+=
public :: space_reflection

(Lorentz: parameters)+=
type(lorentz_transformation_t), parameter :: &

& space_reflection = &

& lorentz_transformation_t ( &

& reshape( source = [ 1._default, 0._default, 0._default, 0._default, &
0._default,-1._default, 0._default, 0._default, &
0._default, 0._default,-1._default, 0._default, &
0._default, 0._default, O._default,-1._default ],&

shape = [4,4] ) )

L5 =

Builds a unit vector orthogal to the input vector in the xy-plane.

(Lorentz: public functions)+=
public :: create_orthogonal

(Lorentz: procedures)+=
function create_orthogonal (p_in) result (p_out)
type(vector3_t), intent(in) :: p_in
type(vector3_t) :: p_out
real(default) :: abs
abs = sqrt (p_in%p(1)**2 + p_in%p(2)**2)
if (abs == 0) then
p_out’p(1) =1
p_out/%p(2) = 0
p_out%p(3) =0
else
p_out%p(1) = p_in%p(2)
p_out’%p(2) = -p_inJp(1)
p_out’p(3) =0
p_out = p_out / abs
end if
end function create_orthogonal

(Lorentz: public functions)+=
public :: create_unit_vector
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(Lorentz: procedures)+=

function create_unit_vector (p_in) result (p_out)
type(vector4_t), intent(in) :: p_in
type(vector3_t) :: p_out
real(default) :: abs
abs = space_part_norm (p_in)
p_out¥%p(1) = p_in¥p(1)/abs
p_out%p(2) = p_in%p(2)/abs
p_out%p(3) = p_inp(3)/abs

end function create_unit_vector

(Lorentz: public functions)+=
public :: normalize

(Lorentz: procedures)+=
subroutine normalize(p)
type(vector3_t), intent(inout) :: p
real(default) :: abs
abs = sqrt (phkp(1)**2 + plp(2)**2 + plp(3)**2)
p = p/abs
end subroutine normalize

9.3.9 Boosts

We build Lorentz transformations from boosts and rotations. In both cases we
can supply a three-vector which defines the axis and (hyperbolic) angle. For a
boost, this is the vector 5 = p/E, such that a particle at rest with mass m is
boosted to a particle with three-vector p. Here, we have

B =tanhx = p/E, v =coshx = E/m, By =sinhxy =p/m (9.1

(Lorentz: public functions)+=
public :: boost

(Lorentz: interfaces)+=
interface boost
module procedure boost_from_rest_frame
module procedure boost_from_rest_frame_vector3
module procedure boost_generic
module procedure boost_canonical
end interface

In the first form, the argument is some four-momentum, the space part of which
determines a direction, and the associated mass (which is not checked against
the four-momentum). The boost vector vg is then given by p/m. This boosts
from the rest frame of a particle to the current frame. To be explicit, if p’ is
the momentum of a particle and m its mass, L(p/m) is the transformation that
turns (m;0) into (E;p). Conversely, the inverse transformation boosts a vector
into the rest frame of a particle, in particular (E;p) into (m; 6)

(Lorentz: procedures)+=

elemental function boost_from_rest_frame (p, m) result (L)
type(lorentz_transformation_t) :: L
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type(vector4_t), intent(in) :: p
real (default), intent(in) :: m
L = boost_from_rest_frame_vector3 (space_part (p), m)
end function boost_from_rest_frame
elemental function boost_from_rest_frame_vector3 (p, m) result (L)

type(lorentz_transformation_t) :: L
type(vector3_t), intent(in) :: p
real (default), intent(in) :: m

type(vector3_t) :: beta_gamma
real(default) :: bg2, g, c
integer :: 1i,j
if (m /= 0) then
beta_gamma = p / m
bg2 = beta_gamma**2
else
bg2
end if
if (bg2 /= 0) then
g = sqrt(l + bg2); c = (g-1)/bg2
L4L(0,0) =g

0

L%L(0,1:) = beta_gammalp
L%L(1:,0) = L}L(0,1:)
do i=1,3
do j=1,3
L%L(i,j) = delta_three(i,j) + cxbeta_gammayp(i)*beta_gammayp(j)
end do
end do
else
L = identity
end if

end function boost_from_rest_frame_vector3

A canonical boost is a boost along one of the coordinate axes, which we may
supply as an integer argument. Here, v( is scalar.

(Lorentz: procedures)+=
elemental function boost_canonical (beta_gamma, k) result (L)

type(lorentz_transformation_t) :: L
real(default), intent(in) :: beta_gamma
integer, intent(in) :: k

real(default) :: g
g = sqrt(l + beta_gamma**2)
L = identity

LYL(0,0) = g

L%L(0,k) = beta_gamma
L%L(k,0) = L4L(0,k)
L%L(k,k) = L%L(0,0)

end function boost_canonical

Instead of a canonical axis, we can supply an arbitrary axis which need not be
normalized. If it is zero, return the unit matrix.

(Lorentz: procedures)+=
elemental function boost_generic (beta_gamma, axis) result (L)

type(lorentz_transformation_t) :: L
real(default), intent(in) :: beta_gamma
type(vector3_t), intent(in) :: axis
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if (any(axis%p/=0)) then
L = boost_from_rest_frame_vector3 (beta_gamma * axis, axis*x1)
else
L = identity
end if
end function boost_generic

9.3.10 Rotations

For a rotation, the vector defines the rotation axis, and its length the rotation
angle.

(Lorentz: public functions)+=
public :: rotation

(Lorentz: interfaces)+=
interface rotation
module procedure rotation_generic
module procedure rotation_canonical
module procedure rotation_generic_cs
module procedure rotation_canonical_cs
end interface

If cos¢ and sin¢ is already known, we do not have to calculate them. Of
course, the user has to ensure that cos? ¢ + sin? ¢ = 1, and that the given axis
n is normalized to one. In the second form, the length of axis is the rotation
angle.
(Lorentz: procedures)+=

elemental function rotation_generic_cs (cp, sp, axis) result (R)

type(lorentz_transformation_t) :: R
real(default), intent(in) :: cp, sp
type(vector3_t), intent(in) :: axis
integer :: 1i,j
R = identity
do i=1,3
do j=1,3
RAL(i,j) = cpxdelta_three(i,j) + (1-cp)*axis¥p(i)*axishp(j) &
& - sp*dot_product(epsilon_three(i,j,:), axislp)
end do
end do

end function rotation_generic_cs
elemental function rotation_generic (axis) result (R)
type(lorentz_transformation_t) :: R
type(vector3_t), intent(in) :: axis
real(default) :: phi
if (any(axis¥p/=0)) then
phi = abs(axis*x*1)
R = rotation_generic_cs (cos(phi), sin(phi), axis/phi)
else
R = identity
end if
end function rotation_generic
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Alternatively, give just the angle and label the coordinate axis by an integer.

(Lorentz: procedures)+=
elemental function rotation_canonical_cs (cp, sp, k) result (R)
type(lorentz_transformation_t) :: R
real(default), intent(in) :: cp, sp
integer, intent(in) :: k
integer :: i,j
R = identity
do i=1,3
do j=1,3
R%4L(i,j) = -sp*epsilon_three(i,j,k)
end do
RAL(i,i) = cp
end do
RAL(k,k) =1
end function rotation_canonical_cs
elemental function rotation_canonical (phi, k) result (R)

type(lorentz_transformation_t) :: R
real(default), intent(in) :: phi
integer, intent(in) :: k

R = rotation_canonical_cs(cos(phi), sin(phi), k)
end function rotation_canonical
This is viewed as a method for the first argument (three-vector): Reconstruct
the rotation that rotates it into the second three-vector.

(Lorentz: public functions)+=
public :: rotation_to_2nd

(Lorentz: interfaces)+=
interface rotation_to_2nd
module procedure rotation_to_2nd_generic
module procedure rotation_to_2nd_canonical
end interface

(Lorentz: procedures)+=
elemental function rotation_to_2nd_generic (p, q) result (R)

type(lorentz_transformation_t) :: R
type(vector3_t), intent(in) :: p, q
type(vector3_t) :: a, b, ab

real (default) :: ct, st
if (any (pkp /= 0) .and. any (qlp /= 0)) then
a = direction (p)
b = direction (q)
ab = cross_product(a,b)
ct = axb; st = ab*x1
if (st /= 0) then
R = rotation_generic_cs (ct, st, ab/st)
else if (ct < 0) then
R = space_reflection
else
R = identity
end if
else
R = identity
end if
end function rotation_to_2nd_generic
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The same for a canonical axis: The function returns the transformation that
rotates the k-axis into the direction of p.

(Lorentz: procedures)+=
elemental function rotation_to_2nd_canonical (k, p) result (R)

type(lorentz_transformation_t) :: R
integer, intent(in) :: k
type(vector3_t), intent(in) :: p
type(vector3_t) :: b, ab
real(default) :: ct, st

integer :: i, j

if (any (plkp /= 0)) then
b = direction (p)
ab%p = 0
doi=1, 3
do j=1, 3
ab%p(j) = ablp(j) + b%p(i) * epsilon_three(i,j,k)
end do
end do
ct = blp(k); st = ab*x*1
if (st /= 0) then
R = rotation_generic_cs (ct, st, ab/st)
else if (ct < 0) then
R = space_reflection
else
R = identity
end if
else
R = identity
end if
end function rotation_to_2nd_canonical

9.3.11 Composite Lorentz transformations

This function returns the transformation that, given a pair of vectors p; 2, (a)
boosts from the rest frame of the c.m. system (with invariant mass m) into the
lab frame where p; are defined, and (b) turns the given axis (or the canonical
vectors £ey) in the rest frame into the directions of p; o in the lab frame. Note
that the energy components are not used; for a consistent result one should have
(p1+p2)? = m?.
(Lorentz: public functions)+=
public :: transformation

(Lorentz: interfaces)+=
interface transformation
module procedure transformation_rec_generic
module procedure transformation_rec_canonical
end interface

(Lorentz: procedures)+=
elemental function transformation_rec_generic (axis, pl, p2, m) result (L)

type(vector3_t), intent(in) :: axis
type(vector4_t), intent(in) :: pl, p2
real (default), intent(in) :: m
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type(lorentz_transformation_t) :: L
L = boost (pl + p2, m)
L = L * rotation_to_2nd (axis, space_part (inverse (L) * pl))
end function transformation_rec_generic
elemental function transformation_rec_canonical (k, pl, p2, m) result (L)

integer, intent(in) :: k
type(vector4_t), intent(in) :: pl, p2
real (default), intent(in) :: m
type(lorentz_transformation_t) :: L

L = boost (pl + p2, m)
L = L * rotation_to_2nd (k, space_part (inverse (L) * p1l))
end function transformation_rec_canonical

9.3.12 Applying Lorentz transformations

Multiplying vectors and Lorentz transformations is straightforward.

(Lorentz: interfaces)+=
interface operator (*)
module procedure prod_LT_vector4
module procedure prod_LT_LT
module procedure prod_vector4_LT
end interface

(Lorentz: procedures)+=

elemental function prod_LT_vector4 (L, p) result (np)
type(vector4_t) :: np
type(lorentz_transformation_t), intent(in) :: L
type(vector4_t), intent(in) :: p
nplp = matmul (L%L, p%p)

end function prod_LT_vector4

elemental function prod_LT_LT (L1, L2) result (NL)
type(lorentz_transformation_t) :: NL
type(lorentz_transformation_t), intent(in) :: L1,L2
NL%L = matmul (L1%L, L2%L)

end function prod_LT_LT

elemental function prod_vector4_LT (p, L) result (ap)
type(vector4_t) :: np
type(vector4_t), intent(in) :: p
type(lorentz_transformation_t), intent(in) :: L
nplp = matmul (p%p, L%L)

end function prod_vector4_LT

9.3.13 Special Lorentz transformations

These routines have their application in the generation and extraction of an-
gles in the phase-space sampling routine. Since this part of the program is
time-critical, we calculate the composition of transformations directly instead
of multiplying rotations and boosts.

This Lorentz transformation is the composition of a rotation by ¢ around
the 3 axis, a rotation by # around the 2 axis, and a boost along the 3 axis:

L = B3(Bv) R2(0) R3 () (9.2)
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Instead of the angles we provide sine and cosine.

(Lorentz: public functions)+=
public :: LT_compose_r3_r2_b3

(Lorentz: procedures)+=
elemental function LT_compose_r3_r2_b3 &
(cp, sp, ct, st, beta_gamma) result (L)
type(lorentz_transformation_t) :: L

real (default), intent(in)

real (default)

11 gamma

if (beta_gamma==0) then

L%L(0,0)
L%L(1:,0)

0

L%L(0,1:) =0
= [ ct*cp, -ct*sp, st ]

[

[

LAL(1,1:)

L%L(2,1:) =

L%L(3,1:)
else

1

sp,
-st*cp,

:: cp, sp, ct, st, beta_gamma

cp, O0._default ]

st*sp, ct ]

gamma = sqrt(l + beta_gamma**2)

L%L(0,0)
L%L(1,0)
L%L(2,0)
L%L(3,0)
L%4L(0,1:)

LAL(1,1:) =
L4L(2,1:) =

L4L(3,1:)
end if

gamma
0
0
beta_gamma
beta_gamma

gamma

* [ -st*cp,
[ ct*cp,
[ sp,
* [ -st*cp,

end function LT_compose_r3_r2_b3

Different ordering:

st*sp,
ct*sp,

cp,
st*sp,

L = Bs3(7) Rs(¢) R(0)

(Lorentz: public functions)+=
public :: LT_compose_r2_r3_b3

(Lorentz: procedures)+=
elemental function LT_compose_r2_r3_b3 &
(ct, st, cp, sp, beta_gamma) result (L)
type(lorentz_transformation_t) :: L

real (default), intent(in)

real (default)

1 gamma

if (beta_gamma==0) then

L%L(0,0)
L%L(1:,0)

L4L(0,1:) =

L%AL(1,1:)

LAL(2,1:)

LAL(3,1:)
else

1

0

0

[ ct*cp,
[

[ -

ct ]
st ]
0._default ]
ct ]

:: ct, st, cp, sp, beta_gamma

-sp,
ct*sp, cp,
st , 0._default,

gamma = sqrt(l + beta_gamma**2)

L%L(0,0)
LYL(1,0)
L%L(2,0)
L%L(3,0)

gamma
0
0

beta_gamma
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ct
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]
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L%4L(0,1:) = beta_gamma * [ -st , 0._default, ct ]

L4L(1,1:) = [ ctxcp, -sp, st*cp ]

L%AL(2,1:) = [ ctx*sp, cp, st*sp ]

L%4L(3,1:) = gamma * [ -st , 0._default, ct ]
end if

end function LT_compose_r2_r3_b3

This function returns the previous Lorentz transformation applied to an arbi-
trary four-momentum and extracts the space part of the result:

7i = [B3(B7) R2(0) R3(9) Plspace part (9.4)

The second variant applies if there is no rotation

(Lorentz: public functions)+=
public :: axis_from_p_r3_r2_b3, axis_from_p_b3

(Lorentz: procedures)+=
elemental function axis_from_p_r3_r2_b3 &
(p, cp, sp, ct, st, beta_gamma) result (n)

type(vector3_t) :: n
type(vector4_t), intent(in) :: p
real(default), intent(in) :: cp, sp, ct, st, beta_gamma

real(default) :: gamma, px, py
px = cp * pkp(1) - sp * plkp(2)
py = sp * php(1) + cp * pkp(2)
n¥%p(1) ct * px + st * p/p(3)
n%p(2) = py
n%4p(3) = -st * px + ct * php(3)
if (beta_gamma/=0) then
gamma = sqrt(l + beta_gammax**2)
n’%p(3) = n%p(3) * gamma + p)p(0) * beta_gamma
end if
end function axis_from_p_r3_r2_b3

elemental function axis_from_p_b3 (p, beta_gamma) result (n)

type(vector3_t) :: n

type(vector4_t), intent(in) :: p
real(default), intent(in) :: beta_gamma
real(default) :: gamma

n%p = php(1:3)
if (beta_gamma/=0) then
gamma = sqrt(l + beta_gamma**2)
n%p(3) = n¥%p(3) * gamma + p%p(0) * beta_gamma
end if
end function axis_from_p_b3

9.3.14 Special functions

The standard phase space function:

(Lorentz: public functions)+=
public :: lambda
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(Lorentz: procedures)+=
elemental function lambda (misq, m2sq, m3sq)
real(default) :: lambda
real(default), intent(in) :: mlsq, m2sq, m3sq
lambda = (mlsq - m2sq - m3sq)**2 - 4*m2sq*m3sq
end function lambda

Return a pair of head-to-head colliding momenta, given the collider energy,
particle masses, and optionally the momentum of the c.m. system.
(Lorentz: public functions)+=

public :: colliding_momenta

(Lorentz: procedures)+=
function colliding momenta (sqrts, m, p_cm) result (p)

type(vector4_t), dimension(2) :: p

real(default), intent(in) :: sqrts

real(default), dimension(2), intent(in), optional :: m
real(default), intent(in), optional :: p_cm

real(default), dimension(2) :: dmsq
real (default) :: ch, sh
real(default), dimension(2) :: EO, pO
integer, dimension(2), parameter :: sgn = [1, -1]
if (sqrts == 0) then
call msg_fatal (" Colliding beams: sqrts is zero (please set sqrts)")
p = vector4_null; return
else if (sqrts <= 0) then
call msg_fatal (" Colliding beams: sqrts is negative")
p = vector4_null; return
end if
if (present (m)) then
dmsq = sgn * (m(1)**2-m(2)*%2)
EO = (sqrts + dmsq/sqrts) / 2
if (any (EO < m)) then
call msg_fatal &
(" Colliding beams: beam energy is less than particle mass")
p = vector4_null; return

end if

pO = sgn * sqrt (EO**2 - m**2)
else

EO = sqrts / 2

p0 = sgn * EO
end if

if (present (p_cm)) then
sh = p_cm / sqrts
ch = sqrt (1 + sh**2)
p = vector4_moving (EO * ch + p0 * sh, EO * sh + p0O * ch, 3)
else
p = vector4_moving (EO, pO, 3)
end if
end function colliding_momenta

This subroutine is for the purpose of numerical checks and comparisons. The
idea is to set a number to zero if it is numerically equivalent with zero. The
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equivalence is established by comparing with a tolerance argument. We im-
plement this for vectors and transformations.

(Lorentz: public functions)+=
public :: pacify

(Lorentz: interfaces)+=
interface pacify
module procedure pacify_vector3d
module procedure pacify_vector4
module procedure pacify_LT
end interface pacify

(Lorentz: procedures)+=
elemental subroutine pacify_vector3 (p, tolerance)
type(vector3_t), intent(inout) :: p
real (default), intent(in) :: tolerance
where (abs (p%p) < tolerance) plp =0
end subroutine pacify_vector3

elemental subroutine pacify_vector4 (p, tolerance)
type(vector4_t), intent(inout) :: p
real (default), intent(in) :: tolerance
where (abs (p%p) < tolerance) pip =0

end subroutine pacify_vector4

elemental subroutine pacify_LT (LT, tolerance)
type(lorentz_transformation_t), intent(inout) :: LT
real (default), intent(in) :: tolerance
where (abs (LT/L) < tolerance) LT/L =0

end subroutine pacify_LT

(Lorentz: public)+=
public :: vector_set_reshuffle

(Lorentz: procedures)+=
subroutine vector_set_reshuffle (pl, list, p2)
type(vector4_t), intent(in), dimension(:), allocatable :: pl

integer, intent(in), dimension(:), allocatable :: list
type(vector4_t), intent(out), dimension(:), allocatable :: p2
integer :: n, n_p

n_p = size (pl)
if (size (list) /= n_p) return
allocate (p2 (n_p))
don=1, np
p2(m) = p1(list(n))
end do
end subroutine vector_set_reshuffle

(Lorentz: public)+=
public :: vector4_write_set

(Lorentz: procedures)+=
subroutine vector4_write_set (p, unit, show_mass)
type(vector4_t), intent(in), dimension(:) :: p
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integer, intent(in), optional :: unit

logical, intent(in), optional :: show_mass
integer :: i, j

real(default), dimension(4) :: p_tot

p_tot = 0

do i =1, size (p)
forall (j=1:4) p_tot(j) = p_tot(j) + vectord_get_component(p(i),j-1)
call vector4_write (p(i), unit, show_mass)

end do

print *, ’Total: °’

print *, ’E: ’, p_tot(1)

print *, ’p: ’, p_tot(2), p_tot(3), p_tot(4)

end subroutine vector4_write_set
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9.4 Special Physics functions

Here, we declare functions that are specific for the Standard Model, including
QCD: fixed and running ay, Catani-Seymour dipole terms, loop functions, etc.
To make maximum use of this, all functions, if possible, are declared ele-
mental (or pure, if this is not possible).
(sm_physics.f90)=
(F'ile header)

module sm_physics

(Use kinds)
use io_units
use constants
use diagnostics
use physics_defs
use lorentz

(Standard module head)
(SM physics: public)
(SM physics: parameters)
contains

(SM physics: procedures)

end module sm_physics

9.4.1 Running o

Then we define the coefficients of the beta function of QCD (as a reference
cf. the Particle Data Group), where ny is the number of active flavors in two
different schemes:

fo= 11— %”f (9.5)
= 2, o)
By = 2857 — %n + %n? (9.7)
bo = L (11C4 — 2ny) (9.8)
127
by = ﬁ (17C% —5Cany — 3Cpny) (9.9)
by = (471r)3 (2;517021 — 1451315 * Cany — %C’ACan + C%ny + SOAnf * %2 4 19—10an * >|<2>

(9.10)

(SM physics: public)=
public :: betaO, betal, beta2, coeff_bO, coeff_bl, coeff_b2

299



(SM physics: procedures)=
pure function betal (nf)
real (default), intent(in) :: nf
real(default) :: betal
beta0 = 11.0_default - two/three * nf
end function betal

pure function betal (nf)

real (default), intent(in) :: nf

real(default) :: betal

betal = 51.0_default - 19.0_default/three * nf
end function betal

pure function beta2 (nf)
real (default), intent(in) :: nf
real(default) :: beta2
beta2 = 2857.0_default - 5033.0_default / 9.0_default * &
nf + 325.0_default/27.0_default * nf**2
end function beta2

pure function coeff_ b0 (uf)

real (default), intent(in) :: nf

real (default) :: coeff_b0

coeff_b0 = (11.0_default * CA - two * nf) / (12.0_default * pi)
end function coeff_b0

pure function coeff_bl (uf)
real (default), intent(in) :: nf
real (default) :: coeff_bil
coeff_bl = (17.0_default * CAxx2 - five * CA * nf - three * CF * nf) / &
(24.0_default * pix*2)
end function coeff_bil

pure function coeff_b2 (nf)
real (default), intent(in) :: nf
real(default) :: coeff_b2
coeff_b2 = (2857.0_default/54.0_default * CA*x3 - &
1415.0_default/54.0_default * &
CA*x2 * nf - 205.0_default/18.0_default * CA*CF*nf &
+ 79.0_default/54.0_default * CA*nf**2 + &
11.0_default/9.0_default * CF * nf*x2) / (four*pi)**3
end function coeff_b2

There should be two versions of running «, one which takes the scale and Aqcp
as imput, and one which takes the scale and e.g. as(myz) as input. Here, we
take the one which takes the QCD scale and scale as inputs from the PDG book.
(SM physics: public)+=

public :: running_as, running_as_lam
(SM physics: procedures)+=

pure function running as (scale, al_mz, mz, order, nf) result (ascale)

real (default), intent(in) :: scale
real(default), intent(in), optional :: al_mz, nf, mz
integer, intent(in), optional :: order
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integer :: ord

real(default) :: az, m_z, as_log, n_f, b0, bl, b2, ascale
real (default) :: as0O, asl

if (present(mz)) then

m_z = mz
else

m_z = MZ_REF
end if

if (present(order)) then
ord = order
else
ord = 0
end if
if (present(al_mz)) then
az = al_mz
else
az = ALPHA_QCD_MZ_REF
end if
if (present(nf)) then
n_f = nf
else
n_f =5
end if
b0 = coeff_b0 (n_f)
bl = coeff_bl (n_f)
b2 coeff_b2 (n_f)
as_log = one + b0 * az * log(scale*x*2/m_zx*2)
as0 = az / as_log
asl = asO - asO**2 * bl/b0 * log(as_log)
select case (ord)

case (0)
ascale = asO
case (1)
ascale = asl
case (2)

ascale = asl + asO**3 * (b1**2/b0**2 * ((log(as_log))**2 - &
log(as_log) + as_log - one) - b2/b0 * (as_log - one))
end select
end function running_as

pure function running_as_lam (nf, scale, lambda, order) result (ascale)

real (default), intent(in) :: nf, scale
real(default), intent(in), optional :: lambda
integer, intent(in), optional :: order

real(default) :: lambda_qgcd
real(default) :: as0O, asl, logmul, bO, bl, b2, ascale
integer :: ord
if (present (lambda)) then
lambda_qcd = lambda

else

lambda_qcd = LAMBDA_QCD_REF
end if
if (present(order)) then

ord = order
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else
ord = 0
end if
b0 = betal(nf)
bl = betal(nf)
b2 = beta2(nf)
logmul = log(scalex**2/lambda_qcd**2)
asO = four*pi / b0 / logmul
asl = asO * (one - two* bl / bO**2 * log(logmul) / logmul)
select case (ord)

case (0)
ascale = asO
case (1)
ascale = asl
case (2)

ascale = asl + asO * four * bl**2/b0**4/logmul**2 * &
( (log(logmul) - 0.5_default)**2 + &
b2xb0/8.0_default/bl**2 - five/four)
end select
end function running_as_lam

9.4.2 Catani-Seymour Parameters

These are fundamental constants of the Catani-Seymour dipole formalism. Since
the corresponding parameters for the gluon case depend on the number of flavors
which is treated as an argument, there we do have functions and not parameters.

Ya =Yg = gCF Vg = %CA - % rINf (9.11)
K K(77r2>C’F K (677T2)CA10 RN (9.12)
T \2 6 97 \18 6 g
(SM physics: parameters)=
real (kind=default), parameter, public :: gamma_q = three/two * CF, &

k_q = (7.0_default/two - pi**2/6.0_default) * CF

(SM physics: public)+=
public :: gamma_g, k_g

(SM physics: procedures)+=
elemental function gamma_g (nf) result (gg)
real (kind=default), intent(in) :: nf
real (kind=default) :: gg
gg = 11.0_default/6.0_default * CA - two/three * TR * nf
end function gamma_g

elemental function k_g (nf) result (kg)
real (kind=default), intent(in) :: nf
real (kind=default) :: kg
kg = (67.0_default/18.0_default - pi**2/6.0_default) * CA - &
10.0_default/9.0_default * TR * nf
end function k_g
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9.4.3 Mathematical Functions

The dilogarithm. This simplified version is bound to double precision, and
restricted to argument values less or equal to unity, so we do not need complex
algebra. The wrapper converts it to default precision (which is, of course, a
no-op if double=default).

The routine calculates the dilogarithm through mapping on the area where
there is a quickly convergent series (adapted from an F77 routine by Hans
Kuijf, 1988): Map « such that x is not in the neighbourhood of 1. Note that
|z| = —In(1—2) is always smaller than 1.10, but 1'118!19 Bernoullijg = 2.7x1071%.
(SM physics: public)+=

public :: Li2

(SM physics: procedures)+=
function Li2 (x)
use kinds, only: double
real (default), intent(in) :: x
real(default) :: Li2
Li2 = real( Li2_double (real(x, kind=double)), kind=default)
end function Li2

(SM physics: procedures)+=
function Li2_double (x) result (Li2)

use kinds, only: double

real (kind=double), intent(in) :: x

real (kind=double) :: Li2

real (kind=double), parameter :: pi2_6 = pi**2/6

if (abs(1-x) < 1.E-13_double) then
Li2 = pi2_6

else if (abs(l-x) < 0.5_double) then
Li2 = pi2_6 - log(1l-x) * log(x) - Li2_restricted (1-x)

else if (abs(x).gt.1.d0) then
call msg_bug (" Dilogarithm called outside of defined range.")
'l Insert dilogarithm identity, not used yet
! Li2 = -pi2_6 - 0.5_default * log(-x) * log(-x) - Li2_restricted (1/x)

else
Li2 = Li2_restricted (x)
end if
contains
function Li2_restricted (x) result (Li2)
real (kind=double), intent(in) :: x

real (kind=double) :: Li2
real (kind=double) :: tmp, z, z2
z = - log (1-x)
z2 = z¥*2
! Horner’s rule for the powers z~3 through z~19
tmp = 43867 . _double/798._double

tmp = tmp * z2 /342._double - 3617._double/510._double
tmp = tmp * z2 /272._double + 7._double/6._double
tmp = tmp * z2 /210._double - 691._double/2730._double
tmp = tmp * z2 /156._double + 5._double/66._double
tmp = tmp * z2 /110._double - 1._double/30._double
tmp = tmp * z2 / 72._double + 1._double/42._double
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tmp = tmp * z2 / 42._double - 1._double/30._double
tmp = tmp * z2 / 20._double + 1._double/6._double
! The first three terms of the power series
Li2 = 22 * z * tmp / 6._double - 0.25_double * z2 + z
end function Li2_restricted
end function Li2_double

9.4.4 Loop Integrals

These functions appear in the calculation of the effective one-loop coupling of a
(pseudo)scalar to a vector boson pair.
(SM physics: public)+=
public :: faux
(SM physics: procedures)+=
elemental function faux (x) result (y)
real (default), intent(in) :: x
complex(default) :: y
if (1 <= x) then
y = asin(sqrt(1/x))**2
else
y = - 1/4.0_default * (log((1 + sqrt(l - x))/ &
(1 - sqrt(1 - x))) - cmplx (0.0_default, pi, kind=default))**2
end if
end function faux

(SM physics: public)+=
public :: fonehalf
(SM physics: procedures)+=
elemental function fonehalf (x) result (y)
real (default), intent(in) :: x
complex(default) :: y
if (x==0) then
y=0
else
y = - 2.0_default * x * (1 + (1 - x) * faux(x))
end if
end function fonehalf

(SM physics: public)+=
public :: fonehalf_pseudo
(SM physics: procedures)+=
function fonehalf_pseudo (x) result (y)
real (default), intent(in) :: x
complex(default) :: y
if (x==0) then
y=0
else
y = - 2.0_default * x * faux(x)
end if
end function fonehalf_pseudo
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(SM physics: public)+=
public :: fone

(SM physics: procedures)+=
elemental function fone (x) result (y)
real (default), intent(in) :: x
complex(default) :: y
if (x==0) then
y = 2.0_default
else
y = 2.0_default + 3.0_default * x + &
3.0_default * x * (2.0_default - x) * &
faux(x)
end if
end function fone

(SM physics: public)+=
public :: gaux

(SM physics: procedures)+=
elemental function gaux (x) result (y)
real (default), intent(in) :: x
complex(default) :: y
if (1 <= x) then
y = sqrt(x - 1) * asin(sqrt(1/x))
else
y = sqrt(l - x) * (log((1 + sqrt(1 - x)) / &
(1 - sqrt(l - x))) - &
cmplx (0.0_default, pi, kind=default)) / 2.0_default
end if
end function gaux

(SM physics: public)+=
public :: tri_iil

(SM physics: procedures)+=
elemental function tri_il (a,b) result (y)
real (default), intent(in) :: a,b
complex(default) :: y
if (a < epsilon(a) .or. b < epsilon (b)) then
y=20
else
y = a*b/2.0_default/(a-b) + a**2 * b*x2/2.0_default/(a-b)**2 * &
(faux(a) - faux(b)) + &
a**2 * b/(a-b)**2 * (gaux(a) - gaux(b))
end if
end function tri_il

(SM physics: public)+=
public :: tri_i2

(SM physics: procedures)+=
elemental function tri_i2 (a,b) result (y)
real (default), intent(in) :: a,b
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complex(default) :: y
if (a < epsilon (a) .or. b < epsilon(b)) then
y=20
else
y =-ax*b / 2.0_default / (a-b) * (faux(a) - faux(b))
end if
end function tri_i2

9.4.5 More on o

These functions are for the running of the strong coupling constants, .
(SM physics: public)+=
public :: run_bO

(SM physics: procedures)+=
elemental function run_bO (nf) result (bnull)
integer, intent(in) :: nf
real(default) :: bnull
bnull = 33.0_default - 2.0_default * nf
end function run_bO

(SM physics: public)+=
public :: run_bil

(SM physics: procedures)+=
elemental function run_bl (nf) result (bone)
integer, intent(in) :: nf
real(default) :: bone
bone = 6.0_default * (153.0_default - 19.0_default * nf)/run_b0(nf)**2
end function run_bl

(SM physics: public)+=
public :: run_aa

(SM physics: procedures)+=
elemental function run_aa (nf) result (aaa)
integer, intent(in) :: nf
real(default) :: aaa
aaa = 12.0_default * PI / run_bO(nf)
end function run_aa

(SM physics: pubic functions)=
public :: run_bb

(SM physics: procedures)+=
elemental function run_bb (nf) result (bbb)
integer, intent(in) :: nf
real(default) :: bbb
bbb = run_bil(nf) / run_aa(nf)
end function run_bb

306



9.4.6 Functions for Catani-Seymour dipoles

For the automated Catani-Seymour dipole subtraction, we need the following
functions.

(SM physics: public)+=
public :: ff_dipole

(SM physics: procedures)+=
pure subroutine ff_dipole (v_ijk,y_ijk,p_ij,pp_k,p_i,p_j,p_k)
type(vector4_t), intent(in) :: p_i, p_j, p_k
type(vector4_t), intent(out) :: p_ij, pp_k

real (kind=default), intent(out) :: y_ijk
real (kind=default) :: z_i

real (kind=default), intent(out) :: v_ijk
z_i = (p_i*p_k) / ((p_k*p_j) + (p_k*p_i))

y_ijk = (p_i*p_j) / ((p_i*p_j) + (p_i*p_k) + (p_j*p_k))
p_ij =p_i + p_j - y_ijk/(1.0_default - y_ijk) * p_k
pp_k (1.0/(1.0_default - y_ijk)) * p_k
!l We don’t multiply by alpha_s right here:
v_ijk = 8.0_default * PI * CF * &
(2.0 / (1.0 - z_i*(1.0 - y_ijk)) - (1.0 + z_i))
end subroutine ff_dipole

(SM physics: public)+=
public :: fi_dipole

(SM physics: procedures)+=
pure subroutine fi_dipole (v_ija,x_ija,p_ij,pp_a,p_i,p_j,p-a)
type(vector4_t), intent(in) :: p_i, p_j, p-a
type(vector4_t), intent(out) :: p_ij, pp_a

real (kind=default), intent(out) :: x_ija
real (kind=default) :: z_i

real (kind=default), intent(out) :: v_ija
z_i = (p_i*p_a) / ((p_a*p_j) + (p_axp_i))

x_ija = ((p_i*p_a) + (p_j*p_a) - (p_i*p_j)) &
/ ((p_i*p_a) + (p_j*p_a))
p-ij = p_i + p_j - (1.0_default - x_ija) * p_a
pp_a = x_ija * p_a
!l We don’t not multiply by alpha_s right here:
v_ija = 8.0_default * PI * CF * &
(2.0/ (1.0 - z_i + (1.0 - x_ija)) - (1.0 + z_1)) / x_ija
end subroutine fi_dipole

(SM physics: public)+=
public :: if_dipole

(SM physics: procedures)+=
pure subroutine if_dipole (v_kja,u_j,p_aj,pp_k,p_k,p_j,p_a)
type(vector4_t), intent(in) :: p_k, p_j, p-a
type(vector4_t), intent(out) :: p_aj, pp_k

real (kind=default), intent(out) :: u_j
real(kind=default) :: x_kja

real (kind=default), intent(out) :: v_kja
uj = (p_axp_j) / ((p_a*p_j) + (p_a*p_k))
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x_kja = ((p_a*p_k) + (p_a*p_j) - (p_j*p_k)) &
/ ((p_a*p_j) + (p_axp_k))
p-aj = x_kja * p_a
pp-k = p_k + p_j - (1.0_default - x_kja) * p_a
v_kja = 8.0_default * PI * CF * &
(2.0 / (1.0 - x_kja + u_j) - (1.0 + x_kja)) / x_kja
end subroutine if_dipole

This function depends on a variable number of final state particles whose kine-
matics all get changed by the initial-initial dipole insertion.
(SM physics: public)+=
public :: ii_dipole
(SM physics: procedures)+=
pure subroutine ii_dipole (v_jab,v_j,p_in,p_out,flag_lor2)

type(vector4_t), dimension(:), intent(in) :: p_in
type(vector4_t), dimension(size(p_in)-1), intent(out) :: p_out
logical, intent(in) :: flag_lor2

real (kind=default), intent(out) :: v_j

real (kind=default), intent(out) :: v_jab

type(vector4_t) :: p_a, p_b, p_j

type(vector4_t) :: k, kk

type(vectord_t) :: p_aj

real (kind=default) :: x_jab

integer :: i

11 flag_lor2 decides whether this a 12 or 21 dipole
if (flag_lor2) then

p-a = p_in(1)
p-b = p_in(2)
else
p_b = p_in(1)
p-a = p_in(2)
end if
'l We assume that the unresolved particle has always the last
'l momentum

p-j = p_in(size(p_in))
x_jab = ((p_a*p_b) - (p_a*p_j) - (p_b*p_j)) / (p_a*p_b)
v_j = (p_a*p_j) / (p_a * p_b)
p_aj = x_jab * p_a
k =p.a+pb-pj
kk p_aj + p_b
do i = 3, size(p_in)-1
p_out(i) = p_in(i) - 2.0%((k+kk)*p_in(i))/((k+kk)*(k+kk)) * (k+kk) + &
(2.0 * (k*#p_in(i)) / (k*k)) * kk

end do
if (flag_lor2) then
p_out(1) = p_aj
p_out(2) = p_b
else
p_out(1l) = p_b
p_out(2) = p_aj
end if
v_jab = 8.0_default * PI * CF * &
(2.0 / (1.0 - x_jab) - (1.0 + x_jab)) / x_jab
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end subroutine ii_dipole

9.4.7 Distributions for integrated dipoles and such

The Dirac delta distribution, modified for Monte-Carlo sampling:

(SM physics: public)+=
public :: delta

(SM physics: procedures)+=
elemental function delta (x,eps) result (z)
real (kind=default), intent(in) :: x, eps
real (kind=default) :: z
if (x > 1.0_default - eps) then
z = 1.0_default/eps
else
z=0
end if
end function delta

The +-distribution, Py (x) = (ﬁ) , for the regularization of soft-collinear
Jr
singularities. The constant part for the Monte-Carlo sampling is the integral
over the splitting function divided by the weight for the WHIZARD numerical
integration over the interval.
(SM physics: public)+=
public :: plus_distr

(SM physics: procedures)+=
elemental function plus_distr (x,eps) result (plusd)
real (kind=default), intent(in) :: x, eps
real (kind=default) :: plusd
if (x > (1.0_default - eps)) then
plusd = log(eps)/eps
else
plusd = one/(one-x)
end if
end function plus_distr

The splitting function in D = 4 dimensions, regularized as +-distributions if
necessary:

99 () = P (g) = . 1+x2

Pia) = P = - (FE5) (9.13)
P9(z) = PU(z) = Cp - # (9.14)
P9(z) = PY(z) = Tg- [z + (1 —2)?] (9.15)

ng(x)_chK ! >+—|—1xx—1+z(1—:c)}+5(l—x)<1;OA—

(9.16)
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Since the number of flavors summed over in the gluon splitting function might
depend on the physics case under consideration it is implemented as an input
variable.
(SM physics: public)+=
public :: pqq
(SM physics: procedures)+=
elemental function pqq (x,eps) result (pqgx)
real (kind=default), intent(in) :: x, eps
real (kind=default) :: pqgx
if (x > (1.0_default - eps)) then
pagx = (eps-one)/two + twoxlog(eps)/eps - threex(eps-one)/eps/two
else
pgax = (one + x**2)/(one-x)
end if

Pqqx = CF * pqqx
end function pqq

(SM physics: public)+=
public :: pgq
(SM physics: procedures)+=
elemental function pgq (x) result (pggx)
real (kind=default), intent(in) :: x
real (kind=default) :: pggx
pgax = TR * (x**2 + (one - x)*x2)
end function pgq

(SM physics: public)+=
public :: pqg
(SM physics: procedures)+=
elemental function pqg (x) result (pqgx)
real (kind=default), intent(in) :: x
real (kind=default) :: pggx
pggx = CF * (one + (one - x)**2) / x
end function pqg

(SM physics: public)+=
public :: pgg
(SM physics: procedures)+=
elemental function pgg (x, nf, eps) result (pggx)
real (kind=default), intent(in) :: x, nf, eps
real (kind=default) :: pggx
pggx = two * CA * ( plus_distr (x, eps) + (one-x)/x - one + &
x*(one-x)) + delta (x, eps) * gamma_g(nf)
end function pgg
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For the gq and gg cases, there exist “regularized” versions of the splitting func-

tions:
P (z) = —Cp - (1 + ) (9.17)
P (x) = 2C.a 1%1: —142(1—2) (9.18)
(9.19)

(SM physics: public)+=
public :: pqq_reg
(SM physics: procedures)+=
elemental function pqq_reg (x) result (pqqregx)
real (kind=default), intent(in) :: x
real (kind=default) :: pqqregx
paqregx = - CF * (one + x)
end function pqq_reg

(SM physics: public)+=
public :: pgg_reg
(SM physics: procedures)+=
elemental function pgg_reg (x) result (pggregx)
real (kind=default), intent(in) :: x
real (kind=default) :: pggregx
pggregx = two * CA * ((one - x)/x - one + x*(one - x))
end function pgg_reg

Here, we collect the expressions needed for integrated Catani-Seymour dipoles,
and the so-called flavor kernels. We always distinguish between the “ordinary”
Catani-Seymour version, and the one including a phase-space slicing parameter,
a.
—ab
The standard flavor kernels K are:

K (z) = Fgf (z) = P%(z)log((1 —z)/z) + CF x x (9.20)
K (x) =K (x) = P%(2)log((1 —z)/x) + TR x 22(1 — ) (9.21)
K" = CFK 2 log _I) — (I +2)log((1 —z)/z) + (1 —x)} ~(5-7%)-Cr-6(1 —x)
1—=x T n
(9.22)

7 _ 90, K i log . - x)+ n <1;x (- x))(;oijl - x)/x)] — delta(1 — z) {(f

(SM physics: public)+=
public :: kbarqg
(SM physics: procedures)+=
function kbarqg (x) result (kbarqgx)
real (kind=default), intent(in) :: x
real (kind=default) :: kbarqgx
kbarqgx = pqg(x) * log((one-x)/x) + CF * x
end function kbarqg
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(SM physics: public)+=
public :: kbargq

(SM physics: procedures)+=
function kbargq (x) result (kbarggx)
real (kind=default), intent(in) :: x
real (kind=default) :: kbarggx
kbarggx = pgq(x) * log((one-x)/x) + two * TR * x * (one - x)
end function kbargq

(SM physics: public)+=
public :: kbarqq

(SM physics: procedures)+=
function kbarqq (x,eps) result (kbarqgx)
real (kind=default), intent(in) :: x, eps
real (kind=default) :: kbarqgx
kbarqqx = CF*(log_plus_distr(x,eps) - (one+x) * log((one-x)/x) + (one - &
x) - (five - pi**2) * delta(x,eps))
end function kbarqq

(SM physics: public)+=
public :: kbargg

(SM physics: procedures)+=
function kbargg (x,eps,nf) result (kbarggx)
real (kind=default), intent(in) :: x, eps, nf
real (kind=default) :: kbarggx
kbarggx = CA * (log_plus_distr(x,eps) + two * ((one-x)/x - one + &
x*(one-x) * log((1-x)/x))) - delta(x,eps) * &
((50.0_default/9.0_default - pi**2) *x CA - &
16.0_default/9.0_default * TR * nf)
end function kbargg

The K are used when two identified hadrons participate:

2

log(l—x)) —7;5(1—:5)} (9.24)

+

2
1—2z

R*(a) = Pt tos(1-a) 07w
(SM physics: public)+=
public :: ktildeqq

(SM physics: procedures)+=
function ktildeqq (x,eps) result (ktildeqgx)
real (kind=default), intent(in) :: x, eps
real (kind=default) :: ktildeqgx
ktildeqgqx = pqq_reg (x) * log(one-x) + CF * ( - log2_plus_distr (x,eps) &
- pi**2/three * delta(x,eps))
end function ktildeqq

(SM physics: public)+=
public :: ktildeqg
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(SM physics: procedures)+=
function ktildeqg (x,eps) result (ktildeqgx)
real (kind=default), intent(in) :: x, eps
real (kind=default) :: ktildeqgx
ktildeqgx = pqg (x) * log(one-x)
end function ktildeqg

(SM physics: public)+=
public :: ktildegq

(SM physics: procedures)+=
function ktildegq (x,eps) result (ktildeggx)
real (kind=default), intent(in) :: x, eps
real (kind=default) :: ktildeggx
ktildeggx = pgq (x) * log(one-x)
end function ktildegq

(SM physics: public)+=
public :: ktildegg

(SM physics: procedures)+=
function ktildegg (x,eps) result (ktildeggx)
real(kind=default), intent(in) :: x, eps
real (kind=default) :: ktildeggx
ktildeggx = pgg_reg (x) * log(one-x) + CA *x ( - &
log2_plus_distr (x,eps) - pi**2/three * delta(x,eps))
end function ktildegg

The insertion operator might not be necessary for a GOLEM interface but is de-
manded by the Les Houches NLO accord. It is a three-dimensional array, where
the index always gives the inverse power of the DREG expansion parameter, .
(SM physics: public)+=

public :: insert_q

(SM physics: procedures)+=
pure function insert_q ()
real (kind=default), dimension(0:2) :: insert_q
insert_q(0) = gamma_q + k_q - pi**2/three * CF
insert_q(1) = gamma_q
insert_q(2) CF
end function insert_q

(SM physics: public)+=
public :: insert_g

(SM physics: procedures)+=

pure function insert_g (uf)
real (kind=default), intent(in) :: nf
real (kind=default), dimension(0:2) :: insert_g
insert_g(0) = gamma_g (nf) + k_g (nf) - pi**2/three * CA
insert_g(1) = gamma_g (nf)
insert_g(2) CA

end function insert_g
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For better convergence, one can exclude regions of phase space with a slicing
parameter from the dipole subtraction procedure. First of all, the K functions
get modified:

Ki(a) = K; — T?log> a + ~i(a — 1 — log ) (9.25)

(SM physics: public)+=
public :: k_q_al, k_g_al

(SM physics: procedures)+=
pure function k_g_al (alpha)
real (kind=default), intent(in) :: alpha
real (kind=default) :: k_g_al
k_g_al = k_q - CF * (log(alpha))**2 + gamma_q * &
(alpha - one - log(alpha))
end function k_qg_al

pure function k_g_al (alpha, nf)
real (kind=default), intent(in) :: alpha, nf
real (kind=default) :: k_g_al
k_g_al = k_g (nf) - CA * (log(alpha))**2 + gamma_g (nf) * &
(alpha - one - log(alpha))
end function k_g_al

The +-distribution, but with a phase-space slicing parameter, o, Pi_qipha(z) =

<1ix> . Since we need the fatal error message here, this function cannot be
1—z

elemental.
(SM physics: public)+=
public :: plus_distr_al

(SM physics: procedures)+=
function plus_distr_al (x,alpha,eps) result (plusd_al)
real (kind=default), intent(in) :: x, eps, alpha
real (kind=default) :: plusd_al
if ((1.0_default - alpha) .ge. (1.0_default - eps)) then
call msg_fatal (’sm_physics, plus_distr_al: alpha and epsilon chosen wrongly’)
elseif (x < (1.0_default - alpha)) then
plusd_al = 0
else if (x > (1.0_default - eps)) then
plusd_al = log(eps/alpha)/eps
else
plusd_al = one/(one-x)
end if
end function plus_distr_al

Introducing phase-space slicing parameters, these flavor kernels become: The
—ab
standard flavor kernels K* are:

KY ) = szi(x) = P¥(x)log(a(l —z)/x) + CF x x (9.26)
K (x) =K () = P9(x)log(a(l — z)/z) + TR x 22(1 — ) (9.27)

— X €T

— a(l-= 2 -z
KXY =Cp(1—1x) + Pl (z)log ol ~2) . ) + Cpé(1 — x)log? a + Cr (1 log >+ - ('yq—

(9.28)
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(SM physics: public)+=
public :: kbarqg_al

(SM physics: procedures)+=
function kbarqg_al (x,alpha,eps) result (kbarqgx)
real (kind=default), intent(in) :: x, alpha, eps
real (kind=default) :: kbarqgx
kbarqgx = pqg (x) * log(alpha*(one-x)/x) + CF * x
end function kbarqg_al

(SM physics: public)+=
public :: kbargq_al

(SM physics: procedures)+=
function kbargq_al (x,alpha,eps) result (kbarggx)
real (kind=default), intent(in) :: x, alpha, eps
real (kind=default) :: kbarggx
kbarggx = pgq (x) * log(alpha*(one-x)/x) + two * TR * x * (one-x)
end function kbargqg_al

(SM physics: public)+=
public :: kbarqq_al

(SM physics: procedures)+=
function kbarqq_al (x,alpha,eps) result (kbarqgx)
real (kind=default), intent(in) :: x, alpha, eps
real (kind=default) :: kbarqqgx
kbarqqx = CF * (one - x) + pgqg_reg(x) * log(alphax*(one-x)/x) &
+ CF * log_plus_distr(x,eps) &
- (gamma_q + k_qg_al(alpha) - CF * &
five/6.0_default * pi**2 - CF * (log(alpha))**2) * &
delta(x,eps) + &
CF * two/(one -x)*log(alpha*(two-x)/(one+alpha-x))
if (x < (one-alpha)) then
kbarqqx = kbarqqx - CF * two/(one-x) * log((two-x)/(one-x))
end if
end function kbarqgq_al

(SM physics: public)+=
public :: kbargg_al

(SM physics: procedures)+=
function kbargg_al (x,alpha,eps,nf) result (kbarggx)
real (kind=default), intent(in) :: x, alpha, eps, nf
real (kind=default) :: kbarggx
kbarggx = pgg_reg(x) * log(alpha*(one-x)/x) &
+ CA * log_plus_distr(x,eps) &

- (gamma_g(nf) + k_g_al(alpha,nf) - CA * &
five/6.0_default * pi**2 - CA * (log(alpha))**2) * &
delta(x,eps) + &

CA * two/(one -x)*log(alpha*(two-x)/(one+alpha-x))
if (x < (one-alpha)) then
kbarggx = kbarggx - CA * two/(one-x) * log((two-x)/(one-x))
end if
end function kbargg_al
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The K flavor kernels in the presence of a phase-space slicing parameter, are:
r-ab re 1 T
Kz, o) = P19 (x)log —— + ... (9.29)
@

(SM physics: public)+=
public :: ktildeqq_al

(SM physics: procedures)+=
function ktildeqq_al (x,alpha,eps) result (ktildeqqgx)
real (kind=default), intent(in) :: x, eps, alpha
real (kind=default) :: ktildeqgx
ktildeqgqx = pqq_reg(x) * log((one-x)/alpha) + CF*( &
- log2_plus_distr_al(x,alpha,eps) - Pi**2/three * delta(x,eps) &
+ (one+x**2)/(one-x) * log(min(one, (alpha/(one-x)))) &
+ two/(one-x) * log((onet+alpha-x)/alpha))
if (x > (one-alpha)) then
ktildeqqx = ktildeqgx - CF*two/(one-x)*log(two-x)
end if
end function ktildeqq_al

This is a logarithmic +-distribution, (M) . For the sampling, we need
+

—x
the integral over this function over the incomplete sampling interval [0,1 — €],
which is log?(z) + 2Lig(x) — %2 As this function is negative definite for ¢ >
0.1816, we take a hard upper limit for that sampling parameter, irrespective of
the fact what the user chooses.
(SM physics: public)+=
public :: log_plus_distr

(SM physics: procedures)+=
function log_plus_distr (x,eps) result (1lpd)
real (kind=default), intent(in) :: x, eps
real (kind=default) :: lpd, eps2
eps2 = min (eps, 0.1816_default)
if (x > (1.0_default - eps2)) then
1pd = ((log(eps2))**2 + twoxLi2(eps2) - pi**2/three)/eps2
else
1lpd = twoxlog((one-x)/x)/(one-x)
end if

end function log_plus_distr

Logarithmic -distribution, 2 (M) .
+

1—x

(SM physics: public)+=
public :: log2_plus_distr

(SM physics: procedures)+=
function log2_plus_distr (x,eps) result (1lpd)
real (kind=default), intent(in) :: x, eps
real (kind=default) :: 1lpd
if (x > (1.0_default - eps)) then

1pd = - (log(eps))**2/eps
else

1lpd = twox*log(one/(one-x))/(one-x)
end if
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end function log2_plus_distr

Logarithmic 4-distribution with phase-space slicing parameter, 2 (W) L

(SM physics: public)+=
public :: log2_plus_distr_al

(SM physics: procedures)+=
function log2_plus_distr_al (x,alpha,eps) result (1lpd_al)
real (kind=default), intent(in) :: x, eps, alpha
real (kind=default) :: lpd_al
if ((1.0_default - alpha) .ge. (1.0_default - eps)) then
call msg_fatal (’alpha and epsilon chosen wrongly’)
elseif (x < (one - alpha)) then

lpd_al = 0
elseif (x > (1.0_default - eps)) then

lpd_al = - ((log(eps))**2 - (log(alpha))=**2)/eps
else

lpd_al = twoxlog(one/(one-x))/(one-x)
end if

end function log2_plus_distr_al
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9.5 QCD Coupling

We provide various distinct implementations of the QCD coupling.
we define an abstract data type and three implementations: fixed,
running with a4(Myz) as input, and running with Agcp as input. We use
the functions defined above in the module sm_physics but provide a common

module,

interface. Later modules may define additional implementations.

(sm_qgcd.£90)=
(File header)

module sm_qcd

(Use kinds)

use
use
use
use
use
use
use

io_units

format_defs, only: FMT_12
unit_tests

diagnostics

md5

physics_defs

sm_physics

(Standard module head)

(SM qcd: public)

(SM gcd: types)

(SM qcd: interfaces)

contains

(SM gcd: procedures)

(SM qcd: tests)

end module sm_qgcd

9.5.1

Coupling: Abstract Data Type

This is the abstract version of the QCD coupling implementation.
(SM ged: public)=
public :: alpha_qcd_t
(SM qed: typesy=
type, abstract :: alpha_qcd_t
contains
(SM qcd: alpha qcd: TBP)
end type alpha_qcd_t

There must be an output routine.

(SM qcd: alpha qcd: TBP)=
procedure (alpha_qcd_write), deferred :: write

318



(SM qcd: interfaces)=
abstract interface
subroutine alpha_qgcd_write (object, unit)

import
class(alpha_qcd_t), intent(in) :: object
integer, intent(in), optional :: unit

end subroutine alpha_qcd_write
end interface

This method computes the running coupling, given a certain scale. All param-
eters (reference value, order of the approximation, etc.) must be set before
calling this.
(SM qcd: alpha ged: TBP)+=

procedure (alpha_qcd_get), deferred :: get
(SM gcd: interfaces)+=

abstract interface

function alpha_qcd_get (alpha_qcd, scale) result (alpha)

import
class(alpha_qcd_t), intent(in) :: alpha_qcd
real (default), intent(in) :: scale

real(default) :: alpha
end function alpha_qcd_get
end interface

9.5.2 Fixed Coupling

In this version, the o value is fixed, the scale argument of the get method is
ignored. There is only one parameter, the value. By default, this is the value
at Mz.
(SM qcd: public)+=
public :: alpha_qcd_fixed_t
(SM qed: types)+=
type, extends (alpha_qcd_t) :: alpha_qcd_fixed_t
real(default) :: val = ALPHA_QCD_MZ_REF
contains
(SM qcd: alpha qcd fized: TBP)
end type alpha_qcd_fixed_t

Output.
(SM qcd: alpha qcd fized: TBP)=
procedure :: write => alpha_qcd_fixed_write

(SM qed: procedures)=
subroutine alpha_qcd_fixed_write (object, unit)

class(alpha_qcd_fixed_t), intent(in) :: object
integer, intent(in), optional :: unit
integer :: u

u = given_output_unit (unit)
write (u, "(3x,A)") "QCD parameters (fixed coupling):"
write (u, "(5x,A," // FMT_12 // ")") ‘'alpha = ", objectival
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end subroutine alpha_qcd_fixed_write

Calculation: the scale is ignored in this case.

(SM qcd: alpha qcd fized: TBP)+=
procedure :: get => alpha_qcd_fixed_get

(SM qcd: procedures)+=
function alpha_qcd_fixed_get (alpha_qcd, scale) result (alpha)
class(alpha_qcd_fixed_t), intent(in) :: alpha_qcd
real (default), intent(in) :: scale
real(default) :: alpha
alpha = alpha_qcdjval
end function alpha_qcd_fixed_get

9.5.3 Running Coupling

In this version, the ay value runs relative to the value at a given reference scale.
There are two parameters: the value of this scale (default: My), the value of
a at this scale, and the number of effective flavors. Furthermore, we have the
order of the approximation.
(SM qcd: public)+=
public :: alpha_qcd_from_scale_t
(SM qed: types)+=
type, extends (alpha_qcd_t) :: alpha_qcd_from_scale_t
real (default) :: mu_ref = MZ_REF
real (default) :: ref = ALPHA_QCD_MZ_REF

integer :: order = 0
integer :: nf =5
contains

(SM qcd: alpha qcd from scale: TBP)
end type alpha_qcd_from_scale_t

Output.
(SM qcd: alpha qcd from scale: TBP)=
procedure :: write => alpha_qcd_from_scale_write

(SM gcd: procedures)+=
subroutine alpha_qcd_from_scale_write (object, unit)

class(alpha_qcd_from_scale_t), intent(in) :: object
integer, intent(in), optional :: unit
integer :: u

u = given_output_unit (unit)
write (u, "(3x,A)") "QCD parameters (running coupling):"

write (u, "(5x,A," // FMT_12 // ")") "Scale mu = ", object/mu_ref
write (u, "(5x,A," // FMT_12 // ")") "alpha(mu) = ", objectiref
write (u, "(5x,A,I0)") "LL order = ", objectlorder

write (u, "(5x,A,I0)") "N(£f1lv) = ", objectinf

end subroutine alpha_qcd_from_scale_write
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Calculation: here, we call the function for running « that was defined in
sm_physics above. The function does not take into account thresholds, so
the number of flavors should be the correct one for the chosen scale. Normally,
this should be the Z boson mass.
(SM qcd: alpha qcd from scale: TBP)+=
procedure :: get => alpha_qcd_from_scale_get
(SM gcd: procedures)+=
function alpha_qcd_from_scale_get (alpha_qcd, scale) result (alpha)
class(alpha_qcd_from_scale_t), intent(in) :: alpha_qcd
real(default), intent(in) :: scale
real(default) :: alpha
alpha = running_as (scale, &
alpha_qcd%ref, alpha_qcd/mu_ref, alpha_qcdorder, &
real (alpha_qcd/nf, kind=default))
end function alpha_qcd_from_scale_get

9.5.4 Running Coupling, determined by Aqcp

In this version, the input are the value Aqcp and the order of the approximation.
(SM qcd: public)+=
public :: alpha_qcd_from_lambda_t
(SM qed: types)+=
type, extends (alpha_qcd_t) :: alpha_qcd_from_lambda_t
real(default) :: lambda = LAMBDA_QCD_REF

integer :: order = 0
integer :: nf =5
contains

(SM qcd: alpha qcd from lambda: TBP)
end type alpha_qcd_from_lambda_t

Output.
(SM qcd: alpha qcd from lambda: TBP)=
procedure :: write => alpha_qcd_from_lambda_write

(SM qcd: procedures)+=
subroutine alpha_qcd_from_lambda_write (object, unit)

class(alpha_qcd_from_lambda_t), intent(in) :: object
integer, intent(in), optional :: unit
integer :: u

u = given_output_unit (unit)
write (u, "(3x,A)") "QCD parameters (Lambda_QCD as input):"

write (u, "(5x,A," // FMT_12 // ")") "Lambda_QCD = ", object)lambda
write (u, "(5x,A,I0)") "LL order = ", objectlorder
write (u, "(5x,A,I0)") "N(£flv) = ", object¥nf

end subroutine alpha_qgcd_from_lambda_write

Calculation: here, we call the second function for running a that was defined
in sm_physics above. The A value should be the one that is appropriate for
the chosen number of effective flavors. Again, thresholds are not incorporated.
(SM qcd: alpha qcd from lambda: TBP)+=

procedure :: get => alpha_qcd_from_lambda_get
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(SM gcd: procedures)+=

function alpha_qcd_from_lambda_get (alpha_qcd, scale) result (alpha)
class(alpha_qcd_from_lambda_t), intent(in) :: alpha_qcd
real (default), intent(in) :: scale
real(default) :: alpha
alpha = running_as_lam (real (alpha_qcd/nf, kind=default), scale, &

alpha_qcdjlambda, alpha_qgcdjorder)
end function alpha_qcd_from_lambda_get

9.5.5 Wrapper type

We could get along with a polymorphic QCD type, but a monomorphic wrapper
type with a polymorphic component is easier to handle and probably safer (w.r.t.
compiler bugs). However, we keep the object transparent, so we can set the
type-specific parameters directly (by a dispatch routine).
(SM qcd: public)+=
public :: gcd_t
(SM qcd: types)+=
type :: qcd_t
class(alpha_qcd_t), allocatable :: alpha
character(32) :: mdbsum = ""
contains

(SM qcd: ged: TBP)
end type qcd_t

Output. We first print the polymorphic alpha which contains a headline, then
any extra components.
(SM gcd: qed: TBP)=
procedure :: write => qcd_write
(SM gcd: procedures)+=
subroutine qcd_write (qcd, unit, show_md5sum)
class(qcd_t), intent(in) :: qcd

integer, intent(in), optional :: unit

logical, intent(in), optional :: show_md5sum

logical :: show_md5

integer :: u

u = given_output_unit (unit)

show_md5 = .true.; if (present (show_md5sum)) show_md5 = show_md5sum

if (allocated (qcdialpha)) then
call qcdlalphalwrite (u)

else

write (u, "(3x,A)") "QCD parameters (coupling undefined)"
end if
if (show_md5 .and. gqcd/md5sum /= "") &

write (u, "(5x,A,A,A)") "mdSsum = ’", qcd)md5sum, "’"
end subroutine qcd_write

Compute a MD5 sum for the alpha_s setup. This is done by writing them to
a temporary file, using a standard format.

(SM gcd: qed: TBP)+=
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procedure :: compute_alphas_md5sum => gcd_compute_alphas_md5sum

(SM qcd: procedures)+=
subroutine qcd_compute_alphas_md5sum (qcd)
class(qcd_t), intent(inout) :: qcd
integer :: unit
if (allocated (qcdialpha)) then
unit = free_unit ()
open (unit, status="scratch", action="readwrite")
call qgcdalphajwrite (unit)
rewind (unit)
gqcd/md5sum = md5sum (unit)
close (unit)
end if
end subroutine qcd_compute_alphas_md5sum

Retrieve the MD5 sum of the gcd setup.
(SM gcd: qed: TBP)+=
procedure :: get_mdbSsum => qcd_get_md5sum

(SM qcd: procedures)+=
function qcd_get_md5sum (qcd) result (md5sum)
character(32) :: md5sum
class(qcd_t), intent(inout) :: qcd
md5sum = gcd%md5sum
end function qcd_get_md5sum

9.5.6 Unit tests

(SM qcd: public)+=
public :: sm_qcd_test
(SM qcd: tests)=
subroutine sm_qcd_test (u, results)
integer, intent(in) :: u
type(test_results_t), intent(inout) :: results
(SM qcd: execute tests)
end subroutine sm_qgcd_test

QCD Coupling

We check two different implementations of the abstract QCD coupling.
(SM qcd: execute tests)=
call test (sm_qcd_1, "sm_qcd_1", &
"running alpha_s", &
u, results)
(SM qcd: tests)+=
subroutine sm_qcd_1 (u)
integer, intent(in) :: u
type(qecd_t) :: qcd
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write (u, "(A)") "x Test output: sm_qgcd_1"
write (u, "(A)") "x Purpose: compute running alpha_s"
write (u, "(A)")

write (u, "(A)") "x Fixed:"
write (u, "(A)™)

allocate (alpha_qcd_fixed_t :: gcd’alpha)
call gcdlcompute_alphas_md5sum ()

call qcdjwrite (u)
write (u, *)

write (u, "(1x,A,F10.7)") "alpha_s (mz) =", &
qcd%alpha%get (MZ_REF)
write (u, "(1x,A,F10.7)") “"alpha_s (1 TeV) =", &

qcd%alphajget (1000._default)
write (u, *)
deallocate (qcd%alpha)

write (u, "(A)") "* Running from MZ (LO):"
write (u, "(A)")

allocate (alpha_qcd_from_scale_t :: gcd%alpha)
call gcdlcompute_alphas_md5sum ()

call qcdfwrite (u)
write (u, *)

write (u, "(1x,A,F10.7)") "alpha_s (mz) =", &
qcdjalphalget (MZ_REF)
write (u, "(1x,A,F10.7)") “"alpha_s (1 TeV) =", &

qcd%alphajget (1000._default)
write (u, *)

write (u, "(A)") "x Running from MZ (NLO):"
write (u, "(A)")

select type (alpha => gcdjalpha)

type is (alpha_qcd_from_scale_t)
alphajorder = 1

end select

call qcdlcompute_alphas_md5sum ()

call gcdjwrite (u)
write (u, *)

write (u, "(1x,A,F10.7)") "alpha_s (mz) =" &
qcd%alphajget (MZ_REF)
write (u, "(1x,A,F10.7)") “"alpha_s (1 TeV) =", &

qcd%alphal,get (1000._default)
write (u, *)

write (u, "(A)") "* Running from MZ (NNLO):"
write (u, "(A)")

select type (alpha => gcdjalpha)
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type is (alpha_qcd_from_scale_t)
alphaforder = 2

end select

call gcd’compute_alphas_md5sum ()

call gcdjwrite (u)
write (u, *)

write (u, "(1x,A,F10.7)") "alpha_s (mz) =", &
qcd%alphajget (MZ_REF)
write (u, "(1x,A,F10.7)") “"alpha_s (1 TeV) =", &

qcdjalphajget (1000._default)
write (u, *)

deallocate (qgcdialpha)
write (u, "(A)") "* Running from Lambda_QCD (LO):"
write (u, "(A)")

allocate (alpha_qcd_from_lambda_t :: gcd%alpha)
call gcd’compute_alphas_md5sum ()

call gcdjwrite (u)
write (u, *)

write (u, "(1x,A,F10.7)") “"alpha_s (mz) =" &
qcd%alphajget (MZ_REF)
write (u, "(1x,A,F10.7)") “"alpha_s (1 TeV) =", &

qcd%alpha%get (1000._default)
write (u, *)

write (u, "(A)") "* Running from Lambda_QCD (NLO):"
write (u, "(A)™)

select type (alpha => qcdlalpha)

type is (alpha_qcd_from_lambda_t)
alphajorder = 1

end select

call gcdlcompute_alphas_md5sum ()

call qcdfwrite (u)
write (u, *)

write (u, "(1x,A,F10.7)") “"alpha_s (mz) =", &
qcd%alphalget (MZ_REF)
write (u, "(1x,A,F10.7)") “"alpha_s (1 TeV) =", &

qcd%alphajget (1000._default)
write (u, *)

write (u, "(A)") "* Running from Lambda_QCD (NNLO):"
write (u, "(A)™)

select type (alpha => gcdjalpha)

type is (alpha_qcd_from_lambda_t)
alphajorder = 2

end select

call qgcdlcompute_alphas_md5sum ()
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call gcdjwrite (u)
write (u, *)

write (u, "(1x,A,F10.7)") "alpha_s (mz) =" &
qcd%alphajget (MZ_REF)
write (u, "(1x,A,F10.7)") "alpha_s (1 TeV) =", &

qcdlalphalget (1000._default)

write (u, "(A)")
write (u, "(A)") "x Test output end: sm_qgcd_1"

end subroutine sm_qcd_1
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Chapter 10

Quantum Field Theory
Concepts

The objects and methods defined here implement concepts and data for the
underlying quantum field theory that we use for computing matrix elements
and processes.

model_data Fields and coupling parameters, operators as vertex structures,
for a specific model.

helicities Types and methods for spin density matrices.
colors Dealing with colored particles, using the color-flow representation.
flavors PDG codes and particle properties, depends on the model.

quantum_states Quantum numbers and density matrices for entangled parti-
cle systems.
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10.1 Model Data

These data represent a specific Lagrangian in numeric terms. That is, we have
the fields with their quantum numbers, the masses, widths and couplings as
numerical values, and the vertices as arrays of fields.

We do not store the relations between coupling parameters. They should be
represented by expressions for evaluation, implemented as Sindarin objects in a
distinct data structure. Neither do we need the algebraic structure of vertices.
The field content of vertices is required for the sole purpose of setting up phase
space.

(model_data.f90)=
(F'ile header)

module model_data
use, intrinsic :: iso_c_binding !NODEP!
(Use kinds)
use kinds, only: i8, i32
use kinds, only: c_default_float
(Use strings)
use format_defs, only: FMT_19
use jo_units
use unit_tests
use diagnostics
use md5
use hashes, only: hash
use physics_defs, only: UNDEFINED, SCALAR
(Standard module head)
(Model data: public)
(Model data: parameters)
(Model data: types)
(Model data: interfaces)
contains
(Model data: procedures)
(Model data: tests)

end module model_data

10.1.1 Physics Parameters

Couplings, masses, and widths are physics parameters. Each parameter has
a unique name (used, essentially, for diagnostics output and debugging) and
a value. The value may be a real or a complex number, so we provide to
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implementations of an abstract type.

(Model data: public)=
public :: modelpar_data_t

(Model data: types)=
type, abstract :: modelpar_data_t
private
type(string_t) :: name
contains
(Model data: par data: TBP)
end type modelpar_data_t

type, extends (modelpar_data_t) :: modelpar_real_t
private
real(default) :: value

contains

(Model data: par real: TBP)

end type modelpar_real_t

type, extends (modelpar_data_t) :: modelpar_complex_t
private
complex(default) :: value

contains

(Model data: par complex: TBP)
end type modelpar_complex_t

Output for diagnostics. Non-advancing.
(Model data: par data: TBP)=

procedure :: write => par_write

(Model data: procedures)=
subroutine par_write (par, unit)

class(modelpar_data_t), intent(in) :: par
integer, intent(in), optional :: unit
integer :: u

u = given_output_unit (unit)
write (u, "(1x,A,1x,A)", advance="no") char (paryname), "= "
select type (par)
class is (modelpar_real_t)
write (u, "(" // FMT_19 // ")", advance="no") parjvalue
class is (modelpar_complex_t)
write (u, "(" // FMT_19 // ",1x,’+’,1x," // FMT_19 // ",1x,’I’)", &
advance="no") parvalue
end select
end subroutine par_write

Pretty-printed on separate line, with fixed line length
(Model data: par data: TBP)+=

procedure :: show => par_show
(Model data: procedures)+=

subroutine par_show (par, 1, u)

class(modelpar_data_t), intent(in) :: par
integer, intent(in) :: 1, u
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character(len=1) :: buffer
buffer = parname
select type (par)
class is (modelpar_real_t)

write (u, "(4x,A,1x,’=’,1x," // FMT_19 // ")") buffer, parivalue
class is (modelpar_complex_t)
write (u, "(4x,A,1x,’=’,1x," // FMT_19 // ",1x,’+’,1x," &

// FMT_19 // ",1x,°I’)") buffer, parivalue
end select
end subroutine par_show

Initialize with name and value. The type depends on the argument type. If the
type does not match, the value is converted following Fortran rules.

(Model data: par data: TBP)+=

generic :: init => modelpar_data_init_real, modelpar_data_init_complex
procedure, private :: modelpar_data_init_real
procedure, private :: modelpar_data_init_complex

(Model data: procedures)+=
pure subroutine modelpar_data_init_real (par, name, value)

class(modelpar_data_t), intent(out) :: par
type(string_t), intent(in) :: name
real (default), intent(in) :: value

par’name = name
par = value
end subroutine modelpar_data_init_real

pure subroutine modelpar_data_init_complex (par, name, value)

class(modelpar_data_t), intent(out) :: par
type(string_t), intent(in) :: name
complex(default), intent(in) :: value

par/name = name
par = value
end subroutine modelpar_data_init_complex

Modify the value. We assume that the parameter has been initialized. The type
(real or complex) must not be changed, and the name is also fixed.

(Model data: par data: TBP)+=

generic :: assignment(=) => modelpar_data_set_real, modelpar_data_set_complex
procedure, private :: modelpar_data_set_real
procedure, private :: modelpar_data_set_complex

(Model data: procedures)+=
elemental subroutine modelpar_data_set_real (par, value)
class(modelpar_data_t), intent(inout) :: par
real (default), intent(in) :: value
select type (par)
class is (modelpar_real_t)
par’value = value
class is (modelpar_complex_t)
par/value = value
end select
end subroutine modelpar_data_set_real

330



elemental subroutine modelpar_data_set_complex (par, value)
class(modelpar_data_t), intent(inout) :: par
complex(default), intent(in) :: value
select type (par)
class is (modelpar_real_t)
par/value = value
class is (modelpar_complex_t)
par/value = value
end select
end subroutine modelpar_data_set_complex

Return the parameter name.

(Model data: par data: TBP)+=
procedure :: get_name => modelpar_data_get_name

(Model data: procedures)+=
function modelpar_data_get_name (par) result (name)
class(modelpar_data_t), intent(in) :: par
type(string_t) :: name
name = parjname
end function modelpar_data_get_name

Return the value. In case of a type mismatch, follow Fortran conventions.
(Model data: par data: TBP)+=

procedure :: get_real => modelpar_data_get_real

procedure :: get_complex => modelpar_data_get_complex

(Model data: procedures)+=
elemental function modelpar_data_get_real (par) result (value)
class(modelpar_data_t), intent(in), target :: par
real(default) :: value
select type (par)
class is (modelpar_real_t)
value = parvalue
class is (modelpar_complex_t)
value = parvalue
end select
end function modelpar_data_get_real

elemental function modelpar_data_get_complex (par) result (value)
class(modelpar_data_t), intent(in), target :: par
complex(default) :: value
select type (par)
class is (modelpar_real_t)
value = parivalue
class is (modelpar_complex_t)
value = parvalue
end select
end function modelpar_data_get_complex

Return a pointer to the value. This makes sense only for matching types.
(Model data: par data: TBP)+=
procedure :: get_real_ptr => modelpar_data_get_real_ptr
procedure :: get_complex_ptr => modelpar_data_get_complex_ptr
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(Model data: procedures)+=
function modelpar_data_get_real_ptr (par) result (ptr)
class(modelpar_data_t), intent(in), target :: par
real(default), pointer :: ptr
select type (par)
class is (modelpar_real_t)
ptr => parivalue
class default
ptr => null O
end select
end function modelpar_data_get_real_ptr

function modelpar_data_get_complex_ptr (par) result (ptr)
class(modelpar_data_t), intent(in), target :: par
complex(default), pointer :: ptr
select type (par)
class is (modelpar_complex_t)
ptr => parivalue
class default
ptr => null ()
end select
end function modelpar_data_get_complex_ptr

10.1.2 Field Data

The field-data type holds all information that pertains to a particular field (or
particle) within a particular model. Information such as spin type, particle code
etc. is stored within the object itself, while mass and width are associated to
parameters, otherwise assumed zero.
(Model data: public)+=

public :: field_data_t

(Model data: types)+=
type :: field_data_t

private

type(string_t) :: longname
integer :: pdg = UNDEFINED
logical :: visible = .true.
logical :: parton = .false.

logical :: gauge = .false.

logical :: left_handed = .false.

logical :: right_handed = .false.

logical :: has_anti = .false.

logical :: p_is_stable = .true.

logical :: p_decays_isotropically = .false.
logical :: p_decays_diagonal = .false.

logical :: a_is_stable = .true.

logical :: a_decays_isotropically = .false.

logical :: a_decays_diagonal = .false.

logical :: p_polarized = .false.

logical :: a_polarized = .false.

type(string_t), dimension(:), allocatable :: name, anti
type(string_t) :: tex_name, tex_anti
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integer :: spin_type = UNDEFINED
integer :: isospin_type = 1
integer :: charge_type =1

integer :: color_type = 1
real(default), pointer :: mass_val => null ()
class(modelpar_data_t), pointer :: mass_data => null ()

real(default), pointer :: width_val => null ()
class(modelpar_data_t), pointer :: width_data => null ()
integer :: multiplicity =1
type(string_t), dimension(:), allocatable :: p_decay
type(string_t), dimension(:), allocatable :: a_decay

contains

(Model data: field data: TBP)
end type field_data_t

Initialize field data with PDG long name and PDG code. TEX names should be
initialized to avoid issues with accessing unallocated string contents.
(Model data: field data: TBP)=

procedure :: init => field_data_init

(Model data: procedures)+=
subroutine field_data_init (prt, longname, pdg)

class(field_data_t), intent(out) :: prt
type(string_t), intent(in) :: longname
integer, intent(in) :: pdg

prt/longname = longname
prtipdg = pdg
prt/tex_name = ""
prtitex_anti = ""

end subroutine field_data_init

Copy quantum numbers from another particle. Do not compute the multiplicity
yet, because this depends on the association of the mass_data pointer.

(Model data: field data: TBP)+=
procedure :: copy_from => field_data_copy_from

(Model data: procedures)+=
subroutine field_data_copy_from (prt, prt_src)
class(field_data_t), intent(inout) :: prt
class(field_data_t), intent(in) :: prt_src
prt/visible = prt_srcivisible
prt/parton = prt_srciparton
prtigauge = prt_srclgauge
prt/%left_handed = prt_srcileft_handed
prt/right_handed = prt_srcl/right_handed
prt/p_is_stable = prt_srclp_is_stable
prt_srclp_decays_isotropically

prt/p_decays_isotropically

prt/p_decays_diagonal = prt_srclp_decays_diagonal
prtka_is_stable = prt_srcla_is_stable
prt/a_decays_isotropically = prt_srcha_decays_isotropically
prt/a_decays_diagonal = prt_srcla_decays_diagonal
prtip_polarized = prt_srcip_polarized

prt/a_polarized prt_srcla_polarized
prt/spin_type = prt_srclspin_type
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prt/isospin_type = prt_src/isospin_type
prticharge_type = prt_srclcharge_type
prt/color_type = prt_srcicolor_type
prt/has_anti = prt_srchas_anti
if (allocated (prt_srciname)) then
if (allocated (prtiname)) deallocate (prtname)
allocate (prtiname (size (prt_srclname)), source = prt_srcyname)
end if
if (allocated (prt_srchanti)) then
if (allocated (prtianti)) deallocate (prtianti)
allocate (prtianti (size (prt_srclanti)), source = prt_srchanti)
end if
prt/tex_name = prt_src),tex_name
prti/tex_anti = prt_srcltex_anti
if (allocated (prt_srclp_decay)) then
if (allocated (prtip_decay)) deallocate (prtip_decay)
allocate (prt¥p_decay (size (prt_srcip_decay)), source = prt_srcip_decay)
end if
if (allocated (prt_srcla_decay)) then
if (allocated (prt¥%a_decay)) deallocate (prtha_decay)
allocate (prtla_decay (size (prt_srcia_decay)), source = prt_srcia_decay)
end if
end subroutine field_data_copy_from

Set particle quantum numbers.
(Model data: field data: TBP)+=

procedure :: set => field_data_set

(Model data: procedures)+=

subroutine field_data_set (prt, &
is_visible, is_parton, is_gauge, is_left_handed, is_right_handed, &
p_is_stable, p_decays_isotropically, p_decays_diagonal, &
a_is_stable, a_decays_isotropically, a_decays_diagonal, &
p_polarized, a_polarized, &
name, anti, tex_name, tex_anti, &
spin_type, isospin_type, charge_type, color_type, &
mass_data, width_data, &
p_decay, a_decay)

class(field_data_t), intent(inout) :: prt

logical, intent(in), optional :: is_visible, is_parton, is_gauge

logical, intent(in), optional :: is_left_handed, is_right_handed

logical, intent(in), optional :: p_is_stable

logical, intent(in), optional :: p_decays_isotropically, p_decays_diagonal
logical, intent(in), optional :: a_is_stable

logical, intent(in), optional :: a_decays_isotropically, a_decays_diagonal
logical, intent(in), optional :: p_polarized, a_polarized

type(string_t), dimension(:), intent(in), optional :: name, anti
type(string_t), intent(in), optional :: tex_name, tex_anti

integer, intent(in), optional :: spin_type, isospin_type

integer, intent(in), optional :: charge_type, color_type
class(modelpar_data_t), intent(in), pointer, optional :: mass_data, width_data
type(string_t), dimension(:), intent(in), optional :: p_decay, a_decay

if (present (is_visible)) prt)visible = is_visible
if (present (is_parton)) prtiparton = is_parton
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if (present (is_gauge)) prtigauge = is_gauge
if (present (is_left_handed)) prt)left_handed = is_left_handed
if (present (is_right_handed)) prti%right_handed = is_right_handed
if (present (p_is_stable)) prti/p_is_stable = p_is_stable
if (present (p_decays_isotropically)) &
prt/4p_decays_isotropically = p_decays_isotropically
if (present (p_decays_diagonal)) &
prtip_decays_diagonal = p_decays_diagonal
if (present (a_is_stable)) prtia_is_stable = a_is_stable
if (present (a_decays_isotropically)) &
prtia_decays_isotropically = a_decays_isotropically
if (present (a_decays_diagonal)) &
prt/a_decays_diagonal = a_decays_diagonal
if (present (p_polarized)) prtip_polarized = p_polarized
if (present (a_polarized)) prtia_polarized = a_polarized
if (present (name)) then
if (allocated (prt¥name)) deallocate (prt¥name)
allocate (prt/name (size (name)), source = name)
end if
if (present (anti)) then
if (allocated (prtianti)) deallocate (prtianti)
allocate (prtianti (size (anti)), source = anti)
prtihas_anti = .true.
end if
if (present (tex_name)) prtitex_name = tex_name
if (present (tex_anti)) prtitex_anti = tex_anti
if (present (spin_type)) prt%spin_type = spin_type
if (present (isospin_type)) prtiisospin_type = isospin_type
if (present (charge_type)) prticharge_type = charge_type
if (present (color_type)) prticolor_type = color_type
if (present (mass_data)) then
prt%mass_data => mass_data
if (associated (mass_data)) then
prt/mass_val => mass_datal,get_real_ptr ()
else
prt/mass_val => null ()
end if
end if
if (present (width_data)) then
prt/4width_data => width_data
if (associated (width_data)) then
prt/4width_val => width_datalget_real_ptr ()
else
prt/4width_val => null ()
end if
end if
if (present (spin_type) .or. present (mass_data)) then
call prtiset_multiplicity ()
end if
if (present (p_decay)) then
if (allocated (prtip_decay)) deallocate (prtip_decay)
if (size (p_decay) > 0) &
allocate (prt¥%p_decay (size (p_decay)), source = p_decay)
end if
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if (present (a_decay)) then
if (allocated (prta_decay)) deallocate (prtija_decay)
if (size (a_decay) > 0) &
allocate (prta_decay (size (a_decay)), source = a_decay)
end if
end subroutine field_data_set

Calculate the multiplicity given spin type and mass.
(Model data: field data: TBP)+=

procedure, private :: &
set_multiplicity => field_data_set_multiplicity

(Model data: procedures)+=
subroutine field_data_set_multiplicity (prt)
class(field_data_t), intent(inout) :: prt
if (prtispin_type /= SCALAR) then
if (associated (prtymass_data)) then
prt/multiplicity = prt¥kspin_type
else if (prtileft_handed .or. prtiright_handed) then
prt/multiplicity = 1
else
prt/multiplicity = 2
end if
end if
end subroutine field_data_set_multiplicity

Set the mass/width value (not the pointer). The mass/width pointer must be
allocated.

(Model data: field data: TBP)+=
procedure, private :: set_mass => field_data_set_mass
procedure, private :: set_width => field_data_set_width

(Model data: procedures)+=
subroutine field_data_set_mass (prt, mass)
class(field_data_t), intent(inout) :: prt
real (default), intent(in) :: mass
if (associated (prt¥mass_val)) prtimass_val = mass
end subroutine field_data_set_mass

subroutine field_data_set_width (prt, width)
class(field_data_t), intent(inout) :: prt
real (default), intent(in) :: width
if (associated (prt¥%width_val)) prti/width_val = width
end subroutine field_data_set_width

Loose ends: name arrays should be allocated.
(Model data: field data: TBP)+=

procedure :: freeze => field_data_freeze

(Model data: procedures)+=
elemental subroutine field_data_freeze (prt)
class(field_data_t), intent(inout) :: prt
if (.not. allocated (prt¥%name)) allocate (prtiname (0))
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if (.not. allocated (prt¥%anti)) allocate (prtianti (0))
end subroutine field_data_freeze

Output
(Model data: field data: TBP)+=
procedure :: write => field_data_write

(Model data: procedures)+=
subroutine field_data_write (prt, unit)

class(field_data_t), intent(in) :: prt
integer, intent(in), optional :: unit
integer :: u, i

u = given_output_unit (unit); if (u < 0) return
write (u, "(3x,A,1x,A)", advance="no") "particle", char (prt’longname)
write (u, "(1x,I0)", advance="no") prt¥pdg
if (.not. prtivisible) write (u, "(2x,A)", advance="no") "invisible"
if (prtiparton) write (u, "(2x,A)", advance="no") "parton"
if (prtkgauge) write (u, "(2x,A)", advance="no") "gauge"
if (prt¥left_handed) write (u, "(2x,A)", advance="no") "left"
if (prtlright_handed) write (u, "(2x,A)", advance="no") "right"
write (u, *)
write (u, "(5x,A)", advance="no") "name"
if (allocated (prtiname)) then
do i = 1, size (prtlname)
write (u, "(1x,A)", advance="no") ’"’ // char (prt¥name(i)) // °"’
end do
write (u, *)
if (prtihas_anti) then
write (u, "(5x,A)", advance="no") "anti"
do i = 1, size (prtianti)

write (u, "(1x,A)", advance="no") ’"’ // char (prthanti(i)) // °"’
end do
write (u, *)
end if

if (prtitex_name /= "") then
write (u, "(5x,A)") &
"tex_name " // "’ // char (prtitex_name) // "’
end if
if (prthas_anti .and. prtitex_anti /= "") then
write (u, "(5x,A)") &

"tex_anti " // "’ // char (prtytex_anti) // "’
end if
else
write (u, "(A)") "7
end if

write (u, "(5x,A)", advance="no") "spin "
select case (mod (prtispin_type - 1, 2))
case (0); write (u, "(I0)", advance="no") (prt/spin_type-1) / 2
case default; write (u, "(IO,A)", advance="no") prt¥%spin_type-1, "/2"
end select
! write (u, "(2x,A,I1,A)") "! [multiplicity = ", prtimultiplicity, "]"
if (abs (prtiisospin_type) /= 1) then
write (u, "(2x,A)", advance="no") "isospin "
select case (mod (abs (prtiisospin_type) - 1, 2))
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case (0); write (u, "(IO)", advance="no") &
sign (abs (prtiisospin_type) - 1, prtiisospin_type) / 2
case default; write (u, "(IO,A)", advance="no") &
sign (abs (prtiisospin_type) - 1, prtiisospin_type), "/2"
end select
end if
if (abs (prticharge_type) /= 1) then
write (u, "(2x,A)", advance="no") "charge "
select case (mod (abs (prticharge_type) - 1, 3))
case (0); write (u, "(IO)", advance="no") &
sign (abs (prtiicharge_type) - 1, prtiicharge_type) / 3
case default; write (u, "(IO,A)", advance="no") &
sign (abs (prticharge_type) - 1, prticharge_type), "/3"
end select

end if
if (prticolor_type /= 1) then

write (u, "(2x,A,I0)", advance="no") "color ", prt¥color_type
end if

write (u, *)
if (associated (prtymass_data)) then
write (u, "(5x,A)", advance="no") &
"mass " // char (prtimass_datalget_name ())
if (associated (prtiwidth_data)) then
write (u, "(2x,A)") &
"width " // char (prt)width_datal,get_name ())
else
write (u, *)
end if
end if
call prtiwrite_decays (u)
end subroutine field_data_write

Write decay and polarization data.
(Model data: field data: TBP)+=
procedure :: write_decays => field_data_write_decays

(Model data: procedures)+=
subroutine field_data_write_decays (prt, unit)

class(field_data_t), intent(in) :: prt
integer, intent(in), optional :: unit
integer :: u, i

u = given_output_unit (unit)
if (.not. prtip_is_stable) then
if (allocated (prtip_decay)) then
write (u, "(5x,A)", advance="no") "p_decay"
do i = 1, size (prtip_decay)
write (u, "(1x,A)", advance="no") char (prtyp_decay(i))
end do
if (prt¥%p_decays_isotropically) then
write (u, "(1x,A)", advance="no") "isotropic"
else if (prtip_decays_diagonal) then
write (u, "(1x,A)", advance="no") "diagonal"
end if
write (u, *)
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end if
else if (prtip_polarized) then

write (u, "(5x,A)") "p_polarized"
end if
if (.not. prt¥%a_is_stable) then

if (allocated (prtia_decay)) then

write (u, "(5x,A)", advance="no") "a_decay"

do i = 1, size (prt%a_decay)
write (u, "(1x,A)", advance="no")
end do
if (prt%a_decays_isotropically) then
write (u, "(1x,A)", advance="no")
else if (prt¥a_decays_diagonal) then
write (u, "(1x,A)", advance="no")
end if
write (u, *)
end if
else if (prt¥%a_polarized) then
write (u, "(5x,A)") "a_polarized"
end if
end subroutine field_data_write_decays

Screen version of output.
(Model data: field data: TBP)+=
procedure :: show => field_data_show

(Model data: procedures)+=
subroutine field_data_show (prt, 1, u)

class(field_data_t), intent(in) :: prt
integer, intent(in) :: 1, u
character(len=1) :: buffer

integer :: i

type(string_t), dimension(:), allocatable
buffer = prtiget_name (.false.)

char (prt¥%a_decay(i))

"isotropic"

"diagonal"

:: decay

write (u, "(4x,A,1x,I8)", advance="no") buffer, &

prtiget_pdg ()
if (prthis_polarized ()) then
write (u, "(3x,A)") "polarized"
else if (.not. prt¥%is_stable ()) then

write (u, "(3x,A)", advance="no") "decays:"

call prtiget_decays (decay)
do i =1, size (decay)

write (u, "(1x,A)", advance="no") char (decay(i))

end do
write (u, *)

else
write (u, *)

end if

if (prthkhas_antiparticle ()) then
buffer = prtiget_name (.true.)
write (u, "(4x,A,1x,I8)", advance="no")

prthget_pdg_anti ()
if (prtiis_polarized (.true.)) then
write (u, "(3x,A)") "polarized"
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else if (.not. prtiis_stable (.true.)) then
write (u, "(3x,A)", advance="no") "decays:"
call prtiget_decays (decay, .true.)
do i = 1, size (decay)
write (u, "(1x,A)", advance="no") char (decay(i))
end do
write (u, *)
else
write (u, *)
end if
end if
end subroutine field_data_show

Retrieve data:

(Model data: field data: TBP)+=
procedure :: get_pdg => field_data_get_pdg
procedure :: get_pdg_anti => field_data_get_pdg_anti

(Model data: procedures)+=
elemental function field_data_get_pdg (prt) result (pdg)
integer :: pdg
class(field_data_t), intent(in) :: prt
pdg = prtipdg
end function field_data_get_pdg

elemental function field_data_get_pdg_anti (prt) result (pdg)
integer :: pdg
class(field_data_t), intent(in) :: prt
if (prtihas_anti) then
pdg = - prtipdg
else
pdg = prtipdg
end if
end function field_data_get_pdg_anti

Predicates:

(Model data: ﬁeld data: TBP)+=
procedure :: is_visible => field_data_is_visible
procedure :: is_parton => field_data_is_parton
procedure :: is_gauge => field_data_is_gauge

procedure :: is_left_handed => field_data_is_left_handed
procedure :: is_right_handed => field_data_is_right_handed

procedure :: has_antiparticle => field_data_has_antiparticle
procedure :: is_stable => field_data_is_stable

procedure :: get_decays => field_data_get_decays

procedure :: decays_isotropically => field_data_decays_isotropically
procedure :: decays_diagonal => field_data_decays_diagonal

procedure :: is_polarized => field_data_is_polarized

(Model data: procedures)+=
elemental function field_data_is_visible (prt) result (flag)
logical :: flag
class(field_data_t), intent(in) :: prt
flag = prtivisible
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end function field_data_is_visible

elemental function field_data_is_parton (prt) result (flag)
logical :: flag
class(field_data_t), intent(in) :: prt
flag = prtiparton

end function field_data_is_parton

elemental function field_data_is_gauge (prt) result (flag)
logical :: flag
class(field_data_t), intent(in) :: prt
flag = prtigauge

end function field_data_is_gauge

elemental function field_data_is_left_handed (prt) result (flag)
logical :: flag
class(field_data_t), intent(in) :: prt
flag = prt%left_handed

end function field_data_is_left_handed

elemental function field_data_is_right_handed (prt) result (flag)
logical :: flag
class(field_data_t), intent(in) :: prt
flag = prti/right_handed

end function field_data_is_right_handed

elemental function field_data_has_antiparticle (prt) result (flag)
logical :: flag
class(field_data_t), intent(in) :: prt
flag = prt/has_anti

end function field_data_has_antiparticle

elemental function field_data_is_stable (prt, anti) result (flag)
logical :: flag
class(field_data_t), intent(in) :: prt
logical, intent(in), optional :: anti
if (present (anti)) then
if (anti) then
flag = prt/a_is_stable

else
flag = prtip_is_stable
end if
else
flag = prt/p_is_stable
end if

end function field_data_is_stable

subroutine field_data_get_decays (prt, decay, anti)

class(field_data_t), intent(in) :: prt
type(string_t), dimension(:), intent(out), allocatable :: decay
logical, intent(in), optional :: anti

if (present (anti)) then
if (anti) then
allocate (decay (size (prtia_decay)), source = prtia_decay)
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else
allocate (decay (size (prt¥%p_decay)), source = prtip_decay)
end if
else
allocate (decay (size (prtip_decay)), source = prtip_decay)
end if
end subroutine field_data_get_decays

elemental function field_data_decays_isotropically &
(prt, anti) result (flag)
logical :: flag
class(field_data_t), intent(in) :: prt
logical, intent(in), optional :: anti
if (present (anti)) then
if (anti) then
flag = prtia_decays_isotropically
else
flag = prti/p_decays_isotropically
end if
else
flag = prti/p_decays_isotropically
end if
end function field_data_decays_isotropically

elemental function field_data_decays_diagonal &
(prt, anti) result (flag)
logical :: flag
class(field_data_t), intent(in) :: prt
logical, intent(in), optional :: anti
if (present (anti)) then
if (anti) then
flag = prtla_decays_diagonal

else
flag = prt¥p_decays_diagonal
end if
else
flag = prt¥/p_decays_diagonal
end if

end function field_data_decays_diagonal

elemental function field_data_is_polarized (prt, anti) result (flag)
logical :: flag
class(field_data_t), intent(in) :: prt
logical, intent(in), optional :: anti
logical :: a
if (present (anti)) then
a = anti
else
a = .false.
end if
if (a) then
flag = prt¥a_polarized
else
flag = prtip_polarized
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end if
end function field_data_is_polarized

Names. Return the first name in the list (or the first antiparticle name)
(Model data: field data: TBP)+=

procedure :: get_longname => field_data_get_longname
procedure :: get_name => field_data_get_name
procedure :: get_name_array => field_data_get_name_array

(Model data: procedures)+=
elemental function field_data_get_longname (prt) result (name)
type(string_t) :: name
class(field_data_t), intent(in) :: prt
name = prtjlongname
end function field_data_get_longname

elemental function field_data_get_name (prt, is_antiparticle) result (name)

type(string_t) :: name
class(field_data_t), intent(in) :: prt
logical, intent(in) :: is_antiparticle

name = prtilongname
if (is_antiparticle) then
if (prtihas_anti) then
if (allocated (prtjanti)) then
if (size(prt¥%anti) > 0) name = prtianti(l)
end if
else
if (allocated (prtiname)) then
if (size (prt¥%name) > 0) name = prtiname(1)
end if
end if
else
if (allocated (prtiname)) then
if (size (prt%name) > 0) name = prtiname(1)
end if
end if
end function field_data_get_name

subroutine field_data_get_name_array (prt, is_antiparticle, name)
class(field_data_t), intent(in) :: prt
logical, intent(in) :: is_antiparticle
type(string_t), dimension(:), allocatable, intent(inout) :: name
if (allocated (name)) deallocate (name)
if (is_antiparticle) then
if (prt%has_anti) then
allocate (name (size (prtianti)))
name = prtianti
else
allocate (name (0))
end if
else
allocate (name (size (prt¥name)))
name = prtiname
end if
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end subroutine field_data_get_name_array

Same for the TEX name.
(Model data: field data: TBP)+=

procedure :: get_tex_name => field_data_get_tex_name

(Model data: procedures)+=
elemental function field_data_get_tex_name &
(prt, is_antiparticle) result (name)

type(string_t) :: name
class(field_data_t), intent(in) :: prt
logical, intent(in) :: is_antiparticle

if (is_antiparticle) then
if (prtihas_anti) then
name = prtjtex_anti

else
name = prtltex_name
end if
else
name = prtitex_name
end if
if (name == "") name = prtlget_name (is_antiparticle)

end function field_data_get_tex_name

Check if any of the field names matches the given string.

(Model data: field data: TBP)+=
procedure, private :: matches_name => field_data_matches_name

(Model data: procedures)+=
function field_data_matches_name (field, name, is_antiparticle) result (flag)
class(field_data_t), intent(in) :: field
type(string_t), intent(in) :: name
logical, intent(in) :: is_antiparticle
logical :: flag
if (is_antiparticle) then
if (field%has_anti) then
flag = any (name == fieldjanti)

else
flag = .false.
end if
else
flag = name == field)longname .or. any (name == fieldname)
end if

end function field_data_matches_name

Quantum numbers

(Model data: field data: TBP)+=
procedure :: get_spin_type => field_data_get_spin_type
procedure :: get_multiplicity => field_data_get_multiplicity
procedure :: get_isospin_type => field_data_get_isospin_type
procedure :: get_charge_type => field_data_get_charge_type
procedure :: get_color_type => field_data_get_color_type
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(Model data: procedures)+=
elemental function field_data_get_spin_type (prt) result (type)
integer :: type
class(field_data_t), intent(in) :: prt
type = prtispin_type
end function field_data_get_spin_type

elemental function field_data_get_multiplicity (prt) result (type)
integer :: type
class(field_data_t), intent(in) :: prt
type = prt/multiplicity

end function field_data_get_multiplicity

elemental function field_data_get_isospin_type (prt) result (type)
integer :: type
class(field_data_t), intent(in) :: prt
type = prtiisospin_type

end function field_data_get_isospin_type

elemental function field_data_get_charge_type (prt) result (type)
integer :: type
class(field_data_t), intent(in) :: prt
type = prticharge_type

end function field_data_get_charge_type

elemental function field_data_get_color_type (prt) result (type)
integer :: type
class(field_data_t), intent(in) :: prt
type = prticolor_type

end function field_data_get_color_type

In the MSSM, neutralinos can have a negative mass. This is relevant for com-
puting matrix elements. However, within the WHIZARD main program we are
interested only in kinematics, therefore we return the absolute value of the par-
ticle mass. If desired, we can extract the sign separately.

(Model data: field data: TBP)+=
procedure :: get_charge => field_data_get_charge

procedure :: get_isospin => field_data_get_isospin
procedure :: get_mass => field_data_get_mass
procedure :: get_mass_sign => field_data_get_mass_sign

procedure :: get_width => field_data_get_width

(Model data: procedures)+=
elemental function field_data_get_charge (prt) result (charge)
real(default) :: charge
class(field_data_t), intent(in) :: prt
if (prticharge_type /= 0) then
charge = real (sign ((abs(prticharge_type) - 1), &
prtcharge_type), default) / 3
else
charge = 0
end if
end function field_data_get_charge
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elemental function field_data_get_isospin (prt) result (isospin)
real(default) :: isospin
class(field_data_t), intent(in) :: prt
if (prtiisospin_type /= 0) then
isospin = real (sign (abs(prtiisospin_type) - 1, &
prt/4isospin_type), default) / 2
else
isospin = 0
end if
end function field_data_get_isospin

elemental function field_data_get_mass (prt) result (mass)
real(default) :: mass
class(field_data_t), intent(in) :: prt
if (associated (prt¥mass_val)) then
mass = abs (prtimass_val)
else
mass = 0
end if
end function field_data_get_mass

elemental function field_data_get_mass_sign (prt) result (sgn)
integer :: sgn
class(field_data_t), intent(in) :: prt
if (associated (prt¥mass_val)) then
sgn = sign (1._default, prtymass_val)
else
sgn = 0
end if
end function field_data_get_mass_sign

elemental function field_data_get_width (prt) result (width)
real(default) :: width
class(field_data_t), intent(in) :: prt
if (associated (prtiwidth_val)) then
width = prtywidth_val
else
width = 0
end if
end function field_data_get_width

10.1.3 Vertex data

The vertex object contains an array of particle-data pointers, for which we need
a separate type. (We could use the flavor type defined in another module.)
The program does not (yet?) make use of vertex definitions, so they are not

stored here.
(Model data: types)+=

type :: field_data_p

type(field_data_t), pointer :: p => null ()
end type field_data_p
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(Model data: types)+=
type :: vertex_t

private

logical :: trilinear

integer, dimension(:), allocatable :: pdg

type(field_data_p), dimension(:), allocatable :: prt
contains

(Model data: vertex: TBP)
end type vertex_t

(Model data: vertex: TBP)=
procedure :: write => vertex_write

(Model data: procedures)+=
subroutine vertex_write (vtx, unit)

class(vertex_t), intent(in) :: vtx
integer, intent(in), optional :: unit
integer :: u, i

u = given_output_unit (unit)
write (u, "(3x,A)", advance="no") '"vertex"
do i = 1, size (vtxlprt)
if (associated (vtxYprt(i)%p)) then
write (u, "(1x,A)", advance="no") &
>n2// char (vtxlprt(i)ipkget_name (vtx/pdg(i) < 0)) &
/0
else
write (u, "(1x,I7)", advance="no") vtxlpdg(i)
end if
end do
write (u, *)
end subroutine vertex_write

Initialize using PDG codes. The model is used for finding particle data pointers
associated with the pdg codes.
(Model data: vertex: TBP)+=

procedure :: init => vertex_init

(Model data: procedures)+=
subroutine vertex_init (vtx, pdg, model)

class(vertex_t), intent(out) :: vtx

integer, dimension(:), intent(in) :: pdg
type(model_data_t), intent(in), target, optional :: model
integer :: i

allocate (vtxlpdg (size (pdg)))
allocate (vtx¥prt (size (pdg)))
vtx)trilinear = size (pdg) ==
vtx%pdg = pdg
if (present (model)) then
do i = 1, size (pdg)
vtx)prt(i)%p => modellget_field_ptr (pdg(i))
end do
end if
end subroutine vertex_init
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Copy vertex: we must reassign the field-data pointer to a new model.

(Model data: vertex: TBP)+=
procedure :: copy_from => vertex_copy_from

(Model data: procedures)+=
subroutine vertex_copy_from (vtx, old_vtx, new_model)
class(vertex_t), intent(out) :: vtx
class(vertex_t), intent(in) :: old_vtx
type(model_data_t), intent(in), target, optional :: new_model
call vtx%init (old_vtx¥%pdg, new_model)
end subroutine vertex_copy_from

Single-particle lookup: Given a particle code, we return matching codes if
present, otherwise zero. Actually, we return the antiparticles of the matching
codes, as appropriate for computing splittings.

(Model data: vertex: TBP)+=
procedure :: get_match => vertex_get_match

(Model data: procedures)+=
subroutine vertex_get_match (vtx, pdgl, pdg2)

class(vertex_t), intent(in) :: vtx

integer, intent(in) :: pdgl

integer, dimension(:), allocatable, intent(out) :: pdg2
integer :: i, j

do i = 1, size (vtxlpdg)
if (vtxkpdg(i) == pdgl) then
allocate (pdg2 (size (vtxipdg) - 1))
do j =1, i-1
pdg2(j) = anti (j)
end do
do j = i, size (pdg2)
pdg2(j) = anti (j+1)

end do
exit
end if
end do
contains
function anti (i) result (pdg)
integer, intent(in) :: i

integer :: pdg
if (vtxlprt(i)’%pihas_antiparticle ()) then

pdg = - vtxYpdg(i)
else

pdg = vtx¥pdg(i)
end if

end function anti
end subroutine vertex_get_match

To access this from the outside, we create an iterator. The iterator has the sole
purpose of returning the matching particles for a given array of PDG codes.

(Model data: public)+=

public :: vertex_iterator_t
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(Model data: types)+=

type :: vertex_iterator_t

private
class(model_data_t), pointer :: model => null ()
integer, dimension(:), allocatable :: pdg
integer :: vertex_index = 0

contains
procedure :: init => vertex_iterator_init
procedure :: get_next_match => vertex_iterator_get_next_match

end type vertex_iterator_t

We initialize the iterator for a particular model with the pdg index of the particle
we are looking at.
(Model data: procedures)+=
subroutine vertex_iterator_init (it, model, pdg)
class(vertex_iterator_t), intent(out) :: it
class(model_data_t), intent(in), target :: model
integer, dimension(:), intent(in) :: pdg
it¥model => model
allocate (it¥%pdg (size (pdg)), source = pdg)
end subroutine vertex_iterator_init

subroutine vertex_iterator_get_next_match (it, pdg_match)

class(vertex_iterator_t), intent(inout) :: it
integer, dimension(:), allocatable, intent(out) :: pdg_match
integer :: i, j

do i = itYvertex_index + 1, size (it%model%vtx)
do j = 1, size (it/%pdg)
call vertex_get_match (it)model’vtx(i), itlpdg(j), pdg_match)
if (allocated (pdg_match)) then
it)vertex_index = i
return
end if
end do
end do
it%vertex_index = 0
end subroutine vertex_iterator_get_next_match

10.1.4 Vertex lookup table

The vertex lookup table is a hash table: given two particle codes, we check
which codes are allowed for the third one.

The size of the hash table should be large enough that collisions are rare. We
first select a size based on the number of vertices (multiplied by six because all
permutations count), with some margin, and then choose the smallest integer
power of two larger than this.

(Model data: parameters)=
integer, parameter :: VERTEX_TABLE_SCALE_FACTOR = 60

(Model data: procedures)+=
function vertex_table_size (n_vtx) result (n)
integer(i32) :: n
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integer, intent(in) :: n_vtx

integer :: i, s
s = VERTEX_TABLE_SCALE_FACTOR * n_vtx
n=1
doi=1, 31
n = ishft (n, 1)
s = ishft (s,-1)
if (s == 0) exit
end do

end function vertex_table_size

The specific hash function takes two particle codes (arbitrary integers) and
returns a 32-bit integer. It makes use of the universal function hash which
operates on a byte array.
(Model data: procedures)+=
function hash2 (pdgl, pdg2)
integer(i32) :: hash2
integer, intent(in) :: pdgl, pdg2
integer(i8), dimension(1) :: mold
hash2 = hash (transfer ([pdgl, pdg2], mold))
end function hash2

Each entry in the vertex table stores the two particle codes and an array of
possibilities for the third code.

(Model data: types)+=
type :: vertex_table_entry_t

private
integer :: pdgl = 0, pdg2 = 0
integer :: n =0

integer, dimension(:), allocatable :: pdg3
end type vertex_table_entry_t

The vertex table:

(Model data: types)+=
type :: vertex_table_t

type(vertex_table_entry_t), dimension(:), allocatable :: entry
integer :: n_collisions = 0
integer(i32) :: mask

contains

(Model data: vertex table: TBP)
end type vertex_table_t

Output.
(Model data: vertez table: TBP)=
procedure :: write => vertex_table_write

(Model data: procedures)+=
subroutine vertex_table_write (vt, unit)

class(vertex_table_t), intent(in) :: vt
integer, intent(in), optional :: unit
integer :: u, i

character(9) :: size_pdg3
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u = given_output_unit (unit)
write (u, "(A)") "vertex hash table:"

write (u, "(A,I7)") " size = ", size (vtlentry)
write (u, "(A,I7)") " wused =", count (vtientry/n /= 0)
write (u, "(A,I7)") " coll =", vt¥n_collisions

do i = lbound (vtientry, 1), ubound (vtlentry, 1)
if (vthentry(i)¥n /= 0) then
write (size_pdg3, "(I7)") size (vtientry(i)%pdg3)
write (u, "(A,1x,I7,1x,A,2(1x,I7),A," // &
size_pdg3 // "(1x,I7))") &
"on, i, ", vthentry(i)v%pdgl, &
vthentry(i)%pdg2, "->", vthentry(i)%pdg3
end if
end do
end subroutine vertex_table_write

Initializing the vertex table: This is done in two passes. First, we scan all
permutations for all vertices and count the number of entries in each bucket of
the hashtable. Then, the buckets are allocated accordingly and filled.

Collision resolution is done by just incrementing the hash value until an
empty bucket is found. The vertex table size is fixed, since we know from the
beginning the number of entries.

(Model data: vertex table: TBP)+=
procedure :: init => vertex_table_init

(Model data: procedures)+=
subroutine vertex_table_init (vt, prt, vtx)
class(vertex_table_t), intent(out) :: vt
type(field_data_t), dimension(:), intent(in) :: prt
type(vertex_t), dimension(:), intent(in) :: vtx
integer :: n_vtx, vt_size, i, pl, p2, p3
integer, dimension(3) :: p
n_vtx = size (vtx)
vt_size = vertex_table_size (count (vtx)trilinear))
vtYmask = vt_size - 1
allocate (vtientry (0:vt_size-1))
doi=1, n_vtx
if (vtx(i)%trilinear) then
p = vtx(i)pdg
pl = p(1); p2 = p(2)
call create (hash2 (pl, p2))
if (p(2) /= p(3)) then

p2 = p(3)
call create (hash2 (pl, p2))
end if

if (p(1) /= p(2)) then
pl = p(2); p2 = p(1)
call create (hash2 (pl, p2))
if (p(1) /= p(3)) then

p2 = p(3)
call create (hash2 (pl, p2))
end if
end if

if (p(1) /= p(3)) then
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pl = p(3); p2 = p(1)
call create (hash2 (pl, p2))
if (p(1) /= p(2)) then
p2 = p(2)
call create (hash2 (pl, p2))
end if
end if
end if
end do
do i = 0, vt_size - 1
allocate (vthentry(i)%pdg3 (vthentry(i)in))
end do
vtientry/jn = 0
do i =1, n_vtx
if (vtx(i)%trilinear) then
p = vtx(i)%pdg
pl = p(1); p2 =p(2); p3 = p(3)
call register (hash2 (pl, p2))
if (p(2) /= p(3)) then
p2 = p(3); p3 =p(2)
call register (hash2 (pl, p2))
end if
if (p(1) /= p(2)) then
pl = p(2); p2 = p(1); p3 = p(3d)
call register (hash2 (pl, p2))
if (p(1) /= p(3)) then
p2 = p(3); p3 = p(1)
call register (hash2 (pl, p2))
end if
end if
if (p(1) /= p(3)) then
pl = p(3); p2=p); p3=p(2)
call register (hash2 (pl, p2))
if (p(1) /= p(2)) then
p2 = p(2); p3 = p(1)
call register (hash2 (pl, p2))
end if
end if
end if
end do
contains
recursive subroutine create (hashval)
integer(i32), intent(in) :: hashval
integer :: h
h = iand (hashval, vt¥%mask)
if (vthentry(h)%n == 0) then
vthentry(h)%pdgl = pi
vthentry(h)’pdg2 = p2
vthentry(h)%n = 1
else if (vtientry(h)%pdgl == pl .and. vtientry(h)%pdg2 == p2) then
vthentry(h)%n = vthentry(h)yn + 1
else
vt¥%n_collisions = vtYn_collisions + 1
call create (hashval + 1)
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end if
end subroutine create
recursive subroutine register (hashval)
integer(i32), intent(in) :: hashval
integer :: h
h = iand (hashval, vt¥%mask)
if (vthentry(h)%pdgl == pl .and. vtentry(h)¥%pdg2 == p2) then
vthentry(h)%n = vtientry(h)¥n + 1
vthentry (h)%pdg3(vthentry(h)%n) = p3
else
call register (hashval + 1)
end if
end subroutine register
end subroutine vertex_table_init

Return the array of particle codes that match the given pair.
(Model data: vertex table: TBP)+=

procedure :: match => vertex_table_match

(Model data: procedures)+=
subroutine vertex_table_match (vt, pdgl, pdg2, pdg3)

class(vertex_table_t), intent(in) :: vt
integer, intent(in) :: pdgl, pdg2
integer, dimension(:), allocatable, intent(out) :: pdg3
call match (hash2 (pdgl, pdg2))
contains
recursive subroutine match (hashval)
integer(i32), intent(in) :: hashval
integer :: h

h = iand (hashval, vt%mask)

if (vthentry(h)%n == 0) then
allocate (pdg3 (0))

else if (vtientry(h)ipdgl == pdgl .and. vtlentry(h)’%pdg2 == pdg2) then
allocate (pdg3 (size (vtientry(h)%pdg3)))
pdg3 = vtientry(h)’pdg3

else
call match (hashval + 1)

end if

end subroutine match
end subroutine vertex_table_match

Return true if the triplet is represented as a vertex.

(Model data: vertex table: TBP)+=
procedure :: check => vertex_table_check

(Model data: procedures)+=
function vertex_table_check (vt, pdgl, pdg2, pdg3) result (flag)
class(vertex_table_t), intent(in) :: vt
integer, intent(in) :: pdgl, pdg2, pdg3
logical :: flag
flag = check (hash2 (pdgl, pdg2))

contains
recursive function check (hashval) result (flag)
integer(i32), intent(in) :: hashval
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integer :: h
logical :: flag
h = iand (hashval, vt¥%mask)
if (vthentry(h)%n == 0) then
flag = .false.
else if (vtientry(h)’pdgl == pdgl .and. vtientry(h)’%pdg2 == pdg2) then
flag = any (vt%entry(h)’%pdg3 == pdg3)
else
flag = check (hashval + 1)
end if
end function check
end function vertex_table_check

10.1.5 Model Data Record

This type collects the model data as defined above.
We deliberately implement the parameter arrays as pointer arrays. We thus
avoid keeping track of TARGET attributes.
(Model data: public)+=
public :: model_data_t

(Model data: types)+=
type :: model_data_t

private
type(string_t) :: name
type (modelpar_real_t), dimension(:), pointer :: par_real => null ()
type (modelpar_complex_t), dimension(:), pointer :: par_complex => null ()
type(field_data_t), dimension(:), allocatable :: field
type(vertex_t), dimension(:), allocatable :: vtx
type(vertex_table_t) :: vt
contains

(Model data: model data: TBP)
end type model_data_t

Finalizer, deallocate pointer arrays.

(Model data: model data: TBP)=
procedure :: final => model_data_final

(Model data: procedures)+=
subroutine model_data_final (model)
class(model_data_t), intent(inout) :: model
deallocate (modellpar_real)
deallocate (modelypar_complex)
end subroutine model_data_final

Output. The signature matches the signature of the high-level model_write
procedure, so some of the options don’t actually apply.

(Model data: model data: TBP)+=
procedure :: write => model_data_write
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(Model data: procedures)+=
subroutine model_data_write (model, unit, verbose, &
show_md5sum, show_variables, show_parameters, &
show_particles, show_vertices)

class(model_data_t), intent(in) :: model

integer, intent(in), optional :: unit

logical, intent(in), optional :: verbose

logical, intent(in), optional :: show_md5sum

logical, intent(in), optional :: show_variables

logical, intent(in), optional :: show_parameters

logical, intent(in), optional :: show_particles

logical, intent(in), optional :: show_vertices

logical :: show_par, show_prt, show_vtx

integer :: u, i

u = given_output_unit (unit)

show_par = .true.; if (present (show_parameters)) &
show_par = show_parameters

show_prt = .true.; if (present (show_particles)) &
show_prt = show_particles

show_vtx = .true.; if (present (show_vertices)) &

show_vtx = show_vertices
if (show_par) then
do i = 1, size (modelypar_real)
call modellpar_real(i)%write (u)
write (u, *)
end do
do i = 1, size (modellpar_complex)
call model}par_complex(i)jwrite (u)
write (u, *)
end do
end if
if (show_prt) then
write (u, *)
call modeljwrite_fields (u)
end if
if (show_vtx) then
write (u, *)
call modellwrite_vertices (u, verbose)
end if
end subroutine model_data_write

Initialize, allocating pointer arrays. The second version makes a deep copy.
(Model data: model data: TBP)+=

generic :: init => model_data_init

procedure, private :: model_data_init

(Model data: procedures)+=
subroutine model_data_init (model, name, &
n_par_real, n_par_complex, n_field, n_vtx)

class(model_data_t), intent(out) :: model
type(string_t), intent(in) :: name

integer, intent(in) :: n_par_real, n_par_complex
integer, intent(in) :: n_field

integer, intent(in) :: n_vtx
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model¥%name = name
allocate (modelYpar_real (n_par_real))
allocate (modelypar_complex (n_par_complex))
allocate (model%field (n_field))
allocate (model%vtx (n_vtx))

end subroutine model_data_init

Complete model data initialization.
(Model data: model data: TBP)+=

procedure :: freeze_fields => model_data_freeze_fields

(Model data: procedures)+=
subroutine model_data_freeze_fields (model)
class(model_data_t), intent(inout) :: model
call modellfieldlfreeze ()
end subroutine model_data_freeze_fields

Deep copy. The new model should already be initialized, so we do not allocate
memory.
(Model data: model data: TBP)+=

procedure :: copy_from => model_data_copy

(Model data: procedures)+=
subroutine model_data_copy (model, src)

class(model_data_t), intent(inout), target :: model
class(model_data_t), intent(in), target :: src
class(modelpar_data_t), pointer :: data, src_data
integer :: i

modelypar_real = srcipar_real
modelY,par_complex = srcipar_complex
do i = 1, size (src¥field)
associate (field => model%field(i), src_field => srclfield(i))
call field)init (src_fieldlget_longname (), src_fieldlget_pdg ()
call fieldlicopy_from (src_field)
src_data => src_fieldY%mass_data
if (associated (src_data)) then
data => modelget_par_data_ptr (src_datalget_name ())
call field)set (mass_data = data)
end if
src_data => src_field)width_data
if (associated (src_data)) then
data => modelYget_par_data_ptr (src_datal%get_name ())
call fieldset (width_data = data)
end if
call fieldset_multiplicity ()
end associate
end do
do i = 1, size (srclvtx)
call modellvtx(i)¥%copy_from (srcivtx(i), model)
end do
call modelYfreeze_vertices ()
end subroutine model_data_copy

356



Return the model name.

(Model data: model data: TBP)+=
procedure :: get_name => model_data_get_name

(Model data: procedures)+=
function model_data_get_name (model) result (name)
class(model_data_t), intent(in) :: model
type(string_t) :: name
name = modelYname
end function model_data_get_name

Retrieve a MD5 sum for the current model parameter values and decay /polarization
settings. This is done by writing them to a temporary file, using a standard
format.

(Model data: model data: TBP)+=
procedure :: get_parameters_md5sum => model_data_get_parameters_md5sum

(Model data: procedures)+=
function model_data_get_parameters_md5sum (model) result (par_md5sum)
character(32) :: par_md5sum
class(model_data_t), intent(in) :: model
real(default), dimension(:), allocatable :: par
type(field_data_t), pointer :: field
integer :: unit, i
allocate (par (modellget_n_real ()))
call modellyreal_parameters_to_array (par)
unit = free_unit ()
open (unit, status="scratch", action="readwrite")
write (unit, "(" // FMT_19 // ")") par
do i = 1, modellget_n_field ()
field => modellget_field_ptr_by_index (i)
if (.not. field)is_stable (.false.) .or. .not. field%is_stable (.true.) &
.or. field)is_polarized (.false.) .or. field%is_polarized (.true.))&
then
write (unit, "(3x,A)") char (field/get_longname ())
call field)write_decays (unit)
end if
end do
rewind (unit)
par_md5sum = md5sum (unit)
close (unit)
end function model_data_get_parameters_md5sum

Return the MD5 sum. This is a placeholder, to be overwritten for the complete
model definition.
(Model data: model data: TBP)+=
procedure :: get_mdSsum => model_data_get_md5sum
(Model data: procedures)+=
function model_data_get_md5sum (model) result (md5sum)
class(model_data_t), intent(in) :: model
character(32) :: md5sum
md5sum = modelyget_parameters_md5sum ()
end function model_data_get_md5sum

357



Initialize a real or complex parameter.
(Model data: model data: TBP)+=

generic :: init_par => model_data_init_par_real, model_data_init_par_complex
procedure, private :: model_data_init_par_real
procedure, private :: model_data_init_par_complex

(Model data: procedures)+=
subroutine model_data_init_par_real (model, i, name, value)

class(model_data_t), intent(inout) :: model
integer, intent(in) :: i

type(string_t), intent(in) :: name

real (default), intent(in) :: value

call model’par_real(i)%init (name, value)
end subroutine model_data_init_par_real

subroutine model_data_init_par_complex (model, i, name, value)

class(model_data_t), intent(inout) :: model
integer, intent(in) :: i

type(string_t), intent(in) :: name
complex(default), intent(in) :: value

call modelypar_complex(i)%init (name, value)
end subroutine model_data_init_par_complex

After initialization, return size of parameter array.

(Model data: model data: TBP)+=
procedure :: get_n_real => model_data_get_n_real
procedure :: get_n_complex => model_data_get_n_complex

(Model data: procedures)+=
function model_data_get_n_real (model) result (n)
class(model_data_t), intent(in) :: model
integer :: n
n = size (modellpar_real)
end function model_data_get_n_real

function model_data_get_n_complex (model) result (n)
class(model_data_t), intent(in) :: model
integer :: n
n = size (model’par_complex)

end function model_data_get_n_complex

After initialization, extract the whole parameter array.
(Model data: model data: TBP)+=

procedure :: real_parameters_to_array &
=> model_data_real_par_to_array
procedure :: complex_parameters_to_array &

=> model_data_complex_par_to_array

(Model data: procedures)+=
subroutine model_data_real_par_to_array (model, array)
class(model_data_t), intent(in) :: model
real(default), dimension(:), intent(inout) :: array
array = modellpar_reallget_real ()
end subroutine model_data_real_par_to_array
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subroutine model_data_complex_par_to_array (model, array)
class(model_data_t), intent(in) :: model
complex(default), dimension(:), intent(inout) :: array
array = modelYpar_complexyget_complex ()

end subroutine model_data_complex_par_to_array

After initialization, set the whole parameter array.
(Model data: model data: TBP)+=

procedure :: real_parameters_from_array &
=> model_data_real_par_from_array
procedure :: complex_parameters_from_array &

=> model_data_complex_par_from_array

(Model data: procedures)+=
subroutine model_data_real_par_from_array (model, array)
class(model_data_t), intent(inout) :: model
real(default), dimension(:), intent(in) :: array
model%par_real = array
end subroutine model_data_real_par_from_array

subroutine model_data_complex_par_from_array (model, array)
class(model_data_t), intent(inout) :: model
complex(default), dimension(:), intent(in) :: array
modell,par_complex = array

end subroutine model_data_complex_par_from_array

Analogous, for a C parameter array.

(Model data: model data: TBP)+=
procedure :: real_parameters_to_c_array &
=> model_data_real_par_to_c_array

(Model data: procedures)+=
subroutine model_data_real_par_to_c_array (model, array)
class(model_data_t), intent(in) :: model
real(c_default_float), dimension(:), intent(inout) :: array
array = modelypar_reallget_real ()
end subroutine model_data_real_par_to_c_array

After initialization, set the whole parameter array.
(Model data: model data: TBP)+=

procedure :: real_parameters_from_c_array &
=> model_data_real_par_from_c_array

(Model data: procedures)+=
subroutine model_data_real_par_from_c_array (model, array)
class(model_data_t), intent(inout) :: model
real(c_default_float), dimension(:), intent(in) :: array
modellpar_real = real (array, default)
end subroutine model_data_real_par_from_c_array
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After initialization, get pointer to a real or complex parameter, directly by
index.
(Model data: model data: TBP)+=
procedure :: get_par_real_ptr => model_data_get_par_real_ptr_index
procedure :: get_par_complex_ptr => model_data_get_par_complex_ptr_index
(Model data: procedures)+=
function model_data_get_par_real_ptr_index (model, i) result (ptr)
class(model_data_t), intent(inout) :: model
integer, intent(in) :: i
class(modelpar_data_t), pointer :: ptr
ptr => modelypar_real(i)
end function model_data_get_par_real_ptr_index

function model_data_get_par_complex_ptr_index (model, i) result (ptr)

class(model_data_t), intent(inout) :: model
integer, intent(in) :: i
class(modelpar_data_t), pointer :: ptr

ptr => model¥par_complex (i)
end function model_data_get_par_complex_ptr_index

After initialization, get pointer to a parameter by name.
(Model data: model data: TBP)+=
procedure :: get_par_data_ptr => model_data_get_par_data_ptr_name
(Model data: procedures)+=
function model_data_get_par_data_ptr_name (model, name) result (ptr)
class(model_data_t), intent(in) :: model
type(string_t), intent(in) :: name
class(modelpar_data_t), pointer :: ptr
integer :: i
do i = 1, size (modellpar_real)
if (modelypar_real(i)’%name == name) then
ptr => modelypar_real(i)
return
end if
end do
do i = 1, size (modelYpar_complex)
if (model¥par_complex(i)%name == name) then
ptr => modelypar_complex(i)
return
end if
end do
ptr => null ()
end function model_data_get_par_data_ptr_name

Return the value by name. Again, type conversion is allowed.
(Model data: model data: TBP)+=
procedure :: get_real => model_data_get_par_real_value
procedure :: get_complex => model_data_get_par_complex_value
(Model data: procedures)+=

function model_data_get_par_real_value (model, name) result (value)
class(model_data_t), intent(in) :: model
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type(string_t), intent(in) :: name
class(modelpar_data_t), pointer :: par
real(default) :: value
par => modell,get_par_data_ptr (name)
value = parget_real ()

end function model_data_get_par_real_value

function model_data_get_par_complex_value (model, name) result (value)

class(model_data_t), intent(in) :: model
type(string_t), intent(in) :: name
class(modelpar_data_t), pointer :: par
complex(default) :: value

par => modell,get_par_data_ptr (name)
value = pariget_complex ()
end function model_data_get_par_complex_value

Modify a real or complex parameter.
(Model data: model data: TBP)+=

generic :: set_par => model_data_set_par_real, model_data_set_par_complex
procedure, private :: model_data_set_par_real
procedure, private :: model_data_set_par_complex

(Model data: procedures)+=

subroutine model_data_set_par_real (model, name, value)
class(model_data_t), intent(inout) :: model
type(string_t), intent(in) :: name
real (default), intent(in) :: value
class(modelpar_data_t), pointer :: par
par => modell,get_par_data_ptr (name)
par = value

end subroutine model_data_set_par_real

subroutine model_data_set_par_complex (model, name, value)
class(model_data_t), intent(inout) :: model
type(string_t), intent(in) :: name
complex(default), intent(in) :: value
class(modelpar_data_t), pointer :: par
par => modell,get_par_data_ptr (name)
par = value

end subroutine model_data_set_par_complex

List all fields in the model.

(Model data: model data: TBP)+=
procedure :: write_fields => model_data_write_fields

(Model data: procedures)+=
subroutine model_data_write_fields (model, unit)

class(model_data_t), intent(in) :: model
integer, intent(in), optional :: unit
integer :: i

do i = 1, size (model%field)
call model)field(i)%write (unit)
end do
end subroutine model_data_write_fields
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After initialization, return number of fields (particles):
(Model data: model data: TBP)+=
procedure :: get_n_field => model_data_get_n_field
(Model data: procedures)+=
function model_data_get_n_field (model) result (n)
class(model_data_t), intent(in) :: model
integer :: n
n = size (modellfield)
end function model_data_get_n_field

Return the PDG code of a field. The field is identified by name or by index. If
the field is not found, return zero.
(Model data: model data: TBP)+=
generic :: get_pdg => &
model_data_get_field_pdg_index, &
model_data_get_field_pdg_name
procedure, private :: model_data_get_field_pdg_index
procedure, private :: model_data_get_field_pdg_name
(Model data: procedures)+=
function model_data_get_field_pdg_index (model, i) result (pdg)
class(model_data_t), intent(in) :: model
integer, intent(in) :: i
integer :: pdg
pdg = modellfield(i)%get_pdg ()
end function model_data_get_field_pdg_index

function model_data_get_field_pdg_name (model, name, check) result (pdg)

class(model_data_t), intent(in) :: model
type(string_t), intent(in) :: name
logical, intent(in), optional :: check
integer :: pdg

integer :: i

do i = 1, size (model%field)
associate (field => model%field(i))
if (field%matches_name (name, .false.)) then
pdg = fieldlget_pdg O
return
else if (field/matches_name (name, .true.)) then
pdg = - fieldlget_pdg ()
return
end if
end associate
end do
pdg = 0
call model%field_error (check, name)
end function model_data_get_field_pdg_name

Return an array of all PDG codes, including antiparticles. The antiparticle are
sorted after all particles.

(Model data: model data: TBP)+=
procedure :: get_all_pdg => model_data_get_all_pdg
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(Model data: procedures)+=
subroutine model_data_get_all_pdg (model, pdg)

class(model_data_t), intent(in) :: model
integer, dimension(:), allocatable, intent(inout) :: pdg
integer :: nO, ni, i, k

n0 = size (model%field)
nl = n0 + count (modelyfield/has_antiparticle ())
allocate (pdg (nl))
pdg(1:n0) = modelyfield)get_pdg O
k = n0
do i = 1, size (model¥%field)
associate (field => model’field(i))
if (field%has_antiparticle ()) then
k=k+1
pdg(k) = - field%get_pdg ()
end if
end associate
end do
end subroutine model_data_get_all_pdg

Return pointer to the field array.

(Model data: model data: TBP)+=
procedure :: get_field_array_ptr => model_data_get_field_array_ptr

(Model data: procedures)+=
function model_data_get_field_array_ptr (model) result (ptr)
class(model_data_t), intent(in), target :: model
type(field_data_t), dimension(:), pointer :: ptr
ptr => model¥field
end function model_data_get_field_array_ptr

Return pointer to a field. The identifier should be the unique long name, the
PDG code, or the index.

We can issue an error message, if the check flag is set. We never return an
error if the PDG code is zero, this yields just a null pointer.

(Model data: model data: TBP)+=
generic :: get_field_ptr => &
model_data_get_field_ptr_name, &
model_data_get_field_ptr_pdg
procedure, private :: model_data_get_field_ptr_name
procedure, private :: model_data_get_field_ptr_pdg
procedure :: get_field ptr_by_index => model_data_get_field_ptr_index

(Model data: procedures)+=
function model_data_get_field_ptr_name (model, name, check) result (ptr)
class(model_data_t), intent(in), target :: model
type(string_t), intent(in) :: name
logical, intent(in), optional :: check
type(field_data_t), pointer :: ptr
integer :: i
do i = 1, size (model%field)
if (model%field(i)’matches_name (name, .false.)) then
ptr => model’field(i)
return
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else if (model’field(i)’%matches_name (name, .true.)) then
ptr => model¥field(i)
return
end if
end do
ptr => null O
call model¥%field_error (check, name)
end function model_data_get_field_ptr_name

function model_data_get_field_ptr_pdg (model, pdg, check) result (ptr)

class(model_data_t), intent(in), target :: model
integer, intent(in) :: pdg
logical, intent(in), optional :: check

type(field_data_t), pointer :: ptr
integer :: i, pdg_abs
if (pdg == 0) then
ptr => null ()
return
end if
pdg_abs = abs (pdg)
do i = 1, size (model%field)
if (model’field(i)%get_pdg () == pdg_abs) then
ptr => model¥field(i)
return
end if
end do
ptr => null O
call modelyfield_error (check, pdg=pdg)
end function model_data_get_field_ptr_pdg

function model_data_get_field_ptr_index (model, i) result (ptr)
class(model_data_t), intent(in), target :: model
integer, intent(in) :: i
type(field_data_t), pointer :: ptr
ptr => model¥%field(i)
end function model_data_get_field_ptr_index

Don’t assign a pointer, just check.
(Model data: model data: TBP)+=
procedure :: test_field => model_data_test_field_pdg

(Model data: procedures)+=
function model_data_test_field_pdg (model, pdg, check) result (exist)

class(model_data_t), intent(in), target :: model
integer, intent(in) :: pdg

logical, intent(in), optional :: check

logical :: exist

exist = associated (modellget_field_ptr (pdg, check))
end function model_data_test_field_pdg

Error message, if check is set.

(Model data: model data: TBP)+=
procedure :: field_error => model_data_field_error
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(Model data: procedures)+=
subroutine model_data_field_error (model, check, name, pdg)

class(model_data_t), intent(in) :: model
logical, intent(in), optional :: check
type(string_t), intent(in), optional :: name

integer, intent(in), optional :: pdg
if (present (check)) then
if (check) then
if (present (name)) then
write (msg_buffer, "(A,1x,A,1x,A,1x,A)") &
"No particle with name", char (name), &
"is contained in model", char (model’name)
else if (present (pdg)) then
write (msg_buffer, "(A,1x,I0,1x,A,1x,A)") &
"No particle with PDG code", pdg, &
"is contained in model", char (model’name)
else
write (msg_buffer, "(A,1x,A,1x,A)") &
"Particle missing", &
"in model", char (model%name)

end if
call msg_fatal ()
end if
end if

end subroutine model_data_field_error

Assign mass and width value, which are associated via pointer. Identify the
particle via pdg.
(Model data: model data: TBP)+=
procedure :: set_field_mass => model_data_set_field_mass_pdg
procedure :: set_field_width => model_data_set_field_width_pdg

(Model data: procedures)+=
subroutine model_data_set_field_mass_pdg (model, pdg, value)

class(model_data_t), intent(inout) :: model
integer, intent(in) :: pdg
real (default), intent(in) :: value

type(field_data_t), pointer :: field
field => modellget_field_ptr (pdg, check = .true.)
call field),set_mass (value)

end subroutine model_data_set_field_mass_pdg

subroutine model_data_set_field_width_pdg (model, pdg, value)

class(model_data_t), intent(inout) :: model
integer, intent(in) :: pdg
real (default), intent(in) :: value

type(field_data_t), pointer :: field
field => modellget_field_ptr (pdg, check = .true.)
call field)set_width (value)

end subroutine model_data_set_field_width_pdg

Mark a particle as unstable and provide a list of names for its decay processes.
In contrast with the previous subroutine which is for internal use, we address the

365



particle by its PDG code. If the index is negative, we address the antiparticle.

(Model data: model data: TBP)+=
procedure :: set_unstable => model_data_set_unstable
procedure :: set_stable => model_data_set_stable

(Model data: procedures)+=
subroutine model_data_set_unstable (model, pdg, decay, isotropic, diagonal)

class(model_data_t), intent(inout), target :: model
integer, intent(in) :: pdg

type(string_t), dimension(:), intent(in) :: decay
logical, intent(in), optional :: isotropic, diagonal

type(field_data_t), pointer :: field
field => modellget_field_ptr (pdg)
if (pdg > 0) then
call fieldlset ( &
p_is_stable = .false., p_decay = decay, &
p_decays_isotropically = isotropic, &
p_decays_diagonal = diagonal)

else
call fieldlset ( &
a_is_stable = .false., a_decay = decay, &
a_decays_isotropically = isotropic, &
a_decays_diagonal = diagonal)
end if

end subroutine model_data_set_unstable

subroutine model_data_set_stable (model, pdg)
class(model_data_t), intent(inout), target :: model
integer, intent(in) :: pdg
type(field_data_t), pointer :: field
field => modellget_field_ptr (pdg)
if (pdg > 0) then
call field%set (p_is_stable = .true.)
else
call fieldlset (a_is_stable = .true.)
end if
end subroutine model_data_set_stable

Mark a particle as polarized.
(Model data: model data: TBP)+=

procedure :: set_polarized => model_data_set_polarized
procedure :: set_unpolarized => model_data_set_unpolarized

(Model data: procedures)+=
subroutine model_data_set_polarized (model, pdg)
class(model_data_t), intent(inout), target :: model
integer, intent(in) :: pdg
type(field_data_t), pointer :: field
field => modell,get_field_ptr (pdg)
if (pdg > 0) then
call fieldlset (p_polarized = .true.)
else
call fieldlset (a_polarized = .true.)
end if
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end subroutine model_data_set_polarized

subroutine model_data_set_unpolarized (model, pdg)
class(model_data_t), intent(inout), target :: model
integer, intent(in) :: pdg
type(field_data_t), pointer :: field
field => modell,get_field_ptr (pdg)
if (pdg > 0) then

call field)set (p_polarized = .false.)
else

call field)set (a_polarized = .false.)
end if

end subroutine model_data_set_unpolarized

Revert all polarized (unstable) particles to unpolarized (stable) status, respec-
tively.
(Model data: model data: TBP)+=

procedure :: clear_unstable => model_clear_unstable

procedure :: clear_polarized => model_clear_polarized

(Model data: procedures)+=
subroutine model_clear_unstable (model)
class(model_data_t), intent(inout), target :: model
integer :: i
type(field_data_t), pointer :: field
do i = 1, modellget_n_field ()
field => modellget_field_ptr_by_index (i)
call fieldlset (p_is_stable = .true.)
if (field%has_antiparticle ()) then
call fieldlset (a_is_stable = .true.)
end if
end do
end subroutine model_clear_unstable

subroutine model_clear_polarized (model)
class(model_data_t), intent(inout), target :: model
integer :: i
type(field_data_t), pointer :: field
do i = 1, modelYget_n_field ()
field => modellget_field_ptr_by_index (i)
call field)set (p_polarized = .false.)
if (field%has_antiparticle ()) then
call field/set (a_polarized = .false.)
end if
end do
end subroutine model_clear_polarized

List all vertices, optionally also the hash table.
(Model data: model data: TBP)+=
procedure :: write_vertices => model_data_write_vertices

(Model data: procedures)+=
subroutine model_data_write_vertices (model, unit, verbose)
class(model_data_t), intent(in) :: model
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integer, intent(in), optional :: unit
logical, intent(in), optional :: verbose
integer :: i, u
u = given_output_unit (unit)
do i = 1, size (model%vtx)
call vertex_write (model%vtx(i), unit)
end do
if (present (verbose)) then
if (verbose) then
write (u, *)
call vertex_table_write (model%vt, unit)
end if
end if
end subroutine model_data_write_vertices

Vertex definition.
(Model data: model data: TBP)+=

generic :: set_vertex => &

model_data_set_vertex_pdg, model_data_set_vertex_names
procedure, private :: model_data_set_vertex_pdg
procedure, private :: model_data_set_vertex_names

(Model data: procedures)+=
subroutine model_data_set_vertex_pdg (model, i, pdg)

class(model_data_t), intent(inout), target :: model
integer, intent(in) :: i
integer, dimension(:), intent(in) :: pdg

call vertex_init (model’vtx(i), pdg, model)
end subroutine model_data_set_vertex_pdg

subroutine model_data_set_vertex_names (model, i, name)

class(model_data_t), intent(inout), target :: model
integer, intent(in) :: i

type(string_t), dimension(:), intent(in) :: name
integer, dimension(size(name)) :: pdg

integer :: j

do j = 1, size (name)
pdg(j) = modellget_pdg (name(j))
end do
call modellset_vertex (i, pdg)
end subroutine model_data_set_vertex_names

Finalize vertex definition: set up the hash table.

(Model data: model data: TBP)+=
procedure :: freeze_vertices => model_data_freeze_vertices

(Model data: procedures)+=
subroutine model_data_freeze_vertices (model)
class(model_data_t), intent(inout) :: model
call model¥%vt%init (model’field, model%vtx)
end subroutine model_data_freeze_vertices
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Number of vertices in model
(Model data: model data: TBP)+=
procedure :: get_n_vtx => model_data_get_n_vtx

(Model data: procedures)+=
function model_data_get_n_vtx (model) result (n)
class(model_data_t), intent(in) :: model
integer :: n
n = size (model%vtx)
end function model_data_get_n_vtx

Lookup functions
(Model data: model data: TBP)+=

procedure :: match_vertex => model_data_match_vertex

(Model data: procedures)+=
subroutine model_data_match_vertex (model, pdgl, pdg2, pdg3)

class(model_data_t), intent(in) :: model
integer, intent(in) :: pdgl, pdg2
integer, dimension(:), allocatable, intent(out) :: pdg3

call modelyvtymatch (pdgl, pdg2, pdg3)
end subroutine model_data_match_vertex

(Model data: model data: TBP)+=
procedure :: check_vertex => model_data_check_vertex

(Model data: procedures)+=
function model_data_check_vertex (model, pdgl, pdg2, pdg3) result (flag)
logical :: flag
class(model_data_t), intent(in) :: model
integer, intent(in) :: pdgl, pdg2, pdg3
flag = model)vticheck (pdgl, pdg2, pdg3)
end function model_data_check_vertex

10.1.6 Toy Models

This is a stripped-down version of the (already trivial) model "Test’.
(Model data: model data: TBP)+=
procedure :: init_test => model_data_init_test

(Model data: procedures)+=
subroutine model_data_init_test (model)

class(model_data_t), intent(out) :: model
type(field_data_t), pointer :: field
integer, parameter :: n_real = 4

integer, parameter :: n_field = 2
integer, parameter :: n_vertex = 2
integer :: i

call model%init (var_str ("Test"), &
n_real, 0, n_field, n_vertex)
i=0
i=43i+1
call model%init_par (i, var_str ("gy"), 1._default)
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i=1i+1
call model%init_par (i, var_str ("ms"), 125._default)
i=1i+1
call modellinit_par (i, var_str ("ff"), 1.5_default)
i=1i+1
call modellinit_par (i, var_str ("mf"), 1.5_default * 125._default)
i=0
i=1i+1
field => modellget_field_ptr_by_index (i)
call field%init (var_str ("SCALAR"), 25)
call field)set (spin_type=1)
call field)set (mass_data=modellget_par_real_ptr (2))
call field)set (name = [var_str ("s")])
i=43i+1
field => modell,get_field_ptr_by_index (i)
call field%init (var_str ("FERMION"), 6)
call field%set (spin_type=2)
call field),set (mass_data=modellget_par_real_ptr (4))
call field¥set (name = [var_str ("f")], anti = [var_str ("fbar")])
call modellfreeze_fields ()
i=0
i=1i+1
call modelYset_vertex (i, [var_str ("fbar"), var_str ("f"), var_str ("s")])
i=1i+1
call model¥set_vertex (i, [var_str ("s"), var_str ("s"), var_str ("s")])
call modell,freeze_vertices ()
end subroutine model_data_init_test

This procedure prepares a subset of QED for testing purposes.
(Model data: model data: TBP)+=
procedure :: init_qged_test => model_data_init_qed_test

(Model data: procedures)+=
subroutine model_data_init_qged_test (model)

class(model_data_t), intent(out) :: model
type(field_data_t), pointer :: field
integer, parameter :: n_real =1

integer, parameter :: n_field = 2

integer :: i

call model%init (var_str ("QED_test"), &
n_real, 0, n_field, 0)
i=0
i=1i+1
call modellinit_par (i, var_str ("me"), 0.000510997_default)
i=0
i=1i+1
field => modell,get_field_ptr_by_index (i)
call field%init (var_str ("E_LEPTON"), 11)
call fieldlset (spin_type=2, charge_type=-4)
call fieldl;set (mass_data=modell.get_par_real_ptr (1))
call field¥set (name = [var_str ("e-")], anti = [var_str ("e+")])
i=1i+1
field => modell,get_field_ptr_by_index (i)
call field%init (var_str ("PHOTON"), 22)
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call fieldlset (spin_type=3)
call fieldlset (name = [var_str ("A")])
call modelYfreeze_fields ()
call modellfreeze_vertices ()
end subroutine model_data_init_qged_test

This procedure prepares a subset of the Standard Model for testing purposes.
We can thus avoid dependencies on model /O, which is not defined here.
(Model data: model data: TBP)+=

procedure :: init_sm_test => model_data_init_sm_test

(Model data: procedures)+=
subroutine model_data_init_sm_test (model)

class(model_data_t), intent(out) :: model
type(field_data_t), pointer :: field
integer, parameter :: n_real = 11
integer, parameter :: n_field = 19
integer, parameter :: n_vtx = 9

integer :: i

call model%init (var_str ("SM_test"), &
n_real, 0, n_field, n_vtx)
i=0
i=1i+1
call modelyinit_par (i, var_str ("mZ"), 91.1882_default)
i=1i+1
call model¥init_par (i, var_str ("mW"), 80.419_default)
i=1i+1
call model%init_par (i, var_str ("me"), 0.000510997_default)
i=1i+1
call modellinit_par (i, var_str ("mmu"), 0.105658389_default)
i=1i+1
call modellinit_par (i, var_str ("mb"), 4.2_default)
i=1i+1
call model¥init_par (i, var_str ("mtop"), 173.1_default)
i=1i+1
call modellinit_par (i, var_str ("wZ"), 2.443_default)
i=1i+1
call modellinit_par (i, var_str ("wW"), 2.049_default)
i=43i+1
call modellinit_par (i, var_str ("ee"), 0.3079561542961_default)
i=1i+1
call model%init_par (i, var_str ("cw"), 8.819013863636E-01_default)
i=1i+1
call modelYinit_par (i, var_str ("sw"), 4.714339240339E-01_default)
i=0
i=1i+1
field => modell,get_field_ptr_by_index (i)
call field)init (var_str ("D_QUARK"), 1)
call fieldlset (spin_type=2, color_type=3, charge_type=-2, isospin_type=-2)
call fieldYset (name = [var_str ("d")], anti = [var_str ("dbar")])
i=13i+1
field => modellget_field_ptr_by_index (i)
call field%init (var_str ("U_QUARK"), 2)
call field)set (spin_type=2, color_type=3, charge_type=3, isospin_type=2)
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call field¥set (name = [var_str ("u")], anti = [var_str ("ubar")])
i=1i+1

field => modellget_field_ptr_by_index (i)

call field%init (var_str ("S_QUARK"), 3)

call field)set (spin_type=2, color_type=3, charge_type=-2, isospin_type=-2)
call field¥set (name = [var_str ("s")], anti = [var_str ("sbar")])
i=1i+1

field => model¥get_field_ptr_by_index (i)

call field%init (var_str ("C_QUARK"), 4)

call fieldlset (spin_type=2, color_type=3, charge_type=3, isospin_type=2)
call field%set (name = [var_str ("c")], anti = [var_str ("cbar")])
i=1i+1

field => modell,get_field_ptr_by_index (i)

call field)init (var_str ("B_QUARK"), 5)

call fieldset (spin_type=2, color_type=3, charge_type=-2, isospin_type=-2)
call field/),set (mass_data=modell.get_par_real_ptr (5))

call field¥%set (name = [var_str ("b")], anti = [var_str ("bbar")])
i=1i+1

field => modell,get_field_ptr_by_index (i)

call field)init (var_str ("T_QUARK"), 6)

call fieldlset (spin_type=2, color_type=3, charge_type=3, isospin_type=2)
call fieldl)set (mass_data=modell.get_par_real_ptr (6))

call field¥%set (name = [var_str ("t")], anti = [var_str ("tbar")])
i=1i+1

field => modell,get_field_ptr_by_index (i)

call field%init (var_str ("E_LEPTON"), 11)

call fieldlset (spin_type=2)

call field)set (mass_data=modell.get_par_real_ptr (3))

call field¥set (name = [var_str ("e-")], anti = [var_str ("e+")])
i=1i+1

field => modell,get_field_ptr_by_index (i)

call field)init (var_str ("E_NEUTRINO"), 12)

call fieldlset (spin_type=2, is_left_handed=.true.)

call field¥set (name = [var_str ("nue")], anti = [var_str ("nuebar")])
i=1i+1

field => modell,get_field_ptr_by_index (i)

call field%init (var_str ("MU_LEPTON"), 13)

call fieldlset (spin_type=2)

call fieldl,set (mass_data=modell.get_par_real_ptr (4))

call field)set (name = [var_str ("mu-")], anti = [var_str ("mu+")])
i=1i+1

field => modell,get_field_ptr_by_index (i)

call field%init (var_str ("MU_NEUTRINO"), 14)

call field/set (spin_type=2, is_left_handed=.true.)

call field¥set (name = [var_str ("numu")], anti = [var_str ("numubar")])
i=1i+1

field => modellget_field_ptr_by_index (i)

call field¥%init (var_str ("GLUON"), 21)

call fieldlset (spin_type=3, color_type=38)

call fieldlset (name = [var_str ("gl")])

i=1i+1

field => modellget_field_ptr_by_index (i)

call field%init (var_str ("PHOTON"), 22)

call fieldlset (spin_type=3)
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call fieldlset
i=1i+1

(name = [var_str ("A"™)])

field => modellget_field_ptr_by_index (i)
call field)init (var_str ("Z_BOSON"), 23)

call field¥%set
call fieldlset
call fieldlset
call field¥%set
i=1i+1

(spin_type=3)

(mass_data=model’get_par_real_ptr (1))
(width_data=modell,get_par_real_ptr (7))
(name = [var_str ("Z2")1)

field => modell,get_field_ptr_by_index (i)
call fieldY)init (var_str ("W_BOSON"), 24)

call fieldlset
call fieldlset
call fieldlset
call fieldlset
i=1i+1

(spin_type=3)

(mass_data=modelyget_par_real_ptr (2))
(width_data=modell,get_par_real_ptr (8))
(name = [var_str ("W+")], anti = [var_str ("W-")1)

field => modellget_field_ptr_by_index (i)
call field¥%init (var_str ("HIGGS"), 25)

call fieldlset

(spin_type=1)

call fieldlset (mass_data=modell,get_par_real_ptr (2))
call fieldlset (width_data=model’get_par_real_ptr (8))
(name = [var_str ("H")])

call fieldlset
i=1i+1

field => modell,get_field_ptr_by_index (i)
call field%init (var_str ("PROTON"), 2212)

call fieldlset
call fieldlset
i=1i+1

(spin_type=2)

(name = [var_str ("p")], anti = [var_str ("pbar")])

field => modellget_field_ptr_by_index (i)
call field¥%init (var_str ("HADRON_REMNANT_SINGLET"), 91)

call fieldlset (color_type=1)

call fieldlset
i=1i+1

(name = [var_str ("hri")])

field => modell,get_field_ptr_by_index (i)
call field)init (var_str ("HADRON_REMNANT_TRIPLET"), 92)

call fieldlset (color_type=3)

call fieldlset
i=1i+1

(name = [var_str ("hr3")], anti = [var_str ("hr3bar")])

field => modell,get_field_ptr_by_index (i)
call field%init (var_str ("HADRON_REMNANT_OCTET"), 93)

call field¥%set (color_type=8)

call fieldlset

i=0
i=1+1

call modellset_vertex (i, [var_str

i=1+1

call model¥set_vertex (i, [var_str

i=1i+1

call modelYset_vertex (i, [var_str

i=1+1

call modellset_vertex (i, [var_str

i=1+1

call model¥set_vertex (i, [var_str

(name = [var_str ("hr8")])
call modellfreeze_fields ()

("dbar"), var_str ("d"), var_str ("A")])
("ubar"), var_str ("u"), var_str ("A")])
("gl"), var_str ("gl"), var_str ("gl™)]1)
("dbar"), var_str ("d"), var_str ("gl™)])

("ubar"), var_str ("u"), var_str ("gl")])



i=1i+1

call modellset_vertex (i, [var_str ("dbar"), var_str ("d"), var_str ("Z")])
i=1i+1

call model¥set_vertex (i, [var_str ("ubar"), var_str ("u"), var_str ("Z")])
i=1i+1

call modelyset_vertex (i, [var_str ("ubar"), var_str ("d"), var_str ("W+")])
i=1i+1

call model¥%set_vertex (i, [var_str ("dbar"), var_str ("u"), var_str ("W-")]1)
call modellfreeze_vertices ()

end subroutine model_data_init_sm_test
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10.2 Helicities

This module defines types and tools for dealing with helicity information.

(helicities.f90)=
(F'ile header)

module helicities
use io_units
(Standard module head)
(Helicities: public)
(Helicities: types)
(Helicities: interfaces)
contains
(Helicities: procedures)

end module helicities

10.2.1 Helicity types

Helicities may be defined or undefined, corresponding to a polarized or unpo-
larized state. Each helicity is actually a pair of helicities, corresponding to an
entry in the spin density matrix. Obviously, diagonal entries are distinguished.
In addition, we have a ghost flag that would apply to FP ghosts in particular.
(Helicities: public)=

public :: helicity_t

(Helicities: types)=
type :: helicity_t
private
logical :: defined = .false.
integer :: hl, h2
logical :: ghost = .false.
end type helicity_t

Initializers:

(Helicities: public)+=
public :: helicity_init

(Helicities: interfaces)=
interface helicity_init
module procedure helicity_initO, helicity_initOg
module procedure helicity_initl, helicity_initlg
module procedure helicity_init2, helicity_init2g
end interface
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(Helicities: procedures)=
elemental subroutine helicity_initO (hel)
type(helicity_t), intent(out) :: hel
end subroutine helicity_initO

elemental subroutine helicity_initOg (hel, ghost)
type(helicity_t), intent(out) :: hel
logical, intent(in) :: ghost
hel/ghost = ghost

end subroutine helicity_initOg

elemental subroutine helicity_initl (hel, h)
type(helicity_t), intent(out) :: hel

integer, intent(in) :: h
hel/defined = .true.
hel’hl = h

hel%h2 = h

end subroutine helicity_initl

elemental subroutine helicity_initlg (hel, h, ghost)
type(helicity_t), intent(out) :: hel
integer, intent(in) :: h
logical, intent(in) :: ghost
call helicity_initl (hel, h)
hellghost = ghost
end subroutine helicity_initilg

elemental subroutine helicity_init2 (hel, h2, hl)
type(helicity_t), intent(out) :: hel

integer, intent(in) :: hl, h2
helldefined = .true.

hel’h2 = h2

hel’h1l = hi

end subroutine helicity_init2

elemental subroutine helicity_init2g (hel, h2, hl, ghost)
type(helicity_t), intent(out) :: hel
integer, intent(in) :: hil, h2
logical, intent(in) :: ghost
call helicity_init2 (hel, h2, hil)
hel/ghost = ghost
end subroutine helicity_init2g

Set the ghost property separately:

(Helicities: public)+=
public :: helicity_set_ghost

(Helicities: procedures)+=
elemental subroutine helicity_set_ghost (hel, ghost)
type(helicity_t), intent(inout) :: hel
logical, intent(in) :: ghost
hellghost = ghost
end subroutine helicity_set_ghost
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Undefine:

(Helicities: public)+=
public :: helicity_undefine

(Helicities: procedures)+=
elemental subroutine helicity_undefine (hel)
type(helicity_t), intent(inout) :: hel
hel/defined = .false.
hellghost = .false.
end subroutine helicity_undefine

Diagonalize by removing the second entry (use with care!)

(Helicities: public)+=
public :: helicity_diagonalize

(Helicities: procedures)+=
elemental subroutine helicity_diagonalize (hel)
type(helicity_t), intent(inout) :: hel
hel%h2 = hel%hl
end subroutine helicity_diagonalize

Output (no linebreak). No output if undefined.

(Helicities: public)+=
public :: helicity_write

(Helicities: procedures)+=
subroutine helicity_write (hel, unit)
type(helicity_t), intent(in) :: hel
integer, intent(in), optional :: unit
integer :: u
u = given_output_unit (unit); if (u < 0) return
if (helYdefined) then
if (helVghost) then
write (u, "(A)", advance="no") "hx*x("
else
write (u, "(A)", advance="no") "h("
end if
write (u, "(I0)", advance="no") hel%hl
if (hel%hl /= hel’%h2) then
write (u, "(A)", advance="no") "|"
write (u, "(I0)", advance="no") hel%h2
end if
write (u, "(A)", advance="no") ")"
else if (helYghost) then
write (u, "(A)", advance="no") "hx"
end if
end subroutine helicity_write

Binary I/O. Write contents only if defined.

(Helicities: public)+=
public :: helicity_write_raw
public :: helicity_read_raw
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(Helicities: procedures)+=
subroutine helicity_write_raw (hel, u)
type(helicity_t), intent(in) :: hel
integer, intent(in) :: u
write (u) helldefined
if (hel)defined) then
write (u) hel%hl, hel%h2
write (u) hellghost
end if

end subroutine helicity_write_raw

subroutine helicity_read_raw (hel, u, iostat)
type(helicity_t), intent(out) :: hel
integer, intent(in) :: u
integer, intent(out), optional :: iostat
read (u, iostat=iostat) helldefined
if (hel%defined) then
read (u, iostat=iostat) hel%hl, hel’h2
read (u, iostat=iostat) hellghost
end if
end subroutine helicity_read_raw

10.2.2 Predicates

Check if the helicity is defined:
(Helicities: public)+=
public :: helicity_is_defined
(Helicities: procedures)+=
elemental function helicity_is_defined (hel) result (defined)
logical :: defined
type(helicity_t), intent(in) :: hel
defined = helldefined
end function helicity_is_defined

Return true if the two helicities are equal or the particle is unpolarized:
(Helicities: public)+=
public :: helicity_is_diagonal
(Helicities: procedures)+=
elemental function helicity_is_diagonal (hel) result (diagonal)
logical :: diagomal
type(helicity_t), intent(in) :: hel
if (helldefined) then
diagonal = hel)hl == hellh2
else
diagonal = .true.
end if
end function helicity_is_diagonal

Return the ghost flag

(Helicities: public)+=
public :: helicity_is_ghost
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(Helicities: procedures)+=
elemental function helicity_is_ghost (hel) result (ghost)
logical :: ghost
type(helicity_t), intent(in) :: hel
ghost = heljghost
end function helicity_is_ghost

10.2.3 Accessing contents

This returns a two-element array and thus cannot be elemental. The result is
unpredictable if the helicity is undefined.
(Helicities: public)+=

public :: helicity_get

(Helicities: procedures)+=
pure function helicity_get (hel) result (h)
integer, dimension(2) :: h
type(helicity_t), intent(in) :: hel
h(1) = hel%h2
h(2) = hel’hi
end function helicity_get

10.2.4 Comparisons

When comparing helicities, if either one is undefined, they are considered to
match. In other words, an unpolarized particle matches any polarization. In
the dmatch variant, it matches only diagonal helicity.

The ghost flag is ignored when matching, but matters when testing for equal-
ity.
(Helicities: public)+=

public :: operator(.match.)

public :: operator(.dmatch.)

public :: operator(==

public :: operator(/=)

(Helicities: interfaces)+=
interface operator(.match.)
module procedure helicity_match
end interface
interface operator(.dmatch.)
module procedure helicity_match_diagonal
end interface
interface operator(==
module procedure helicity_eq
end interface
interface operator (/=)
module procedure helicity_neq
end interface
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(Helicities: procedures)+=
elemental function helicity_match (hell, hel2) result (eq)
logical :: eq
type(helicity_t), intent(in) :: hell, hel2
if (hellldefined .and. hel2jdefined) then
eq = (hell)hl == hel2}hl) .and. (hell%h2 == hel2}h2)
else
eq = .true.
end if
end function helicity_match

elemental function helicity_match_diagonal (hell, hel2) result (eq)
logical :: eq
type(helicity_t), intent(in) :: hell, hel2
if (hell)defined .and. hel2),defined) then
eq = (hell)hl == hel2%h1) .and. (hell%h2 == hel2%h2)
else if (helllidefined) then
eq = hell%hl == hell}h2
else if (hel2)defined) then
eq = hel2)hl == hel2%h2
else
eq = .true.
end if
end function helicity_match_diagonal

(Helicities: procedures)+=
elemental function helicity_eq (hell, hel2) result (eq)
logical :: eq
type(helicity_t), intent(in) :: hell, hel2
if (hellldefined .and. hel2jdefined) then
eq = (hell)hl == hel2}%hl) .and. (hell}h2 == hel2}h2) &
.and. (helllghost .eqv. hel2jghost)
else if (.not. hell)defined .and. .not. hel2jdefined) then
eq = hell)ghost .eqv. hel2jghost
else
eq = .false.
end if
end function helicity_eq

(Helicities: procedures)+=
elemental function helicity_neq (hell, hel2) result (neq)
logical :: neq
type(helicity_t), intent(in) :: hell, hel2
if (hellldefined .and. hel2jdefined) then
neq = (hell%hl /= hel2%hl) .or. (hell%h2 /= hel2%h2) &
.or. (hellYghost .neqv. hel2jghost)
else if (.not. hell)defined .and. .not. hel2jdefined) then
neq = hellYghost .neqv. hel2jghost
else
neq = .true.
end if
end function helicity_neq
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10.2.5 Tools

Merge two helicity objects by taking the first entry from the first and the second
entry from the second argument. Makes sense only if the input helicities were
defined and diagonal. The handling of ghost flags is not well-defined; one should
verify beforehand that they match.
(Helicities: public)+=

public :: operator(.merge.)

(Helicities: interfaces)+=
interface operator(.merge.)
module procedure merge_helicities
end interface

(Helicities: procedures)+=
elemental function merge_helicities (hell, hel2) result (hel)
type(helicity_t) :: hel
type(helicity_t), intent(in) :: hell, hel2
if (helicity_is_defined (hell) .and. helicity_is_defined (hel2)) then
call helicity_init2g (hel, hel2}hl, hell’hl, hellYghost)
else if (helicity_is_defined (hell)) then

hel = hell

else if (helicity_is_defined (hel2)) then
hel = hel2

end if

end function merge_helicities
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10.3 Colors

This module defines a type and tools for dealing with color information.

Each particle can have zero or more (in practice, usually not more than two)
color indices. Color indices are positive; flow direction can be determined from
the particle nature.

While parton shower matrix elements are diagonal in color, some special
applications (e.g., subtractions for NLO matrix elements) require non-diagonal
color matrices.

(colors.f90)=
(F'ile header)

module colors

(Use kinds)
use io_units
use unit_tests
use diagnostics

(Standard module head)
(Colors: public)
(Colors: types)

(Colors: interfaces)
contains

(Colors: procedures)
(Colors: tests)

end module colors

10.3.1 The color type

A particle may have an arbitrary number of color indices (in practice, from zero
to two, but more are possible). This object acts as a container.
The fact that color comes as an array prohibits elemental procedures in some
places. (May add interfaces and multi versions where necessary.)
The color may be undefined; this corresponds to unallocated arrays.
NOTE: Due to a compiler bug in nagfor 5.2, we do not use allocatable but
fixed-size arrays with dimension 2. Only nonzero entries count. This may be
more efficient anyway, but gives up some flexibility. However, the squaring
algorithm currently works only for singlets, (anti)triplets and octets anyway, so
two components are enough.
(Colors: public)=
public :: color_t
(Colors: types)=
type :: color_t
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private
integer, dimension(2) :: c¢1 =0, c2 =0
logical :: ghost = .false.

end type color_t

Initializers:
(Colors: public)+=
public :: color_init

(Colors: interfaces)=
interface color_init
module procedure color_init_undefined, color_init_undefined_ghost
module procedure color_init_array, color_init_array_ghost
module procedure color_init_arrays, color_init_arrays_ghost
end interface

Undefined color: array remains unallocated

(Colors: procedures)=
pure subroutine color_init_undefined (col)
type(color_t), intent(out) :: col
end subroutine color_init_undefined

pure subroutine color_init_undefined_ghost (col, ghost)
type(color_t), intent(out) :: col
logical, intent(in) :: ghost
colyghost = ghost

end subroutine color_init_undefined_ghost

This defines color from an arbitrary length color array, suitable for any rep-
resentation. We may have two color arrays (non-diagonal matrix elements).
This cannot be elemental. The third version assigns an array of colors, using a
two-dimensional array as input.

(Colors: procedures)+=
pure subroutine color_init_array (col, cl)

type(color_t), intent(out) :: col
integer, dimension(:), intent(in) :: cl
collcl = pack (c1, c1 /= 0, [0,0])
col’c2 = collcl

end subroutine color_init_array

pure subroutine color_init_array_ghost (col, cl, ghost)

type(color_t), intent(out) :: col
integer, dimension(:), intent(in) :: cl
logical, intent(in) :: ghost

call color_init_array (col, cl)
collghost = ghost
end subroutine color_init_array_ghost

pure subroutine color_init_arrays (col, cl, c2)

type(color_t), intent(out) :: col
integer, dimension(:), intent(in) :: cl, c2
if (size (cl1) == size (c2)) then
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col¥%cl pack (c1, c1 /= 0, [0,0])
collc2 = pack (c2, c2 /= 0, [0,0])
else if (size (c1) /= 0) then
colycl = pack (c1, c1 /= 0, [0,0])
col%c2 = collcl
else if (size (c2) /= 0) then
colycl = pack (c2, c2 /= 0, [0,0])
col%c2 = collcl
end if

end subroutine color_init_arrays

pure subroutine color_init_arrays_ghost (col, cl, c2, ghost)

type(color_t), intent(out) :: col
integer, dimension(:), intent(in) :: cl, c2
logical, intent(in) :: ghost

call color_init_arrays (col, cl, c2)
collghost = ghost
end subroutine color_init_arrays_ghost

This version is restricted to singlets, triplets, antitriplets, and octets: The input
contains the color and anticolor index, each of the may be zero.
(Colors: public)+=

public :: color_init_col_acl

(Colors: procedures)+=
elemental subroutine color_init_col_acl (col, col_in, acl_in)
type(color_t), intent(out) :: col
integer, intent(in) :: col_in, acl_in
integer, dimension(0) :: null_array
select case (col_in)
case (0)
select case (acl_in)
case (0)
call color_init_array (col, null_array)
case default
call color_init_array (col, [-acl_in])
end select
case default
select case (acl_in)
case (0)
call color_init_array (col, [col_in])
case default
call color_init_array (col, [col_in, -acl_in])
end select
end select
end subroutine color_init_col_acl

This version is used for the external interface. We convert a fixed-size array
of colors (for each particle) to the internal form by packing only the nonzero
entries.
(Colors: public)+=

public :: color_init_from_array
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(Colors: interfaces)+=
interface color_init_from_array
module procedure color_init_from_arrayl, color_init_from_arraylg
module procedure color_init_from_array2, color_init_from_array2g
end interface

(Colors: procedures)+=
pure subroutine color_init_from_arrayl (col, cl1)

type(color_t), intent(out) :: col
integer, dimension(:), intent(in) :: ci
logical, dimension(size(cl)) :: mask

mask = cl /=0
colcl = pack (c1l, mask, col¥%cl)
col%c2 = collcl

end subroutine color_init_from_arrayl

pure subroutine color_init_from_arraylg (col, ci, ghost)

type(color_t), intent(out) :: col
integer, dimension(:), intent(in) :: cl
logical, intent(in) :: ghost

call color_init_from_arrayl (col, cl)
collghost = ghost
end subroutine color_init_from_arraylg

pure subroutine color_init_from_array2 (col, cl)

integer, dimension(:,:), intent(in) :: cil
type(color_t), dimension(size(c1,2)), intent(out) :: col
integer :: i

do i =1, size (c1,2)
call color_init_from_arrayl (col(i), ci1(:,i))
end do
end subroutine color_init_from_array2

pure subroutine color_init_from_array2g (col, cl, ghost)

integer, dimension(:,:), intent(in) :: cl
type(color_t), dimension(size(c1,2)), intent(out) :: col
logical, intent(in), dimension(:) :: ghost

call color_init_from_array2 (col, cl)
collghost = ghost
end subroutine color_init_from_array2g

Set the ghost property

(Colors: public)+=
public :: color_set_ghost

(Colors: procedures)+=
elemental subroutine color_set_ghost (col, ghost)
type(color_t), intent(inout) :: col
logical, intent(in) :: ghost
collghost = ghost
end subroutine color_set_ghost
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Undefine the color state:
(Colors: public)+=
public :: color_undefine

(Colors: procedures)+=
elemental subroutine color_undefine (col, undefine_ghost)

type(color_t), intent(inout) :: col

logical, intent(in), optional :: undefine_ghost
col¥cl = 0

col%c2 = 0

if (present (undefine_ghost)) then
if (undefine_ghost) collghost = .false.
else
collghost = .false.
end if
end subroutine color_undefine

Output. As dense as possible, no linebreak. If color is undefined, no output.
(Colors: public)+=

public :: color_write

(Colors: interfaces)+=
interface color_write
module procedure color_write_single
module procedure color_write_array
end interface

(Colors: procedures)+=
subroutine color_write_single (col, unit)

type(color_t), intent(in) :: col
integer, intent(in), optional :: unit
integer :: u

u = given_output_unit (unit); if (u < 0) return
if (color_is_defined (col)) then
write (u, "(A)", advance="no") "c("
if (col%ci(1l) /= 0) write (u, "(IO)", advance="no") coll%c1(1)
if (any (collcl /= 0)) write (u, "(1x)", advance="no")
if (col%cl1(2) /= 0) write (u, "(IO)", advance="no") col%c1(2)
if (.not. color_is_diagonal (col)) then
write (u, "(A)", advance="no") "|"
if (col%c2(1) /= 0) write (u, "(IO)", advance="no") col%c2(1)
if (any (col%c2 /= 0)) write (u, "(1x)", advance="no")
if (col%c2(2) /= 0) write (u, "(I0)", advance="no") col%c2(2)
end if
write (u, "(A)", advance="no") ")"
else if (colYghost) then
write (u, "(A)", advance="no") "cx"
end if
end subroutine color_write_single

subroutine color_write_array (col, unit)

type(color_t), dimension(:), intent(in) :: col
integer, intent(in), optional :: unit

integer :: u

integer :: i
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u = given_output_unit (unit); if (u < 0) return

write (u, "(A)", advance="no") "["

do i = 1, size (col)
if (i > 1) write (u, "(1x)", advance="no")
call color_write_single (col(i), u)

end do

write (u, "(A)", advance="no") "]"

end subroutine color_write_array

Binary I/0. For allocatable colors, this would have to be modified.
(Colors: public)+=

public :: color_write_raw

public :: color_read_raw

(Colors: procedures)+=
subroutine color_write_raw (col, u)
type(color_t), intent(in) :: col
integer, intent(in) :: u
logical :: defined
defined = color_is_defined (col) .or. color_is_ghost (col)
write (u) defined
if (defined) then
write (u) col¥%cl, collc2
write (u) col¥ghost
end if
end subroutine color_write_raw

subroutine color_read_raw (col, u, iostat)

type(color_t), intent(out) :: col
integer, intent(in) :: u
integer, intent(out), optional :: iostat

logical :: defined
read (u, iostat=iostat) defined
if (defined) then
read (u, iostat=iostat) collcl, collc2
read (u, iostat=iostat) collghost
end if
end subroutine color_read_raw

10.3.2 Predicates

Return the definition status

(Colors: public)+=
public :: color_is_defined

(Colors: procedures)+=
elemental function color_is_defined (col) result (defined)
logical :: defined
type(color_t), intent(in) :: col
defined = any (collcl /= 0)
end function color_is_defined
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Diagonal color objects have only one array allocated:

(Colors: public)+=
public :: color_is_diagonal

(Colors: procedures)+=
elemental function color_is_diagonal (col) result (diagonal)
logical :: diagomnal
type(color_t), intent(in) :: col
if (color_is_defined (col)) then
diagonal = all (col¥%cl == colc2)
else
diagonal = .true.
end if
end function color_is_diagonal

Return the ghost flag

(Colors: public)+=
public :: color_is_ghost

(Colors: procedures)+=
elemental function color_is_ghost (col) result (ghost)
logical :: ghost
type(color_t), intent(in) :: col
ghost = collghost
end function color_is_ghost

The ghost parity: true if the color-ghost flag is set.

(Colors: interfaces)+=
interface color_ghost_parity
module procedure color_ghost_parity0
module procedure color_ghost_parityl
end interface

(Colors: procedures)+=
pure function color_ghost_parity0 (col) result (parity)
type(color_t), intent(in) :: col
logical :: parity
parity = color_is_ghost (col)
end function color_ghost_parity0O

pure function color_ghost_parityl (col) result (parity)

type(color_t), dimension(:), intent(in) :: col
logical :: parity

logical, dimension(size(col)) :: p

integer :: i

forall (i = 1:size(col))
p(i) = color_ghost_parity0 (col(i))
end forall
parity = mod (count (p), 2) ==
end function color_ghost_parityl
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10.3.3 Accessing contents

Return the number of color indices. We assume that it is identical for both
arrays.
(Colors: procedures)+=
elemental function color_number (col) result (n)
integer :: n
type(color_t), intent(in) :: col
n = count (col¥%cl /= 0)
end function color_number

Return the (first) color/anticolor entry (assuming that color is diagonal). The
result is a positive color index.
(Colors: public)+=

public :: color_get_col

public :: color_get_acl

(Colors: procedures)+=
elemental function color_get_col (col) result (c)

integer :: c
type(color_t), intent(in) :: col
integer :: i

do i = 1, size (col¥%cl)
if (col%ci1(i) > 0) then
c = col¥%ci(i)
return
end if
end do
c=0
end function color_get_col

elemental function color_get_acl (col) result (c)

integer :: c
type(color_t), intent(in) :: col
integer :: i

do i = 1, size (col¥%cl)
if (col%c1(i) < 0) then
¢ = - collcl(i)
return
end if
end do
c=0
end function color_get_acl

Return the color index with highest absolute value
(Colors: public)+=

public :: color_get_max_value

(Colors: interfaces)+=
interface color_get_max_value
module procedure color_get_max_valueO
module procedure color_get_max_valuel
module procedure color_get_max_value2
end interface
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(Colors: procedures)+=
elemental function color_get_max_valueO (col) result (cmax)
integer :: cmax
type(color_t), intent(in) :: col
cmax = maxval (abs (collcl))
end function color_get_max_valueO

pure function color_get_max_valuel (col) result (cmax)
integer :: cmax
type(color_t), dimension(:), intent(in) :: col
cmax = maxval (color_get_max_valueO (col))

end function color_get_max_valuel

function color_get_max_value2 (col) result (cmax)

integer :: cmax

type(color_t), dimension(:,:), intent(in) :: col
integer, dimension(size(col, 2)) :: cm

integer :: i

forall (i = 1:size(col, 2))
cm(i) = color_get_max_valuel (col(:,i))
end forall
cmax = maxval (cm)
end function color_get_max_value2

10.3.4 Comparisons

Similar to helicities, colors match if they are equal, or if either one is undefined.

(Colors: public)+=
public :: operator(.match.)
public :: operator(==
public :: operator(/=)

(Colors: interfaces)+=
interface operator(.match.)
module procedure color_match
end interface
interface operator (==
module procedure color_eq
end interface
interface operator (/=)
module procedure color_neq
end interface

(Colors: procedures)+=
elemental function color_match (coll, col2) result (eq)
logical :: eq
type(color_t), intent(in) :: coll, col2
if (color_is_defined (coll) .and. color_is_defined (col2)) then
eq = all (colllcl == col2jcl) .and. all (coll%c2 == col2)c2)
else
eq = .true.
end if
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end function color_match

elemental function color_eq (coll, col2) result (eq)
logical :: eq
type(color_t), intent(in) :: coll, col2
if (color_is_defined (coll) .and. color_is_defined (col2)) then
eq = all (colllcl == col2jcl) .and. all (coll¥%c2 == col2)c2) &
.and. (colllghost .eqv. col2jghost)
else if (.not. color_is_defined (coll) &
.and. .not. color_is_defined (col2)) then
eq = colljghost .eqv. col2jghost
else
eq = .false.
end if
end function color_eq

(Colors: procedures)+=
elemental function color_neq (coll, col2) result (neq)
logical :: neq
type(color_t), intent(in) :: coll, col2
if (color_is_defined (coll) .and. color_is_defined (col2)) then
! if (size (colllcl) == size (col2lcl)) then
neq = any (colllcl /= col2jcl) .or. any (colllc2 /= col2%c2) &
.or. (colllghost .neqv. col2lghost)
! else
! neq = .true.
! end if
else if (.not. color_is_defined (coll) &
.and. .not. color_is_defined (col2)) then

neq = colllghost .neqv. col2lghost
else

neq = .true.
end if

end function color_neq

10.3.5 Tools

Shift color indices by a common offset.

(Colors: public)+=
public :: color_add_offset

(Colors: procedures)+=
elemental subroutine color_add_offset (col, offset)
type(color_t), intent(inout) :: col
integer, intent(in) :: offset
where (collcl /= 0) collcl = collcl + sign (offset, collcl)
where (col’%c2 /= 0) collc2 = collc2 + sign (offset, collc2)
end subroutine color_add_offset

Reassign color indices for an array of colored particle in canonical order. The
allocated size of the color map is such that two colors per particle can be acco-
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modated.
(Colors: public)+=
public :: color_canonicalize

(Colors: procedures)+=
subroutine color_canonicalize (col)

type(color_t), dimension(:), intent(inout) :: col
integer, dimension(2x*size(col)) :: map
integer :: n_col, i, j, k

n_col = 0
do i =1, size (col)
do j =1, size (col(i)%cl)
if (col(i)%c1(j) /= 0) then
k = find (abs (col(i)%c1(j)), map(:n_col))
if (k == 0) then
n_col = n_col + 1
map(n_col) = abs (col(i)%c1(j))
k = n_col
end if
col(i)%c1(j) = sign (k, col(i)%cl(j))
end if
if (col(i)%c2(j) /= 0) then
k = find (abs (col(i)%c2(j)), map(:n_col))
if (k == 0) then
n_col = n_col + 1
map(n_col) = abs (col(i)%c2(j))

k = n_col
end if
col(i)%c2(j) = sign (k, col(i)%c2(j))
end if
end do
end do
contains
function find (c, array) result (k)
integer :: k
integer, intent(in) :: ¢
integer, dimension(:), intent(in) :: array
integer :: i
k=0

do i =1, size (array)
if (¢ == array (i)) then
k=1
return
end if
end do
end function find
end subroutine color_canonicalize

Return an array of different color indices from an array of colors. The last
argument is a pseudo-color array, where the color entries correspond to the
position of the corresponding index entry in the index array. The colors are
assumed to be diagonal.

(Colors: procedures)+=
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subroutine extract_color_line_indices (col, c_index, col_pos)

type(color_t), dimension(:), intent(in) :: col

integer, dimension(:), intent(out), allocatable :: c_index
type(color_t), dimension(size(col)), intent(out) :: col_pos
integer, dimension(:), allocatable :: c_tmp

integer :: i, j, k, n, c

allocate (c_tmp (sum (color_number (col))))

n=20

SCAN1: do i = 1, size (col)
SCAN2: do j = 1, 2
c = abs (col(i)%c1(j))
if (¢ /= 0) then
dok=1, n
if (c_tmp(k) == c) then
col_pos(i)¥cl(j) =k
cycle SCAN2

end if
end do
n=n+1

c_tmp(n) = ¢
col_pos(i)%cli(j) = n
end if
end do SCAN2
end do SCAN1
allocate (c_index (n))
c_index = c_tmp(1:n)
end subroutine extract_color_line_indices

Given a color array, pairwise contract the color lines in all possible ways and
return the resulting array of arrays. The input color array must be diagonal,
and each color should occur exactly twice, once as color and once as anticolor.

Gluon entries with equal color and anticolor are explicitly excluded.

This algorithm is generic, but for long arrays it is neither efficient, nor does
it avoid duplicates. It is intended for small arrays, in particular for the state
matrix of a structure-function pair.

(Colors: public)+=
public :: color_array_make_contractions
(Colors: procedures)+=
subroutine color_array_make_contractions (col_in, col_out)

type(color_t), dimension(:), intent(in) :: col_in
type(color_t), dimension(:,:), intent(out), allocatable :: col_out
type :: entry_t

integer, dimension(:), allocatable :: map

type(color_t), dimension(:), allocatable :: col

type(entry_t), pointer :: next => null ()

logical :: nlo_event = .false.

end type entry_t
type :: list_t
integer :: n =0
type(entry_t), pointer :: first => null ()
type(entry_t), pointer :: last => null ()
end type list_t
type(list_t) :: list
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type(entry_t), pointer :: entry

integer, dimension(:), allocatable :: c_index
type(color_t), dimension(size(col_in)) :: col_pos
integer :: n_prt, n_c_index

integer, dimension(:), allocatable :: map

integer :: i, j, c

n_prt = size (col_in)
call extract_color_line_indices (col_in, c_index, col_pos)
! print *, c_index 'l Debugging
n_c_index = size (c_index)
allocate (map (n_c_index))
map = 0
call list_append_if_valid (list, map)
entry => listyfirst
do while (associated (entry))
do i = 1, n_c_index
if (entry’map(i) == 0) then
¢ = c_index (i)
do j =1i+ 1, n_c_index
if (entry’map(j) == 0) then
map = entry/map
map(i) = ¢

map(j) = ¢
call list_append_if_valid (list, map)
end if
end do
end if
end do
entry => entry’next
end do
call list_to_array (list, col_out)
contains
subroutine list_append_if_valid (list, map)
type(list_t), intent(inout) :: list
integer, dimension(:), intent(in) :: map
type(entry_t), pointer :: entry
integer :: i, j, ¢, p

entry => list¥first
do while (associated (entry))
if (all (map == entry/map)) return
entry => entry’next
end do
allocate (entry)
allocate (entrymap (n_c_index))
entry/map = map
allocate (entrylcol (n_prt))
do i =1, n_prt
do j=1, 2
¢ = col_in(i)%c1(j)
if (¢ /= 0) then
p = col_pos(i)%c1(j)
if (map(p) /= 0) then
entry’%col(i)%c1(j) = sign (map(p), c)
else
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entrykcol(i)%cl(j) = ¢

endif
entry%col(i)%c2(j) = entrylcol(idlcl(j)
end if
end do
if (any (entry’%col(i)’%cl /= 0) .and. &
entry/col(i)%cl1(1) == - entrylcol(i)lc1(2)) return
end do
! call color_write (entryjcol); print *, map 11! Debugging

if (associated (listllast)) then
list%last¥%next => entry
else
list)first => entry
end if
list)last => entry
list)n = list)n + 1
end subroutine list_append_if_valid
subroutine list_to_array (list, col)
type(list_t), intent(inout) :: list
type(color_t), dimension(:,:), intent(out), allocatable :: col
type(entry_t), pointer :: entry
integer :: i
allocate (col (n_prt, list¥%n - 1))
do i =0, list)n - 1
entry => list)first
list)first => list¥firstlnext
if (14 /= 0) col(:,i) = entrylcol
deallocate (entry)
end do
list¥%last => null ()
end subroutine list_to_array
end subroutine color_array_make_contractions

Invert the color index, switching from particle to antiparticle. For gluons, we
have to swap the order of color entries.
(Colors: public)+=

public :: color_invert

(Colors: procedures)+=
elemental subroutine color_invert (col)

type(color_t), intent(inout) :: col
colycl = - col¥cl
collc2 = - col¥c2

if (col%cl1(1l) < 0 .and. col’%c1(2) > 0) then
collcl = collcl(2:1:-1)
col%c2 = col%c2(2:1:-1)
end if
end subroutine color_invert

Make a color map for two matching color arrays. The result is an array of
integer pairs.
(Colors: public)+=

public :: set_color_map
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(Colors: procedures)+=
subroutine set_color_map (map, coll, col2)

integer, dimension(:,:), intent(out), allocatable :: map
type(color_t), dimension(:), intent(in) :: coll, col2
integer, dimension(:,:), allocatable :: mapl

integer :: i, j, k

allocate (mapl (2, 2 * sum (color_number (coll))))

k=0

do i =1, size (coll)
do j =1, size (coll(i)¥%cl)
if (coll(id%cl(j) /=0 &
.and. all (mapl(l,:k) /= abs (col1(i)%c1(j)))) then

k=k+1

mapl(1,k) = abs (coll(i)%c1(j))

mapl(2,k) = abs (col2(i)%c1(j))
end if

if (col1(id%c2(j) /= 0 &
.and. all (mapl(l,:k) /= abs (col1(i)%c2(j)))) then

k=k+1
mapl(1,k) = abs (coll(i)%c2(j))
mapl(2,k) = abs (col2(i)%c2(j))
end if
end do

end do
allocate (map (2, k))
map(:,:) = mapl(:,:k)

end subroutine set_color_map

Translate colors which have a match in the translation table (an array of integer
pairs). Color that do not match an entry are simply transferred; this is done by
first transferring all components, then modifiying entries where appropriate.
(Colors: public)+=

public :: color_translate

(Colors: interfaces)+=
interface color_translate
module procedure color_translate0
module procedure color_translateO_offset
module procedure color_translatel
end interface

(Colors: procedures)+=
subroutine color_translate0 (col, map)

type(color_t), intent(inout) :: col
integer, dimension(:,:), intent(in) :: map
type(color_t) :: col_tmp

integer :: i

col_tmp = col
do i = 1, size (map,2)
where (abs (col’cl) == map(1,i))
col_tmp¥%cl = sign (map(2,i), colicl)
end where
where (abs (col%c2) == map(1,i))

396



col_tmp%c2 = sign (map(2,i), col¥%c2)
end where
end do
col = col_tmp
end subroutine color_translateO

subroutine color_translateO_offset (col, map, offset)

type(color_t), intent(inout) :: col

integer, dimension(:,:), intent(in) :: map
integer, intent(in) :: offset

logical, dimension(size(col¥c1)) :: maskl, mask2
type(color_t) :: col_tmp

integer :: i

col_tmp = col
maskl = collcl /= 0
mask2 = col%c2 /= 0
do i =1, size (map,2)
where (abs (collcl) == map(1,i))
col_tmp%cl = sign (map(2,i), col¥cl)
maskl = .false.
end where
where (abs (col’%c2) == map(1,i))
col_tmp%c2 = sign (map(2,i), colkc2)
mask2 = .false.
end where
end do
col = col_tmp
where (maskl) col¥%cl = sign (abs (col%cl) + offset, collcl)
where (mask2) collc2 = sign (abs (col%c2) + offset, collc2)
end subroutine color_translateO_offset

subroutine color_translatel (col, map, offset)

type(color_t), dimension(:), intent(inout) :: col
integer, dimension(:,:), intent(in) :: map
integer, intent(in), optional :: offset

integer :: i

if (present (offset)) then
do i =1, size (col)
call color_translateO_offset (col(i), map, offset)
end do
else
do i =1, size (col)
call color_translateO (col(i), map)
end do
end if
end subroutine color_translatel

Merge two color objects by taking the first entry from the first and the second
entry from the second argument. Makes sense only if the input colors are defined
(and diagonal). If either one is undefined, transfer the defined one.

For a color ghost, color is not defined. These have to be treated separately.
(Colors: public)+=

public :: operator(.merge.)
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(Colors: interfaces)+=
interface operator(.merge.)
module procedure merge_colors
end interface

(Colors: procedures)+=
elemental function merge_colors (coll, col2) result (col)
type(color_t) :: col
type(color_t), intent(in) :: coll, col2
if (color_is_defined (coll) .and. color_is_defined (col2)) then
call color_init_arrays (col, colllcl, col2jcl)
else if (color_is_defined (coll)) then
col = coll
else if (color_is_defined (col2)) then
col = col2
else if (color_is_ghost (coll)) then
col = coll
else if (color_is_ghost (col2)) then
col = col2
end if
end function merge_colors

Compute the color factor, given two interfering color arrays.
(Colors: public)+=

public :: compute_color_factor

(Colors: procedures)+=

function compute_color_factor (coll, col2, nc) result (factor)
real(default) :: factor
type(color_t), dimension(:), intent(in) :: coll, col2
integer, intent(in), optiomal :: nc
type(color_t), dimension(size(coll)) :: col
integer :: ncol, nloops, nghost
ncol = 3; if (present (nc)) ncol = nc
col = coll .merge. col2
nloops = count_color_loops (col)
nghost = count (color_is_ghost (col))
factor = real (ncol, default) ** (nloops - nghost)
if (color_ghost_parity (col)) factor = - factor

end function compute_color_factor

We have a pair of color index arrays which corresponds to a squared matrix
element. We want to determine the number of color loops in this square matrix
element. So we first copy the colors (stored in a single color array with a pair
of color lists in each entry) to a temporary where the color indices are shifted
by some offset. We then recursively follow each loop, starting at the first color
that has the offset, resetting the first color index to the loop index and each
further index to zero as we go. We check that (a) each color index occurs twice
within the left (right) color array, (b) the loops are closed, so we always come
back to a line which has the loop index.

In order for the algorithm to work we have to conjugate the colors of initial
state particles (one for decays, two for scatterings) into their corresponding
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anticolors of outgoing particles.
(Colors: public)+=
public :: count_color_loops

(Colors: procedures)+=
function count_color_loops (col) result (count)

integer :: count

type(color_t), dimension(:), intent(in) :: col
type(color_t), dimension(size(col)) :: cc

integer :: i, n, offset

! print *, "Count color loops:" 1!l Debugging
! call color_write (col); print * 11! Debugging
cc = col

n = size (cc)
offset = n
call color_add_offset (cc, offset)

! print *, offset 1!l Debugging
! call color_write (cc); print * 11!l Debugging
count = 0

SCAN_LOOPS: do
doi=1, n
! print *, i, ’:’, cc(i)lcl 11! Debugging
if (color_is_defined (cc(i))) then
if (any (cc(i)%cl > offset)) then
! print *, ’start’, i 11l Debugging
count = count + 1
call follow_linel (pick_new_line (cc(i)%cl, count, 1))
cycle SCAN_LOOPS
end if
end if
end do
exit SCAN_LOOPS
end do SCAN_LOOPS

contains
function pick_new_line (c, reset_val, sgn) result (line)
integer :: line
integer, dimension(:), intent(inout) :: ¢
integer, intent(in) :: reset_val
integer, intent(in) :: sgn
integer :: i
if (any (c == count)) then
line = count

else

do i =1, size (c)
if (sign (1, c(i)) == sgn .and. abs (c(i)) > offset) then
line = c(i)
c(i) = reset_val
return
end if
end do
call color_mismatch
end if
end function pick_new_line
subroutine reset_line (c, line)
integer, dimension(:), intent(inout) :: ¢
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integer, intent(in) :: line
integer :: i
do i = 1, size (c)
if (c(i) == line) then
c(i) =0
return
end if
end do
end subroutine reset_line
recursive subroutine follow_linel (line)

integer, intent(in) :: line
integer :: i
! print *, ’follow line 1:’, line !'1! Debugging
if (line == count) then
! print *, ’loop closed’ !'11 Debugging
return
end if
doi=1,n
if (any (cc(i)%cl == -line)) then
call reset_line (cc(i)l%cl, -line)
! print *, ’found’, -line, ’ resetting cl:’ !'1! Debugging
! call color_write (cc); print * 11! Debugging
call follow_line2 (pick_new_line (cc(i)%c2, O, sign (1, -line)))
return
end if
end do

call color_mismatch ()
end subroutine follow_linel
recursive subroutine follow_line2 (line)
integer, intent(in) :: line
integer :: i
! print *, ’follow line 2:’, line !'11 Debugging
doi=1,n
if (any (cc(i)%c2 == -line)) then
call reset_line (cc(i)%c2, -line)
! print *, ’found’, -line, ’ resetting c2:’ !'1! Debugging
! call color_write (cc); print * 11! Debugging
call follow_linel (pick_new_line (cc(i)%cl, O, sign (1, -line)))
return
end if
end do
call color_mismatch ()
end subroutine follow_line2
subroutine color_mismatch ()
call color_write (col)
print *
call msg_bug (" Color flow mismatch (color loops should be closed)")
end subroutine color_mismatch
end function count_color_loops

10.3.6 Unit tests
(Colors: public)+=
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public :: color_test

(Colors: procedures)+=
subroutine color_test (u, results)
integer, intent(in) :: u
type(test_results_t), intent(inout) :: results
(Colors: execute tests)
end subroutine color_test

This is a color counting test.

(Colors: execute tests)=
call test (color_1, "color_1", &
"check color counting", &
u, results)

(Colors: tests)=
subroutine color_1 (u)

integer, intent(in) :: u

type(color_t), dimension(4) :: coll, col2, col
type(color_t), dimension(:), allocatable :: col3
type(color_t), dimension(:,:), allocatable :: col_array
integer :: count, i

call color_init_col_acl (colil, [1, O, 2, 31, [0, 1, 3, 21)
col2 = coll

call color_write (coll, u)
write (u, "(A)"™)
call color_write (col2, u)
write (u, "(A)")
col = coll .merge. col2
call color_write (col, u)
write (u, "(A)")
count = count_color_loops (col)
write (u, "(A,I1)") "Number of color loops (3): ", count
call color_init_col_acl (col2, [1, O, 2, 3], [0, 2, 3, 11)
call color_write (coll, u)
write (u, "(A)")
call color_write (col2, u)
write (u, "(A)")
col = coll .merge. col2
call color_write (col, u)
write (u, "(A)")
count = count_color_loops (col)
write (u, "(A,I1)") "Number of color loops (2): ", count
write (u, "(A)")
allocate (col3 (4))
call color_init_from_array (col3, &
reshape ([1, O, 0, -1, 2, -3, 3, -2], &
[2, 41
call color_write (col3, u)
write (u, "(A)")
call color_array_make_contractions (col3, col_array)
write (u, "(A)") "Contractions:"
do i = 1, size (col_array, 2)
call color_write (col_array(:,i), u)
write (u, "(A)")
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end do
deallocate (col3)
write (u, "(A)")
allocate (col3 (6))
call color_init_from_array (col3, &
reshape ([1, -2, 3,0, 0, -1, 2, -4, -3, 0, 4, 0], &
[2, 61))

call color_write (col3, u)
write (u, "(A)")
call color_array_make_contractions (col3, col_array)
write (u, "(A)") "Contractions:"
do i = 1, size (col_array, 2)

call color_write (col_array(:,i), w)

write (u, "(A)")
end do

end subroutine color_1

10.3.7 The Madgraph color model

This section describes the method for matrix element and color flow calculation
within Madgraph.

For each Feynman diagram, the colorless amplitude for a specified helicity
and momentum configuration (in- and out- combined) is computed:

Aa(p, h) (10.1)

Inserting color, the squared matrix element for definite helicity and momentum
is
M?(p,h) =Y Aa(p,h) Caar Ay (p, h) (10.2)
dd’
where Cgqr describes the color interference of the two diagrams A; and A/,
which is independent of momentum and helicity and can be calculated for each
Feynman diagram pair by reducing it to the corresponding color graph. Obvi-
ously, one could combine all diagrams with identical color structure, such that
the index d runs only over different color graphs. For colorless diagrams all
elements of Cyy are equal to unity.
The hermitian matrix Cyy is diagonalized once and for all, such that it can
be written in the form

Caar = _carey”, (10.3)
A
where the eigenvectors ¢, are normalized,

Sk =1 (104)
d

and the A values are the corresponding eigenvalues. In the colorless case, this
means cq = 1/y/Ny for all diagrams (N; = number of diagrams), and A = Ny
is the only nonzero eigenvalue.

Consequently, the squared matrix element for definite helicity and momen-
tum can also be written as

M?(p,h) = Ax(p,h) X Ax(p, h)" (10.5)
A
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with
Ax(p,h) = chAa(p. h). (10.6)
d

For generic spin density matrices, this is easily generalized to

M?(p, b, 1) = > Ax(p,h) A Ax(p, )" (10.7)
A

To determine the color flow probabilities of a given momentum-helicity con-
figuration, the color flow amplitudes are calculated as

ay(p.h) =" B Aa(p,h), (10.8)
d

where the coefficients ﬁg describe the amplitude for a given Feynman diagram
(or color graph) d to correspond to a definite color flow f. They are computed
from Cyq by transforming this matrix into the color flow basis and neglecting
all off-diagonal elements. Again, these coefficients do not depend on momentum
or helicity and can therefore be calculated in advance. This gives the color flow
transition matrix

Fl(p,h,h') = ag(p, h) a}(p. h') (10.9)

which is assumed diagonal in color flow space and is separate from the color-
summed transition matrix M?2. They are, however, equivalent (up to a factor) to
leading order in 1/N,, and using the color flow transition matrix is appropriate
for matching to hadronization.

Note that the color flow transition matrix is not normalized at this stage.
To make use of it, we have to fold it with the in-state density matrix to get a
pseudo density matrix

ﬁgut(pa h/Outa h:)ut) = Z Fj(pa ha h/) pin(p7 hirn hin) (1010)
hinhl,

which gets a meaning only after contracted with projections on the outgoing
helicity states koug, given as linear combinations of helicity states with the uni-
tary coefficient matrix ¢(kout, Pous). Then the probability of finding color flow
f when the helicity state kqyt is measured is given by

P (p, kous) = QF (p, ko) / > Q7 (p, ot (10.11)
s
where
Q (P ko) = D clkouts hout) Phus (s hout: yut) € (Kouts ) (10.12)
houthéut

However, if we can assume that the out-state helicity basis is the canonical one,
we can throw away the off diagonal elements in the color flow density matrix
and normalize the ones on the diagonal to obtain

Pf (p7 hout) = ﬁgut (pa hout7 hout)/ Z ﬁgut <p7 hout; hout) (1013)
f
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Finally, the color-summed out-state density matrix is computed by the scat-
tering formula

pout(p7 houta h:)ut) = Z M2(p7 ha h/) pin(pa hin7 hin) (1014)
hinh{,
= Z A}\(pa h))‘A)\(p7 h/)*pin(pa hinah{n)7 (1015)
hinh{ A

The trace of poyy is the squared matrix element, summed over all internal degrees
of freedom. To get the squared matrix element for a definite helicity kous and
color flow f, one has to project the density matrix onto the given helicity state
and multiply with Pf(p, kous)-

For diagonal helicities the out-state density reduces to

pout(pa out Z )\|A)\ pa | pm(pa hm) (1016)
hin A

Since no basis transformation is involved, we can use the normalized color flow
probability P/ (p, how) and express the result as

P! (D) howt) = pout (P, houo Pf (p, Bout) (10.17)

Z Z |(lf P, h |2)\|A)\(p, h>|2pin(p7 hin)- (1018)

From these considerations, the following calculation strategy can be derived:

e Before the first event is generated, the color interference matrix Cgyg is
computed and diagonalized, so the eigenvectors cg‘, eigenvalues A and color
flow coefficients 65 are obtained. In practice, these calculations are done
when the matrix element code is generated, and the results are hardcoded
in the matrix element subroutine as DATA statements.

e For each event, one loops over helicities once and stores the matrices
Ax(p, h) and a/ (p, h). The allowed color flows, helicity combinations and
eigenvalues are each labeled by integer indices, so one has to store complex
matrices of dimension Ny x Nj and Ny x Ny, respectively.

e The further strategy depends on the requested information.

1. If colorless diagonal helicity amplitudes are required, the eigenvalues
Ax(p,h) are squared, summed with weight A, and the result con-
tracted with the in-state probability vector pi,(p, hin). The result is
a probability vector pout (P, hout)-

2. For colored diagonal helicity amplitudes, the color coefficients af (p, h)
are also squared and used as weights to obtain the color-flow proba-
bility vector p? . (p, hout)-

3. For colorless non-diagonal helicity amplitudes, we contract the tensor
product of Ax(p, h) with Ay(p,h’), weighted with X, with the corre-
lated in-state density matrix, to obtain a correlated out-state density
matrix.
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4. In the general (colored, non-diagonal) case, we do the same as in the
colorless case, but return the un-normalized color flow density matrix
Pl (0, hous, h.;) in addition. When the relevant helicity basis is
known, the latter can be used by the caller program to determine
flow probabilities. (In reality, we assume the canonical basis and
reduce the correlated out-state density to its diagonal immediately.)
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10.4 Flavors: Particle properties

This module contains a type for holding the flavor code, and all functions that
depend on the model, i.e., that determine particle properties.

The PDG code is packed in a special flavor type. (This prohibits meaning-
less operations, and it allows for a different implementation, e.g., some non-PDG
scheme internally, if appropiate at some point.) In addition, the flavor object
holds a pointer to a particle_data object which is centrally stored (as part of
a physics model). In this way, all particle data can be accessed using just the
flv object without having to carry them around.

The pointer component imposes a technical restriction: Assignment of flavor
objects cannot be used, directly or indirectly, in pure, and thus in elemental
procedures.

(flavors.£90)=
(F'ile header)

module flavors

(Use kinds)
(Use strings)
use jo_units
use diagnostics
use physics_defs, only: UNDEFINED
use physics_defs, only: INVALID
use physics_defs, only: HADRON_REMNANT
use physics_defs, only: HADRON_REMNANT_SINGLET
use physics_defs, only: HADRON_REMNANT_TRIPLET
use physics_defs, only: HADRON_REMNANT_OCTET
use model_data
use colors, only: color_t, color_init

(Standard module head)
(Flavors: public)
(Flavors: types)
(Flavors: interfaces)
contains

(Flavors: procedures)

end module flavors

10.4.1 The flavor type

The flavor type is an integer representing the PDG code, or undefined (zero).
Negative codes represent antiflavors.

For full generality, and analogy with helicity and color, we allow for non-
diagonal flavor indices in density matrices. This is probably academic; an ob-
scure application is the definition of proper isospin states.
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Further properties of the given flavor can be retrieved via the particle-data
pointer, if it is associated.

(Flavors: public)=
public :: flavor_t

(Flavors: types)=
type :: flavor_t
private
integer :: f = UNDEFINED
type(field_data_t), pointer :: field_data => null ()
end type flavor_t

Initializer form. If the model is assigned, the procedure is impure, therefore we
have to define a separate array version.
(Flavors: public)+=

public :: flavor_init

(Flavors: interfaces)=

interface flavor_init
module procedure flavor_initO_empty
module procedure flavor_initO
module procedure flavor_initO_field_data
module procedure flavor_initO_model
module procedure flavor_initO_model_alt
module procedure flavor_initO_name_model
module procedure flavor_initl_model
module procedure flavor_initl_model_alt
module procedure flavor_initl_name_model
module procedure flavor_init2_model
module procedure flavor_init2_model_alt

! module procedure flavor_init_aval_model
end interface

(Flavors: procedures)=
elemental subroutine flavor_initO_empty (f1v)
type(flavor_t), intent(out) :: flv
end subroutine flavor_initO_empty

elemental subroutine flavor_initO (flv, f)

type(flavor_t), intent(out) :: flv
integer, intent(in) :: f
flvjf = £

end subroutine flavor_initO

subroutine flavor_initO_field_data (flv, field_data)
type(flavor_t), intent(out) :: flv
type(field_data_t), intent(in), target :: field_data
f1v)f = field_data%get_pdg ()
flv/field_data => field_data

end subroutine flavor_initO_field_data

subroutine flavor_initO_model (flv, f, model)

type(flavor_t), intent(out) :: flv
integer, intent(in) :: f
class(model_data_t), intent(in), target :: model
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flvif = £
flv)field_data => modelyget_field_ptr (f, check=.true.)
end subroutine flavor_initO_model

subroutine flavor_initO_model_alt (flv, f, model, alt_model)
type(flavor_t), intent(out) :: flv

integer, intent(in) :: f
class(model_data_t), intent(in), target :: model, alt_model
flvijf = £

flv)field_data => modellget_field_ptr (f, check=.false.)
if (.not. associated (flv)field_data)) then
flv)field_data => alt_modellget_field_ptr (f, check=.false.)
if (.not. associated (flv)field_data)) then
write (msg_buffer, "(A,1x,I0,1x,A,1x,A,1x,A,1x,A)") &
"Particle with code", f, &
"found neither in model", char (modellget_name ()), &
"nor in model", char (alt_modellget_name ())
call msg_fatal ()
end if
end if
end subroutine flavor_initO_model_alt

subroutine flavor_initl_model (flv, f, model)

type(flavor_t), dimension(:), intent(out) :: flv
integer, dimension(:), intent(in) :: £
class(model_data_t), intent(in), target :: model
integer :: i

do i =1, size (f)
call flavor_initO_model (flv(i), f(i), model)
end do
end subroutine flavor_initl_model

subroutine flavor_initl_model_alt (flv, f, model, alt_model)
type(flavor_t), dimension(:), intent(out) :: flv
integer, dimension(:), intent(in) :: f
class(model_data_t), intent(in), target :: model, alt_model
integer :: i
do i =1, size (f)

call flavor_initO_model_alt (flv(i), f(i), model, alt_model)

end do

end subroutine flavor_initl_model_alt

subroutine flavor_init2_model (flv, f, model)

type(flavor_t), dimension(:,:), intent(out) :: flv
integer, dimension(:,:), intent(in) :: f
class(model_data_t), intent(in), target :: model
integer :: i

do i =1, size (f, 2)
call flavor_initl_model (flv(:,i), f(:,i), model)
end do
end subroutine flavor_init2_model

subroutine flavor_init2_model_alt (flv, f, model, alt_model)
type(flavor_t), dimension(:,:), intent(out) :: flv
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integer, dimension(:,:), intent(in) :: f
class(model_data_t), intent(in), target :: model, alt_model
integer :: i
do i =1, size (f, 2)
call flavor_initl_model_alt (flv(:,i), f(:,i), model, alt_model)
end do
end subroutine flavor_init2_model_alt

subroutine flavor_initO_name_model (flv, name, model)
type(flavor_t), intent(out) :: flv
type(string_t), intent(in) :: name
class(model_data_t), intent(in), target :: model
flv)field_data => modelyget_field_ptr (name, check=.true.)
flv/f = modellget_pdg (name)

end subroutine flavor_initO_name_model

subroutine flavor_initl_name_model (flv, name, model)

type(flavor_t), dimension(:), intent(out) :: flv
type(string_t), dimension(:), intent(in) :: name
class(model_data_t), intent(in), target :: model
integer :: i

do i = 1, size (name)
call flavor_initO_name_model (flv(i), name(i), model)
end do
end subroutine flavor_initl_name_model

This version transforms a PDG array value into a flavor array. The flavor array
must be allocatable.

NOTE: change this, don’t want this dependency

(Flavors: procedures)+=

subroutine flavor_init_aval_model (flv, aval, model)
type(flavor_t), dimension(:), intent(out), allocatable :: flv
type(pdg_array_t), intent(in) :: aval

class(model_data_t), intent(in), target :: model
integer, dimension(:), allocatable :: pdg
pdg = aval

allocate (flv (size (pdg)))
call flavor_init (flv, pdg, model)
end subroutine flavor_init_aval_model

Undefine the flavor state:
(Flavors: public)+=

public :: flavor_undefine

(Flavors: procedures)+=

elemental subroutine flavor_undefine (flv)
type(flavor_t), intent(inout) :: flv
f1v%f = UNDEFINED
flv)field_data => null ()

end subroutine flavor_undefine
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Output: dense, no linebreak

(Flavors: public)+=
public :: flavor_write

(Flavors: procedures)+=
subroutine flavor_write (flv, unit)
type(flavor_t), intent(in) :: flv
integer, intent(in), optional :: unit
integer :: u
u = given_output_unit (unit); if (u < 0) return
if (associated (flv)field_data)) then
write (u, "(A)", advance="no") "f("
else
write (u, "(A)", advance="no") "p("
end if
write (u, "(IO)", advance="no") flvif
write (u, "(A)", advance="no") ")"
end subroutine flavor_write

Binary I/0. Currently, the model information is not written/read, so after read-
ing the particle-data pointer is empty.
(Flavors: public)+=

public :: flavor_write_raw

public :: flavor_read_raw

(Flavors: procedures)+=
subroutine flavor_write_raw (flv, u)
type(flavor_t), intent(in) :: flv
integer, intent(in) :: u
write (u) flvi%f
end subroutine flavor_write_raw

subroutine flavor_read_raw (flv, u, iostat)

type(flavor_t), intent(out) :: flv
integer, intent(in) :: u
integer, intent(out), optional :: iostat

read (u, iostat=iostat) flvif
end subroutine flavor_read_raw

Assignment

Default assignment of flavor objects is possible, but cannot be used in pure
procedures, because a pointer assignment is involved.

Assign the particle pointer separately. This cannot be elemental, so we define
a scalar and an array version explicitly. We refer to an array of flavors, not an
array of models.
(Flavors: public)+=

public :: flavor_set_model
(Flavors: interfaces)+=

interface flavor_set_model

module procedure flavor_set_model_single
module procedure flavor_set_model_array
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module procedure flavor_set_model_array2
end interface

(Flavors: procedures)+=
subroutine flavor_set_model_single (flv, model)
type(flavor_t), intent(inout) :: flv
class(model_data_t), intent(in), target :: model
if (f1lv%f /= UNDEFINED) &
flv/field_data => modellget_field_ptr (f1lv’f)
end subroutine flavor_set_model_single

subroutine flavor_set_model_array (flv, model)

type(flavor_t), dimension(:), intent(inout) :: flv
class(model_data_t), intent(in), target :: model
integer :: i

do i =1, size (flv)
if (flv(i)%f /= UNDEFINED) &
flv(i)%field_data => modellget_field_ptr (£flv(i)%f)
end do
end subroutine flavor_set_model_array

subroutine flavor_set_model_array2 (flv, model)

type(flavor_t), dimension(:,:), intent(inout) :: flv
class(model_data_t), intent(in), target :: model
integer :: i, j

do i =1, size (flv, 2)
do j =1, size (flv, 1)
if (f1lv(j,i)%f /= UNDEFINED) &
£f1v(j,i)%field_data => modellget_field_ptr (£lv(j,i)%f)
end do
end do
end subroutine flavor_set_model_array2

Predicates

Return the definition status

(Flavors: public)+=
public :: flavor_is_defined
(Flavors: procedures)+=
elemental function flavor_is_defined (flv) result (defined)
logical :: defined
type(flavor_t), intent(in) :: flv
defined = flv%f /= UNDEFINED
end function flavor_is_defined

Check for valid flavor (including undefined):
(Flavors: public)+=
public :: flavor_is_valid

(Flavors: procedures)+=
elemental function flavor_is_valid (flv) result (valid)
logical :: valid
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type(flavor_t), intent(in) :: flv
valid = flv)f /= INVALID
end function flavor_is_valid

Return true if the particle-data pointer is associated. (Debugging aid)

(Flavors: public)+=
public :: flavor_is_associated

(Flavors: procedures)+=
elemental function flavor_is_associated (flv) result (flag)
logical :: flag
type(flavor_t), intent(in) :: flv
flag = associated (flv)field_data)
end function flavor_is_associated

Accessing contents

With the exception of the PDG code, all particle properties are accessible only
via the field_data pointer. If this is unassigned, some access function will
crash.

Return the flavor as an integer
(Flavors: public)+=

public :: flavor_get_pdg

(Flavors: procedures)+=
elemental function flavor_get_pdg (flv) result (f)
integer :: £
type(flavor_t), intent(in) :: flv
f = flvif
end function flavor_get_pdg

Return the flavor of the antiparticle

(Flavors: public)+=
public :: flavor_get_pdg_anti

(Flavors: procedures)+=
elemental function flavor_get_pdg_anti (flv) result (f)
integer :: f
type(flavor_t), intent(in) :: flv
if (associated (flvYfield_data)) then
if (flvYfield_datajhas_antiparticle ()) then

f = -flvif
else
f = flvif
end if
else
f=0
end if

end function flavor_get_pdg_anti
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Absolute value:

(Flavors: public)+=
public :: flavor_get_pdg_abs

(Flavors: procedures)+=
elemental function flavor_get_pdg_abs (flv) result (f)
integer :: f
type(flavor_t), intent(in) :: flv
f = abs (f1v%f)
end function flavor_get_pdg_abs

Generic properties
(Flavors: public)+=

public :: flavor_is_visible
public :: flavor_is_parton
public :: flavor_is_beam_remnant
public :: flavor_is_gauge

public :: flavor_is_left_handed
public :: flavor_is_right_handed

public :: flavor_is_antiparticle
public :: flavor_has_antiparticle
public :: flavor_is_stable

public :: flavor_get_decays

public :: flavor_decays_isotropically
public :: flavor_decays_diagonal
public :: flavor_is_polarized

(Flavors: procedures)+=
elemental function flavor_is_visible (flv) result (flag)
logical :: flag
type(flavor_t), intent(in) :: flv
if (associated (flvYfield_data)) then
flag = flv/field_datalis_visible ()
else
flag = .false.
end if
end function flavor_is_visible

elemental function flavor_is_parton (flv) result (flag)
logical :: flag
type(flavor_t), intent(in) :: flv
if (associated (flvYfield_data)) then
flag = flv/field_data)is_parton ()
else
flag = .false.
end if
end function flavor_is_parton

elemental function flavor_is_beam_remnant (flv) result (flag)
logical :: flag
type(flavor_t), intent(in) :: flv
select case (abs (f1v%f))
case (HADRON_REMNANT, &
HADRON_REMNANT_SINGLET, HADRON_REMNANT_TRIPLET, HADRON_REMNANT_OCTET)
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flag = .true.
case default
flag = .false.
end select
end function flavor_is_beam_remnant

elemental function flavor_is_gauge (flv) result (flag)
logical :: flag
type(flavor_t), intent(in) :: flv
if (associated (flvYfield_data)) then
flag = flvYfield_datalis_gauge ()
else
flag = .false.
end if
end function flavor_is_gauge

elemental function flavor_is_left_handed (flv) result (flag)
logical :: flag
type(flavor_t), intent(in) :: flv
if (associated (flvYfield_data)) then
if (f1v%f > 0) then

flag = flv/field_datalis_left_handed ()
else
flag = flv/field_datalis_right_handed ()
end if
else
flag = .false.
end if

end function flavor_is_left_handed

elemental function flavor_is_right_handed (flv) result (flag)
logical :: flag
type(flavor_t), intent(in) :: flv
if (associated (flvYfield_data)) then
if (f1v%f > 0) then
flag = flv/field_datalis_right_handed ()

else
flag = flv)field_data%is_left_handed ()
end if
else
flag = .false.
end if

end function flavor_is_right_handed

elemental function flavor_is_antiparticle (flv) result (flag)
logical :: flag
type(flavor_t), intent(in) :: flv
flag = flv/f < 0O

end function flavor_is_antiparticle

elemental function flavor_has_antiparticle (flv) result (flag)
logical :: flag
type(flavor_t), intent(in) :: flv
if (associated (flvYfield_data)) then
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flag = flv/field_datalhas_antiparticle ()
else

flag = .false.
end if

end function flavor_has_antiparticle

elemental function flavor_is_stable (flv) result (flag)
logical :: flag
type(flavor_t), intent(in) :: flv
if (associated (flvYfield_data)) then
flag = flv)field_data¥%is_stable (anti = flvJf < 0)
else
flag = .true.
end if
end function flavor_is_stable

subroutine flavor_get_decays (flv, decay)
type(flavor_t), intent(in) :: flv
type(string_t), dimension(:), intent(out), allocatable :: decay
logical :: anti
anti = flv)f < 0
if (.not. flvifield_datalkis_stable (anti)) then
call flvYfield_datalget_decays (decay, anti)
end if
end subroutine flavor_get_decays

elemental function flavor_decays_isotropically (flv) result (flag)
logical :: flag
type(flavor_t), intent(in) :: flv
if (associated (flvYfield_data)) then
flag = flv/field_dataldecays_isotropically (anti = flv)f < 0)
else
flag = .true.
end if
end function flavor_decays_isotropically

elemental function flavor_decays_diagonal (flv) result (flag)
logical :: flag
type(flavor_t), intent(in) :: flv
if (associated (flv’field_data)) then
flag = flv)field_dataldecays_diagonal (anti = flv%f < 0)
else
flag = .true.
end if
end function flavor_decays_diagonal

elemental function flavor_is_polarized (flv) result (flag)
logical :: flag
type(flavor_t), intent(in) :: flv
if (associated (flvYfield_data)) then
flag = flv/field_datalis_polarized (anti = flv)f < 0)
else
flag = .false.
end if
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end function flavor_is_polarized

Names:

(Flavors: public)+=
public :: flavor_get_name
public :: flavor_get_tex_name

(Flavors: procedures)+=
elemental function flavor_get_name (flv) result (name)
type(string_t) :: name
type(flavor_t), intent(in) :: flv
if (associated (flvYfield_data)) then
name = flv/field_datalget_name (flvyf < 0)
else
name = "?"
end if
end function flavor_get_name

elemental function flavor_get_tex_name (flv) result (name)
type(string_t) :: name
type(flavor_t), intent(in) :: flv
if (associated (flvYfield_data)) then
name = flvYfield_datalget_tex_name (flvyf < 0)
else
name = "?7"
end if
end function flavor_get_tex_name

(Flavors: public)+=
public :: flavor_get_spin_type
public :: flavor_get_multiplicity
public :: flavor_get_isospin_type
public :: flavor_get_charge_type
public :: flavor_get_color_type

(Flavors: procedures)+=
elemental function flavor_get_spin_type (flv) result (type)
integer :: type
type(flavor_t), intent(in) :: flv
if (associated (flv/field_data)) then
type = flv/field_datalget_spin_type ()
else
type = 1
end if
end function flavor_get_spin_type

elemental function flavor_get_multiplicity (flv) result (type)
integer :: type
type(flavor_t), intent(in) :: flv
if (associated (flv/field_data)) then
type = flv)field_data¥%get_multiplicity ()
else
type = 1
end if
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end function flavor_get_multiplicity

elemental function flavor_get_isospin_type (flv) result (type)
integer :: type
type(flavor_t), intent(in) :: flv
if (associated (flvYfield_data)) then
type = flv/field_datalget_isospin_type ()
else
type = 1
end if
end function flavor_get_isospin_type

elemental function flavor_get_charge_type (flv) result (type)
integer :: type
type(flavor_t), intent(in) :: flv
if (associated (flvYfield_data)) then
type = flvlfield_datalget_charge_type ()
else
type = 1
end if
end function flavor_get_charge_type

elemental function flavor_get_color_type (flv) result (type)
integer :: type
type(flavor_t), intent(in) :: flv
if (associated (flvYfield_data)) then
if (flavor_is_antiparticle (flv)) then

type = - flv/field_datalget_color_type ()
else
type = flv/field_datalget_color_type ()
end if
else
type = 1
end if

end function flavor_get_color_type

These functions return real values:

(Flavors: public)+=
public :: flavor_get_charge

public :: flavor_get_mass
public :: flavor_get_width
public :: flavor_get_isospin

(Flavors: procedures)+=
elemental function flavor_get_charge (flv) result (charge)
real(default) :: charge
type(flavor_t), intent(in) :: flv
if (associated (flvY,field_data)) then
if (flavor_is_antiparticle (flv)) then
charge = flv)field_dataj,get_charge ()
else
charge = - flv/field_datalget_charge ()
end if
else
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charge = 0
end if
end function flavor_get_charge

elemental function flavor_get_mass (flv) result (mass)
real(default) :: mass
type(flavor_t), intent(in) :: flv
if (associated (flv)field_data)) then
mass = flv/field_datalget_mass ()
else
mass = 0
end if
end function flavor_get_mass

elemental function flavor_get_width (flv) result (width)
real(default) :: width
type(flavor_t), intent(in) :: flv
if (associated (flvYfield_data)) then
width = flv)field_data%get_width ()
else
width = 0
end if
end function flavor_get_width

elemental function flavor_get_isospin (flv) result (isospin)
real(default) :: isospin
type(flavor_t), intent(in) :: flv
if (associated (flvYfield_data)) then
if (flavor_is_antiparticle (flv)) then
isospin = flv)field_datalget_isospin ()
else
isospin = - flv)field_datalget_isospin ()
end if
else
isospin = 0
end if
end function flavor_get_isospin

Comparisons

If one of the flavors is undefined, the other defined, they match.

(Flavors: public)+=
public :: operator(.match.)
public :: operator(==
public :: operator(/=)

(Flavors: interfaces)+=
interface operator(.match.)
module procedure flavor_match
end interface
interface operator (==
module procedure flavor_eq
end interface
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interface operator (/=)
module procedure flavor_neq
end interface

(Flavors: procedures)+=
elemental function flavor_match (flvl, flv2) result (eq)
logical :: eq
type(flavor_t), intent(in) :: flvl, flv2
if (f1lvi%f /= UNDEFINED .and. flv2%f /= UNDEFINED) then
eq = flviyf == flv2Jf
else
eq = .true.
end if
end function flavor_match

elemental function flavor_eq (flvl, £f1v2) result (eq)
logical :: eq
type(flavor_t), intent(in) :: flvl, flv2
if (flv1%f /= UNDEFINED .and. flv2%f /= UNDEFINED) then
eq = flvijf == f1lv2yf
else if (flvi)f == UNDEFINED .and. flv2Jf == UNDEFINED) then

eq = .true.
else

eq = .false.
end if

end function flavor_eq

(Flavors: procedures)+=
elemental function flavor_neq (flvl, flv2) result (neq)
logical :: mneq
type(flavor_t), intent(in) :: flvl, flv2
if (flv1%f /= UNDEFINED .and. flv2%f /= UNDEFINED) then
neq = flviyf /= flv2Jf
else if (flvi1)f == UNDEFINED .and. flv2Jf == UNDEFINED) then

neq = .false.
else

neq = .true.
end if

end function flavor_neq

Tools

Merge two flavor indices. This works only if both are equal or either one is
undefined, because we have no off-diagonal flavor entries. Otherwise, generate
an invalid flavor.

We cannot use elemental procedures because of the pointer component.
(Flavors: public)+=

public :: operator(.merge.)
(Flavors: interfaces)+=

interface operator(.merge.)

module procedure merge_flavorsO
module procedure merge_flavorsl
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end interface

(Flavors: procedures)+=
function merge_flavorsO (flvl, f1lv2) result (flv)
type(flavor_t) :: flv
type(flavor_t), intent(in) :: flvi, £flv2
if (flavor_is_defined (flvl) .and. flavor_is_defined (f1v2)) then
if (flvl == f1lv2) then
flv = flvil
else
flv)f = INVALID
end if
else if (flavor_is_defined (f1lv1)) then
flv = flvil
else if (flavor_is_defined (£f1v2)) then
flv = flv2
end if
end function merge_flavorsO

function merge_flavorsl (flvl, flv2) result (flv)

type(flavor_t), dimension(:), intent(in) :: flvl, flv2
type(flavor_t), dimension(size(flv1)) :: flv
integer :: i

do i =1, size (flvl)
flv(i) = flvi(i) .merge. flv2(i)
end do
end function merge_flavorsl

Generate consecutive color indices for a given flavor. The indices are counted
starting with the stored value of ¢, so new indices are created each time this
(impure) function is called. The counter can be reset by the optional argument
c_seed if desired. The optional flag reverse is used only for octets. If set, the
color and anticolor entries of the octet particle are exchanged.
(Flavors: public)+=

public :: color_from_flavor

(Flavors: interfaces)+=
interface color_from_flavor
module procedure color_from_flavor0
module procedure color_from_flavoril
end interface

(Flavors: procedures)+=
function color_from_flavor0O (flv, c_seed, reverse) result (col)
type(color_t) :: col

type(flavor_t), intent(in) :: flv

integer, intent(in), optional :: c_seed

logical, intent(in), optional :: reverse

integer, save :: c =1

logical :: rev

if (present (c_seed)) c = c_seed

rev = .false.; if (present (reverse)) rev = reverse
select case (flavor_get_color_type (flv))

case (1)
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case (3)
call color_init (col, [c]l); c=c + 1
case (-3)
call color_init (col, [-c]); c=c + 1
case (8)
if (rev) then
call color_init (col, [c+l, -c]); c=c + 2
else
call color_init (col, [c, -(c+1)]); c=c + 2
end if
end select
end function color_from_flavorO

function color_from_flavorl (flv, c_seed, reverse) result (col)
type(flavor_t), dimension(:), intent(in) :: flv
integer, intent(in), optional :: c_seed
logical, intent(in), optional :: reverse
type(color_t), dimension(size(flv)) :: col
integer :: i
col(1) = color_from_flavor0 (flv(1l), c_seed, reverse)
do i = 2, size (flv)
col(i) = color_from_flavor0 (flv(i), reverse=reverse)
end do
end function color_from_flavoril

This procedure returns the flavor object for the antiparticle. The antiparticle
code may either be the same code or its negative.
(Flavors: public)+=

public :: flavor_anti

(Flavors: procedures)+=
function flavor_anti (flv) result (aflv)
type(flavor_t) :: aflv
type(flavor_t), intent(in) :: flv
if (flavor_has_antiparticle (flv)) then

aflvif = - flvif
else

aflvif = flvif
end if

aflvyfield_data => flv),field_data
end function flavor_anti

421



10.5 Quantum numbers

This module collects helicity, color, and flavor in a single type and defines pro-
cedures

(quantum_numbers.£90)=
(File header)

module quantum_numbers

use io_units
use model_data
use helicities
use colors
use flavors

(Standard module head)
(Quantum numbers: public)
(Quantum numbers: types)
(Quantum numbers: interfaces)
contains

(Quantum numbers: procedures)

end module quantum_numbers

10.5.1 The quantum number type

(Quantum numbers: public)=
public :: quantum_numbers_t

(Quantum numbers: types)=
type :: quantum_numbers_t
private
type(flavor_t) :: f
type(color_t) :: c
type(helicity_t) :: h
end type quantum_numbers_t

Define quantum numbers: Initializer form. All arguments may be present or
absent.

(Quantum numbers: public)+=
public :: quantum_numbers_init

(Quantum numbers: interfaces)=
interface quantum_numbers_init
module procedure quantum_numbers_initO_£f
module procedure quantum_numbers_initO_c
module procedure quantum_numbers_initO_h
module procedure quantum_numbers_initO_fc
module procedure quantum_numbers_initO_fh
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module procedure quantum_numbers_initO_ch
module procedure quantum_numbers_initO_fch
module procedure quantum_numbers_initl_£f
module procedure quantum_numbers_initl_c
module procedure quantum_numbers_initl_h
module procedure quantum_numbers_initl_fc
module procedure quantum_numbers_initl_fh
module procedure quantum_numbers_initl_ch
module procedure quantum_numbers_initl_fch
end interface

(Quantum numbers: procedures)=
subroutine quantum_numbers_initO_f (qn, flv)

type (quantum_numbers_t), intent(out) :: qgn
type(flavor_t), intent(in) :: flv
qnif = flv

end subroutine quantum_numbers_initO_f

subroutine quantum_numbers_initO_c (qn, col)

type (quantum_numbers_t), intent(out) :: gn
type(color_t), intent(in) :: col
qnjc = col

end subroutine quantum_numbers_initO_c

subroutine quantum_numbers_initO_h (qn, hel)

type (quantum_numbers_t), intent(out) :: gn
type(helicity_t), intent(in) :: hel
gn’h = hel

end subroutine quantum_numbers_initO_h

subroutine quantum_numbers_initO_fc (gqn, flv, col)

type (quantum_numbers_t), intent(out) :: qn
type(flavor_t), intent(in) :: flv
type(color_t), intent(in) :: col

qu/f = flv

gn’c = col

end subroutine quantum_numbers_initO_fc

subroutine quantum_numbers_initO_fh (qn, flv, hel)
type (quantum_numbers_t), intent(out) :: qgn
type(flavor_t), intent(in) :: flv
type(helicity_t), intent(in) :: hel
qnkf = flv
gqn/h = hel

end subroutine quantum_numbers_initO_fh

subroutine quantum_numbers_initO_ch (gqn, col, hel)
type (quantum_numbers_t), intent(out) :: qn
type(color_t), intent(in) :: col
type(helicity_t), intent(in) :: hel
gn’c = col
gqn%h = hel

end subroutine quantum_numbers_initO_ch
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subroutine quantum_numbers_initO_fch (qn, flv, col, hel)

type (quantum_numbers_t), intent(out) :: qn
type(flavor_t), intent(in) :: flv
type(color_t), intent(in) :: col
type(helicity_t), intent(in) :: hel

qn/f = flv

gn’c = col

qni%h = hel

end subroutine quantum_numbers_initO_fch

subroutine quantum_numbers_initl_f (qn, flv)

type (quantum_numbers_t), dimension(:), intent (out)
type(flavor_t), dimension(:), intent(in) :: flv
integer :: i

do i = 1, size (qn)
call quantum_numbers_initO_f (qn(i), flv(i))
end do
end subroutine quantum_numbers_initl_f

subroutine quantum_numbers_initl_c (qn, col)

type (quantum_numbers_t), dimension(:), intent(out)
type(color_t), dimension(:), intent(in) :: col
integer :: i

do i = 1, size (qn)
call quantum_numbers_initO_c (qn(i), col(i))
end do
end subroutine quantum_numbers_initl_c

subroutine quantum_numbers_initl_h (qn, hel)

type (quantum_numbers_t), dimension(:), intent(out)
type(helicity_t), dimension(:), intent(in) :: hel
integer :: i

do i =1, size (qn)
call quantum_numbers_initO_h (qn(i), hel(i))
end do
end subroutine quantum_numbers_initl_h

subroutine quantum_numbers_initl_fc (gqn, flv, col)

type (quantum_numbers_t), dimension(:), intent(out)
type(flavor_t), dimension(:), intent(in) :: flv
type(color_t), dimension(:), intent(in) :: col
integer :: i

do i = 1, size (qn)

1 qgn

1 qgn

: gn

1 gn

call quantum_numbers_initO_fc (qn(i), flv(i), col(i))

end do
end subroutine quantum_numbers_initl_fc

subroutine quantum_numbers_initl_fh (qn, flv, hel)

type (quantum_numbers_t), dimension(:), intent(out)
type(flavor_t), dimension(:), intent(in) :: flv
type(helicity_t), dimension(:), intent(in) :: hel
integer :: i

do i =1, size (gn)

1:gn

call quantum_numbers_initO_fh (qn(i), flv(i), hel(i))
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end do
end subroutine quantum_numbers_initl_fh

subroutine quantum_numbers_initl_ch (gqn, col, hel)
type (quantum_numbers_t), dimension(:), intent(out) :: gn
type(color_t), dimension(:), intent(in) :: col
type(helicity_t), dimension(:), intent(in) :: hel
integer :: i
do i = 1, size (qn)

call quantum_numbers_initO_ch (qn(i), col(i), hel(i))

end do

end subroutine quantum_numbers_initl_ch

subroutine quantum_numbers_initl_fch (qn, flv, col, hel)
type (quantum_numbers_t), dimension(:), intent(out) :: gn
type(flavor_t), dimension(:), intent(in) :: flv
type(color_t), dimension(:), intent(in) :: col
type(helicity_t), dimension(:), intent(in) :: hel
integer :: i
do i =1, size (gn)
call quantum_numbers_initO_fch (gqn(i), flv(i), col(i), hel(i))
end do
end subroutine quantum_numbers_initl_fch

10.5.2 I/O

Write the quantum numbers in condensed form, enclosed by square brackets.
For convenience, introduce also an array version.

(Quantum numbers: public)+=
public :: quantum_numbers_write

(Quantum numbers: interfaces)+=
interface quantum_numbers_write
module procedure quantum_numbers_write_single
module procedure quantum_numbers_write_array
end interface

(Quantum numbers: procedures)+=
subroutine quantum_numbers_write_single (qn, unit)

type (quantum_numbers_t), intent(in) :: gn
integer, intent(in), optional :: unit

integer :: u

u = given_output_unit (unit); if (u < 0) return
write (u, "(A)", advance="no") "I["

if (flavor_is_defined (qnJf)) then
call flavor_write (qn%f, u)
if (color_is_defined (qn¥%c) .or. helicity_is_defined (qn%h)) &
write (u, "(1x)", advance="no")
end if
if (color_is_defined (qn¥c) .or. color_is_ghost (qn%c)) then
call color_write (gn¥%c, u)
if (helicity_is_defined (qn%h)) write (u, "(1x)", advance="no")
end if
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if (helicity_is_defined (gn%h)) then
call helicity_write (qn¥kh, uw)
end if
write (u, "(A)", advance="no") "]"
end subroutine quantum_numbers_write_single

subroutine quantum_numbers_write_array (qn, unit)

type (quantum_numbers_t), dimension(:), intent(in) :: gn
integer, intent(in), optional :: unit
integer :: i
integer :: u
u = given_output_unit (unit); if (u < 0) return
write (u, "(A)", advance="no") "["
do i =1, size (gn)
if (i > 1) write (u, "(A)", advance="no") " /"

if (flavor_is_defined (qn(i)’%f)) then
call flavor_write (gn(i)%f, u)
if (color_is_defined (qn(i)%c) .or. helicity_is_defined (qun(i)%h)) &
write (u, "(1x)", advance="no")
end if
if (color_is_defined (qn(i)%c) .or. color_is_ghost (qn(i)%c)) then
call color_write (qun(i)%c, w)
if (helicity_is_defined (qn(i)%h)) write (u, "(1x)", advance="no")
end if
if (helicity_is_defined (gqn(i)%h)) then
call helicity_write (gn(i)%h, u)
end if
end do
write (u, "(A)", advance="no") "]"
end subroutine quantum_numbers_write_array

Binary I/0.

(Quantum numbers: public)+=
public :: quantum_numbers_write_raw
public :: quantum_numbers_read_raw

(Quantum numbers: procedures)+=

subroutine quantum_numbers_write_raw (qn, u)
type (quantum_numbers_t), intent(in) :: gn
integer, intent(in) :: u
call flavor_write_raw (qnif, u)
call color_write_raw (gn¥%c, u)
call helicity_write_raw (qn¥h, u)

end subroutine quantum_numbers_write_raw

subroutine quantum_numbers_read_raw (gqn, u, iostat)

type (quantum_numbers_t), intent(out) :: qn
integer, intent(in) :: u
integer, intent(out), optional :: iostat

call flavor_read_raw (qn%f, u, iostat=iostat)

call color_read_raw (gnjc, u, iostat=iostat)

call helicity_read_raw (gqn/h, u, iostat=iostat)
end subroutine quantum_numbers_read_raw
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10.5.3 Accessing contents

Color and helicity can be done by elemental functions. Flavor needs explicit
specifics because of the pointer assignment.

(Quantum numbers: public)+=

public :: quantum_numbers_get_flavor
public :: quantum_numbers_get_color
public :: quantum_numbers_get_helicity

(Quantum numbers: interfaces)+=
interface quantum_numbers_get_flavor
module procedure quantum_numbers_get_flavor0O
module procedure quantum_numbers_get_flavorl
end interface

(Quantum numbers: procedures)+=
function quantum_numbers_get_flavorO (qn) result (flv)
type(flavor_t) :: flv
type (quantum_numbers_t), intent(in) :: gn
flv = gnif
end function quantum_numbers_get_flavor0O

function quantum_numbers_get_flavorl (qn) result (flv)

type (quantum_numbers_t), dimension(:), intent(in) :: qn
type(flavor_t), dimension(size(qn)) :: flv
integer :: i

do i =1, size (qn)
flv(i) = qn(i)%f
end do
end function quantum_numbers_get_flavoril

elemental function quantum_numbers_get_color (qn) result (col)
type(color_t) :: col
type (quantum_numbers_t), intent(in) :: gn
col = qgnlc

end function quantum_numbers_get_color

elemental function quantum_numbers_get_helicity (qn) result (hel)
type(helicity_t) :: hel
type (quantum_numbers_t), intent(in) :: gn
hel = gnih

end function quantum_numbers_get_helicity

(Quantum numbers: public)+=

public :: quantum_numbers_set_flavor
public :: quantum_numbers_set_color
public :: quantum_numbers_set_helicity

(Quantum numbers: interfaces)+=
interface quantum_numbers_set_flavor
module procedure quantum_numbers_set_flavor0O
module procedure quantum_numbers_set_flavorl
end interface
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(Quantum numbers: procedures)+=
subroutine quantum_numbers_set_flavorO (gn, flv)

type (quantum_numbers_t), intent(inout) :: gn
type(flavor_t), intent(in) :: flv
qnif = flv

end subroutine quantum_numbers_set_flavorO

subroutine quantum_numbers_set_flavorl (gn, flv)

type (quantum_numbers_t), dimension(:), intent(inout) :: gn
type(flavor_t), dimension(:), intent(in) :: flv
integer :: i

do i =1, size (flv)
qn(i)%f = £f1lv(i)
end do
end subroutine quantum_numbers_set_flavoril

elemental subroutine quantum_numbers_set_color (qn, col)

type (quantum_numbers_t), intent(inout) :: gn
type(color_t), intent(in) :: col
qn¥%c = col

end subroutine quantum_numbers_set_color

elemental subroutine quantum_numbers_set_helicity (qn, hel)

type (quantum_numbers_t), intent(inout) :: gn
type(helicity_t), intent(in) :: hel
qn%h = hel

end subroutine quantum_numbers_set_helicity

This just resets the ghost property of the color/helicity part:

(Quantum numbers: public)+=
public :: quantum_numbers_set_color_ghost
public :: quantum_numbers_set_helicity_ghost

(Quantum numbers: procedures)+=
elemental subroutine quantum_numbers_set_color_ghost (qn, ghost)
type (quantum_numbers_t), intent(inout) :: qgn
logical, intent(in) :: ghost
call color_set_ghost (gn¥%c, ghost)
end subroutine quantum_numbers_set_color_ghost

elemental subroutine quantum_numbers_set_helicity_ghost (gqn, ghost)
type (quantum_numbers_t), intent(inout) :: qgn
logical, intent(in) :: ghost
call helicity_set_ghost (qn¥%h, ghost)

end subroutine quantum_numbers_set_helicity_ghost

Assign a model to the flavor part of quantum numbers.

(Quantum numbers: public)+=
public :: quantum_numbers_set_model

(Quantum numbers: interfaces)+=
interface quantum_numbers_set_model
module procedure quantum_numbers_set_model_single
module procedure quantum_numbers_set_model_array
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end interface

(Quantum numbers: procedures)+=
subroutine quantum_numbers_set_model_single (qn, model)
type (quantum_numbers_t), intent(inout) :: qgn
class(model_data_t), intent(in), target :: model
call flavor_set_model (qn’%f, model)
end subroutine quantum_numbers_set_model_single

subroutine quantum_numbers_set_model_array (qn, model)
type (quantum_numbers_t), dimension(:), intent(inout) :: gn
class(model_data_t), intent(in), target :: model
call flavor_set_model (gn%f, model)

end subroutine quantum_numbers_set_model_array

This is a convenience function: return the color type for the flavor (array).

(Quantum numbers: public)+=
public :: quantum_numbers_get_color_type

(Quantum numbers: procedures)+=
elemental function quantum_numbers_get_color_type (qn) result (color_type)
integer :: color_type
type (quantum_numbers_t), intent(in) :: gn
color_type = flavor_get_color_type (qnif)
end function quantum_numbers_get_color_type

10.5.4 Predicates
Check if the flavor index is valid (including UNDEFINED).

(Quantum numbers: public)+=
public :: quantum_numbers_are_valid

(Quantum numbers: procedures)+=
elemental function quantum_numbers_are_valid (qn) result (valid)
logical :: valid
type (quantum_numbers_t), intent(in) :: gn
valid = flavor_is_valid (qunif)
end function quantum_numbers_are_valid

Check if the flavor part has its particle-data pointer associated (debugging aid).

(Quantum numbers: public)+=
public :: quantum_numbers_are_associated

(Quantum numbers: procedures)+=
elemental function quantum_numbers_are_associated (qn) result (flag)
logical :: flag
type (quantum_numbers_t), intent(in) :: gn
flag = flavor_is_associated (qn¥f)
end function quantum_numbers_are_associated
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Check if the helicity and color quantum numbers are diagonal. (Unpolar-
ized/colorless also counts as diagonal.) Flavor is diagonal by definition.

(Quantum numbers: public)+=
public :: quantum_numbers_are_diagonal

(Quantum numbers: procedures)+=
elemental function quantum_numbers_are_diagonal (qn) result (diagonal)
logical :: diagonal
type (quantum_numbers_t), intent(in) :: gn
diagonal = helicity_is_diagonal (gnkh) .and. color_is_diagonal (gnic)
end function quantum_numbers_are_diagonal

Check if the color and/or helicity part has the ghost property.

(Quantum numbers: public)+=
public :: quantum_numbers_is_color_ghost
public :: quantum_numbers_is_helicity_ghost

(Quantum numbers: procedures)+=
elemental function quantum_numbers_is_color_ghost (qn) result (ghost)
logical :: ghost
type (quantum_numbers_t), intent(in) :: gn
ghost = color_is_ghost (qgn¥%c)
end function quantum_numbers_is_color_ghost

elemental function quantum_numbers_is_helicity_ghost (qn) result (ghost)
logical :: ghost
type (quantum_numbers_t), intent(in) :: gn
ghost = helicity_is_ghost (qnih)

end function quantum_numbers_is_helicity_ghost

10.5.5 Comparisons

Matching and equality is derived from the individual quantum numbers. The
variant fhmatch matches only flavor and helicity. The variant dhmatch matches
only diagonal helicity, if the matching helicity is undefined.

(Quantum numbers: public)+=
public :: operator(.match.)
public :: operator(.fmatch.)
public :: operator(.fhmatch.)
public :: operator(.dhmatch.)
public :: operator(==
public :: operator(/=)

(Quantum numbers: interfaces)+=

interface operator(.match.)

module procedure quantum_numbers_match
end interface
interface operator(.fmatch.)

module procedure quantum_numbers_match_£f
end interface
interface operator(.fhmatch.)

module procedure quantum_numbers_match_fh
end interface
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interface operator(.dhmatch.)
module procedure quantum_numbers_match_hel_diag
end interface
interface operator (==
module procedure quantum_numbers_eq
end interface
interface operator (/=)
module procedure quantum_numbers_neq
end interface

(Quantum numbers: procedures)+=
elemental function quantum_numbers_match (gqnl, gn2) result (match)
logical :: match
type (quantum_numbers_t), intent(in) :: gnl, gn2
match = (qni’f .match. gn2%f) .and. &
(gqnl’%c .match. gn2jc) .and. &
(qni1%h .match. gn2%h)
end function quantum_numbers_match

elemental function quantum_numbers_match_f (qnl, gn2) result (match)
logical :: match
type (quantum_numbers_t), intent(in) :: gnl, gn2
match = (qni%f .match. qn2%f)

end function quantum_numbers_match_£f

elemental function quantum_numbers_match_fh (gqni, gn2) result (match)
logical :: match
type (quantum_numbers_t), intent(in) :: gnl, gn2
match = (qni%f .match. gn2Jf) .and. &
(qni%h .match. qn2%h)
end function quantum_numbers_match_fh

elemental function quantum_numbers_match_hel_diag (qnl, gn2) result (match)
logical :: match
type (quantum_numbers_t), intent(in) :: gnil, gn2
match = (qni%f .match. qn2%f) .and. &
(gqnl’%c .match. gn2c) .and. &
(gni%h .dmatch. qn2%h)
end function quantum_numbers_match_hel_diag

elemental function quantum_numbers_eq (qnl, gn2) result (eq)
logical :: eq
type (quantum_numbers_t), intent(in) :: gnl, gn2
eq = (qnl%f == qn2/f) .and. &
(qni%c == qn2%c) .and. &
(qn1%h == gn2%h)
end function quantum_numbers_eq

elemental function quantum_numbers_neq (qnl, gn2) result (neq)
logical :: neq
type (quantum_numbers_t), intent(in) :: gnl, gn2
neq = (qni%f /= gqn2%f) .or. &
(gnl%c /= qn2%c) .or. &
(gni%h /= gn2%h)
end function quantum_numbers_neq
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Two sets of quantum numbers are compatible if the individual quantum numbers
are compatible, depending on the mask. Flavor has to match, regardless of the
flavor mask.

If the color flag is set, color is compatible if the ghost property is identical.
If the color flag is unset, color has to be identical. L.e., if the flag is set, the color
amplitudes can interfere. If it is not set, they must be identical, and there must
be no ghost. The latter property is used for expanding physical color flows.

Helicity is compatible if the mask is unset, otherwise it has to match. This
determines if two amplitudes can be multiplied (no mask) or traced (mask).

(Quantum numbers: public)+=
public :: quantum_numbers_are_compatible

(Quantum numbers: procedures)+=
elemental function quantum_numbers_are_compatible (qnl, gn2, mask) &
result (flag)
logical :: flag
type (quantum_numbers_t), intent(in) :: gnil, gn2
type (quantum_numbers_mask_t), intent(in) :: mask
if (mask’h .or. mask%hd) then
flag = (gqni%f .match. qn2%f) .and. (qni’%h .match. qn2%h)
else
flag = (qni%f .match. qn2%f)
end if
if (mask’c) then
flag = flag .and. (color_is_ghost (qunl%c) .eqv. color_is_ghost (qn2Jc))
else
flag = flag .and. &
.not. (color_is_ghost (qunl%c) .or. color_is_ghost (qn2%c)) .and. &
(gqnl¥%c == gn2jc)
end if
end function quantum_numbers_are_compatible

This is the analog for a single quantum-number set. We just check for color
ghosts; they are excluded if the color mask is unset (color-flow expansion).

(Quantum numbers: public)+=
public :: quantum_numbers_are_physical

(Quantum numbers: procedures)+=
elemental function quantum
logical :: flag
type (quantum_numbers_t), intent(in) :: gn
type (quantum_numbers_mask_t), intent(in) :: mask
if (mask’c) then
flag = .true.
else
flag
end if
end function quantum_numbers_are_physical

numbers_are_physical (qn, mask) result (flag)

.not. color_is_ghost (gn¥%c)
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10.5.6 Operations

Inherited from the color component: reassign color indices in canonical order.

(Quantum numbers: public)+=
public :: quantum_numbers_canonicalize_color

(Quantum numbers: procedures)+=
subroutine quantum_numbers_canonicalize_color (qn)
type (quantum_numbers_t), dimension(:), intent(inout) :: gn
call color_canonicalize (gn¥c)
end subroutine quantum_numbers_canonicalize_color

Inherited from the color component: make a color map for two matching quantum-
number arrays.

(Quantum numbers: public)+=
public :: quantum_numbers_set_color_map

(Quantum numbers: procedures)+=
subroutine quantum_numbers_set_color_map (map, gnl, gn2)
integer, dimension(:,:), intent(out), allocatable :: map
type (quantum_numbers_t), dimension(:), intent(in) :: gnl, gn2
call set_color_map (map, qnilc, gn2¥c)
end subroutine quantum_numbers_set_color_map

Inherited from the color component: translate the color part using a color-map
array
(Quantum numbers: public)+=

public :: quantum_numbers_translate_color

(Quantum numbers: interfaces)+=
interface quantum_numbers_translate_color
module procedure quantum_numbers_translate_color0O
module procedure quantum_numbers_translate_coloril
end interface

(Quantum numbers: procedures)+=
subroutine quantum_numbers_translate_colorO (qn, map, offset)

type (quantum_numbers_t), intent(inout) :: gn
integer, dimension(:,:), intent(in) :: map
integer, intent(in), optional :: offset

call color_translate (qn¥%c, map, offset)
end subroutine quantum_numbers_translate_colorQO

subroutine quantum_numbers_translate_colorl (qn, map, offset)

type (quantum_numbers_t), dimension(:), intent(inout) :: gn
integer, dimension(:,:), intent(in) :: map
integer, intent(in), optional :: offset

call color_translate (qn¥%c, map, offset)
end subroutine quantum_numbers_translate_colorl

Inherited from the color component: return the color index with highest absolute
value

(Quantum numbers: public)+=
public :: quantum_numbers_get_max_color_value

433



(Quantum numbers: interfaces)+=
interface quantum_numbers_get_max_color_value
module procedure quantum_numbers_get_max_color_value0
module procedure quantum_numbers_get_max_color_valuel
module procedure quantum_numbers_get_max_color_value2
end interface

(Quantum numbers: procedures)+=
function quantum_numbers_get_max_color_value0 (qn) result (cmax)
integer :: cmax
type (quantum_numbers_t), intent(in) :: gn
cmax = color_get_max_value (qn¥%c)
end function quantum_numbers_get_max_color_valueO

function quantum_numbers_get_max_color_valuel (qn) result (cmax)
integer :: cmax
type (quantum_numbers_t), dimension(:), intent(in) :: qgn
cmax = color_get_max_value (qn¥%c)

end function quantum_numbers_get_max_color_valuel

function quantum_numbers_get_max_color_value2 (qn) result (cmax)
integer :: cmax
type (quantum_numbers_t), dimension(:,:), intent(in) :: qn
cmax = color_get_max_value (qn¥%c)

end function quantum_numbers_get_max_color_value2

Inherited from the color component: add an offset to the indices of the color
part

(Quantum numbers: public)+=
public :: quantum_numbers_add_color_offset

(Quantum numbers: procedures)+=
elemental subroutine quantum_numbers_add_color_offset (qn, offset)
type (quantum_numbers_t), intent(inout) :: gn
integer, intent(in) :: offset
call color_add_offset (qnlc, offset)
end subroutine quantum_numbers_add_color_offset

Given a quantum number array, return all possible color contractions, leaving
the other quantum numbers intact.

(Quantum numbers: public)+=
public :: quantum_number_array_make_color_contractions

(Quantum numbers: procedures)+=
subroutine quantum_number_array_make_color_contractions (qn_in, qn_out)

type (quantum_numbers_t), dimension(:), intent(in) :: gn_in

type (quantum_numbers_t), dimension(:,:), intent(out), allocatable :: gn_out
type(color_t), dimension(:,:), allocatable :: col

integer :: i

call color_array_make_contractions (gn_in%c, col)
allocate (gqn_out (size (col, 1), size (col, 2)))
do i = 1, size (gn_out, 2)

gn_out(:,i)%f = qn_in/f
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col(:,i)
qn_injh

qn_out (:,1)%c
qn_out(:,i)%h

end do
end subroutine quantum_number_array_make_color_contractions

Inherited from the color component: invert the color, switching particle/antiparticle.

(Quantum numbers: public)+=
public :: quantum_numbers_invert_color

(Quantum numbers: procedures)+=
elemental subroutine quantum_numbers_invert_color (gn)
type (quantum_numbers_t), intent(inout) :: gn
call color_invert (qgnic)
end subroutine quantum_numbers_invert_color

Merge two quantum number sets: for each entry, if both are defined, combine
them to an off-diagonal entry (meaningful only if the input was diagonal). If
either entry is undefined, take the defined one.

For flavor, off-diagonal entries are invalid, so both flavors must be equal,
otherwise an invalid flavor is inserted.

(Quantum numbers: public)+=
public :: operator(.merge.)

(Quantum numbers: interfaces)+=
interface operator(.merge.)
module procedure merge_quantum_numbersO
module procedure merge_quantum_numbersil
end interface

(Quantum numbers: procedures)+=

function merge_quantum_numbersO (qnl, gn2) result (qn3)
type (quantum_numbers_t) :: qn3
type (quantum_numbers_t), intent(in) :: gnl, gn2
qn3%f = qnl%f .merge. gn2)f
gn3%c = qnljc .merge. gqn2lc
qn3j%h = gni%h .merge. qn2%h

end function merge_quantum_numbersO

function merge_quantum_numbersl (gnl, gn2) result (qn3)
type (quantum_numbers_t), dimension(:), intent(in) :: gnl, gn2
type (quantum_numbers_t), dimension(size(qni)) :: gn3
qn3/%f = qnif .merge. qn2f
qn3’c = qgnlic .merge. qn2jc
qn3%h = gnil%h .merge. gn2%h
end function merge_quantum_numbersl

10.5.7 The quantum number mask

The quantum numbers mask is true for quantum numbers that should be ignored
or summed over. The three mandatory entries correspond to flavor, color, and
helicity, respectively.
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There is an additional entry cg: If false, the color-ghosts property should
be kept even if color is ignored. This is relevant only if c is set, otherwise it is
always false.

The flag hd tells that only diagonal entries in helicity should be kept. If h is
set, hd is irrelevant and will be kept .false.

(Quantum numbers: public)+=
public :: quantum_numbers_mask_t

(Quantum numbers: types)+=

type :: quantum_numbers_mask_t
private
logical :: f = .false.
logical :: = .false.

logical :: cg = .false.
logical :: h = .false.
logical :: hd = .false.

end type quantum_numbers_mask_t

Define a quantum number mask: Constructor form

(Quantum numbers: public)+=
public :: new_quantum_numbers_mask

(Quantum numbers: procedures)+=
elemental function new_quantum_numbers_mask &
(mask_f, mask_c, mask_h, mask_cg, mask_hd) result (mask)

type (quantum_numbers_mask_t) :: mask

logical, intent(in) :: mask_f, mask_c, mask_h
logical, intent(in), optional :: mask_cg
logical, intent(in), optional :: mask_hd

call quantum_numbers_mask_init &
(mask, mask_f, mask_c, mask_h, mask_cg, mask_hd)
end function new_quantum_numbers_mask

Define quantum numbers: Initializer form
(Quantum numbers: public)+=
public :: quantum_numbers_mask_init

(Quantum numbers: procedures)+=
elemental subroutine quantum_numbers_mask_init &
(mask, mask_f, mask_c, mask_h, mask_cg, mask_hd)

type (quantum_numbers_mask_t), intent(out) :: mask
logical, intent(in) :: mask_f, mask_c, mask_h
logical, intent(in), optional :: mask_cg, mask_hd

mask’f = mask_f
mask¥%c = mask_c
mask’%h = mask_h
if (present (mask_cg)) then
if (mask’c) masklcg = mask_cg
else
maskl,cg = mask_c
end if
if (present (mask_hd)) then
if (.not. mask’h) mask’hd = mask_hd
end if
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end subroutine quantum_numbers_mask_init

Write a quantum numbers mask

(Quantum numbers: public)+=
public :: quantum_numbers_mask_write

(Quantum numbers: interfaces)+=
interface quantum_numbers_mask_write
module procedure quantum_numbers_mask_write_single
module procedure quantum_numbers_mask_write_array
end interface

(Quantum numbers: procedures)+=
subroutine quantum_numbers_mask_write_single (mask, unit)

type (quantum_numbers_mask_t), intent(in) :: mask
integer, intent(in), optional :: unit
integer :: u

u = given_output_unit (unit); if (u < 0) return
write (u, "(A)", advance="no") "["
write (u, "(L1)", advance="no") mask)f
write (u, "(L1)", advance="no") mask/c
if (.not.mask’cg) write (u, "(’g’)", advance="no")
write (u, "(L1)", advance="no") mask¥%h
if (mask%hd) write (u, "(’d’)", advance="no")
write (u, "(A)", advance="no") "]"

end subroutine quantum_numbers_mask_write_single

subroutine quantum_numbers_mask_write_array (mask, unit)

type (quantum_numbers_mask_t), dimension(:), intent(in) :: mask
integer, intent(in), optional :: unit
integer :: u, i

u = given_output_unit (unit); if (u < 0) return
write (u, "(A)", advance="no") "["
do i = 1, size (mask)
if (4 > 1) write (u, "(A)", advance="no") "/"
write (u, "(L1)", advance="no" mask (i) %f
write (u, "(L1)", advance="no") mask(i)%c
if (.not.mask(i)%cg) write (u, "(’g’)", advance="no")
write (u, "(L1)", advance="no") mask(i)%h
if (mask(i)%hd) write (u, "(’d’)", advance="no")
end do
write (u, "(A)", advance="no") "]"
end subroutine quantum_numbers_mask_write_array

10.5.8 Setting mask components

(Quantum numbers: public)+=

public :: quantum_numbers_mask_set_flavor
public :: quantum_numbers_mask_set_color
public :: quantum_numbers_mask_set_helicity

(Quantum numbers: procedures)+=
elemental subroutine quantum_numbers_mask_set_flavor (mask, mask_f)
type (quantum_numbers_mask_t), intent(inout) :: mask
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logical, intent(in) :: mask_f
mask)f = mask_f
end subroutine quantum_numbers_mask_set_flavor

elemental subroutine quantum_numbers_mask_set_color (mask, mask_c, mask_cg)

type (quantum_numbers_mask_t), intent(inout) :: mask
logical, intent(in) :: mask_c
logical, intent(in), optional :: mask_cg

mask’,c = mask_c
if (present (mask_cg)) then
if (mask%c) masklcg = mask_cg
else
maskl,cg = mask_c
end if
end subroutine quantum_numbers_mask_set_color

elemental subroutine quantum_numbers_mask_set_helicity (mask, mask_h, mask_hd)

type (quantum_numbers_mask_t), intent(inout) :: mask
logical, intent(in) :: mask_h
logical, intent(in), optional :: mask_hd

mask’h = mask_h
if (present (mask_hd)) then
if (.not. mask’h) mask)hd = mask_hd
end if
end subroutine quantum_numbers_mask_set_helicity

The following routines assign part of a mask, depending on the flags given.
(Quantum numbers: public)+=
public :: quantum_numbers_mask_assign

(Quantum numbers: procedures)+=
elemental subroutine quantum_numbers_mask_assign &
(mask, mask_in, flavor, color, helicity)

type (quantum_numbers_mask_t), intent(inout) :: mask
type (quantum_numbers_mask_t), intent(in) :: mask_in
logical, intent (in), optional :: flavor, color, helicity

if (present (flavor)) then
if (flavor) then
mask)%f = mask_inJf
end if
end if
if (present (color)) then
if (color) then
maskj,c = mask_inYc
mask’cg = mask_injcg
end if
end if
if (present (helicity)) then
if (helicity) then
mask’%h = mask_in%h
mask’%hd = mask_in%hd
end if
end if
end subroutine quantum_numbers_mask_assign
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10.5.9 Mask predicates

Return true if either one of the entries is set:

(Quantum numbers: public)+=
public :: any

(Quantum numbers: interfaces)+=
interface any
module procedure quantum_numbers_mask_any
end interface

(Quantum numbers: procedures)+=
function quantum_numbers_mask_any (mask) result (match)
logical :: match
type (quantum_numbers_mask_t), intent(in) :: mask
match = mask’%f .or. mask)c .or. mask}h .or. masky%hd
end function quantum_numbers_mask_any

10.5.10 Operators
The OR operation is applied to all components.

(Quantum numbers: public)+=
public :: operator(.or.)

(Quantum numbers: interfaces)+=
interface operator(.or.)
module procedure quantum_numbers_mask_or
end interface

(Quantum numbers: procedures)+=

elemental function quantum_numbers_mask_or (maskl, mask2) result (mask)
type (quantum_numbers_mask_t) :: mask
type (quantum_numbers_mask_t), intent(in) :: maskl, mask2
mask’%f = maskl1%f .or. mask2)f
mask¥%c = masklYc .or. mask2jc
if (mask’c) maskycg = maskllcg .or. mask2jcg
mask’%h = maskl%h .or. mask2)h
if (.not. mask%h) mask)hd = maskl/hd .or. mask2)hd

end function quantum_numbers_mask_or

10.5.11 Mask comparisons

Return true if the two masks are equivalent / differ:

(Quantum numbers: public)+=
public :: operator(.eqv.)
public :: operator(.neqv.)
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(Quantum numbers: interfaces)+=
interface operator(.eqv.)
module procedure quantum_numbers_mask_eqv
end interface
interface operator(.neqv.)
module procedure quantum_numbers_mask_neqv
end interface

(Quantum numbers: procedures)+=
elemental function quantum_numbers_mask_eqv (maskl, mask2) result (eqv)
logical :: eqv
type (quantum_numbers_mask_t), intent(in) :: maskl, mask2
eqv = (maskl%f .eqv. mask2)f) .and. &
(mask1c .eqv. mask2%c) .and. &
(maskllcg .eqv. mask2jcg) .and. &
(mask1’h .eqv. mask2%h) .and. &
(mask1’hd .eqv. mask2}hd)
end function quantum_numbers_mask_eqv

elemental function quantum_numbers_mask_neqv (maskl, mask2) result (neqv)
logical :: mneqv
type (quantum_numbers_mask_t), intent(in) :: maskl, mask2
neqv = (maskl’%f .neqv. mask2f) .or. &
(maskl/,c .neqv. mask2)c) .or. &
(maskll,cg .neqv. mask2jcg) .or. &
(mask1’%h .neqv. mask2%h) .or. &
(mask1’hd .neqv. mask2%hd)
end function quantum_numbers_mask_neqv

10.5.12 Apply a mask

Applying a mask to the quantum number object means undefining those entries
where the mask is set. The others remain unaffected.

The hd mask has the special property that it “diagonalizes” helicity, i.e., the
second helicity entry is dropped and the result is a diagonal helicity quantum
number.

(Quantum numbers: public)+=
public :: quantum_numbers_undefine
public :: quantum_numbers_undefined

(Quantum numbers: interfaces)+=
interface quantum_numbers_undefined
module procedure quantum_numbers_undefined0
module procedure quantum_numbers_undefinedl
module procedure quantum_numbers_undefinedll
end interface

(Quantum numbers: procedures)+=
elemental subroutine quantum_numbers_undefine (qn, mask)
type (quantum_numbers_t), intent(inout) :: gn
type (quantum_numbers_mask_t), intent(in) :: mask
if (mask’%f) call flavor_undefine (qn¥%f)
if (mask’c) call color_undefine (qnic, undefine_ghost=maskicg)
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if (mask%h) then
call helicity_undefine (qn%h)
else if (mask’hd) then
if (.not. helicity_is_diagonal (qn¥%h)) then
call helicity_diagonalize (qnih)
end if
end if
end subroutine quantum_numbers_undefine

function quantum_numbers_undefined0 (qn, mask) result (qn_new)

type (quantum_numbers_t), intent(in) :: gn
type (quantum_numbers_mask_t), intent(in) :: mask
type (quantum_numbers_t) :: gn_new

gqn_new = gn
call quantum_numbers_undefine (qn_new, mask)
end function quantum_numbers_undefinedO

function quantum_numbers_undefinedl (qn, mask) result (qn_new)

type (quantum_numbers_t), dimension(:), intent(in) :: qn
type (quantum_numbers_mask_t), intent(in) :: mask
type (quantum_numbers_t), dimension(size(qn)) :: gn_new

qn_new = qn
call quantum_numbers_undefine (gqn_new, mask)
end function quantum_numbers_undefinedl

function quantum_numbers_undefinedil (qn, mask) result (gqn_new)

type (quantum_numbers_t), dimension(:), intent(in) :: gn
type (quantum_numbers_mask_t), dimension(:), intent(in) :: mask
type (quantum_numbers_t), dimension(size(gn)) :: gn_new

qQqn_new = qn
call quantum_numbers_undefine (qn_new, mask)
end function quantum_numbers_undefinedil

Return true if the input quantum number set has entries that would be removed
by the applied mask, e.g., if polarization is defined but mask¥h is set:

(Quantum numbers: public)+=
public :: quantum_numbers_are_redundant

(Quantum numbers: procedures)+=
elemental function quantum_numbers_are_redundant (qn, mask) &
result (redundant)

logical :: redundant

type (quantum_numbers_t), intent(in) :: gn

type (quantum_numbers_mask_t), intent(in) :: mask
redundant = .false.

if (mask’%f) then

redundant = flavor_is_defined (qn¥%f)
end if
if (mask’c) then

redundant = color_is_defined (qnic)
end if
if (mask%h) then

redundant = helicity_is_defined (qn%h)
else if (mask%hd) then
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redundant = .not. helicity_is_diagonal (qnih)
end if
end function quantum_numbers_are_redundant

Return true if the helicity flag is set or the diagonal-helicity flag is set.

(Quantum numbers: public)+=
public :: quantum_numbers_mask_diagonal_helicity

(Quantum numbers: procedures)+=
elemental function quantum_numbers_mask_diagonal_helicity (mask) &
result (flag)
logical :: flag
type (quantum_numbers_mask_t), intent(in) :: mask
flag = mask}h .or. mask¥%hd
end function quantum_numbers_mask_diagonal_helicity
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Chapter 11

Transition Matrices and
Evaluation

The modules in this chapter implement transition matrices and calculations.
The functionality is broken down in three modules

state_matrices represent state and transition density matrices built from par-
ticle quantum numbers (helicity, color, flavor)

interactions extend state matrices with the record of particle momenta. They
also distinguish in- and out-particles and store parent-child relations.

evaluators These objects extend interaction objects by the information how to
calculate matrix elements from products and squares of other interactions.
They implement the methods to actually compute those matrix elements.
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11.1 State matrices

This module deals with the internal state of a particle system, i.e., with its
density matrix in flavor, color, and helicity space.

(state_matrices.f90)=
(F'ile header)

module state_matrices

(Use kinds)
use io_units
use format_utils, only: pac_fmt
use format_defs, only: FMT_17, FMT_19
use unit_tests
use diagnostics
use flavors
use colors
use helicities
use quantum_numbers

(Standard module head)
(State matrices: public)
(State matrices: parameters)
(State matrices: types)
(State matrices: interfaces)
contains

(State matrices: procedures)
(State matrices: tests)

end module state_matrices

11.1.1 Nodes of the quantum state trie

A quantum state object represents an unnormalized density matrix, i.e., an array
of possibilities for flavor, color, and helicity indices with associated complex val-
ues. Physically, the trace of this matrix is the summed squared matrix element
for an interaction, and the matrix elements divided by this value correspond to
the flavor-color-helicity density matrix. (Flavor and color are diagonal.)

We store density matrices as tries, that is, as trees where each branching
represents the possible quantum numbers of a particle. The first branching
is the first particle in the system. A leaf (the node corresponding to the last
particle) contains the value of the matrix element.

Each node contains a flavor, color, and helicity entry. Note that each of those
entries may be actually undefined, so we can also represent, e.g., unpolarized
particles.

444



The value is meaningful only for leaves, which have no child nodes. There
is a pointer to the parent node which allows for following the trie downwards
from a leaf, it is null for a root node. The child nodes are implemented as a list,
so there is a pointer to the first and last child, and each node also has a next
pointer to the next sibling.

The root node does not correspond to a particle, only its children do. The
quantum numbers of the root node are irrelevant and will not be set. However,
we use a common type for the three classes (root, branch, leaf); they may easily
be distinguished by the association status of parent and child.

Node type

The node is linked in all directions: the parent, the first and last in the list
of children, and the previous and next sibling. This allows us for adding and
removing nodes and whole branches anywhere in the trie. (Circular links are not
allowed, however.). The node holds its associated set of quantum numbers. The
integer index, which is set only for leaf nodes, is the index of the corresponding
matrix element value within the state matrix.

Temporarily, matrix-element values may be stored within a leaf node. This
is used during state-matrix factorization. When the state matrix is freezed,
these values are transferred to the matrix-element array within the host state
matrix.

(State matrices: types)=

type :: node_t
private
type (quantum_numbers_t) :: qn
type(node_t), pointer :: parent => null ()
type(node_t), pointer :: child_first => null ()
type(node_t), pointer :: child_last => null ()
type(node_t), pointer :: next => null ()
type(node_t), pointer :: previous => null ()
integer :: me_index = 0
integer, dimension(:), allocatable :: me_count
complex(default) :: me = 0

end type node_t

Operations on nodes

Recursively deallocate all children of the current node. This includes any values
associated with the children.

(State matrices: procedures)=
pure recursive subroutine node_delete_offspring (node)

type(node_t), pointer :: node

type(node_t), pointer :: child

child => nodelchild_first

do while (associated (child))
node’,child_first => nodeY,child_firstYnext
call node_delete_offspring (child)
deallocate (child)
child => node%child_first

end do
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node%child_last => null ()
end subroutine node_delete_offspring

Remove a node including its offspring. Adjust the pointers of parent and sib-
lings, if necessary.
(State matrices: procedures)+=
pure subroutine node_delete (node)
type(node_t), pointer :: node
call node_delete_offspring (node)
if (associated (node’previous)) then
node}previous4next => nodeynext
else if (associated (nodelparent)) then
nodel,parentychild_first => nodelnext
end if
if (associated (node’next)) then
nodejnext}previous => nodelprevious
else if (associated (node’parent)) then
nodelparent’%child_last => nodel,previous
end if
deallocate (node)
end subroutine node_delete

Append a child node

(State matrices: procedures)+=
subroutine node_append_child (node, child)
type(node_t), target, intent(inout) :: node
type(node_t), pointer :: child
allocate (child)
if (associated (node)child_last)) then
nodeY,child_last%next => child
childYprevious => node%child_last
else
nodechild_first => child
end if
node%child_last => child
childl,parent => node
end subroutine node_append_child

1/0
Output of a single node, no recursion. We print the quantum numbers in square
brackets, then the value (if any).

(State matrices: procedures)+=
subroutine node_write (node, me_array, verbose, unit, testflag)

type(node_t), intent(in) :: node

complex(default), dimension(:), intent(in), optional :: me_array
logical, intent(in), optional :: verbose, testflag

integer, intent(in), optional :: unit

logical :: verb

integer :: u

character(len=7) :: fmt
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call pac_fmt (fmt, FMT_19, FMT_17, testflag)
verb = .false.; if (present (verbose)) verb = verbose
u = given_output_unit (unit); if (u < 0) return
call quantum_numbers_write (nodeygn, u)
if (node/me_index /= 0) then
write (u, "(A,IO,A)", advance="no") " => ME(", nodeme_index, ")"
if (present (me_array)) then
write (u, "(A)", advance="no") " ="
write (u, "CC," // fmt // ",?,2," // fmt // ",0)0)", &
advance="no") pacify_complex (me_array(node/me_index))
end if
end if
write (u, *)
if (verb) then
call ptr_write ("parent ", nodeYparent)
call ptr_write ("child_first", nodelchild_first)
call ptr_write ("child_last ", nodelchild_last)

call ptr_write ("next ", nodelnext)
call ptr_write ("previous ", nodelprevious)
end if
contains
subroutine ptr_write (label, node)
character(*x), intent(in) :: label

type(node_t), pointer :: node
if (associated (node)) then
write (u, "(10x,A,1x,’->’,1x)", advance="no") label
call quantum_numbers_write (node¥gn, u)
write (u, *)
end if
end subroutine ptr_write
end subroutine node_write

Recursive output of a node:

(State matrices: procedures)+=
recursive subroutine node_write_rec (node, me_array, verbose, &
indent, unit, testflag)

type(node_t), intent(in), target :: node

complex(default), dimension(:), intent(in), optional :: me_array
logical, intent(in), optional :: verbose, testflag

integer, intent(in), optional :: indent

integer, intent(in), optional :: unit

type(node_t), pointer :: current

logical :: verb

integer :: i, u

verb = .false.; if (present (verbose)) verb = verbose

i = 0; if (present (indent)) i = indent
u = given_output_unit (unit); if (u < 0) return
current => nodelchild_first
do while (associated (current))
write (u, "(A)", advance="no") repeat (" ", i)
call node_write (current, me_array, verbose=verb, &
unit=u, testflag=testflag)
call node_write_rec (current, me_array, verbose=verb, &
indent=i+2, unit=u, testflag = testflag)
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current => currentynext
end do
end subroutine node_write_rec

Binary I/O. Matrix elements are written only for leaf nodes.

(State matrices: procedures)+=
recursive subroutine node_write_raw_rec (node, u)
type(node_t), intent(in), target :: node
integer, intent(in) :: u
logical :: associated_child_first, associated_next
call quantum_numbers_write_raw (nodelqn, u)
associated_child_first = associated (nodelchild_first)
write (u) associated_child_first
associated_next = associated (node%next)
write (u) associated_next
if (associated_child_first) then
call node_write_raw_rec (nodeYchild_first, u)
else
write (u) node’me_index
write (u) mnodeVme
end if
if (associated_next) then
call node_write_raw_rec (node¥next, u)
end if
end subroutine node_write_raw_rec

recursive subroutine node_read_raw_rec (node, u, parent, iostat)
type(node_t), intent(out), target :: node

integer, intent(in) :: u

type(node_t), intent(in), optional, target :: parent
integer, intent(out), optional :: iostat

logical :: associated_child_first, associated_next

type(node_t), pointer :: child
call quantum_numbers_read_raw (nodelgn, u, iostat=iostat)
read (u, iostat=iostat) associated_child_first
read (u, iostat=iostat) associated_next
if (present (parent)) nodelparent => parent
if (associated_child_first) then
allocate (child)
nodechild_first => child
node’,child_last => null ()
call node_read_raw_rec (child, u, node, iostat=iostat)
do while (associated (child))
child%previous => node%child_last
node¥child_last => child
child => childlnext
end do
else
read (u, iostat=iostat) node’/me_index
read (u, iostat=iostat) nodeYme
end if
if (associated_next) then
allocate (nodelnext)
call node_read_raw_rec (nodejnext, u, parent, iostat=iostat)
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end if
end subroutine node_read_raw_rec

11.1.2 State matrix
Definition

The quantum state object is a container that keeps and hides the root node.
For direct accessibility of values, they are stored in a separate array. The leaf
nodes of the quantum-number tree point to those values, once the state matrix
is finalized.

The norm component is redefined if a common factor is extracted from all
nodes.
(State matrices: public)=

public :: state_matrix_t

(State matrices: types)+=
type :: state_matrix_t
private
type(node_t), pointer :: root => null ()
integer :: depth = 0

integer :: n_matrix_elements = 0

logical :: leaf_nodes_store_values = .false.
integer :: n_counters = 0

complex(default), dimension(:), allocatable :: me
real(default) :: norm = 1

end type state_matrix_t

This initializer allocates the root node but does not fill anything. We declare
whether values are stored within the nodes during state-matrix construction,
and how many counters should be maintained (default: none).

(State matrices: public)+=
public :: state_matrix_init

(State matrices: procedures)+=
elemental subroutine state_matrix_init (state, store_values, n_counters)

type(state_matrix_t), intent(out) :: state
logical, intent(in), optional :: store_values
integer, intent(in), optional :: n_counters

allocate (statelroot)
if (present (store_values)) &
statel,leaf _nodes_store_values = store_values
if (present (n_counters)) stateln_counters = n_counters
end subroutine state_matrix_init

This recursively deletes all children of the root node, restoring the initial state.
The matrix element array is not finalized, since it does not contain physical
entries, just pointers.

(State matrices: public)+=
public :: state_matrix_final
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(State matrices: procedures)+=

elemental subroutine state_matrix_final (state)
type(state_matrix_t), intent(inout) :: state
if (allocated (state’me)) deallocate (state’me)
if (associated (stateYroot)) call node_delete (statelroot)
statel,depth = 0
state/n_matrix_elements = 0O

end subroutine state_matrix_final

Output: Present the tree as a nested list with appropriate indentation.

(State matrices: public)+=
public :: state_matrix_write

(State matrices: procedures)+=
subroutine state_matrix_write (state, unit, write_value_list, &
verbose, testflag)

type(state_matrix_t), intent(in) :: state

logical, intent(in), optional :: write_value_list, verbose, testflag
integer, intent(in), optional :: unit

complex(default) :: me_dum

character(len=7) :: fmt

integer :: u

integer :: i

call pac_fmt (fmt, FMT_19, FMT_17, testflag)
u = given_output_unit (unit); if (u < 0) return
write (u, "(1x,A," // fmt // ")") "State matrix: norm = ", statelnorm
if (associated (statelroot)) then
if (allocated (statelme)) then
call node_write_rec (statelroot, statelme, verbose=verbose, &
indent=1, unit=u, testflag=testflag)
else
call node_write_rec (statelroot, verbose=verbose, indent=1, &
unit=u, testflag=testflag)
end if
end if
if (present (write_value_list)) then
if (write_value_list .and. allocated (state¥%me)) then
do i =1, size (state’me)
write (u, "(1x,I0,A)", advance="no") i, ":"
me_dum = state%me (i)
if (real(statefme(i)) == -real(state)me(i))) then
me_dum = &
cmplx (0._default, aimag(me_dum), kind=default)
end if
if (aimag(me_dum) == -aimag(me_dum)) then
me_dum = &
cmplx (real(me_dum), O._default, kind=default)

end if
write (u, "CC," // fmt // ",’,’," // fmt // &
",?2)’)") me_dum
end do
end if

end if
end subroutine state_matrix_write
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Binary I/O. The auxiliary matrix-element array is not written, but recon-
structed after reading the tree.

Note: To be checked. Might be broken, don’t use (unless trivial).
(State matrices: public)+=

public :: state_matrix_write_raw

public :: state_matrix_read_raw

(State matrices: procedures)+=
subroutine state_matrix_write_raw (state, u)

type(state_matrix_t), intent(in) :: state
integer, intent(in) :: u
logical :: associated_root

associated_root = associated (statelroot)
write (u) associated_root
if (associated_root) then
write (u) stateldepth
write (u) statelnorm
call node_write_raw_rec (statelroot, u)
end if
end subroutine state_matrix_write_raw

subroutine state_matrix_read_raw (state, u, iostat)

type(state_matrix_t), intent(out) :: state
integer, intent(in) :: u

integer, intent(out), optional :: iostat
logical :: associated_root

read (u, iostat=iostat) associated_root

if (associated_root) then
read (u, iostat=iostat) stateldepth
read (u, iostat=iostat) statelnorm
call state_matrix_init (state)
call node_read_raw_rec (stateliroot, u, iostat=iostat)
call state_matrix_freeze (state)

end if

end subroutine state_matrix_read_raw

Properties of the quantum state

A state is defined if its root is allocated:

(State matrices: public)+=
public :: state_matrix_is_defined
(State matrices: procedures)+=
elemental function state_matrix_is_defined (state) result (defined)
logical :: defined
type(state_matrix_t), intent(in) :: state
defined = associated (statelroot)
end function state_matrix_is_defined

A state is empty if its depth is zero:

(State matrices: public)+=
public :: state_matrix_is_empty
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(State matrices: procedures)+=
elemental function state_matrix_is_empty (state) result (flag)
logical :: flag
type(state_matrix_t), intent(in) :: state
flag = stateldepth ==
end function state_matrix_is_empty

Return the number of matrix-element values.

(State matrices: public)+=
public :: state_matrix_get_n_matrix_elements

(State matrices: procedures)+=
function state_matrix_get_n_matrix_elements (state) result (n)
integer :: n
type(state_matrix_t), intent(in) :: state
n = state)n_matrix_elements
end function state_matrix_get_n_matrix_elements

Return the number of leaves. This can be larger than the number of independent
matrix elements.

(State matrices: public)+=
public :: state_matrix_get_n_leaves

(State matrices: procedures)+=
function state_matrix_get_n_leaves (state) result (n)

integer :: n

type(state_matrix_t), intent(in) :: state
type(state_iterator_t) :: it

n=20

call state_iterator_init (it, state)
do while (state_iterator_is_valid (it))
n=n+1
call state_iterator_advance (it)
end do
end function state_matrix_get_n_leaves

Return the depth:

(State matrices: public)+=
public :: state_matrix_get_depth

(State matrices: procedures)+=
function state_matrix_get_depth (state) result (depth)
integer :: depth
type(state_matrix_t), intent(in) :: state
depth = stateldepth
end function state_matrix_get_depth

Return the norm:

(State matrices: public)+=
public :: state_matrix_get_norm
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(State matrices: procedures)+=
function state_matrix_get_norm (state) result (norm)
real(default) :: norm
type(state_matrix_t), intent(in) :: state
norm = state’norm
end function state_matrix_get_norm

Retrieving contents
Return the quantum number array, using an index. We have to scan the state
matrix since there is no shortcut.

(State matrices: public)+=
public :: state_matrix_get_quantum_numbers

(State matrices: procedures)+=
function state_matrix_get_quantum_numbers (state, i) result (qn)

type(state_matrix_t), intent(in), target :: state
integer, intent(in) :: i

type (quantum_numbers_t), dimension(stateldepth) :: qn
type(state_iterator_t) :: it

integer :: k

k=0

call state_iterator_init (it, state)
do while (state_iterator_is_valid (it))
k=k+1
if (k == i) then
gn = state_iterator_get_quantum_numbers (it)
return
end if
call state_iterator_advance (it)
end do
end function state_matrix_get_quantum_numbers

Return a single matrix element using its index. Works only if the shortcut array
is allocated.
(State matrices: public)+=

public :: state_matrix_get_matrix_element

(State matrices: procedures)+=
function state_matrix_get_matrix_element (state, i) result (me)

complex(default) :: me
type(state_matrix_t), intent(in) :: state
integer, intent(in) :: i

if (allocated (statelme)) then
me = statelme(i)
else
me = 0
end if
end function state_matrix_get_matrix_element
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Return the color index with maximum absolute value that is present within the
state matrix.

(State matrices: public)+=
public :: state_matrix_get_max_color_value

(State matrices: procedures)+=
function state_matrix_get_max_color_value (state) result (cmax)
integer :: cmax
type(state_matrix_t), intent(in) :: state
if (associated (statelroot)) then
cmax = node_get_max_color_value (state)root)

else
cmax = 0
end if
contains

recursive function node_get_max_color_value (node) result (cmax)
integer :: cmax
type(node_t), intent(in), target :: node
type(node_t), pointer :: current

cmax = quantum_numbers_get_max_color_value (node’qn)

current => node¥child_first

do while (associated (current))
cmax = max (cmax, node_get_max_color_value (current))
current => currentnext

end do

end function node_get_max_color_value
end function state_matrix_get_max_color_value

Building the quantum state

The procedure generates a branch associated to the input array of quantum
numbers. If the branch exists already, it is used.

Optionally, we set the matrix-element index, a value (which may be added
to the previous one), and increment one of the possible counters. We may also
return the matrix element index of the current node.

(State matrices: public)+=
public :: state_matrix_add_state

(State matrices: procedures)+=
subroutine state_matrix_add_state &
(state, gn, index, value, sum_values, counter_index, me_index)

type(state_matrix_t), intent(inout) :: state

type (quantum_numbers_t), dimension(:), intent(in) :: qn
integer, intent(in), optional :: index
complex(default), intent(in), optional :: value
logical, intent(in), optional :: sum_values

integer, intent(in), optiomnal :: counter_index

integer, intent(out), optional :: me_index

logical :: set_index, get_index, add

set_index = present (index)

get_index = present (me_index)

add = .false.; if (present (sum_values)) add = sum_values
if (stateldepth == 0) then
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stateldepth = size (qn)
else if (stateY%depth /= size (gqn)) then
call state_matrix_write (state)
call msg_bug ("State matrix: depth mismatch")
end if
if (size (gn) > 0) call node_make_branch (stateljroot, qn)
contains
recursive subroutine node_make_branch (parent, qn)
type(node_t), pointer :: parent
type (quantum_numbers_t), dimension(:), intent(in) :: qn
type(node_t), pointer :: child
logical :: match
match = .false.
child => parent)child_first
SCAN_CHILDREN: do while (associated (child))
match = childiqgn == qn(1)
if (match) exit SCAN_CHILDREN
child => child)next
end do SCAN_CHILDREN
if (.not. match) then
call node_append_child (parent, child)
child)gn = qn(1)
end if
select case (size (qn))
case (1)
if (.not. match) then
stateln_matrix_elements = stateln_matrix_elements + 1
child/me_index = stateln_matrix_elements
end if
if (set_index) then
child/me_index = index
end if
if (get_index) then
me_index = child/me_index
end if
if (present (counter_index)) then
if (.not. allocated (child/me_count)) then
allocate (childY%me_count (stateln_counters))
childYme_count = 0
end if
child¥%me_count (counter_index) = child¥%me_count (counter_index) + 1
end if
if (present (value)) then
if (add) then
child/me = child¥me + value
else
child/me = value
end if
end if
case (2:)
call node_make_branch (child, gn(2:))
end select
end subroutine node_make_branch
end subroutine state_matrix_add_state
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Remove irrelevant flavor/color/helicity labels and the corresponding branchings.
The masks indicate which particles are affected; the masks length should co-
incide with the depth of the trie (without the root node). Recursively scan
the whole tree, starting from the leaf nodes and working up to the root node.
If a mask entry is set for the current tree level, scan the children there. For
each child within that level make a new empty branch where the masked quan-
tum number is undefined. Then recursively combine all following children with
matching quantum number into this new node and move on.

(State matrices: public)+=

public :: state_matrix_collapse

(State matrices: procedures)+=
subroutine state_matrix_collapse (state, mask)

type(state_matrix_t), intent(inout) :: state
type (quantum_numbers_mask_t), dimension(:), intent(in) :: mask
type(state_matrix_t) :: red_state

if (state_matrix_is_defined (state)) then
call state_matrix_reduce (state, mask, red_state)
call state_matrix_final (state)
state = red_state
end if
end subroutine state_matrix_collapse

Transform the given state matrix into a reduced state matrix where some quan-
tum numbers are removed, as indicated by the mask. The procedure creates a
new state matrix, so the old one can be deleted after this if it is no longer used.
(State matrices: public)+=

public :: state_matrix_reduce

(State matrices: procedures)+=
subroutine state_matrix_reduce (state, mask, red_state)
type(state_matrix_t), intent(in), target :: state

type (quantum_numbers_mask_t), dimension(:), intent(in) :: mask
type(state_matrix_t), intent(out) :: red_state
type(state_iterator_t) :: it

type (quantum_numbers_t), dimension(size(mask)) :: qn

call state_matrix_init (red_state)

call state_iterator_init (it, state)

do while (state_iterator_is_valid (it))
qn = state_iterator_get_quantum_numbers (it)
call quantum_numbers_undefine (qn, mask)
call state_matrix_add_state (red_state, qn)
call state_iterator_advance (it)

end do

end subroutine state_matrix_reduce

This subroutine sets up the matrix-element array. The leaf nodes aquire the
index values that point to the appropriate matrix-element entry.

We recursively scan the trie. Once we arrive at a leaf node, the index is
increased and associated to that node. Finally, we allocate the matrix-element
array with the appropriate size.
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If matrix element values are temporarily stored within the leaf nodes, we
scan the state again and transfer them to the matrix-element array.

(State matrices: public)+=
public :: state_matrix_freeze

(State matrices: interfaces)=
interface state_matrix_freeze
module procedure state_matrix_freezel
module procedure state_matrix_freeze2
end interface

(State matrices: procedures)+=
subroutine state_matrix_freezel (state)
type(state_matrix_t), intent(inout), target :: state
type(state_iterator_t) :: it
if (associated (stateYroot)) then
if (allocated (state’me)) deallocate (state’me)
allocate (state’me (state¥n_matrix_elements))
state)me = 0
end if
if (stateleaf_nodes_store_values) then
call state_iterator_init (it, state)
do while (state_iterator_is_valid (it))
state/me(state_iterator_get_me_index (it)) &
= state_iterator_get_matrix_element (it)
call state_iterator_advance (it)
end do
state’,leaf_nodes_store_values = .false.
end if
end subroutine state_matrix_freezel

subroutine state_matrix_freeze2 (state)
type(state_matrix_t), dimension(:), intent(inout), target :: state
integer :: i
do i = 1, size (state)
call state_matrix_freezel (state(i))
end do
end subroutine state_matrix_freeze2

Direct access to the value array

Several methods for setting a value directly are summarized in this generic:

(State matrices: public)+=
public :: state_matrix_set_matrix_element

(State matrices: interfaces)+=

interface state_matrix_set_matrix_element
module procedure state_matrix_set_matrix_element_qgn
module procedure state_matrix_set_matrix_element_all
module procedure state_matrix_set_matrix_element_array
module procedure state_matrix_set_matrix_element_single
module procedure state_matrix_set_matrix_element_clone

end interface
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Set a value that corresponds to a quantum number array:

(State matrices: procedures)+=
subroutine state_matrix_set_matrix_element_gn (state, gn, value)

type(state_matrix_t), intent(inout) :: state

type (quantum_numbers_t), dimension(:), intent(in) :: gn
complex(default), intent(in) :: value
type(state_iterator_t) :: it

if (.not. allocated (it%stateme)) then
allocate (itYstate’me (size(qn)))
end if
call state_iterator_init (it, state)
do while (state_iterator_is_valid (it))
if (all (gn == state_iterator_get_quantum_numbers (it))) then
call state_iterator_set_matrix_element (it, value)
return
end if
call state_iterator_advance (it)
end do
end subroutine state_matrix_set_matrix_element_qgn

Set all matrix elements to a single value

(State matrices: procedures)+=

subroutine state_matrix_set_matrix_element_all (state, value)
type(state_matrix_t), intent(inout) :: state
complex(default), intent(in) :: value
if (.not. allocated (state’me)) then

allocate (statelme (state¥n_matrix_elements))

end if
state/me = value

end subroutine state_matrix_set_matrix_element_all

Set the matrix-element array directly.

(State matrices: procedures)+=

subroutine state_matrix_set_matrix_element_array (state, value)
type(state_matrix_t), intent(inout) :: state
complex(default), dimension(:), intent(in) :: value
if (.not. allocated (state’me)) then

allocate (stateme (size (value)))

end if
state/me = value

end subroutine state_matrix_set_matrix_element_array

pure subroutine state_matrix_set_matrix_element_single (state, i, value)

type(state_matrix_t), intent(inout) :: state
integer, intent(in) :: i
complex(default), intent(in) :: value

if (.not. allocated (statelme)) then
allocate (statelme (state¥n_matrix_elements))
end if
state/me (i) = value
end subroutine state_matrix_set_matrix_element_single
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Clone the matrix elements from another (matching) state matrix.

(State matrices: procedures)+=

subroutine state_matrix_set_matrix_element_clone (state, statel)
type(state_matrix_t), intent(inout) :: state
type(state_matrix_t), intent(in) :: statel
if (.not. allocated (statel’me)) return
if (.not. allocated (statelme)) allocate (state/me (size (statelime)))
state/me = statel’me

end subroutine state_matrix_set_matrix_element_clone

Add a value to a matrix element
(State matrices: public)+=

public :: state_matrix_add_to_matrix_element

(State matrices: procedures)+=
subroutine state_matrix_add_to_matrix_element (state, i, value)

type(state_matrix_t), intent(inout) :: state
integer, intent(in) :: i
complex(default), intent(in) :: value

state/me (i) = state)me(i) + value
end subroutine state_matrix_add_to_matrix_element

11.1.3 State iterators

Accessing the quantum state from outside is best done using a specialized itera-
tor, i.e., a pointer to a particular branch of the quantum state trie. Technically,
the iterator contains a pointer to a leaf node, but via parent pointers it allows
to access the whole branch where the leaf is attached. For quick access, we also
keep the branch depth (which is assumed to be universal for a quantum state).
(State matrices: public)+=

public :: state_iterator_t

(State matrices: types)+=
type :: state_iterator_t
private
integer :: depth = 0
type(state_matrix_t), pointer :: state => null ()
type(node_t), pointer :: node => null ()
end type state_iterator_t

The initializer: Point at the first branch. Note that this cannot be pure, thus
not be elemental, because the iterator can be used to manipulate data in the
state matrix.

(State matrices: public)+=
public :: state_iterator_init

(State matrices: procedures)+=
subroutine state_iterator_init (it, state)
type(state_iterator_t), intent(out) :: it
type(state_matrix_t), intent(in), target :: state
it)state => state
it)depth = stateldepth
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if (state_matrix_is_defined (state)) then
it%node => statelroot
do while (associated (it%node%child_first))

it%node => itYnodelchild_first

end do

else
it¥node => null ()

end if

end subroutine state_iterator_init

Go forward. Recursively programmed: if the next node does not exist, go back
to the parent node and look at its successor (if present), etc.

There is a possible pitfall in the implementation: If the dummy pointer
argument to the find_next routine is used directly, we still get the correct
result for the iterator, but calling the recursion on node’parent means that
we manipulate a parent pointer in the original state in addition to the iterator.
Making a local copy of the pointer avoids this. Using pointer intent would be
helpful, but we do not yet rely on this F2003 feature.

(State matrices: public)+=
public :: state_iterator_advance

(State matrices: procedures)+=
subroutine state_iterator_advance (it)

type(state_iterator_t), intent(inout) :: it
call find_next (it%node)
contains

recursive subroutine find_next (node_in)
type(node_t), intent(in), target :: node_in
type(node_t), pointer :: node
node => node_in
if (associated (nodelnext)) then
node => node’next
do while (associated (nodelchild_first))
node => nodeY%child_first
end do
it%node => node
else if (associated (nodelparent)) then
call find_next (nodelparent)
else
it%node => null ()
end if
end subroutine find_next
end subroutine state_iterator_advance

If all has been scanned, the iterator is at an undefined state. Check for this:

(State matrices: public)+=
public :: state_iterator_is_valid

(State matrices: procedures)+=
function state_iterator_is_valid (it) result (defined)
logical :: defined
type(state_iterator_t), intent(in) :: it
defined = associated (it%node)
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end function state_iterator_is_valid

Return the matrix-element index that corresponds to the current node

(State matrices: public)+=
public :: state_iterator_get_me_index

(State matrices: procedures)+=
function state_iterator_get_me_index (it) result (n)
integer :: n
type(state_iterator_t), intent(in) :: it
n = it¥%nodeyme_index
end function state_iterator_get_me_index

Return the number of times this quantum-number state has been added (noting
that it is physically inserted only the first time). Note that for each state, there
is an array of counters.

(State matrices: public)+=
public :: state_iterator_get_me_count

(State matrices: procedures)+=
function state_iterator_get_me_count (it) result (n)
integer, dimension(:), allocatable :: n
type(state_iterator_t), intent(in) :: it
if (allocated (it%node%me_count)) then
allocate (n (size (it%node¥me_count)))
n = it%node’me_count
else
allocate (n (0))
end if
end function state_iterator_get_me_count

Use the iterator to retrieve quantum-number information:

(State matrices: public)+=

public :: state_iterator_get_quantum_numbers
public :: state_iterator_get_flavor

public :: state_iterator_get_color

public :: state_iterator_get_helicity

(State matrices: interfaces)+=
interface state_iterator_get_quantum_numbers
module procedure state_iterator_get_qn_multi
module procedure state_iterator_get_qn_slice
module procedure state_iterator_get_qn_range
module procedure state_iterator_get_gn_single
end interface

interface state_iterator_get_flavor
module procedure state_iterator_get_flv_multi
module procedure state_iterator_get_flv_slice
module procedure state_iterator_get_flv_range
module procedure state_iterator_get_flv_single
end interface
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interface state_iterator_get_color
module procedure state_iterator_get_col_multi
module procedure state_iterator_get_col_slice
module procedure state_iterator_get_col_range
module procedure state_iterator_get_col_single
end interface

interface state_iterator_get_helicity
module procedure state_iterator_get_hel_multi
module procedure state_iterator_get_hel_slice
module procedure state_iterator_get_hel_range
module procedure state_iterator_get_hel_single
end interface

These versions return the whole quantum number array

(State matrices: procedures)+=
function state_iterator_get_qgn_multi (it) result (qn)

type(state_iterator_t), intent(in) :: it

type (quantum_numbers_t), dimension(itldepth) :: gn
type(node_t), pointer :: node

integer :: i

node => it%node
do i = itYdepth, 1, -1
qn(i) = node%qn
node => nodel,parent
end do
end function state_iterator_get_gn_multi

function state_iterator_get_flv_multi (it) result (flv)
type(state_iterator_t), intent(in) :: it
type(flavor_t), dimension(it¥depth) :: flv
flv = quantum_numbers_get_flavor &
(state_iterator_get_quantum_numbers (it))
end function state_iterator_get_flv_multi

function state_iterator_get_col_multi (it) result (col)
type(state_iterator_t), intent(in) :: it
type(color_t), dimension(it’depth) :: col
col = quantum_numbers_get_color &
(state_iterator_get_quantum_numbers (it))
end function state_iterator_get_col_multi

function state_iterator_get_hel multi (it) result (hel)
type(state_iterator_t), intent(in) :: it
type(helicity_t), dimension(it)depth) :: hel
hel = quantum_numbers_get_helicity &
(state_iterator_get_quantum_numbers (it))
end function state_iterator_get_hel_multi

An array slice (derived from the above).

(State matrices: procedures)+=
function state_iterator_get_qgn_slice (it, index) result (gqn)
type(state_iterator_t), intent(in) :: it
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integer, dimension(:), intent(in) :: index
type (quantum_numbers_t), dimension(size(index)) :: qn
type (quantum_numbers_t), dimension(it’depth) :: qun_tmp
gqn_tmp = state_iterator_get_qgn_multi (it)
gqn = qn_tmp(index)

end function state_iterator_get_qn_slice

function state_iterator_get_flv_slice (it, index) result (flv)

type(state_iterator_t), intent(in) :: it
integer, dimension(:), intent(in) :: index
type(flavor_t), dimension(size(index)) :: flv

flv = quantum_numbers_get_flavor &
(state_iterator_get_quantum_numbers (it, index))
end function state_iterator_get_flv_slice

function state_iterator_get_col_slice (it, index) result (col)

type(state_iterator_t), intent(in) :: it
integer, dimension(:), intent(in) :: index
type(color_t), dimension(size(index)) :: col

col = quantum_numbers_get_color &
(state_iterator_get_quantum_numbers (it, index))
end function state_iterator_get_col_slice

function state_iterator_get_hel_slice (it, index) result (hel)

type(state_iterator_t), intent(in) :: it
integer, dimension(:), intent(in) :: index
type(helicity_t), dimension(size(index)) :: hel

hel = quantum_numbers_get_helicity &
(state_iterator_get_quantum_numbers (it, index))
end function state_iterator_get_hel_slice

An array range (implemented directly).

(State matrices: procedures)+=
function state_iterator_get_gn_range (it, k1, k2) result (qn)

type(state_iterator_t), intent(in) :: it

integer, intent(in) :: k1, k2

type (quantum_numbers_t), dimension(k2-k1+1) :: gn
type(node_t), pointer :: node

integer :: i

node => it%node
SCAN: do i = it¥depth, 1, -1
if (k1 <= i .and. i <= k2) then
qn(i-k1+1) = node¥%gn
else
node => nodej,parent
end if
end do SCAN
end function state_iterator_get_qn_range

function state_iterator_get_flv_range (it, k1, k2) result (flv)
type(state_iterator_t), intent(in) :: it
integer, intent(in) :: k1, k2
type(flavor_t), dimension(k2-ki+1) :: flv
flv = quantum_numbers_get_flavor &
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(state_iterator_get_quantum_numbers (it, k1, k2))
end function state_iterator_get_flv_range

function state_iterator_get_col_range (it, k1, k2) result (col)
type(state_iterator_t), intent(in) :: it
integer, intent(in) :: k1, k2
type(color_t), dimension(k2-ki1+1) :: col
col = quantum_numbers_get_color &
(state_iterator_get_quantum_numbers (it, k1, k2))
end function state_iterator_get_col_range

function state_iterator_get_hel_range (it, k1, k2) result (hel)
type(state_iterator_t), intent(in) :: it
integer, intent(in) :: k1, k2
type(helicity_t), dimension(k2-ki1+1) :: hel
hel = quantum_numbers_get_helicity &
(state_iterator_get_quantum_numbers (it, k1, k2))
end function state_iterator_get_hel_range

Just a specific single element

(State matrices: procedures)+=
function state_iterator_get_gn_single (it, k) result (qn)

type(state_iterator_t), intent(in) :: it
integer, intent(in) :: k

type (quantum_numbers_t) :: qn
type(node_t), pointer :: node

integer :: i

node => itYnode
SCAN: do i = it¥%depth, 1, -1
if (i == k) then
qn = node’qn

exit SCAN
else
node => nodejparent
end if
end do SCAN

end function state_iterator_get_qgn_single

function state_iterator_get_flv_single (it, k) result (flv)
type(state_iterator_t), intent(in) :: it
integer, intent(in) :: k
type(flavor_t) :: flv
flv = quantum_numbers_get_flavor &
(state_iterator_get_quantum_numbers (it, k))
end function state_iterator_get_flv_single

function state_iterator_get_col_single (it, k) result (col)
type(state_iterator_t), intent(in) :: it
integer, intent(in) :: k
type(color_t) :: col
col = quantum_numbers_get_color &
(state_iterator_get_quantum_numbers (it, k))
end function state_iterator_get_col_single
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function state_iterator_get_hel_single (it, k) result (hel)
type(state_iterator_t), intent(in) :: it
integer, intent(in) :: k
type(helicity_t) :: hel
hel = quantum_numbers_get_helicity &
(state_iterator_get_quantum_numbers (it, k))
end function state_iterator_get_hel_single

Retrieve the matrix element value associated with the current node.
(State matrices: public)+=
public :: state_iterator_get_matrix_element

(State matrices: procedures)+=
function state_iterator_get_matrix_element (it) result (me)
complex(default) :: me
type(state_iterator_t), intent(in) :: it
if (it%statel,leaf_nodes_store_values) then
me = it%nodeYme
else if (it%node¥me_index /= 0) then
me = it)stateYme(it/nodelme_index)
else
me = 0
end if
end function state_iterator_get_matrix_element

Set the matrix element value using the state iterator.

(State matrices: public)+=
public :: state_iterator_set_matrix_element

(State matrices: procedures)+=

subroutine state_iterator_set_matrix_element (it, value)
type(state_iterator_t), intent(inout) :: it
complex(default), intent(in) :: value
if (it%nodeY%me_index /= 0) then

it)state’me (it%nodeme_index) = value

end if

end subroutine state_iterator_set_matrix_element

11.1.4 Operations on quantum states

Return a deep copy of a state matrix.
(State matrices: public)+=
public :: assignment (=)
(State matrices: interfaces)+=
interface assignment (=)

module procedure state_matrix_assign
end interface
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(State matrices: procedures)+=
subroutine state_matrix_assign (state_out, state_in)

type(state_matrix_t), intent(out) :: state_out
type(state_matrix_t), intent(in), target :: state_in
type(state_iterator_t) :: it

if (.not. state_matrix_is_defined (state_in)) return
call state_matrix_init (state_out)
call state_iterator_init (it, state_in)
do while (state_iterator_is_valid (it))
call state_matrix_add_state (state_out, &
state_iterator_get_quantum_numbers (it), &
state_iterator_get_me_index (it))
call state_iterator_advance (it)
end do
if (allocated (state_in%me)) then
allocate (state_outyme (size (state_in%me)))
state_out/me = state_inme
end if
end subroutine state_matrix_assign

Determine the indices of all diagonal matrix elements.
(State matrices: public)+=

public :: state_matrix_get_diagonal_entries

(State matrices: procedures)+=
subroutine state_matrix_get_diagonal_entries (state, i)

type(state_matrix_t), intent(in) :: state

integer, dimension(:), allocatable, intent(out) :: i
integer, dimension(stateyn_matrix_elements) :: tmp
integer :: n

type(state_iterator_t) :: it

n=20

call state_iterator_init (it, state)
do while (state_iterator_is_valid (it))
if (all (quantum_numbers_are_diagonal ( &
state_iterator_get_quantum_numbers (it)))) then

n=n+1
tmp(n) = state_iterator_get_me_index (it)
end if
call state_iterator_advance (it)
end do

allocate (i(n))
if (n > 0) i = tmp(:n)
end subroutine state_matrix_get_diagonal_entries

Normalize all matrix elements, i.e., multiply by a common factor. Assuming
that the factor is nonzero, of course.

(State matrices: public)+=
public :: state_matrix_renormalize

(State matrices: procedures)+=
subroutine state_matrix_renormalize (state, factor)
type(state_matrix_t), intent(inout) :: state
complex(default), intent(in) :: factor
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state/me = stateyme * factor
end subroutine state_matrix_renormalize

Renormalize the state matrix by its trace, if nonzero. The renormalization is
reflected in the state-matrix norm.

(State matrices: public)+=
public :: state_matrix_normalize_by_trace

(State matrices: procedures)+=
subroutine state_matrix_normalize_by_trace (state)
type(state_matrix_t), intent(inout) :: state
real(default) :: trace
trace = state_matrix_trace (state)
if (trace /= 0) then
state/me = stateme / trace
statenorm = statelnorm * trace
end if
end subroutine state_matrix_normalize_by_trace

Analogous, but renormalize by maximal (absolute) value.

(State matrices: public)+=
public :: state_matrix_normalize_by_max

(State matrices: procedures)+=
subroutine state_matrix_normalize_by_max (state)
type(state_matrix_t), intent(inout) :: state
real(default) :: m
m = maxval (abs (stateme))
if (m /= 0) then
state/me = statelme / m
statelnorm = statejnorm * m
end if
end subroutine state_matrix_normalize_by_max

Explicitly set the norm of a state matrix.

(State matrices: public)+=
public :: state_matrix_set_norm

(State matrices: procedures)+=
subroutine state_matrix_set_norm (state, norm)
type(state_matrix_t), intent(inout) :: state
real (default), intent(in) :: norm
state/norm = norm
end subroutine state_matrix_set_norm

Return the sum of all matrix element values.

(State matrices: public)+=
public :: state_matrix_sum

(State matrices: procedures)+=
function state_matrix_sum (state) result (value)
complex(default) :: value
type(state_matrix_t), intent(in) :: state
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value = sum (state’me)
end function state_matrix_sum

Return the trace of a state matrix, i.e., the sum over all diagonal values. If
gn_in is provided, only branches that match this quantum-numbers array are

considered.

(State matrices: public)+=
public :: state_matrix_trace

(State matrices: procedures)+=

function state_matrix_trace (state, qn_in) result (trace)

complex(default) :: trace
type(state_matrix_t), intent(in), target :: state

type (quantum_numbers_t), dimension(:), intent(in), optional
i1 qn

type (quantum_numbers_t), dimension(:), allocatable

type(state_iterator_t) :: it
allocate (gqn (state_matrix_get_depth (state)))
trace = 0

call state_iterator_init (it, state)
do while (state_iterator_is_valid (it))
gqn = state_iterator_get_quantum_numbers (it)
if (present (qn_in)) then
if (.not. all (gqn .match. gn_in)) then
call state_iterator_advance (it); cycle
end if
end if

if (all (quantum_numbers_are_diagonal (qn))) then

:: gn_in

trace = trace + state_iterator_get_matrix_element (it)

end if
call state_iterator_advance (it)
end do

end function state_matrix_trace

Append new states which are color-contracted versions of the existing states.
The matrix element index of each color contraction coincides with the index of
its origin, so no new matrix elements are generated. After this operation, no

freeze must be performed anymore.

(State matrices: public)+=
public :: state_matrix_add_color_contractions

(State matrices: procedures)+=

subroutine state_matrix_add_color_contractions (state)
type(state_matrix_t), intent(inout), target :: state
type(state_iterator_t) :: it
type (quantum_numbers_t), dimension(:,:), allocatable
type (quantum_numbers_t), dimension(:,:), allocatable
integer, dimension(:), allocatable :: me_index
integer :: depth, n_me, i, j
depth = state_matrix_get_depth (state)
n_me = state_matrix_get_n_matrix_elements (state)
allocate (gqn (depth, n_me))
allocate (me_index (n_me))
i=0
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call state_iterator_init (it, state)

do while (state_iterator_is_valid (it))
i=1i+1
qn(:,i) = state_iterator_get_quantum_numbers (it)
me_index(i) = state_iterator_get_me_index (it)
call state_iterator_advance (it)

end do

doi=1, n_me
call quantum_number_array_make_color_contractions (qn(:,i), gn_con)
do j = 1, size (gqn_con, 2)

call state_matrix_add_state (state, gn_con(:,j), index = me_index(i))

end do

end do

end subroutine state_matrix_add_color_contractions

This procedure merges two state matrices of equal depth. For each quantum
number (flavor, color, helicity), we take the entry from the first argument where
defined, otherwise the second one. (If both are defined, we get an off-diagonal
matrix.) The resulting trie combines the information of the input tries in all
possible ways. Note that values are ignored, all values in the result are zero.
(State matrices: public)+=

public :: merge_state_matrices

(State matrices: procedures)+=
subroutine merge_state_matrices (statel, state2, state3)

type(state_matrix_t), intent(in), target :: statel, state2
type(state_matrix_t), intent(out) :: state3
type(state_iterator_t) :: itl, it2

type (quantum_numbers_t), dimension(statelldepth) :: qnl, gn2

if (statelldepth /= state2ldepth) then
call state_matrix_write (statel)
call state_matrix_write (state2)
call msg_bug ("State matrices merge impossible: incompatible depths")
end if
call state_matrix_init (state3)
call state_iterator_init (itl, statel)
do while (state_iterator_is_valid (it1))
gnl = state_iterator_get_quantum_numbers (itl)
call state_iterator_init (it2, state2)
do while (state_iterator_is_valid (it2))
qn2 = state_iterator_get_quantum_numbers (it2)
call state_matrix_add_state &
(state3, gnl .merge. gqn2)
call state_iterator_advance (it2)

end do
call state_iterator_advance (it1)
end do

call state_matrix_freeze (state3)
end subroutine merge_state_matrices

Multiply matrix elements from two state matrices. Choose the elements as
given by the integer index arrays, multiply them and store the sum of products
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in the indicated matrix element. The suffixes mean: c=conjugate first factor;
f=include weighting factor.

Note that the dot_product intrinsic function conjugates its first complex
argument. This is intended for the c suffix case, but must be reverted for the
plain-product case.

We provide analogous subroutines for just summing over state matrix entries.
The evaluate_sum variant includes the state-matrix norm in the evaluation, the
evaluate_me_sum takes into account just the matrix elements proper.

(State matrices: public)+=

public state_matrix_evaluate_product
public :: state_matrix_evaluate_product_cf
public :: state_matrix_evaluate_square_c
public :: state_matrix_evaluate_sum
public :: state_matrix_evaluate_me_sum

(State matrices: procedures)+=
pure subroutine state_matrix_evaluate_product &
(state, i, statel, state2, index1l, index2)

type(state_matrix_t), intent(inout) :: state
integer, intent(in) :: i

type(state_matrix_t), intent(in) :: statel, state2
integer, dimension(:), intent(in) :: indexl, index2

statefme(i) = &
dot_product (conjg (statellme(indexl)), state2lme(index2))
state/norm = statellnorm * state2)norm
end subroutine state_matrix_evaluate_product

pure subroutine state_matrix_evaluate_product_cf &
(state, i, statel, state2, indexl, index2, factor)

type(state_matrix_t), intent(inout) :: state
integer, intent(in) :: i

type(state_matrix_t), intent(in) :: statel, state2
integer, dimension(:), intent(in) :: indexl, index2
complex(default), dimension(:), intent(in) :: factor

statefme(i) = &
dot_product (statelyme(indexl), factor * state2)me(index2))
state)jnorm = statel’/norm * state2lnorm
end subroutine state_matrix_evaluate_product_cf

pure subroutine state_matrix_evaluate_square_c (state, i, statel, indexl)

type(state_matrix_t), intent(inout) :: state
integer, intent(in) :: i
type(state_matrix_t), intent(in) :: statel
integer, dimension(:), intent(in) :: index1l

state/me(i) = &
dot_product (statel’me(index1), statel’me(index1))
state/norm = abs (statellnorm) ** 2
end subroutine state_matrix_evaluate_square_c

pure subroutine state_matrix_evaluate_sum (state, i, statel, index1)

type(state_matrix_t), intent(inout) :: state
integer, intent(in) :: i
type(state_matrix_t), intent(in) :: statel
integer, dimension(:), intent(in) :: indexl1
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statefme(i) = &
sum (statel¥me(index1)) * statel¥norm
end subroutine state_matrix_evaluate_sum

pure subroutine state_matrix_evaluate_me_sum (state, i, statel, index1)

type(state_matrix_t), intent(inout) :: state
integer, intent(in) :: i
type(state_matrix_t), intent(in) :: statel
integer, dimension(:), intent(in) :: indexl1

state/me(i) = sum (statelme(index1))
end subroutine state_matrix_evaluate_me_sum

Outer product (of states and matrix elements):

(State matrices: public)+=
public :: outer_multiply

(State matrices: interfaces)+=
interface outer_multiply
module procedure outer_multiply_pair
module procedure outer_multiply_array
end interface

This procedure constructs the outer product of two state matrices.
(State matrices: procedures)+=
subroutine outer_multiply_pair (statel, state2, state3)
type(state_matrix_t), intent(in), target :: statel, state2

type(state_matrix_t), intent(out) :: state3

type(state_iterator_t) :: itl, it2

type (quantum_numbers_t), dimension(statelldepth) :: gnl

type (quantum_numbers_t), dimension(state2)depth) :: gn2

type (quantum_numbers_t), dimension(statelldepth+state2)depth) :: gn3

complex(default) :: vall, val2
call state_matrix_init (state3, store_values=.true.)
call state_iterator_init (itl, statel)
do while (state_iterator_is_valid (it1))
qnl = state_iterator_get_quantum_numbers (itl)
vall = state_iterator_get_matrix_element (itl)
call state_iterator_init (it2, state2)
do while (state_iterator_is_valid (it2))
gqn2 = state_iterator_get_quantum_numbers (it2)
val2 = state_iterator_get_matrix_element (it2)
gn3(:statelldepth) = gnl
gn3(statelydepth+1l:) = gn2
call state_matrix_add_state (state3, qn3, value=vall * val2)
call state_iterator_advance (it2)
end do
call state_iterator_advance (itl)
end do
call state_matrix_freeze (state3)
end subroutine outer_multiply_pair

This executes the above routine iteratively for an arbitrary number of state
matrices.
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(State matrices: procedures)+=
subroutine outer_multiply_array (state_in, state_out)

type(state_matrix_t), dimension(:), intent(in), target :: state_in
type(state_matrix_t), intent(out) :: state_out

type(state_matrix_t), dimension(:), allocatable, target :: state_tmp
integer :: i, n

n = size (state_in)
select case (n)

case (0)

call state_matrix_init (state_out)
case (1)

state_out = state_in(1)
case (2)

call outer_multiply_pair (state_in(1), state_in(2), state_out)
case default
allocate (state_tmp (n-2))
call outer_multiply_pair (state_in(1), state_in(2), state_tmp(1))
doi=2,n-2
call outer_multiply_pair (state_tmp(i-1), state_in(i+1), state_tmp(i))
end do
call outer_multiply_pair (state_tmp(n-2), state_in(n), state_out)
call state_matrix_final (state_tmp)
end select
end subroutine outer_multiply_array

11.1.5 Factorization

In physical events, the state matrix is factorized into single-particle state ma-
trices. This is essentially a measurement.

In a simulation, we select one particular branch of the state matrix with a
probability that is determined by the matrix elements at the leaves. (This makes
sense only if the state matrix represents a squared amplitude.) The selection is
based on a (random) value x between 0 and one that is provided as the third
argument.

For flavor and color, we select a unique value for each particle. For polariza-
tion, we have three options (modes). Option 1 is to drop helicity information
altogether and sum over all diagonal helicities. Option 2 is to select a unique
diagonal helicity in the same way as flavor and color. Option 3 is, for each
particle, to trace over all remaining helicities in order to obtain an array of
independent single-particle helicity matrices.

Only branches that match the given quantum-number array qn_in, if present,
are considered. For this array, color is ignored.

If the optional correlated_state is provided, it is assigned the correlated
density matrix for the selected flavor-color branch, so multi-particle spin corre-
lations remain available even if they are dropped in the single-particle density
matrices.

The algorithm is as follows: First, we determine the normalization by sum-
ming over all diagonal matrix elements. In a second scan, we select one of the
diagonal matrix elements by a cumulative comparison with the normalized ran-
dom number. In the corresponding quantum number array, we undefine the
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helicity entries. Then, we scan the third time. For each branch that matches
the selected quantum number array (i.e., definite flavor and color, arbitrary
helicity), we determine its contribution to any of the single-particle state ma-
trices. The matrix-element value is added if all other quantum numbers are
diagonal, while the helicity of the chosen particle may be arbitrary; this helicity
determines the branch in the single-particle state.

As a result, flavor and color quantum numbers are selected with the correct
probability. Within this subset of states, each single-particle state matrix results
from tracing over all other particles. Note that the single-particle state matrices
are not normalized.

The flag ok is set to false if the matrix element sum is zero, so factorization
is not possible. This can happen if an event did not pass cuts.

(State matrices: parameters)=

integer, parameter, public :: FM_IGNORE_HELICITY = 1
integer, parameter, public :: FM_SELECT_HELICITY = 2
integer, parameter, public :: FM_FACTOR_HELICITY = 3

(State matrices: public)+=
public :: state_matrix_factorize

(State matrices: procedures)+=
subroutine state_matrix_factorize &

(state, mode, x, ok, single_state, correlated_state, gn_in)
type(state_matrix_t), intent(in), target :: state
integer, intent(in) :: mode
real (default), intent(in) :: x
logical, intent(out) :: ok
type(state_matrix_t), &

dimension(:), allocatable, intent(out) :: single_state

type(state_matrix_t), intent(out), optional :: correlated_state
type (quantum_numbers_t), dimension(:), intent(in), optional :: gn_in
type(state_iterator_t) :: it
real (default) :: s, xt
complex(default) :: value
integer :: i, depth
type (quantum_numbers_t), dimension(:), allocatable :: gn, gnl
type (quantum_numbers_mask_t), dimension(:), allocatable :: gn_mask
logical, dimension(:), allocatable :: diagonal
logical, dimension(:,:), allocatable :: mask
ok = .true.
if (x /= 0) then

xt = x * state_matrix_trace (state, gn_in)
else

xt =0
end if
s =0
depth = state_matrix_get_depth (state)
allocate (qn (depth), gnl (depth), diagonal (depth))
call state_iterator_init (it, state)
do while (state_iterator_is_valid (it))

gqn = state_iterator_get_quantum_numbers (it)

if (present (qn_in)) then

if (.not. all (qn .fhmatch. gn_in)) then
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call state_iterator_advance (it); cycle
end if
end if
if (all (quantum_numbers_are_diagonal (qn))) then
value = state_iterator_get_matrix_element (it)
if (real (value, default) < 0) then
call state_matrix_write (state)
print *, value

call msg_bug ("Event generation: " &
// "Negative real part of squared matrix element value")
value = 0
end if

s = s + value
if (s > xt) exit

end if
call state_iterator_advance (it)
end do

if (.not. state_iterator_is_valid (it)) then
if (s == 0) ok = .false.
call state_iterator_init (it, state)
end if
allocate (single_state (depth))
call state_matrix_init (single_state, store_values=.true.)
if (present (correlated_state)) &
call state_matrix_init (correlated_state, store_values=.true.)
qn = state_iterator_get_quantum_numbers (it)
select case (mode)
case (FM_SELECT_HELICITY) ! single branch selected; shortcut
do i =1, depth
call state_matrix_add_state (single_state(i), &
[qn(i)], value=value)
end do
if (.not. present (correlated_state)) then
call state_matrix_freeze (single_state)
return
end if
end select
allocate (gn_mask (depth))
call quantum_numbers_mask_init (qn_mask, .false., .false., .false., .true.)
call quantum_numbers_undefine (qn, gn_mask)
select case (mode)
case (FM_FACTOR_HELICITY)
allocate (mask (depth, depth))
mask = .false.
forall (i = 1l:depth) mask(i,i) = .true.
end select
call state_iterator_init (it, state)
do while (state_iterator_is_valid (it))
gqnl = state_iterator_get_quantum_numbers (it)
if (all (gqn .match. gnl)) then
diagonal = quantum_numbers_are_diagonal (qnl)
value = state_iterator_get_matrix_element (it)
select case (mode)
case (FM_IGNORE_HELICITY) ! trace over diagonal states that match qn
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if (all (diagonal)) then
do i =1, depth
call state_matrix_add_state (single_state(i), &
[gn(i)], value=value, sum_values=.true.)
end do
end if
case (FM_FACTOR_HELICITY) ! trace over all other particles
do i = 1, depth
if (all (diagonal .or. mask(:,i))) then
call state_matrix_add_state (single_state(i), &
[qn1(i)], value=value, sum_values=.true.)
end if
end do
end select
if (present (correlated_state)) &
call state_matrix_add_state (correlated_state, qnl, value=value)

end if
call state_iterator_advance (it)
end do

call state_matrix_freeze (single_state)
if (present (correlated_state)) &
call state_matrix_freeze (correlated_state)
end subroutine state_matrix_factorize

(State matrices: procedures)+=
elemental function pacify_complex (c_in) result (c_pac)

complex(default), intent(in) :: c_in
complex(default) :: c_pac
c_pac = c_in
if (real(c_pac) == -real(c_pac)) then
c_pac = &
cmplx (0._default, aimag(c_pac), kind=default)
end if
if (aimag(c_pac) == -aimag(c_pac)) then
c_pac = &
cmplx (real(c_pac), 0._default, kind=default)
end if

end function pacify_complex

11.1.6 Unit tests

(State matrices: public)+=
public :: state_matrix_test

(State matrices: procedures)+=
subroutine state_matrix_test (u, results)
integer, intent(in) :: u
type(test_results_t), intent(inout) :: results
(State matrices: execute tests)
end subroutine state_matrix_test
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Create two quantum states of equal depth and merge them.
(State matrices: execute tests)=
call test (state_matrix_1, "state_matrix_1", &
"check merge of quantum states of equal depth", &
u, results)

(State matrices: tests)=
subroutine state_matrix_1 (u)

integer, intent(in) :: u

type(state_matrix_t) :: statel, state2, state3
type(flavor_t), dimension(3) :: flv
type(color_t), dimension(3) :: col
type(helicity_t), dimension(3) :: hel

type (quantum_numbers_t), dimension(3) :: gn

write (u, "(A)") "x Test output: state_matrix_1"
write (u, "(A)") "* Purpose: create and merge two quantum states"
write (u, "(A)")

write (u, "(A)") "x Initialization"
write (u, "(A)™)

write (u, "(A)") "x State matrix 1"
write (u, "(A)"™)

call state_matrix_init (statel)

call flavor_init (flv, [1, 2, 11])

call helicity_init (hel, [1, 1, 1])

call quantum_numbers_init (qn, flv, hel)

call state_matrix_add_state (statel, qn)

call helicity_init (hel, [1, 1, 11, [-1, 1, -11)
call quantum_numbers_init (qn, flv, hel)

call state_matrix_add_state (statel, qn)

call state_matrix_freeze (statel)

call state_matrix_write (statel, u)

write (u, "(A)")
write (u, "(A)") " State matrix 2"
write (u, "(A)"™)

call state_matrix_init (state2)

call color_init (col(1), [501])

call color_init (col(2), [-501])

call color_init (col(3), [0])

call helicity_init (hel, [-1, -1, 0])
call quantum_numbers_init (qn, col, hel)
call state_matrix_add_state (state2, gn)
call color_init (col(3), [99]1)

call helicity_init (hel, [-1, -1, 01)
call quantum_numbers_init (qn, col, hel)
call state_matrix_add_state (state2, qn)
call state_matrix_freeze (state2)

call state_matrix_write (state2, u)

write (u, "(A)")
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write (u, "(A)")
write (u, "(A)")

"% Merge the state matrices"

call merge_state_matrices (statel, state2, state3)
call state_matrix_write (state3, u)

write (u, "(A)")
write (u, "(A)")
write (u, "(A)"™)

"% Collapse the state matrix"

call state_matrix_collapse (state3, &
new_quantum_numbers_mask (.false., .false., &

[.true.,.false.,.false.]))

call state_matrix_write (state3, u)

write (u, "(A)")
write (u, "(A)"™)
write (u, "(A)"™)

"* Cleanup"

call state_matrix_final (statel)
call state_matrix_final (state2)
call state_matrix_final (state3)

write (u, "(A)"™)
write (u, "(A)")
write (u, "(A)"™)

"% Test output end: state_matrix_1"

end subroutine state_matrix_1

Create a correlated three-particle state matrix and factorize it.

(State matrices: execute tests)+=

call test (state_matrix_2, "state_matrix_2", &
"check factorizing 3-particle state matrix", &
u, results)

(State matrices: tests)+=

subroutine state_matrix_2 (u)

integer, intent(in) :: u

type(state_matrix_t) :: state

type(state_matrix_t), dimension(:), allocatable :: single_state
type(state_matrix_t) :: correlated_state

complex(default) val

complex(default), dimension(-1:1) :: v

integer :: f, hil1l, h12, h21, h22, i, mode

type(flavor_t), dimension(2) :: flv

type(color_t), dimension(2) :: col

type(helicity_t), dimension(2) :: hel

type (quantum_numbers_t), dimension(2) :: gn

logical :: ok

write (u, "(A)")

write (u, "(A)") "x Test output: state_matrix_2"

write (u, "(A)") "x Purpose: factorize correlated 3-particle state"
write (u, "(A)")
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write (u, "(A)") "x Initialization"
write (u, "(A)™)

z =1/ 2._default

v(-1) = (0.6_default, 0._default)

v( 1) (0._default, 0.8_default)

call state_matrix_init (state)

do f =1, 2

do hil = -1, 1, 2
do hi12 = -1, 1, 2
do h21 = -1, 1, 2
do h22 = -1, 1, 2
call flavor_init (flv, [f, -f])
call color_init (col(1), [11)
call color_init (col(2), [-11)
call helicity_init (hel, [h11,h12], [h21, h22])
call quantum_numbers_init (qn, flv, col, hel)
val = z * v(h1l) * v(h12) * conjg (v(h21) * v(h22))
call state_matrix_add_state (state, gn)
end do
end do
end do
end do

end do

call state_matrix_freeze (state)

call state_matrix_write (state, u)

write (u, "(A)")

write (u, "(A,>C," // FMT_19 // ",?,>," // FMT_19 // ",’)’)") &
"x Trace = ", state_matrix_trace (state)

write (u, "(A)")

do mode = 1, 3
write (u, "(A)")
write (u, "(A,I1)") "x Mode = ", mode
call state_matrix_factorize &
(state, mode, 0.15_default, ok, single_state, correlated_state)
do i = 1, size (single_state)
write (u, "(A)")
call state_matrix_write (single_state(i), u)
write (u, "(A,>C," // FMT_19 // ",’>,’>," // FMT_19 // ",’)’)") &
"Trace = ", state_matrix_trace (single_state(i))
end do
write (u, "(A)")
call state_matrix_write (correlated_state, u)
write (u, "(A,’C," // FMT_19 // ",?>,’," // FMT_19 // ",’)’)") &
"Trace = ", state_matrix_trace (correlated_state)
call state_matrix_final (single_state)
call state_matrix_final (correlated_state)
end do

write (u, "(A)")
write (u, "(A)") "x Cleanup"
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call state_matrix_final (state)

write (u, "(A)")
write (u, "(A)") "x Test output end: state_matrix_2"

end subroutine state_matrix_2

Create a colored state matrix and add color contractions.

(State matrices: execute tests)+=
call test (state_matrix_3, "state_matrix_3", &
"check factorizing 3-particle state matrix", &
u, results)

(State matrices: tests)+=
subroutine state_matrix_3 (u)
use physics_defs, only: HADRON_REMNANT_TRIPLET, HADRON_REMNANT_OCTET

integer, intent(in) :: u
type(state_matrix_t) :: state
type(flavor_t), dimension(4) :: flv
type(color_t), dimension(4) :: col

type (quantum_numbers_t), dimension(4) :: gn

write (u, "(A)") "x Test output: state_matrix_3"
write (u, "(A)") "x Purpose: add color comnnections to colored state"
write (u, "(A)")

write (u, "(A)") "x Initialization"
write (u, "(A)")

call state_matrix_init (state)
call flavor_init (flv, &
[ 1, -HADRON_REMNANT_TRIPLET, -1, HADRON_REMNANT_TRIPLET 1])
call color_init (col(1), [17]1)
call color_init (col(2), [-17])
call color_init (col(3), [-19])
call color_init (col(4), [19])
call quantum_numbers_init (qn, flv=flv, col=col)
call state_matrix_add_state (state, qn)
call flavor_init (flv, &
[ 1, -HADRON_REMNANT_TRIPLET, 21, HADRON_REMNANT_OCTET ])
call color_init (col(1), [17]1)
call color_init (col(2), [-17]1)
call color_init (col(3), [3, -5])
call color_init (col(4), [5, -31)
call quantum_numbers_init (qn, flv=flv, col=col)
call state_matrix_add_state (state, qn)
call state_matrix_freeze (state)

write (u, "(A)") "* State:"
write (u, "(A)"™)

call state_matrix_write (state, u)
call state_matrix_add_color_contractions (state)
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write (u, "(A)") "x State with contractions:"
write (u, "(A)™)

call state_matrix_write (state, u)

write (u, "(A)")
write (u, "(A)") "* Cleanup"

call state_matrix_final (state)

write (u, "(A)")
write (u, "(A)") "x Test output end: state_matrx_3"

end subroutine state_matrix_3

11.2 Interactions

This module defines the interaction_t type. It is an extension of the state_matrix_t
type.

The state matrix is a representation of a multi-particle density matrix. It
implements all possible flavor, color, and quantum-number assignments of the
entries in a generic density matrix, and it can hold a complex matrix element
for each entry. (Note that this matrix can hold non-diagonal entries in color
and helicity space.) The interaction_t object associates this with a list of
momenta, such that the whole object represents a multi-particle state.

The interaction_t holds information about which particles are incoming,
virtual (i.e., kept for the records), or outgoing. Each particle can be associated
to a source within another interaction. This allows us to automatically fill those
interaction momenta which have been computed or defined elsewhere. It also
contains internal parent-child relations and flags for (virtual) particles which
are to be treated as resonances.

A quantum-number mask array summarizes, for each particle within the
interaction, the treatment of flavor, color, or helicity (expose or ignore). A list
of locks states which particles are bound to have an identical quantum-number
mask. This is useful when the mask is changed at one place.

(interactions.f90)=
(F'ile header)

module interactions

(Use kinds)

use io_units
use unit_tests
use diagnostics
use sorting
use lorentz

use flavors

use colors

use helicities
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use quantum_numbers
use state_matrices

(Standard module head)
(Interactions: public)
(Interactions: types)
(Interactions: interfaces)
contains

(Interactions: procedures)
(Interactions: tests)

end module interactions

11.2.1 External interaction links

Each particle in an interaction can have a link to a corresponding particle in
another interaction. This allows to fetch the momenta of incoming or virtual
particles from the interaction where they are defined. The link object consists
of a pointer to the interaction and an index.

(Interactions: types)=
type :: external_link_t

private
type(interaction_t), pointer :: int => null ()
integer :: i

end type external_link_t

Set an external link.

(Interactions: procedures)=
subroutine external_link_set (link, int, i)

type(external_link_t), intent(out) :: link
type(interaction_t), target, intent(in) :: int
integer, intent(in) :: i

if (i /= 0) then
link%int => int
link%i = i
end if
end subroutine external_link_set

Reassign an external link to a new interaction (which should be an image of the
original target).
(Interactions: procedures)+=

subroutine external_link_reassign (link, int_src, int_target)

type(external_link_t), intent(inout) :: link
type(interaction_t), intent(in) :: int_src
type(interaction_t), intent(in), target :: int_target

if (associated (link%int)) then
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if (link%int%tag == int_src)tag) linkjint => int_target
end if
end subroutine external_link_reassign

Return true if the link is set

(Interactions: procedures)+=
function external_link_is_set (link) result (flag)
logical :: flag
type(external_link_t), intent(in) :: link
flag = associated (1link%int)
end function external_link_is_set

Return the interaction pointer.

(Interactions: public)=
public :: external_link_get_ptr

(Interactions: procedures)+=
function external_link_get_ptr (1link) result (int)
type(interaction_t), pointer :: int
type(external_link_t), intent(in) :: link
int => link%int
end function external_link_get_ptr

Return the index within that interaction

(Interactions: public)+=
public :: external_link_get_index

(Interactions: procedures)+=
function external_link_get_index (link) result (i)
integer :: i
type(external_link_t), intent(in) :: link
i = link%i
end function external_link_get_index

Return a pointer to the momentum of the corresponding particle. If there is no
association, return a null pointer.
(Interactions: procedures)+=
function external_link_get_momentum_ptr (link) result (p)
type(vector4_t), pointer :: p
type(external_link_t), intent(in) :: link
if (associated (link%int)) then
p => link%int%p(link%i)
else
p => null O
end if
end function external_link_get_momentum_ptr

11.2.2 Internal relations

In addition to the external links, particles within the interaction have parent-
child relations. Here, more than one link is possible, and we set up an array.
(Interactions: types)+=
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type :: internmal_link_list_t

private

integer :: length = 0

integer, dimension(:), allocatable :: link
contains

(Interactions: internal link list: TBP)
end type internal_link_list_t

Output, non-advancing.
(Interactions: internal link list: TBP)=
procedure :: write => internal_link_list_write

(Interactions: procedures)+=
subroutine internal_link_list_write (object, unit)

class(internal_link_list_t), intent(in) :: object
integer, intent(in), optional :: unit
integer :: u, i

u = given_output_unit (unit)
do i = 1, objectllength
write (u, "(1x,I0)", advance="no") object%link(i)
end do
end subroutine internal_link_list_write

Append an item. Start with an array size of 2 and double the size if necessary.
(Interactions: internal link list: TBP)+=
procedure :: append => internal_link_list_append

([ntemctions: procedures) +=
subroutine internal_link_list_append (link_list, link)

class(internal_link_list_t), intent(inout) :: link_list
integer, intent(in) :: link

integer :: 1

integer, dimension(:), allocatable :: tmp

1 = link_list¥%length
if (allocated (link_list%link)) then
if (1 == size (link_list%link)) then
allocate (tmp (2 * 1))
tmp(:1) = link_list)link
call move_alloc (from = tmp, to = link_list%link)
end if
else
allocate (link_list%link (2))
end if
1=1+1
link_list%link(1) = link
link_list¥%length = 1
end subroutine internal_link_list_append

Return true if the link list is nonempty:

(Interactions: internal link list: TBP)+=
procedure :: has_entries => internal_link_list_has_entries
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(Interactions: procedures)+=
function internal_link_list_has_entries (link_list) result (flag)
class(internal_link_list_t), intent(in) :: link_list
logical :: flag
flag = link_listlength > 0
end function internal_link_list_has_entries

Return the list length

(Interactions: internal link list: TBP)+=
procedure :: get_length => internal_link_list_get_length

(Interactions: procedures)+=
function internal_link_list_get_length (link_list) result (length)
class(internal_link_list_t), intent(in) :: link_list
integer :: length
length = link_list%length
end function internal_link_list_get_length

Return an entry.
(Interactions: internal link list: TBP)+=
procedure :: get_link => internal_link_list_get_link

(Interactions: procedures)+=
function internal_link_list_get_link (link_list, i) result (link)

class(internal_link_list_t), intent(in) :: link_list
integer, intent(in) :: i
integer :: link

if (i <= link_list¥%length) then
link = link_list%link(i)
else
call msg_bug ("Internal link list: out of bounds")
end if
end function internal_link_list_get_link

11.2.3 The interaction type

An interaction is an entangled system of particles. Thus, the interaction object
consists of two parts: the subevent, and the quantum state which technically is
a trie. The subnode levels beyond the trie root node are in correspondence to
the subevent, so both should be traversed in parallel.

The subevent is implemented as an allocatable array of four-momenta. The
first n_in particles are incoming, n_vir particles in-between can be kept for
bookkeeping, and the last n_out particles are outgoing.

Distinct interactions are linked by their particles: for each particle, we have
the possibility of links to corresponding particles in other interactions. Further-
more, for bookkeeping purposes we have a self-link array relations where the
parent-child relations are kept, and a flag array resonant which is set for an
intermediate resonance.

Each momentum is associated with masks for flavor, color, and helicity. If
a mask entry is set, the associated quantum number is to be ignored for that
particle. If any mask has changed, the flag update is set.
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We can have particle pairs locked together. If this is the case, the corre-
sponding mask entries are bound to be equal. This is useful for particles that
go through the interaction.

The interaction tag serves bookkeeping purposes. In particular, it identifies
links in printout.

(Interactions: public)+=
public :: interaction_t

(Interactions: types)+=

type :: interaction_t
private
integer :: tag = 0
type(state_matrix_t) :: state_matrix
integer :: n_in = 0
integer :: n_vir = 0
integer :: n_out = 0
integer :: n_tot =0
logical, dimension(:), allocatable :: p_is_known
type(vector4_t), dimension(:), allocatable :: p
type(external_link_t), dimension(:), allocatable :: source
type(internal_link_list_t), dimension(:), allocatable :: parents
type(internal_link_list_t), dimension(:), allocatable :: children
logical, dimension(:), allocatable :: resonant
type (quantum_numbers_mask_t), dimension(:), allocatable :: mask
integer, dimension(:), allocatable :: hel_lock
logical :: update_state_matrix = .false.
logical :: update_values = .false.

end type interaction_t

Initialize the particle array with a fixed size. The first n_in particles are incom-
ing, the rest outgoing. Masks are optional. There is also an optional tag. The
interaction still needs fixing the values, but that is to be done after all branches
have been added.

Interaction tags are assigned consecutively, using a saved variable local to
this procedure. If desired, we can provide a seed for the interaction tags. Such
a seed should be positive. The default seed is one. tag=0 indicates an empty
interaction.

If set_relations is set and true, we establish parent-child relations for all
incoming and outgoing particles. Virtual particles are skipped; this option is
normally used only for interations without virtual particles.

(Interactions: public)+=
public :: interaction_init

(Interactions: procedures)+=
subroutine interaction_init &
(int, n_in, n_vir, n_out, &
tag, resonant, mask, hel_lock, set_relations, store_values)

type(interaction_t), intent(out) :: int

integer, intent(in) :: n_in, n_vir, n_out

integer, intent(in), optional :: tag

logical, dimension(:), intent(in), optional :: resonant

type (quantum_numbers_mask_t), dimension(:), intent(in), optional ::
integer, dimension(:), intent(in), optional :: hel_lock
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logical, intent(in), optional :: set_relations, store_values

logical :: set_rel
integer :: i, j
set_rel = .false.; if (present (set_relations)) set_rel = set_relations

call interaction_set_tag (int, tag)

call state_matrix_init (intYstate_matrix, store_values)

int/n_in = n_in

int¥%n_vir = n_vir

int%n_out n_out

int/n_tot = n_in + n_vir + n_out

allocate (int%p_is_known (int%n_tot))

int)p_is_known = .false.

allocate (int%p (int¥%n_tot))

allocate (int%source (int%n_tot))

allocate (intparents (int)n_tot))

allocate (intYchildren (int%n_tot))

allocate (int%resonant (int%n_tot))

if (present (resonant)) then
int)resonant = resonant

else

intYresonant = .false.
end if
allocate (int%mask (int%n_tot))
allocate (int%hel_lock (int%n_tot))
if (present (mask)) then
int%mask = mask
end if
if (present (hel_lock)) then
int%hel_lock = hel_lock

else
int/%hel_lock = 0
end if
int/update_state_matrix = .false.
intupdate_values = .true.

if (set_rel) then
doi=1, n_in
do j =1, n_out
call interaction_relate (int, i, n_in + j)
end do
end do
end if

end subroutine interaction_init

Set or create a unique tag for the interaction. Without interaction, reset the
tag counter.

(Interactions: procedures)+=
subroutine interaction_set_tag (int, tag)

type(interaction_t), intent(inout), optional :: int
integer, intent(in), optional :: tag
integer, save :: stored_tag =1

if (present (int)) then
if (present (tag)) then
intYtag = tag
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else
intY%tag = stored_tag
stored_tag = stored_tag + 1
end if
else if (present (tag)) then
stored_tag = tag
else
stored_tag = 1
end if
end subroutine interaction_set_tag

The public interface for the previous procedure only covers the reset function-
ality.
(Interactions: public)+=

public :: reset_interaction_counter

(Interactions: procedures)+=
subroutine reset_interaction_counter (tag)
integer, intent(in), optional :: tag
call interaction_set_tag (tag=tag)
end subroutine reset_interaction_counter

Finalizer: The state-matrix object contains pointers.

(Interactions: public)+=
public :: interaction_final

(Interactions: procedures)+=
elemental subroutine interaction_final (int)
type(interaction_t), intent(inout) :: int
call state_matrix_final (int)state_matrix)
end subroutine interaction_final

Output. The verbose option refers to the state matrix output.

(Interactions: public)+=
public :: interaction_write

(Interactions: procedures)+=
subroutine interaction_write &
(int, unit, verbose, show_momentum_sum, show_mass, show_state, testflag)

type(interaction_t), intent(in) :: int

integer, intent(in), optional :: unit

logical, intent(in), optional :: verbose, show_momentum_sum, show_mass
logical, intent(in), optional :: show_state, testflag

integer :: u

integer :: i, index_link

type(interaction_t), pointer :: int_link

logical :: show_st

u = given_output_unit (unit); if (u < 0) return

show_st = .true.; if (present (show_state)) show_st = show_state

if (int%tag /= 0) then
write (u, "(1x,A,I0)") “"Interaction: ", intltag
do i =1, int%n_tot
if (i == .and. int%n_in > 0) then
write (u, "(1x,A)") "Incoming:"

487



else if (i == int¥n_in + 1 .and. intYn_vir > 0) then
write (u, "(1x,A)") "Virtual:"

else if (i == intY%n_in + int%n_vir + 1 .and. int%n_out > 0) then
write (u, "(1x,A)") "Outgoing:"
end if

write (u, "(1x,A,1x,I0)", advance="no") "Particle", i
if (allocated (int%resonant)) then
if (int%resonant(i)) then
write (u, "(A)") "[r]"

else
write (u, *)
end if
else
write (u, *)
end if

if (allocated (int%p)) then
if (int¥%p_is_known(i)) then
call vector4_write (int%p(i), u, show_mass, testflag)

else
write (u, "(A)") " [momentum undefined]"
end if
else
write (u, "(A)") " [momentum not allocated]"
end if

if (allocated (int%mask)) then
write (u, "(1x,A)", advance="no") "mask [fch] = "
call quantum_numbers_mask_write (intymask(i), u)
write (u, *)
end if
if (int%parents(i)’has_entries () &
.or. intYchildren(i)%has_entries ()) then
write (u, "(1x,A)", advance="no") "internal links:"
call intYparents(i)’%write (u)
if (int¥%parents(i)%has_entries ()) &
write (u, "(1x,A)", advance="no") "=>"
write (u, "(1x,A)", advance="no") "X"
if (int%children(i)’%has_entries ()) &
write (u, "(1x,A)", advance="no") "=>"
call int%children(i)Jwrite (u)
write (u, *)
end if
if (allocated (int%hel_lock)) then
if (int%hel_lock(i) /= 0) then
write (u, "(1x,A,1x,I0)") "helicity lock:", int)hel_lock(i)
end if
end if
if (external_link_is_set (int%source(i))) then
write (u, "(1x,A)", advance="no") "source:"
int_link => external_link_get_ptr (intYsource(i))
index_link = external_link_get_index (int¥%source(i))
write (u, "(1x,’(’,I0,’)’,I0)", advance="no") &
int_linkYtag, index_link
write (u, *)
end if
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end do
if (present (show_momentum_sum)) then
if (allocated (int%p) .and. show_momentum_sum) then
write (u, "(1x,A)") "Incoming particles (sum):"
call vector4_write &

(sum (int%p(l:int%n_in)), u, show_mass = show_mass)
write (u, "(1x,A)") "Outgoing particles (sum):"
call vector4_write &

(sum (int%p(int)n_in+int¥%n_vir+1:)), u, show_mass = show_mass)
write (u, *)

end if
end if
if (show_st) then
call state_matrix_write (intlstate_matrix, &
write_value_list=verbose, verbose=verbose, &
unit=unit, testflag = testflag)
end if
else
write (u, "(1x,A)") "Interaction: [empty]"
end if
end subroutine interaction_write

Assignment: We implement this as a deep copy. This applies, in particular, to
the state-matrix and internal-link components. Furthermore, the new interac-
tion acquires a new tag.

(Interactions: public)+=
public :: assignment(=)

(Interactions: interfaces)=
interface assignment (=)
module procedure interaction_assign
end interface

(Interactions: procedures)+=
subroutine interaction_assign (int_out, int_in)
type(interaction_t), intent(out) :: int_out
type(interaction_t), intent(in), target :: int_in
call interaction_set_tag (int_out)
int_out)state_matrix = int_inY%state_matrix
int_out%n_in = int_in%n_in
int_outyn_out int_in%n_out
int_out¥%n_vir = int_in¥%n_vir
int_out%n_tot = int_in%n_tot
if (allocated (int_inYp_is_known)) then
allocate (int_outp_is_known (size (int_in%p_is_known)))
int_out¥p_is_known = int_in)p_is_known
end if
if (allocated (int_in%p)) then
allocate (int_out%p (size (int_in%p)))
int_out%p = int_inYp
end if
if (allocated (int_in%source)) then
allocate (int_out¥%source (size (int_inY%source)))
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int_outsource = int_in%source

end if

if (allocated (int_in%parents)) then
allocate (int_out¥parents (size (int_in)parents)))
int_out)parents = int_injparents

end if

if (allocated (int_inYchildren)) then
allocate (int_outYchildren (size (int_in%children)))
int_out%children = int_inY%children

end if

if (allocated (int_inYresonant)) then
allocate (int_outlresonant (size (int_inY%resonant)))
int_out)resonant = int_in)resonant

end if

if (allocated (int_in%mask)) then
allocate (int_out¥%mask (size (int_in%mask)))
int_out¥%mask = int_inY%mask

end if

if (allocated (int_in%hel_lock)) then
allocate (int_out%hel_lock (size (int_in%hel_lock)))
int_out%hel_lock = int_in%hel_lock

end if

int_out%update_state_matrix = int_in%update_state_matrix

int_out%update_values = int_injupdate_values

end subroutine interaction_assign

11.2.4 Methods inherited from the state matrix member

Until F2003 is standard, we cannot implement inheritance directly. Therefore,
we need wrappers for “inherited” methods.

Make a new branch in the state matrix if it does not yet exist. This is not
just a wrapper but it introduces the interaction mask: where a quantum number
is masked, it is not transferred but set undefined. After this, the value array
has to be updated.

(Interactions: public)+=
public :: interaction_add_state

(Interactions: procedures)+=
subroutine interaction_add_state &
(int, gn, index, value, sum_values, counter_index, me_index)

type(interaction_t), intent(inout) :: int

type (quantum_numbers_t), dimension(:), intent(in) :: gn
integer, intent(in), optional :: index
complex(default), intent(in), optional :: value
logical, intent(in), optional :: sum_values

integer, intent(in), optional :: counter_index

integer, intent(out), optional :: me_index

type (quantum_numbers_t), dimension(size(qn)) :: qun_tmp
qn_tmp = gqn

call quantum_numbers_undefine (qn_tmp, int%mask)
call state_matrix_add_state &
(intYstate_matrix, gn_tmp, index, value, sum_values, &
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counter_index, me_index)
intY%update_values = .true.
end subroutine interaction_add_state

Freeze the quantum state: First collapse the quantum state, i.e., remove quan-
tum numbers if any mask has changed, then fix the array of value pointers.

(Interactions: public)+=
public :: interaction_freeze

(Interactions: procedures)+=
subroutine interaction_freeze (int)
type(interaction_t), intent(inout) :: int
if (int%update_state_matrix) then
call state_matrix_collapse (int)state_matrix, int%mask)

intupdate_state_matrix = .false.
int%update_values = .true.
end if

if (int%update_values) then
call state_matrix_freeze (intY%state_matrix)
int/update_values = .false.
end if
end subroutine interaction_freeze

Return true if the state matrix is empty.

(Interactions: public)+=
public :: interaction_is_empty

(Interactions: procedures)+=
function interaction_is_empty (int) result (flag)
logical :: flag
type(interaction_t), intent(in) :: int
flag = state_matrix_is_empty (int}state_matrix)
end function interaction_is_empty

Get the number of values stored in the state matrix:

(Interactions: public)+=
public :: interaction_get_n_matrix_elements

(Interactions: procedures)+=
function interaction_get_n_matrix_elements (int) result (n)
integer :: n
type(interaction_t), intent(in) :: int
n = state_matrix_get_n_matrix_elements (int}state_matrix)
end function interaction_get_n_matrix_elements

Get the norm of the state matrix (if the norm has been taken out, otherwise
this would be unity).

(Interactions: public)+=
public :: interaction_get_norm
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(Interactions: procedures)+=
function interaction_get_norm (int) result (norm)
real(default) :: norm
type(interaction_t), intent(in) :: int
norm = state_matrix_get_norm (int¥%state_matrix)
end function interaction_get_norm

Get the quantum number array that corresponds to a given index.

(Interactions: public)+=
public :: interaction_get_quantum_numbers

(Interactions: procedures)+=
function interaction_get_quantum_numbers (int, i) result (qn)

type (quantum_numbers_t), dimension(:), allocatable :: gn
type(interaction_t), intent(in), target :: int
integer, intent(in) :: i

allocate (qn (state_matrix_get_depth (int)state_matrix)))
gqn = state_matrix_get_quantum_numbers (int)state_matrix, i)
end function interaction_get_quantum_numbers

Get the matrix element that corresponds to a set of quantum numbers, a given
index, or return the whole array.

(Interactions: public)+=
public :: interaction_get_matrix_element

(Interactions: procedures)+=
function interaction_get_matrix_element (int, i) result (me)

complex(default) :: me
type(interaction_t), intent(in) :: int
integer, intent(in) :: i

me = state_matrix_get_matrix_element (int¥state_matrix, i)
end function interaction_get_matrix_element

Set the complex value(s) stored in the quantum state.

(Interactions: public)+=
public :: interaction_set_matrix_element

(Interactions: interfaces)+=

interface interaction_set_matrix_element
module procedure interaction_set_matrix_element_qn
module procedure interaction_set_matrix_element_all
module procedure interaction_set_matrix_element_array
module procedure interaction_set_matrix_element_single
module procedure interaction_set_matrix_element_clone

end interface

Indirect access via the quantum number array:

(Interactions: procedures)+=
subroutine interaction_set_matrix_element_gn (int, gn, val)

type(interaction_t), intent(inout) :: int
type (quantum_numbers_t), dimension(:), intent(in) :: gn
complex(default), intent(in) :: val

call state_matrix_set_matrix_element (int¥state_matrix, gn, val)
end subroutine interaction_set_matrix_element_qgn
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Set all entries of the matrix-element array to a given value.

(Interactions: procedures)+=
subroutine interaction_set_matrix_element_all (int, value)
type(interaction_t), intent(inout) :: int
complex(default), intent(in) :: value
call state_matrix_set_matrix_element (intYstate_matrix, value)
end subroutine interaction_set_matrix_element_all

Set the matrix-element array directly.

(Interactions: procedures)+=
subroutine interaction_set_matrix_element_array (int, value)
type(interaction_t), intent(inout) :: int
complex(default), dimension(:), intent(in) :: value
call state_matrix_set_matrix_element (intlstate_matrix, value)
end subroutine interaction_set_matrix_element_array

pure subroutine interaction_set_matrix_element_single (int, i, value)

type(interaction_t), intent(inout) :: int
integer, intent(in) :: i
complex(default), intent(in) :: value

call state_matrix_set_matrix_element (int%state_matrix, i, value)
end subroutine interaction_set_matrix_element_single

Clone from another (matching) interaction.

(Interactions: procedures)+=
subroutine interaction_set_matrix_element_clone (int, int1)
type(interaction_t), intent(inout) :: int
type(interaction_t), intent(in) :: intil
call state_matrix_set_matrix_element (intVstate_matrix, intlYstate_matrix)
end subroutine interaction_set_matrix_element_clone

Get the indices of any diagonal matrix elements.

(Interactions: public)+=
public :: interaction_get_diagonal_entries

(Interactions: procedures)+=
subroutine interaction_get_diagonal_entries (int, 1)
type(interaction_t), intent(in) :: int
integer, dimension(:), allocatable, intent(out) :: i
call state_matrix_get_diagonal_entries (intystate_matrix, i)
end subroutine interaction_get_diagonal_entries

Renormalize the state matrix by its trace, if nonzero. The renormalization is
reflected in the state-matrix norm.
(Interactions: public)+=

public :: interaction_normalize_by_trace

(Interactions: procedures)+=
subroutine interaction_normalize_by_trace (int)
type(interaction_t), intent(inout) :: int
call state_matrix_normalize_by_trace (int¥%state_matrix)
end subroutine interaction_normalize_by_trace
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Analogous, but renormalize by maximal (absolute) value.

(Interactions: public)+=
public :: interaction_normalize_by_max

(Interactions: procedures)+=
subroutine interaction_normalize_by_max (int)
type(interaction_t), intent(inout) :: int
call state_matrix_normalize_by_max (int%state_matrix)
end subroutine interaction_normalize_by_max

Explicitly set the norm value (of the state matrix).

(Interactions: public)+=
public :: interaction_set_norm

(Interactions: procedures)+=
subroutine interaction_set_norm (int, norm)
type(interaction_t), intent(inout) :: int
real (default), intent(in) :: norm
call state_matrix_set_norm (int}state_matrix, norm)
end subroutine interaction_set_norm

Return the maximum absolute value of color indices.

(Interactions: public)+=
public :: interaction_get_max_color_value

(Interactions: procedures)+=
function interaction_get_max_color_value (int) result (cmax)
integer :: cmax
type(interaction_t), intent(in) :: int
cmax = state_matrix_get_max_color_value (intYstate_matrix)
end function interaction_get_max_color_value

Factorize the state matrix into single-particle state matrices, the branch selec-
tion depending on a (random) value between 0 and 1; optionally also return a
correlated state matrix.

(Interactions: public)+=
public :: interaction_factorize

(Interactions: procedures)+=
subroutine interaction_factorize &
(int, mode, x, ok, single_state, correlated_state, gn_in)

type(interaction_t), intent(in), target :: int
integer, intent(in) :: mode
real (default), intent(in) :: x
logical, intent(out) :: ok
type(state_matrix_t), &
dimension(:), allocatable, intent(out) :: single_state
type(state_matrix_t), intent(out), optional :: correlated_state
type (quantum_numbers_t), dimension(:), intent(in), optional :: gn_in

call state_matrix_factorize &
(intYstate_matrix, mode, x, ok, single_state, correlated_state, gn_in)
end subroutine interaction_factorize
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Sum all matrix element values

(Interactions: public)+=
public :: interaction_sum

(Interactions: procedures)+=
function interaction_sum (int) result (value)
complex(default) :: value
type(interaction_t), intent(in) :: int
value = state_matrix_sum (int%state_matrix)
end function interaction_sum

Append new states which are color-contracted versions of the existing states.
The matrix element index of each color contraction coincides with the index of
its origin, so no new matrix elements are generated. After this operation, no
freeze must be performed anymore.
(Interactions: public)+=

public :: interaction_add_color_contractions

(Interactions: procedures)+=
subroutine interaction_add_color_contractions (int)
type(interaction_t), intent(inout) :: int
call state_matrix_add_color_contractions (intYstate_matrix)
end subroutine interaction_add_color_contractions

Multiply matrix elements from two interactions. Choose the elements as given
by the integer index arrays, multiply them and store the sum of products in
the indicated matrix element. The suffixes mean: c=conjugate first factor;
f=include weighting factor.

(Interactions: publicy+=

public :: interaction_evaluate_product
public :: interaction_evaluate_product_cf
public :: interaction_evaluate_square_c
public :: interaction_evaluate_sum
public :: interaction_evaluate_me_sum

(Interactions: procedures)+=
pure subroutine interaction_evaluate_product &
(int, i, intl, int2, index1, index2)

type(interaction_t), intent(inout) :: int

integer, intent(in) :: i

type(interaction_t), intent(in) :: intl, int2
integer, dimension(:), intent(in) :: indexl, index2

call state_matrix_evaluate_product &
(int%state_matrix, i, intl%state_matrix, int2)state_matrix, &
index1, index2)
end subroutine interaction_evaluate_product

pure subroutine interaction_evaluate_product_cf &
(int, i, intl, int2, index1l, index2, factor)

type(interaction_t), intent(inout) :: int

integer, intent(in) :: i

type(interaction_t), intent(in) :: intl, int2
integer, dimension(:), intent(in) :: indexl, index2
complex(default), dimension(:), intent(in) :: factor
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call state_matrix_evaluate_product_cf &
(intYstate_matrix, i, intil)state_matrix, int2),state_matrix, &
index1, index2, factor)
end subroutine interaction_evaluate_product_cf

pure subroutine interaction_evaluate_square_c (int, i, intl, indexl)

type(interaction_t), intent(inout) :: int
integer, intent(in) :: i
type(interaction_t), intent(in) :: intil
integer, dimension(:), intent(in) :: index1l

call state_matrix_evaluate_square_c &
(int%state_matrix, i, intl%state_matrix, indexl)
end subroutine interaction_evaluate_square_c

pure subroutine interaction_evaluate_sum (int, i, intl, index1)

type(interaction_t), intent(inout) :: int
integer, intent(in) :: i
type(interaction_t), intent(in) :: int1l
integer, dimension(:), intent(in) :: index1l

call state_matrix_evaluate_sum &
(int%state_matrix, i, intl)state_matrix, indexl)
end subroutine interaction_evaluate_sum

pure subroutine interaction_evaluate_me_sum (int, i, intl, index1)

type(interaction_t), intent(inout) :: int
integer, intent(in) :: i
type(interaction_t), intent(in) :: intil
integer, dimension(:), intent(in) :: index1

call state_matrix_evaluate_me_sum &
(int%state_matrix, i, intl)state_matrix, indexl)
end subroutine interaction_evaluate_me_sum

11.2.5 Accessing contents

Return the integer tag.

(Interactions: public)+=
public :: interaction_get_tag

(Interactions: procedures)+=
function interaction_get_tag (int) result (tag)
integer :: tag
type(interaction_t), intent(in) :: int
tag = intltag
end function interaction_get_tag

Return the number of particles.

(Interactions: public)+=

public :: interaction_get_n_tot
public :: interaction_get_n_in
public :: interaction_get_n_vir
public :: interaction_get_n_out
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(Interactions: procedures)+=
function interaction_get_n_tot (int) result (n_tot)
integer :: n_tot
type(interaction_t), intent(in) :: int
n_tot = intYn_tot
end function interaction_get_n_tot

function interaction_get_n_in (int) result (n_in)
integer :: n_in
type(interaction_t), intent(in) :: int
n_in = int%n_in

end function interaction_get_n_in

function interaction_get_n_vir (int) result (n_vir)
integer :: n_vir
type(interaction_t), intent(in) :: int
n_vir = int%n_vir

end function interaction_get_n_vir

function interaction_get_n_out (int) result (n_out)
integer :: n_out
type(interaction_t), intent(in) :: int
n_out = int%n_out

end function interaction_get_n_out

Return a momentum index. The flags specify whether to keep/drop incoming,
virtual, or outgoing momenta. Check for illegal values.

(Interactions: procedures)+=
function idx (int, i, outgoing)

integer :: idx
type(interaction_t), intent(in) :: int
integer, intent(in) :: i
logical, intent(in), optional :: outgoing
logical :: in, vir, out
if (present (outgoing)) then
in = .not. outgoing
vir = .false.
out = outgoing
else
in = .true.
vir = .true.
out = .true.
end if
idx = 0

if (in) then
if (vir) then
if (out) then
if (i <= intYn_tot) idx =i
else
if (i <= intYn_in + int¥%n_vir) idx =i
end if
else if (out) then
if (i <= intY%n_in) then
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idx = 1
else if (i <= int%n_in + int%n_out) then
idx = intYn_vir + i
end if
else
if (i <= intY%n_in) idx =i
end if
else if (vir) then
if (out) then
if (i <= int)n_vir + int¥%n_out) idx = int¥n_in + i
else
if (i <= intYn_vir) idx = int%n_in + i
end if
else if (out) then
if (i <= int%n_out) idx = int%n_in + intYn_vir + i
end if
if (idx == 0) then
call interaction_write (int)
print *, i, in, vir, out
call msg_bug (" Momentum index is out of range for this interaction")
end if
end function idx

Return all or just a specific four-momentum.

(Interactions: public)+=
public :: interaction_get_momenta
public :: interaction_get_momentum

(Interactions: interfaces)+=
interface interaction_get_momenta
module procedure interaction_get_momenta_all
module procedure interaction_get_momenta_idx
end interface

(Interactions: procedures)+=
function interaction_get_momenta_all (int, outgoing) result (p)
type(vector4_t), dimension(:), allocatable :: p

type(interaction_t), intent(in) :: int
logical, intent(in), optional :: outgoing
integer :: i

if (present (outgoing)) then
if (outgoing) then
allocate (p (int%n_out))
else
allocate (p (int%n_in))
end if
else
allocate (p (int%n_tot))
end if
do i =1, size (p)
p(i) = intYp(idx (int, i, outgoing))
end do
end function interaction_get_momenta_all

function interaction_get_momenta_idx (int, jj) result (p)
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type(vector4_t), dimension(:), allocatable :: p
type(interaction_t), intent(in) :: int
integer, dimension(:), intent(in) :: jj
allocate (p (size (jj)))
p = intlp(jj)

end function interaction_get_momenta_idx

function interaction_get_momentum (int, i, outgoing) result (p)
type(vectord_t) :: p

type(interaction_t), intent(in) :: int
integer, intent(in) :: i
logical, intent(in), optional :: outgoing

p = intYp(idx (int, i, outgoing))
end function interaction_get_momentum

This is a variant as a subroutine. Redundant, but the function above fails at
times for gfortran 4.5.0 (double allocation, compiler bug).
(Interactions: public)+=

public :: interaction_get_momenta_sub

(Interactions: procedures)+=
subroutine interaction_get_momenta_sub (int, p, outgoing)

type(vector4_t), dimension(:), intent(out) :: p
type(interaction_t), intent(in) :: int

logical, intent(in), optiomnal :: outgoing
integer :: i

do i =1, size (p)
p(i) = int¥%p(idx (int, i, outgoing))
end do
end subroutine interaction_get_momenta_sub

Return a shallow copy of the state matrix:

(Interactions: public)+=
public :: interaction_get_state_matrix_ptr

(Interactions: procedures)+=
function interaction_get_state_matrix_ptr (int) result (state)
type(state_matrix_t), pointer :: state
type(interaction_t), intent(in), target :: int
state => intYstate_matrix
end function interaction_get_state_matrix_ptr

Return the array of resonance flags

(Interactions: public)+=
public :: interaction_get_resonance_flags

(Interactions: procedures)+=
function interaction_get_resonance_flags (int) result (resonant)
type(interaction_t), intent(in) :: int
logical, dimension(size(int¥%resonant)) :: resonant
resonant = int)resonant
end function interaction_get_resonance_flags
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Return the quantum-numbers mask (or part of it)

(Interactions: public)+=
public :: interaction_get_mask

(Interactions: interfaces)+=
interface interaction_get_mask
module procedure interaction_get_mask_all
module procedure interaction_get_mask_slice
end interface

(Interactions: procedures)+=
function interaction_get_mask_all (int) result (mask)
type(interaction_t), intent(in) :: int
type (quantum_numbers_mask_t), dimension(size(int%mask)) :: mask
mask = intmask
end function interaction_get_mask_all

function interaction_get_mask_slice (int, index) result (mask)

type(interaction_t), intent(in) :: int
integer, dimension(:), intent(in) :: index
type (quantum_numbers_mask_t), dimension(size(index)) :: mask

mask = int%mask(index)
end function interaction_get_mask_slice

Compute the invariant mass squared of the incoming particles (if any, otherwise
outgoing).
(Interactions: public)+=

public :: interaction_get_s

(Interactions: procedures)+=
function interaction_get_s (int) result (s)
real(default) :: s
type(interaction_t), intent(in) :: int
if (int¥%n_in /= 0) then
s = sum (int%p(:int)n_in)) *x* 2
else
s = sum (int%p(int/n_vir+1l:)) *x 2
end if
end function interaction_get_s

Compute the Lorentz transformation that transforms the incoming particles
from the center-of-mass frame to the lab frame where they are given. If the
c.m. mass squared is negative or zero, return the identity.
(Interactions: public)+=

public :: interaction_get_cm_transformation

(Interactions: procedures)+=
function interaction_get_cm_transformation (int) result (1t)
type(lorentz_transformation_t) :: 1t
type(interaction_t), intent(in) :: int
type(vector4_t) :: p_cm
real(default) :: s
if (int%n_in /= 0) then
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p_cm = sum (int%p(:int¥n_in))
else

p_cm = sum (int%p(int¥%n_vir+1:))
end if

S = p_cm **x 2
if (s > 0) then

1t = boost (p_cm, sqrt (s))
else

1t = identity
end if

end function interaction_get_cm_transformation

Return flavor, momentum, and position of the first outgoing unstable particle
present in the interaction. Note that we need not iterate through the state
matrix; if there is an unstable particle, it will be present in all state-matrix
entries.

(Interactions: public)+=
public :: interaction_get_unstable_particle

([ntemctions: procedures) +=
subroutine interaction_get_unstable_particle (int, flv, p, i)

type(interaction_t), intent(in), target :: int
type(flavor_t), intent(out) :: flv
type(vector4_t), intent(out) :: p

integer, intent(out) :: i

type(state_iterator_t) :: it

type(flavor_t), dimension(intyn_tot) :: flv_array

call state_iterator_init (it, int/state_matrix)
flv_array = state_iterator_get_flavor (it)
do i = int¥n_in + int¥%n_vir + 1, int%n_tot
if (.not. flavor_is_stable (flv_array(i))) then
flv = flv_array(i)
p = int%p(i)
return
end if
end do
end subroutine interaction_get_unstable_particle

Return the complete set of outgoing flavors, assuming that the flavor quantum
number is not suppressed.

(Interactions: public)+=
public :: interaction_get_flv_out

(Interactions: procedures)+=
subroutine interaction_get_flv_out (int, flv)
type(interaction_t), intent(in), target :: int
type(flavor_t), dimension(:,:), allocatable, intent(out) :: flv
type(state_iterator_t) :: it
type(flavor_t), dimension(:), allocatable :: flv_state
integer :: n_in, n_vir, n_out, n_tot, n_state, i
n_in = interaction_get_n_in (int)
n_vir = interaction_get_n_vir (int)
n_out = interaction_get_n_out (int)
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n_tot = interaction_get_n_tot (int)
n_state = interaction_get_n_matrix_elements (int)
allocate (flv (n_out, n_state))
allocate (flv_state (n_tot))
i=1
call state_iterator_init (it, interaction_get_state_matrix_ptr (int))
do while (state_iterator_is_valid (it))
flv_state = state_iterator_get_flavor (it)
flv(:,i) = flv_state(n_in+n_vir+1:)
i=1i+1
call state_iterator_advance (it)
end do
end subroutine interaction_get_flv_out

11.2.6 Modifying contents

Set the quantum numbers mask.
(Interactions: public)+=
public :: interaction_set_mask

(Interactions: procedures)+=
subroutine interaction_set_mask (int, mask)

type(interaction_t), intent(inout) :: int

type (quantum_numbers_mask_t), dimension(:), intent(in) :: mask
int%mask = mask

int%update_state_matrix = .true.

end subroutine interaction_set_mask

Merge a particular mask entry, respecting a possible helicity lock for this entry.
We apply an OR relation, which means that quantum numbers are summed
over if either of the two masks requires it.
(Interactions: procedures)+=

subroutine interaction_merge_mask_entry (int, i, mask)

type(interaction_t), intent(inout) :: int
integer, intent(in) :: i

type (quantum_numbers_mask_t), intent(in) :: mask
type (quantum_numbers_mask_t) :: mask_tmp

integer :: ii

ii = idx (int, i)
if (int%mask(ii) .neqv. mask) then
int/mask(ii) = intYmask(ii) .or. mask
if (int%hel_lock(ii) /= 0) then
call quantum_numbers_mask_assign (mask_tmp, mask, helicity=.true.)
intYmask(int%hel_lock(ii)) = int¥%mask(int’hel_lock(ii)) .or. mask_tmp
end if
end if
intupdate_state_matrix = .true.
end subroutine interaction_merge_mask_entry

Fill the momenta array, do not care about the quantum numbers of particles.
(Interactions: public)+=
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public :: interaction_reset_momenta
public :: interaction_set_momenta
public :: interaction_set_momentum

(Interactions: procedures)+=
subroutine interaction_reset_momenta (int)

type(interaction_t), intent(inout) :: int
int¥%p = vector4_null
intp_is_known = .true.

end subroutine interaction_reset_momenta

subroutine interaction_set_momenta (int, P, outgoing)
type(interaction_t), intent(inout) :: int
type(vector4_t), dimension(:), intent(in) :: p
logical, intent(in), optional :: outgoing
integer :: i, index
do i =1, size (p)
index = idx (int, i, outgoing)
int¥%p(index) = p(i)
int¥%p_is_known(index) = .true.
end do
end subroutine interaction_set_momenta

subroutine interaction_set_momentum (int, p, i, outgoing)

type(interaction_t), intent(inout) :: int
type(vector4_t), intent(in) :: p

integer, intent(in) :: i

logical, intent(in), optional :: outgoing
integer :: index

index = idx (int, i, outgoing)
intYp(index) = p
int¥%p_is_known(index) = .true.

end subroutine interaction_set_momentum

This more sophisticated version of setting values is used for structure functions,
in particular if nontrivial flavor, color, and helicity may be present: set values
selectively for the given flavors. If there is more than one flavor, scan the
interaction and check for a matching flavor at the specified particle location. If
it matches, insert the value that corresponds to this flavor.

(Interactions: public)+=
public :: interaction_set_flavored_values

(Interactions: procedures)+=
subroutine interaction_set_flavored_values (int, value, flv_in, pos)
type(interaction_t), intent(inout) :: int
complex(default), dimension(:), intent(in) :: value
type(flavor_t), dimension(:), intent(in) :: flv_in
integer, intent(in) :: pos
type(state_iterator_t) :: it
type(flavor_t) :: flv
integer :: i
if (size (value) == 1) then
call interaction_set_matrix_element (int, value(1l))
else
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call state_iterator_init (it, intYstate_matrix)
do while (state_iterator_is_valid (it))
flv = state_iterator_get_flavor (it, pos)
SCAN_FLV: do i = 1, size (value)
if (flv == flv_in(i)) then
call state_iterator_set_matrix_element (it, value(i))
exit SCAN_FLV
end if
end do SCAN_FLV
call state_iterator_advance (it)
end do
end if

end subroutine interaction_set_flavored_values

11.2.7 Handling Linked interactions

Store relations between corresponding particles within one interaction. The first
particle is the parent, the second one the child. Links are established in both
directions.

These relations have no effect on the propagation of momenta etc., they are
rather used for mother-daughter relations in event output.
(Interactions: public)+=

public :: interaction_relate

(Interactions: procedures)+=
subroutine interaction_relate (int, il, i2)
type(interaction_t), intent(inout), target :: int
integer, intent(in) :: i1, i2
if (i1 /= 0 .and. i2 /= 0) then
call intYchildren(il)%append (i2)
call intYparents(i2)%append (il1)
end if

end subroutine interaction_relate

Transfer internal parent-child relations defined within interaction int1 to a new
interaction int where the particle indices are mapped to. Some particles in int1
may have no image in int. In that case, a child entry maps to zero, and we
skip this relation.

Also transfer resonance flags.
(Interactions: public)+=

public :: interaction_transfer_relations

(Interactions: procedures)+=
subroutine interaction_transfer_relations (intl, int2, map)

type(interaction_t), intent(in) :: intil
type(interaction_t), intent(inout), target :: int2
integer, dimension(:), intent(in) :: map

integer :: i, j, k

do i =1, size (map)
do j = 1, intlYparents(i)’%get_length ()
k = intlYparents(i)¥%get_link (j)
call interaction_relate (int2, map(k), map(i))
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end do
if (map(i) /= 0) then
int2%resonant (map(i)) = intlYresonant(i)
end if
end do
end subroutine interaction_transfer_relations

Make up internal parent-child relations for the particle(s) that are connected to
a new interaction int.

If resonant is defined and true, the connections are marked as resonant in
the result interaction
(Interactions: public)+=

public :: interaction_relate_connections

(Interactions: procedures)+=
subroutine interaction_relate_connections &
(int, int_in, connection_index, &
map, map_connections, resonant)

type(interaction_t), intent(inout), target :: int
type(interaction_t), intent(in) :: int_in

integer, dimension(:), intent(in) :: connection_index
integer, dimension(:), intent(in) :: map, map_connections
logical, intent(in), optional :: resonant

logical :: reson

integer :: i, j, i2, k2

reson = .false.; if (present (resonant)) reson = resonant

do i = 1, size (map_connections)
k2 = connection_index (i)
do j = 1, int_injchildren(k2)%get_length ()
i2 = int_injchildren(k2)%get_link (j)
call interaction_relate (int, map_connections(i), map(i2))
end do
intYresonant (map_connections(i)) = reson
end do
end subroutine interaction_relate_connections

Return the number of source/target links of the internal connections of particle
i.
(Interactions: public)+=

public :: interaction_get_n_children

public :: interaction_get_n_parents

(Interactions: procedures)+=
function interaction_get_n_children (int, i) result (n)

integer :: n
type(interaction_t), intent(in) :: int
integer, intent(in) :: i

n = intjchildren(i)’%get_length ()
end function interaction_get_n_children

function interaction_get_n_parents (int, i) result (n)

integer :: n
type(interaction_t), intent(in) :: int
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integer, intent(in) :: i
n = int¥parents(i)’get_length ()
end function interaction_get_n_parents

Return the source/target links of the internal connections of particle i as an
array.
(Interactions: public)+=

public :: interaction_get_children

public :: interaction_get_parents

(Interactions: procedures)+=
function interaction_get_children (int, i) result (idx)

integer, dimension(:), allocatable :: idx
type(interaction_t), intent(in) :: int
integer, intent(in) :: i

integer :: k, 1
1 = int¥%children(i)%get_length ()
allocate (idx (1))
dok=1,1
idx(k) = int%children(i)%get_link (k)
end do
end function interaction_get_children

function interaction_get_parents (int, i) result (idx)

integer, dimension(:), allocatable :: idx
type(interaction_t), intent(in) :: int
integer, intent(in) :: i

integer :: k, 1
1 = int¥%parents(i)iget_length ()
allocate (idx (1))
dok=1,1
idx(k) = int%parents(i)iget_link (k)
end do
end function interaction_get_parents

Add a source link from an interaction to a corresponding particle within another
interaction. These links affect the propagation of particles: the two linked
particles are considered as the same particle, outgoing and incoming.
(Interactions: public)+=

public :: interaction_set_source_link
(Interactions: interfaces)+=

interface interaction_set_source_link

module procedure interaction_set_source_link_int
end interface

(Interactions: procedures)+=
subroutine interaction_set_source_link_int (int, i, intil, il)

type(interaction_t), intent(inout) :: int
integer, intent(in) :: i

type(interaction_t), intent(in), target :: intl
integer, intent(in) :: il

if (i /= 0) call external_link_set (int¥%source(i), intl, il)
end subroutine interaction_set_source_link_int
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Reassign links to a new interaction (which is an image of the current interaction).
(Interactions: public)+=
public :: interaction_reassign_links

(Interactions: procedures)+=
subroutine interaction_reassign_links (int, int_src, int_target)

type(interaction_t), intent(inout) :: int
type(interaction_t), intent(in) :: int_src
type(interaction_t), intent(in), target :: int_target
integer :: i

if (allocated (int%source)) then
do i = 1, size (int%source)
call external_link_reassign (int¥source(i), int_src, int_target)
end do
end if
end subroutine interaction_reassign_links

Since links are one-directional, if we want to follow them backwards we have
to scan all possibilities. This procedure returns the index of the particle within
int which points to the particle i1 within interaction intl. If unsuccessful,
return zero.
(Interactions: public)+=

public :: interaction_find_link

(Interactions: procedures)+=
function interaction_find_link (int, int1l, i1) result (i)

integer :: i

type(interaction_t), intent(in) :: int, intil
integer, intent(in) :: il
type(interaction_t), pointer :: int_tmp

do i = 1, int¥n_tot
int_tmp => external_link get_ptr (int¥source(i))
if (int_tmpltag == intlltag) then

if (external_link_get_index (int%source(i)) == il) return

end if

end do

i=0

end function interaction_find_link

The inverse: return interaction pointer and index for the ultimate source of i
within int.
(Interactions: public)+=

public :: interaction_find_source

(Interactions: procedures)+=
subroutine interaction_find_source (int, i, intl, il)

type(interaction_t), intent(in) :: int

integer, intent(in) :: i

type(interaction_t), intent(out), pointer :: intl
integer, intent(out) :: il

type(external_link_t) :: link

link = interaction_get_ultimate_source (int, i)
intl => external_link_get_ptr (link)

il = external_link_get_index (1link)
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end subroutine interaction_find_source

Follow source links recursively to return the ultimate source of a particle.
(Interactions: procedures)+=

function interaction_get_ultimate_source (int, i) result (link)
type(external_link_t) :: link

type(interaction_t), intent(in) :: int
integer, intent(in) :: i
type(interaction_t), pointer :: int_src
integer :: i_src

link = int%source(i)
if (external_link_is_set (link)) then
do
int_src => external_link_get_ptr (link)
i_src = external_link_get_index (link)
if (external_link_is_set (int_srcYsource(i_src))) then
link = int_srclsource(i_src)
else
exit
end if
end do
end if
end function interaction_get_ultimate_source

Update mask entries by merging them with corresponding masks in interactions
linked to the current one. The mask determines quantum numbers which are
summed over.

Note that both the mask of the current interaction and the mask of the
linked interaction are updated (side effect!). This ensures that both agree for
the linked particle.

(Interactions: public)+=

public :: interaction_exchange_mask
(Interactions: procedures)+=

subroutine interaction_exchange_mask (int)

type(interaction_t), intent(inout) :: int
integer :: i, index_link
type(interaction_t), pointer :: int_link

do i = 1, int¥n_tot
if (external_link_is_set (intYsource(i))) then
int_link => external_link_get_ptr (int%source(i))
index_link = external_link_get_index (intYsource(i))
call interaction_merge_mask_entry &
(int, i, int_linkYmask(index_link))
call interaction_merge_mask_entry &
(int_link, index_link, int%mask(i))
end if
end do
call interaction_freeze (int)
end subroutine interaction_exchange_mask

Copy momenta from interactions linked to the current one.
(Interactions: public)+=
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public :: interaction_receive_momenta

(Interactions: procedures)+=
subroutine interaction_receive_momenta (int)

type(interaction_t), intent(inout) :: int
integer :: i, index_link
type(interaction_t), pointer :: int_link

do i = 1, int%n_tot
if (external_link_is_set (intYsource(i))) then
int_link => external_link_get_ptr (intYsource(i))
index_link = external_link_get_index (intYsource(i))
call interaction_set_momentum (int, int_link%p(index_link), i)
end if
end do
end subroutine interaction_receive_momenta

The inverse operation: Copy momenta back to the interactions linked to the
current one.
(Interactions: public)+=

public :: interaction_send_momenta

(Interactions: procedures)+=
subroutine interaction_send_momenta (int)

type(interaction_t), intent(in) :: int
integer :: i, index_link
type(interaction_t), pointer :: int_link

do i = 1, int¥n_tot
if (external_link_is_set (intYsource(i))) then
int_link => external_link_get_ptr (intYsource(i))
index_link = external_link_get_index (intYsource(i))
call interaction_set_momentum (int_link, int%p(i), index_link)
end if
end do
end subroutine interaction_send_momenta

For numerical comparisons: pacify all momenta in an interaction.
(Interactions: public)+=
public :: interaction_pacify_momenta

(Interactions: procedures)+=
subroutine interaction_pacify_momenta (int, acc)

type(interaction_t), intent(inout) :: int
real (default), intent(in) :: acc
integer :: i

do i = 1, int%n_tot
call pacify (int%p(i), acc)
end do
end subroutine interaction_pacify_momenta

11.2.8 Recovering connections

When creating an evaluator for two interactions, we have to know by which
particles they are connected. The connection indices can be determined if we
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have two linked interactions. We assume that int1 is the source and int2 the
target, so the connections of interest are stored within int2. A connection is
found if either the source is int1, or the (ultimate) source of a particle within
int?2 coincides with the (ultimate) source of a aparticle within int1. The result
is an array of index pairs.

To make things simple, we scan the interaction twice, once for counting hits,
then allocate the array, then scan again and store the connections.

The connections are scanned for int2, which has sources in int1. It may
happen that the order of connections is interchanged (crossed). We require the
indices in intl to be sorted, so we reorder both index arrays correspondingly
before returning them. (After this, the indices in int2 may be out of order.)
(Interactions: public)+=

public :: find_connections

(Interactions: procedures)+=
subroutine find_connections (intl, int2, n, connection_index)

type(interaction_t), intent(in) :: intl, int2

integer, intent(out) :: n

integer, dimension(:,:), intent(out), allocatable :: connection_index
integer, dimension(:,:), allocatable :: conn_index_tmp

integer, dimension(:), allocatable :: ordering

integer :: i, j, k

type(external_link_t) :: link2, linkil

type(interaction_t), pointer :: int_link, int_linkl

n=20

do i = 1, size (int2¥%source)
link2 = interaction_get_ultimate_source (int2, i)
if (external_link_is_set (1ink2)) then
int_link => external_link_get_ptr (1link2)
if (int_link%tag == intl/tag) then
n=n+1

else
k = external_link_get_index (1link2)
do j = 1, size (intl%source)
linkl = interaction_get_ultimate_source (intl, j)
if (externmal_link_is_set (link1)) then
int_linkl => external_link_get_ptr (1link1)
if (int_link1%tag == int_link%tag) then
if (external_link_get_index (linkl) == k) then
n=n+1
end if
end if
end if
end do
end if
end if
end do
allocate (conn_index_tmp (n, 2))

n=20
do i = 1, size (int2¥%source)
link2 = interaction_get_ultimate_source (int2, i)
if (external_link_is_set (1ink2)) then
int_link => external_link_get_ptr (link2)
if (int_link%tag == intl/tag) then
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n=n+1
conn_index_tmp(n,1) = external_link_get_index (int2)source(i))
conn_index_tmp(n,2) = i

else
k = external_link_get_index (link2)
do j = 1, size (intlYsource)
linkl = interaction_get_ultimate_source (intl, j)
if (external_link_is_set (1link1)) then
int_linkl => external_link_get_ptr (1link1)
if (int_link1Ytag == int_link%tag) then
if (external_link_get_index (linkl) == k) then
n=n+1
conn_index_tmp(n,1) = j
conn_index_tmp(n,2) =
end if
end if
end if
end do
end if
end if
end do

allocate (connection_index (n, 2))
if (n > 1) then
allocate (ordering (n))
ordering = order (conn_index_tmp(:,1))
connection_index = conn_index_tmp(ordering,:)
else
connection_index = conn_index_tmp
end if
end subroutine find_connections

11.2.9 Unit tests

(Interactions: public)+=
public :: interaction_test

(Interactions: procedures)+=
subroutine interaction_test (u, results)
integer, intent(in) :: u
type(test_results_t), intent(inout) :: results
(Interactions: execute tests)
end subroutine interaction_test

Generate an interaction of a polarized virtual photon and a colored quark which
may be either up or down. Remove the quark polarization. Generate another
interaction for the quark radiating a photon and link this to the first interation.
The radiation ignores polarization; transfer this information to the first inter-
action to simplify it. Then, transfer the momentum to the radiating quark and
perform a splitting.

(Interactions: execute tests)=

call test (interaction_1, "interaction_1", &
"check interaction setup", &

511



u, results)

(Interactions: tests)=
subroutine interaction_1 (u)

integer, intent(in) :: u

type(interaction_t), target :: int, rad
type(vector4_t), dimension(3) :: p

type (quantum_numbers_mask_t), dimension(3) :: mask

p(2) = vector4_moving (500._default, 500._default, 1)
p(3) = vector4_moving (500._default,-500._default, 1)
p(1) = p(2) + p(3)

write (u, "(A)") "x Test output: interaction"
write (u, "(A)") "* Purpose: check routines for interactions"
write (u, "(A)")

call interaction_init (int, 1, 0, 2, set_relations=.true., &
store_values = .true. )
call int_set (int, 1, -1, 1, 1, &
cmplx (0.3_default, 0.1_default, kind=default))
call int_set (int, 1, -1,-1, 1, &
cmplx (0.5_default,-0.7_default, kind=default))
call int_set (int, 1, 1, 1, 1, &
cmplx (0.1_default, 0._default, kind=default))
call int_set (int, -1, 1, -1, 2, &
cmplx (0.4_default, -0.1_default, kind=default))
call int_set (int, 1, 1, 1, 2, &
cmplx (0.2_default, 0._default, kind=default))
call interaction_freeze (int)
call interaction_set_momenta (int, p)
mask = new_quantum_numbers_mask (.false.,.false., [.true.,.true.,.true.])
call interaction_init (rad, 1, 0, 2, &
mask=mask, set_relations=.true., store_values = .true.)
call rad_set (1)
call rad_set (2)
call interaction_set_source_link (rad, 1, int, 2)
call interaction_exchange_mask (rad)
call interaction_receive_momenta (rad)
p(1) = interaction_get_momentum (rad, 1)
p(2) = 0.4_default * p(1)
p(3) = p(1) - p(2)
call interaction_set_momenta (rad, p(2:3), outgoing=.true.)
call interaction_freeze (int)
call interaction_freeze (rad)
call interaction_set_matrix_element &
(rad, cmplx (0._default, 0._default, kind=default))
call interaction_write (int, u)
write (u, "(A)")
call interaction_write (rad, u)
write (u, "(A)")
write (u, "(A)") "x Cleanup"
call interaction_final (int)
call interaction_final (rad)
write (u, "(A)")
write (u, "(A)") "% Test interaction_1: successful."
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contains

subroutine int_set (int, hl, h2, hq, q, val)
type(interaction_t), target, intent(inout) :: int
integer, intent(in) :: hl, h2, hqg, q
type(flavor_t), dimension(3) :: flv
type(color_t), dimension(3) :: col
type(helicity_t), dimension(3) :: hel
type (quantum_numbers_t), dimension(3) :: gn
complex(default), intent(in) :: val
call flavor_init (flv, [21, q, -ql)
call color_init_col_acl (col(2), 5, 0)
call color_init_col_acl (col(3), 0, 5)
call helicity_init (hel, [hl, hq, -hql, [h2, hqg, -hql)
call quantum_numbers_init (qn, flv, col, hel)
call interaction_add_state (int, qn)
call interaction_set_matrix_element (int, val)

end subroutine int_set

subroutine rad_set (q)

integer, intent(in) :: q
type(flavor_t), dimension(3) :: flv
type (quantum_numbers_t), dimension(3) :: gn

call flavor_init (flv, [ q, q, 21 1)
call quantum_numbers_init (qn, flv)
call interaction_add_state (rad, qn)
end subroutine rad_set
end subroutine interaction_1

11.3 Matrix element evaluation

The evaluator_t type is an extension of the interaction_t type. It represents
either a density matrix as the square of a transition matrix element, or the
product of two density matrices. Usually, some quantum numbers are summed
over in the result.

The interaction_t subobject represents a multi-particle interaction with
incoming, virtual, and outgoing particles and the associated (not necessarily
diagonal) density matrix of quantum state. When the evaluator is initialized,
this interaction is constructed from the input interaction(s).

In addition, the initialization process sets up a multiplication table. For each
matrix element of the result, it states which matrix elements are to be taken
from the input interaction(s), multiplied (optionally, with an additional weight
factor) and summed over.

Eventually, to a processes we associate a chain of evaluators which are to be
evaluated sequentially. The physical event and its matrix element value(s) can
be extracted from the last evaluator in such a chain.

Evaluators are constructed only once (as long as this is possible) during an
initialization step. Then, for each event, momenta are computed and transferred
among evaluators using the links within the interaction subobject. The multi-
plication tables enable fast evaluation of the result without looking at quantum
numbers anymore.

(evaluators.f90)=
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(File header)
module evaluators

(Use kinds)
(Use strings)
use io_units
use format_defs, only: FMT_19
use unit_tests
use diagnostics
use lorentz
use model_data
use flavors
use colors
use helicities
use quantum_numbers
use state_matrices
use interactions

(Standard module head)
(Bvaluators: public)
(Bvaluators: parameters)
(Evaluators: types)
(Bvaluators: interfaces)
contains

(Evaluators: procedures)
(Bvaluators: tests)

end module evaluators

11.3.1 Array of pairings

The evaluator contains an array of pairing_array objects. This makes up the
multiplication table.

Each pairing array contains two list of matrix element indices and a list of
numerical factors. The matrix element indices correspond to the input interac-
tions. The corresponding matrix elements are to be multiplied and optionally
multiplied by a factor. The results are summed over to yield one specific matrix
element of the result evaluator.

(Fvaluators: types)=
type :: pairing_array_t
integer, dimension(:), allocatable :: il, i2
complex(default), dimension(:), allocatable :: factor
end type pairing_array_t
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(Ewvaluators: procedures)=
elemental subroutine pairing_array_init (pa, n, has_i2, has_factor)

type(pairing_array_t), intent(out) :: pa
integer, intent(in) :: n
logical, intent(in) :: has_i2, has_factor

allocate (pa%il (n))

if (has_i2) allocate (paki2 (n))

if (has_factor) allocate (pa%factor (nm))
end subroutine pairing_array_init

11.3.2 The evaluator type

Possible variants of evaluators:

(Fvaluators: parameters)=

integer, parameter :: &
EVAL_UNDEFINED = O,
EVAL_PRODUCT = 1, &
EVAL_SQUARED_FLOWS = 2, &
EVAL_SQUARE_WITH_COLOR_FACTORS = 3, &
EVAL_COLOR_CONTRACTION = 4, &
EVAL_IDENTITY = 5, &
EVAL_QN_SUM = 6

&

The evaluator type contains the result interaction and an array of pairing lists,
one for each matrix element in the result interaction.

(Evaluators: publicy=
public :: evaluator_t

(Evaluators: types)+=

type :: evaluator_t

private
integer :: type = EVAL_UNDEFINED
type(interaction_t), pointer :: int_inl => null ()
type(interaction_t), pointer :: int_in2 => null ()
type(interaction_t) :: int
type(pairing_array_t), dimension(:), allocatable :: pairing_array

contains

(Bvaluators: evaluator: TBP)
end type evaluator_t

Output.
(Fvaluators: evaluator: TBP)=
procedure :: write => evaluator_write

(Evaluators: procedures)+=
subroutine evaluator_write (eval, unit, &
verbose, show_momentum_sum, show_mass, show_state, show_table, testflag)

class(evaluator_t), intent(in) :: eval

integer, intent(in), optional :: unit

logical, intent(in), optional :: verbose, show_momentum_sum, show_mass
logical, intent(in), optional :: show_state, show_table, testflag
logical :: conjugate, square, show_tab

integer :: u, i, j
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u = given_output_unit (unit); if (u < 0) return
show_tab = .true.; if (present (show_table)) show_tab = .false.
! write (u, "(1x,A)") "Evaluator:" 11! Debugging
call interaction_write &
(evallint, unit, verbose, show_momentum_sum, show_mass, &
show_state, testflag)
if (show_tab) then
write (u, "(1x,A)") "Matrix-element multiplication"
write (u, "(2x,A)", advance="no") "Input interaction 1:"
if (associated (evallint_inl)) then
write (u, "(1x,I0)") interaction_get_tag (evallint_inl)
else
write (u, "(A)") " [undefined]"
end if
write (u, "(2x,A)", advance="no") "Input interaction 2:"
if (associated (evallint_in2)) then
write (u, "(1x,I0)") interaction_get_tag (evallint_in2)
else
write (u, "(A)") " [undefined]"
end if
select case (evalltype)
case (EVAL_SQUARED_FLOWS, EVAL_SQUARE_WITH_COLOR_FACTORS)
conjugate = .true.
square = .true.
case default
conjugate = .false.
square = .false.
end select
if (eval’type == EVAL_IDENTITY) then
write (u, "(1X,A)") "Identity evaluator, pairing array unused"
return
end if
if (allocated (evalypairing_array)) then
do i = 1, size (evallpairing_array)
write (u, "(2x,A,I0,A)") "ME(", i, ") ="
do j = 1, size (eval¥pairing_array(i)%il)
write (u, "(4x,A)", advance="no") "+"
if (allocated (evallpairing_array(i)%i2)) then
write (u, "(1x,A,I0,A)", advance="no") &
"ME1(", evallpairing_array(i)%i1(j), ")"
if (conjugate) then
write (u, "(A)", advance="no") "x x"
else
write (u, "(A)", advance="no") " x"
end if
write (u, "(1x,A,I0,A)", advance="no") &
"ME2(", evallpairing_array(i)%i2(j), ")"
else if (square) then
write (u, "(1x,A)", advance="no") "|"
write (u, "(A,IO,A)", advance="no") &
"ME1(", evalYpairing_array(i)%i1(j), ")"
write (u, "(A)", advance="no") "|~2"
else
write (u, "(1x,A,I0,A)", advance="no") &
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"ME1(", evalYpairing_array(i)%i1(j), ")"
end if
if (allocated (evallpairing_array(i)’factor)) then
write (u, "(1x,A)", advance="no") "x"
write (u, "(1x,°(C," // FMT_19 // ",’,”," // FMT_19 // &
",%)’)") evalYpairing_array(i)%factor(j)

else
write (u, *)
end if
end do
end do
end if
! print *, size (evallpairing_array) 11! Debugging
end if

end subroutine evaluator_write

Assignment: Deep copy of the interaction component.

(Fvaluators: public)+=
public :: assignment (=)

(Evaluators: interfaces)=
interface assignment (=)
module procedure evaluator_assign
end interface

(BEvaluators: procedures)+=
subroutine evaluator_assign (eval_out, eval_in)
type(evaluator_t), intent(out) :: eval_out
type(evaluator_t), intent(in) :: eval_in
eval_outlitype = eval_injtype
eval_out%int_inl => eval_injint_inl
eval_outint_in2 => eval_inj)int_in2
eval_out%int = eval_in%int
if (allocated (eval_in)pairing_array)) then
allocate (eval_outlpairing_array (size (eval_in¥pairing_array)))
eval_out%pairing_array = eval_in%pairing_array
end if
end subroutine evaluator_assign

11.3.3 Auxiliary structures for evaluator creation

Creating an evaluator that properly handles all quantum numbers requires some
bookkeeping. In this section, we define several auxiliary types and methods that
organize and simplify this task. More structures are defined within the specific
initializers (as local types and internal subroutines).

These types are currently implemented in a partial object-oriented way: We
define some basic methods for initialization etc. here, but the evaluator routines
below do access their internals as well. This simplifies some things such as index
addressing using array slices, at the expense of losing some clarity.
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Index mapping

Index mapping are abundant when constructing an evaluator. To have arrays
of index mappings, we define this:

(Fvaluators: types)+=
type :: index_map_t
integer, dimension(:), allocatable :: entry
end type index_map_t

(Fvaluators: procedures)+=
elemental subroutine index_map_init (map, n)
type(index_map_t), intent(out) :: map
integer, intent(in) :: n
allocate (maplentry (n))
end subroutine index_map_init

(FEvaluators: procedures)+=
function index_map_exists (map) result (flag)
logical :: flag
type(index_map_t), intent(in) :: map
flag = allocated (maplentry)
end function index_map_exists

(Evaluators: interfaces)+=
interface size
module procedure index_map_size
end interface

(Fvaluators: procedures)+=
function index_map_size (map) result (s)
integer :: s
type(index_map_t), intent(in) :: map
if (allocated (maplentry)) then
s = size (maplentry)
else
s =0
end if
end function index_map_size

(Fvaluators: interfaces)+=
interface assignment (=)
module procedure index_map_assign_int
module procedure index_map_assign_array
end interface

(Ewvaluators: procedures)+=
elemental subroutine index_map_assign_int (map, ival)
type(index_map_t), intent(inout) :: map
integer, intent(in) :: ival
maplentry = ival
end subroutine index_map_assign_int
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subroutine index_map_assign_array (map, array)
type(index_map_t), intent(inout) :: map
integer, dimension(:), intent(in) :: array
map/entry = array

end subroutine index_map_assign_array

(Ewvaluators: procedures)+=
elemental subroutine index_map_set_entry (map, i, ival)

type(index_map_t), intent(inout) :: map
integer, intent(in) :: i
integer, intent(in) :: ival

mapjentry(i) = ival
end subroutine index_map_set_entry

(Ewvaluators: procedures)+=
elemental function index_map_get_entry (map, i) result (ival)

integer :: ival
type(index_map_t), intent(in) :: map
integer, intent(in) :: i

ival = maplentry(i)
end function index_map_get_entry

Index mapping (two-dimensional)

This is a variant with a square matrix instead of an array.

(Fvaluators: types)+=
type :: index_map2_t
integer :: s = 0
integer, dimension(:,:), allocatable :: entry
end type index_map2_t

(Fvaluators: procedures)+=
elemental subroutine index_map2_init (map, n)
type(index_map2_t), intent(out) :: map
integer, intent(in) :: n
map%s = n
allocate (mapientry (n, n))
end subroutine index_map2_init

(Bvaluators: procedures)+=
function index_map2_exists (map) result (flag)
logical :: flag
type(index_map2_t), intent(in) :: map
flag = allocated (maplentry)
end function index_map2_exists

(Fvaluators: interfaces)+=
interface size
module procedure index_map2_size
end interface
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(Ewvaluators: procedures)+=
function index_map2_size (map) result (s)

integer :: s
type(index_map2_t), intent(in) :: map
S = maphs

end function index_map2_size

(Bvaluators: interfaces)+=
interface assignment (=)
module procedure index_map2_assign_int
end interface

(Fvaluators: procedures)+=
elemental subroutine index_map2_assign_int (map, ival)
type(index_map2_t), intent(inout) :: map
integer, intent(in) :: ival
map/entry = ival
end subroutine index_map2_assign_int

(Ewvaluators: procedures)+=
elemental subroutine index_map2_set_entry (map, i, j, ival)
type(index_map2_t), intent(inout) :: map
integer, intent(in) :: i, j
integer, intent(in) :: ival
mapjentry(i,j) = ival
end subroutine index_map2_set_entry

(Ewvaluators: procedures)+=
elemental function index_map2_get_entry (map, i, j) result (ival)

integer :: ival
type(index_map2_t), intent(in) :: map
integer, intent(in) :: i, j

ival = maplentry(i,j)
end function index_map2_get_entry

Auxiliary structures: particle mask

This is a simple container of a logical array.

(Ewvaluators: types)+=
type :: prt_mask_t
logical, dimension(:), allocatable :: entry
end type prt_mask_t

(Evaluators: procedures)+=
subroutine prt_mask_init (mask, n)
type(prt_mask_t), intent(out) :: mask
integer, intent(in) :: n
allocate (mask¥%entry (m))
end subroutine prt_mask_init
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(EBvaluators: interfaces)+=
interface size
module procedure prt_mask_size
end interface

(Ewvaluators: procedures)+=
function prt_mask_size (mask) result (s)
integer :: s
type(prt_mask_t), intent(in) :: mask
s = size (masklentry)
end function prt_mask_size

Quantum number containers

Trivial transparent containers:
(Bvaluators: types)+=
type :: qn_list_t
type (quantum_numbers_t), dimension(:,:), allocatable :: gn
end type gn_list_t

type :: gn_mask_array_t
type (quantum_numbers_mask_t), dimension(:), allocatable :: mask
end type gn_mask_array_t

Auxiliary structures: connection entries

This type is used as intermediate storage when computing the product of two
evaluators or the square of an evaluator. The quantum-number array qn cor-
responds to the particles common to both interactions, but irrelevant quantum
numbers (color) masked out. The index arrays index_in determine the entries
in the input interactions that contribute to this connection. n_index is the size
of these arrays, and count is used while filling the entries. Finally, the quantum-
number arrays qn_in_list are the actual entries in the input interaction that
contribute. In the product case, they exclude the connected quantum numbers.

Each evaluator has its own connection_table which contains an array of
connection_entry objects, but also has stuff that specifically applies to the
evaluator type. Hence, we do not generalize the connection_table_t type.

The filling procedure connection_entry_add_state is specific to the vari-
ous evaluator types.

(Fvaluators: types)+=

type :: connection_entry_t
type (quantum_numbers_t), dimension(:), allocatable :: gn_conn
integer, dimension(:), allocatable :: n_index
integer, dimension(:), allocatable :: count
type(index_map_t), dimension(:), allocatable :: index_in

type(qn_list_t), dimension(:), allocatable :: gn_in_list
end type connection_entry_t
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(Ewvaluators: procedures)+=
subroutine connection_entry_init &
(entry, n_count, n_map, gn_conn, count, n_rest)

type(connection_entry_t), intent(out) :: entry

integer, intent(in) :: n_count, n_map

type (quantum_numbers_t), dimension(:), intent(in) :: gn_conn
integer, dimension(n_count), intent(in) :: count

integer, dimension(n_count), intent(in) :: n_rest

integer :: i

allocate (entrylgqn_conn (size (gqn_conn)))
allocate (entry%n_index (n_count))
allocate (entrylcount (n_count))

allocate (entryl%index_in (n_map))
allocate (entry%gn_in_list (n_count))
entry’gn_conn = gn_conn

entry/n_index = count

entry’count = 0

if (size (entry’index_in) == size (count)) then
call index_map_init (entry’index_in, count)
else
call index_map_init (entry’index_in, count(1))
end if

do i = 1, n_count
allocate (entrykqn_in_list(i)%gn (n_rest(i), count(i)))
end do
end subroutine connection_entry_init

(Bvaluators: procedures)+=
subroutine connection_entry_write (entry, unit)

type(connection_entry_t), intent(in) :: entry
integer, intent(in), optional :: unit

integer :: i, j

integer :: u

u = given_output_unit (unit)
call quantum_numbers_write (entry’qgn_conn, unit)
write (u, *)
do i = 1, size (entry/%n_index)
write (u, *) "Input interaction", i
do j = 1, entry/n_index(i)
if (size (entry’n_index) == size (entrylindex_in)) then
write (u, "(2x,10,4x,I10,2x)", advance = "no") &
j, index_map_get_entry (entry’index_in(i), j)
else
write (u, "(2x,10,4x,I10,2x,I0,2x)", advance = "no") &
j, index_map_get_entry (entrylindex_in(1), j), &
index_map_get_entry (entry%index_in(2), j)
end if
call quantum_numbers_write (entrylqn_in_list(i)%gn(:,j), unit)
write (u, *)
end do
end do
end subroutine connection_entry_write
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Color handling

For managing color-factor computation, we introduce this local type. The index
is the index in the color table that corresponds to a given matrix element index
in the input interaction. The col array stores the color assignments in rows.
The factor array associates a complex number with each pair of arrays in the
color table. The factor_is_known array reveals whether a given factor is known
already or still has to be computed.

(Evaluators: types)+=
type :: color_table_t

integer, dimension(:), allocatable :: index
type(color_t), dimension(:,:), allocatable :: col
logical, dimension(:,:), allocatable :: factor_is_known
complex(default), dimension(:,:), allocatable :: factor

end type color_table_t

This is the initializer. We extract the color states from the given state matrices,
establish index mappings between the two states (implemented by the array
me_index), make an array of color states, and initialize the color-factor table.
The latter is two-dimensional (includes interference) and not yet filled.

(Evaluators: procedures)+=
subroutine color_table_init (color_table, state, n_tot)
type(color_table_t), intent(out) :: color_table
type(state_matrix_t), intent(in) :: state
integer, intent(in) :: n_tot
type(state_iterator_t) :: it
type (quantum_numbers_t), dimension(:), allocatable :: gn
type(state_matrix_t) :: state_col
integer :: index, n_col_state
allocate (color_tableYindex &
(state_matrix_get_n_matrix_elements (state)))
color_table¥%index = 0
allocate (gqn (n_tot))
call state_matrix_init (state_col)
call state_iterator_init (it, state)
do while (state_iterator_is_valid (it))
index = state_iterator_get_me_index (it)
call quantum_numbers_init (gn, col = state_iterator_get_color (it))
call state_matrix_add_state (state_col, qn, &
me_index = color_tablelindex(index))
call state_iterator_advance (it)
end do
n_col_state = state_matrix_get_n_matrix_elements (state_col)
allocate (color_table%col (n_tot, n_col_state))
call state_iterator_init (it, state_col)
do while (state_iterator_is_valid (it))
index = state_iterator_get_me_index (it)
color_tablelcol(:,index) = state_iterator_get_color (it)
call state_iterator_advance (it)
end do
call state_matrix_final (state_col)
allocate (color_tablelfactor_is_known (n_col_state, n_col_state))
allocate (color_tablelfactor (n_col_state, n_col_state))
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color_table)factor_is_known = .false.
end subroutine color_table_init

Output (debugging use):
(Bvaluators: procedures)+=
subroutine color_table_write (color_table, unit)

type(color_table_t), intent(in) :: color_table
integer, intent(in), optional :: unit

integer :: i, j

integer :: u

u = given_output_unit (unit)
write (u, *) "Color table:"
if (allocated (color_table’index)) then
write (u, *) " Index mapping state => color table:"
do i = 1, size (color_tablel,index)
write (u, "(3x,10,2x,I10,2x)") i, color_tablelindex(i)

end do
write (u, *) " Color table:"
do i = 1, size (color_tablelcol, 2)
write (u, "(3x,I0,2x)", advance = "no") i

call color_write (color_table¥%col(:,i), unit)
write (u, *)
end do
write (u, *) " Defined color factors:"
do i = 1, size (color_tablelfactor, 1)
do j = 1, size (color_table)factor, 2)
if (color_table)factor_is_known(i,j)) then
write (u, *) i, j, color_table)factor(i,j)
end if
end do
end do
end if
end subroutine color_table_write

This subroutine sets color factors, based on information from the hard matrix
element: the list of pairs of color-flow indices (in the basis of the matrix element
code), the list of corresponding factors, and the list of mappings from the matrix
element index in the input interaction to the color-flow index in the hard matrix
element object.

We first determine the mapping of color-flow indices from the hard matrix
element code to the current color table. The mapping could be nontrivial be-
cause the latter is derived from iterating over a state matrix, which may return
states in non-canonical order. The translation table can be determined because
we have, for the complete state matrix, both the mapping to the hard interac-
tion (the input col_index_hi) and the mapping to the current color table (the
component color_table,index).

Once this mapping is known, we scan the list of index pairs color_flow_index
and translate them to valid color-table index pairs. For this pair, the color factor
is set using the corresponding entry in the list col_factor.

(Fvaluators: procedures)+=
subroutine color_table_set_color_factors (color_table, &
col_flow_index, col_factor, col_index_hi)
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type(color_table_t), intent(inout) :: color_table

integer, dimension(:,:), intent(in) :: col_flow_index
complex(default), dimension(:), intent(in) :: col_factor
integer, dimension(:), intent(in) :: col_index_hi
integer, dimension(:), allocatable :: hi_to_ct

integer :: n_cflow

integer :: hi_index, me_index, ct_index, cf_index
integer, dimension(2) :: hi_index_pair, ct_index_pair

n_cflow = size (col_index_hi)
if (size (color_table%index) /= n_cflow) &
call msg_bug ("Mismatch between hard matrix element and color table")
allocate (hi_to_ct (n_cflow))
do me_index 1, size (color_tablelindex)
ct_index = color_table’index(me_index)
hi_index = col_index_hi(me_index)
hi_to_ct(hi_index) = ct_index
end do
do cf_index = 1, size (col_flow_index, 2)
hi_index_pair = col_flow_index(:,cf_index)
ct_index_pair = hi_to_ct(hi_index_pair)
color_tablelfactor(ct_index_pair(1l), ct_index_pair(2)) = &
col_factor(cf_index)
color_table)factor_is_known(ct_index_pair(1), ct_index_pair(2)) = .true.
end do
end subroutine color_table_set_color_factors

This function returns a color factor, given two indices which point to the matrix
elements of the initial state matrix. Internally, we can map them to the corre-
sponding indices in the color table. As a side effect, we store the color factor in
the color table for later lookup. (I.e., this function is impure.)

(Evaluators: procedures)+=
function color_table_get_color_factor (color_table, indexl, index2, nc) &
result (factor)
real(default) :: factor
type(color_table_t), intent(inout) :: color_table
integer, intent(in) :: indexl, index2
integer, intent(in), optiomal :: nc
integer :: i1, i2
! print *, "compute color factor ", indexl, index2 !'1'l Debugging
il = color_table%index(index1)
i2 = color_table}index(index2)
! print *, " indices =", i1, i2 !l Debugging
if (color_tablelfactor_is_known(il,i2)) then
factor = color_tablelfactor(il,i2)
! print *, " is known : ", factor !'1'l Debugging
else
factor = compute_color_factor &
(color_tablelcol(:,il), color_table’col(:,i2), nc)
color_tablelfactor(il,i2) = factor

color_tablelfactor_is_known(il,i2) = .true.
! print *, " computed : ", factor !l Debugging
end if

end function color_table_get_color_factor
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11.3.4 Creating an evaluator: Matrix multiplication

The evaluator for matrix multiplication is the most complicated variant.

The initializer takes two input interactions and constructs the result evalua-
tor, which consists of the interaction and the multiplication table for the product
(or convolution) of the two. Normally, the input interactions are connected by
one or more common particles (e.g., decay, structure function convolution).

In the result interaction, quantum numbers of the connections can be summed
over. This is determined by the qn_mask_conn argument. The qn_mask_rest
argument is its analog for the other particles within the result interaction. (E.g.,
for the trace of the state matrix, all quantum numbers are summed over.) Fi-
nally, the connections_are_resonant argument tells whether the connecting
particles should be marked as resonant in the final event record. This is useful
for decays.

The algorithm consists of the following steps:

1. find_connections: Find the particles which are connected, i.e., common
to both input interactions. Either they are directly linked, or both are
linked to a common source.

2. compute_index_bounds_and_mappings: Compute the mappings of parti-
cle indices from the input interactions to the result interaction. There is
a separate mapping for the connected particles.

3. accumulate_connected_states: Create an auxiliary state matrix which
lists the possible quantum numbers for the connected particles. When
building this matrix, count the number of times each assignment is con-
tained in any of the input states and, for each of the input states, record
the index of the matrix element within the new state matrix. For the con-
nected particles, reassign color indices such that no color state is present
twice in different color-index assignment. Note that helicity assignments
of the connected state can be (and will be) off-diagonal, so no spin corre-
lations are lost in decays.

Do this for both input interactions.

4. allocate_connection_entries: Allocate a table of connections. Each
table row corresponds to one state in the auxiliary matrix, and to multiple
states of the input interactions. It collects all states of the unconnected
particles in the two input interactions that are associated with the partic-
ular state (quantum-number assignment) of the connected particles.

5. £ill_connection_table: Fill the table of connections by scanning both
input interactions. When copying states, reassign color indices for the
unconnected particles such that they match between all involved particle
sets (interaction 1, interaction 2, and connected particles).

6. make_product_interaction: Scan the table of connections we have just
built. For each entry, construct all possible pairs of states of the uncon-
nected particles and combine them with the specific connected-particle
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state. This is a possible quantum-number assignment of the result inter-
action. Now mask all quantum numbers that should be summed over, and
append this to the result state matrix. Record the matrix element index
of the result. We now have the result interaction.

7. make_pairing_array: First allocate the pairing array with the number of
entries of the result interaction. Then scan the table of connections again.
For each entry, record the indices of the matrix elements which have to be
multiplied and summed over in order to compute this particular matrix
element. This makes up the multiplication table.

8. record_links: Transfer all source pointers from the input interactions to
the result interaction. Do the same for the internal parent-child relations
and resonance assignments. For the connected particles, make up appro-
priate additional parent-child relations. This allows for fetching momenta
from other interactions when a new event is filled, and to reconstruct the
event history when the event is analyzed.

After all this is done, for each event, we just have to evaluate the pairing
arrays (multiplication tables) in order to compute the result matrix elements
in their proper positions. The quantum-number assignments remain fixed from
now on.

(Evaluators: public)+=
public :: evaluator_init_product

(Fvaluators: interfaces)+=
interface evaluator_init_product
module procedure evaluator_init_product_ii
module procedure evaluator_init_product_ie
module procedure evaluator_init_product_ei
module procedure evaluator_init_product_ee
end interface

(Fvaluators: procedures)+=
subroutine evaluator_init_product_ii &
(eval, int_inl, int_in2, gn_mask_conn, gn_mask_rest, &
connections_are_resonant)

type(evaluator_t), intent(out), target :: eval

type(interaction_t), intent(in), target :: int_inl, int_in2
type (quantum_numbers_mask_t), intent(in) :: gn_mask_conn
type (quantum_numbers_mask_t), intent(in), optional :: gn_mask_rest
logical, intent(in), optional :: connections_are_resonant
type(gqn_mask_array_t), dimension(2) :: gn_mask_in
type :: connection_table_t

integer :: n_conn = 0

integer, dimension(2) :: n_rest = 0

integer :: n_tot =0

integer :: n_me_conn = 0

type(state_matrix_t) :: state

type(index_map_t), dimension(:), allocatable :: index_conn
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type(connection_entry_t), dimension(:), allocatable :: entry

type(index_map_t) :: index_result
end type connection_table_t
type(connection_table_t) :: connection_table
integer :: n_in, n_vir, n_out, n_tot
integer, dimension(2) :: n_rest
integer :: n_conn
integer, dimension(:,:), allocatable :: connection_index
type(index_map_t), dimension(2) :: prt_map_in
type(index_map_t) :: prt_map_conn
type(prt_mask_t), dimension(2) :: prt_is_connected
type (quantum_numbers_mask_t), dimension(:), allocatable :: &

gn_mask_conn_initial
integer :: i
evalytype = EVAL_PRODUCT

eval%int_inl => int_inl
eval¥%int_in2 => int_in2

! print *, "Evaluator product" !'11 Debugging
! print *, "First interaction" !'11 Debugging
! call interaction_write (int_inl) 11! Debugging
! print * !'11 Debugging
! print *, "Second interaction" !'11 Debugging
! call interaction_write (int_in2) 11!l Debugging
! print * !'11 Debugging

call find_connections (int_inl, int_in2, n_conn, connection_index)
if (n_conn == 0) then
call msg_message ("First interaction:")
call interaction_write (int_in1)
call msg_message ("Second interaction:")
call interaction_write (int_in2)
call msg_fatal ("Evaluator product: no connections found between factors")
end if
call compute_index_bounds_and_mappings &
(int_in1, int_in2, n_conn, &
n_in, n_vir, n_out, n_tot, &
n_rest, prt_map_in, prt_map_conn)

call prt_mask_init (prt_is_connected(l), interaction_get_n_tot (int_inl))
call prt_mask_init (prt_is_connected(2), interaction_get_n_tot (int_in2))
doi=1, 2

prt_is_connected(i)%entry = .true.
prt_is_connected(i)’%entry(connection_index(:,i)) = .false.
end do

allocate (gn_mask_conn_initial (n_conn))
gn_mask_conn_initial = &
interaction_get_mask (int_inl, connection_index(:,1)) .or. &
interaction_get_mask (int_in2, connection_index(:,2))
allocate (gn_mask_in(1)%mask (interaction_get_n_tot (int_inl)))
allocate (gqn_mask_in(2)%mask (interaction_get_n_tot (int_in2)))
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gqn_mask_in(1)%mask = interaction_get_mask (int_inl)
qn_mask_in(2)%mask = interaction_get_mask (int_in2)

call connection_table_init (connection_table, &
interaction_get_state_matrix_ptr (int_inl), &
interaction_get_state_matrix_ptr (int_in2), &
qn_mask_conn_initial, &
n_conn, connection_index, n_rest)

call connection_table_fill (connection_table, &
interaction_get_state_matrix_ptr (int_inl), &
interaction_get_state_matrix_ptr (int_in2), &
connection_index, prt_is_connected)

call make_product_interaction (evaljint, &
n_in, n_vir, n_out, &
connection_table, &
prt_map_in, prt_is_connected, &
gqn_mask_in, gn_mask_conn_initial, gn_mask_conn, qn_mask_rest)

! call connection_table_write (connection_table) 11! Debugging

call make_pairing_array (evallpairing_array, &
interaction_get_n_matrix_elements (evallint), &
connection_table)

call record_links (evallint, &
int_inl, int_in2, connection_index, prt_map_in, prt_map_conn, &
prt_is_connected, connections_are_resonant)

call connection_table_final (connection_table)

! print *, "Result evaluator" !'1! Debugging
! call evaluator_write (eval) 11! Debugging
if (interaction_get_n_matrix_elements (evallint) == 0) then

print *, "Evaluator product"

print *, "First interaction"

call interaction_write (int_in1)

print *

print *, "Second interaction"

call interaction_write (int_in2)

print *

call msg_fatal ("Product of density matrices is empty", &
[var_str (" - - ettt "), &
var_str ("This happens when two density matrices are convoluted "), &
var_str ("but the processes they belong to (e.g., production "), &
var_str ("and decay) do not match. This could happen if the "), &
var_str ("beam specification does not match the hard "), &
var_str ("process. Or it may indicate a WHIZARD bug.")])

end if
contains

subroutine compute_index_bounds_and_mappings &
(int1, int2, n_conn, &
n_in, n_vir, n_out, n_tot, &
n_rest, prt_map_in, prt_map_conn)
type(interaction_t), intent(in) :: intl, int2
integer, intent(in) :: n_conn
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integer, intent(out) :: n_in, n_vir, n_out, n_tot

integer, dimension(2), intent(out) :: n_rest
type(index_map_t), dimension(2), intent(out) :: prt_map
type(index_map_t), intent(out) :: prt_map_conn

integer, dimension(:), allocatable :: index

integer :: n_inl, n_virl, n_outl

integer :: n_in2, n_vir2, n_out2

integer :: k

n_inl = interaction_get_n_in (int1)

n_virl = interaction_get_n_vir (intl)

n_outl = interaction_get_n_out (intl) - n_conn
n_rest(1l) = n_inl + n_virl + n_outl

n_in2 interaction_get_n_in (int2) - n_conn
n_vir2 = interaction_get_n_vir (int2)

n_out2 = interaction_get_n_out (int2)
n_rest(2) = n_in2 + n_vir2 + n_out2

n_in = n_inl + n_in2

n_vir = n_virl + n_vir2 + n_conn
n_out n_outl + n_out2
n_tot = n_in + n_vir + n_out

call index_map_init (prt_map_in, n_rest)

call index_map_init (prt_map_conn, n_conn)

allocate (index (n_tot))

index = [ (i, i = 1, n_tot) ]

prt_map_in(1)%entry(l : n_inl) = index( 1 : n_inl)
k = n_ini

prt_map_in(2)%entry(l : n_in2) index(k+1 : k+n_in2)
k =k + n_in2
prt_map_in(1)%entry(n_inl+1 : n_inl+n_virl) = index(k+1
k =k + n_viril
prt_map_in(2)%entry(n_in2+1 : n_in2+n_vir2)
k =k + n_vir2
prt_map_connjentry = index(k+1 : k+n_conn)
k =k + n_conn
prt_map_in(1)%entry(n_inl+n_virl+l : n_rest(1))
k = k + n_outl
prt_map_in(2)%entry(n_in2+n_vir2+1 : n_rest(2)) = index
end subroutine compute_index_bounds_and_mappings

index (k+1

index

subroutine connection_table_init &
(connection_table, state_inl, state_in2, gqn_mask_conn
n_conn, connection_index, n_rest)
type(connection_table_t), intent(out) :: connection_tab
type(state_matrix_t), intent(in), target :: state_inl,
type (quantum_numbers_mask_t), dimension(:), intent(in)

integer, intent(in) :: n_conn

integer, dimension(:,:), intent(in) :: connection_index
integer, dimension(2), intent(in) :: n_rest

integer, dimension(2) :: n_me_in

type(state_iterator_t) :: it

type (quantum_numbers_t), dimension(n_conn) :: gn
integer :: i, me_index_in, me_index_conn, n_me_conn
integer, dimension(2) :: me_count

connection_table)n_conn = n_conn
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connection_table)n_rest = n_rest
n_me_in(1l) = state_matrix_get_n_matrix_elements (state_inl)
n_me_in(2) = state_matrix_get_n_matrix_elements (state_in2)
allocate (connection_table%index_conn (2))
call index_map_init (connection_table%index_conn, n_me_in)
connection_table%index_conn = 0
call state_matrix_init (connection_tablelstate, n_counters=2)
doi=1, 2
select case (i)
case (1); call state_iterator_init (it, state_inl)
case (2); call state_iterator_init (it, state_in2)
end select
do while (state_iterator_is_valid (it))
qn = state_iterator_get_quantum_numbers (it, connection_index(:,i))
call quantum_numbers_undefine (qn, gn_mask_conn)
call quantum_numbers_canonicalize_color (qn)
me_index_in = state_iterator_get_me_index (it)
call state_matrix_add_state (connection_tablelstate, qn, &
counter_index = i, me_index = me_index_conn)
call index_map_set_entry (connection_table’index_conn(i), &
me_index_in, me_index_conn)
call state_iterator_advance (it)
end do
end do
n_me_conn = state_matrix_get_n_matrix_elements (connection_tablejstate)
connection_table%n_me_conn = n_me_conn
allocate (connection_tablelentry (n_me_conn))
call state_iterator_init (it, connection_tablelstate)
do while (state_iterator_is_valid (it))
i = state_iterator_get_me_index (it)
me_count = state_iterator_get_me_count (it)
call connection_entry_init (connection_tablelentry(i), 2, 2, &
state_iterator_get_quantum_numbers (it), &
me_count, n_rest)
call state_iterator_advance (it)
end do
end subroutine connection_table_init

subroutine connection_table_final (connection_table)
type(connection_table_t), intent(inout) :: connection_table
call state_matrix_final (connection_tableYstate)

end subroutine connection_table_final

subroutine connection_table_write (connection_table, unit)

type(connection_table_t), intent(in) :: connection_table
integer, intent(in), optional :: unit

integer :: i, j

integer :: u

u = given_output_unit (unit)

write (u, *) "Connection table:"

call state_matrix_write (connection_tablelstate, unit)

if (allocated (connection_tablejindex_conn)) then
write (u, *) " Index mapping input => connection table:"
do i = 1, size (connection_table’index_conn)
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write (u, *) " Input state", i
do j = 1, size (connection_table%index_conn(i))
write (u, *) j, &
index_map_get_entry (connection_table}index_conn(i), j)

end do
end do
end if
if (allocated (connection_tablelentry)) then
write (u, *) " Connection table contents:"

do i = 1, size (connection_tablelentry)
call connection_entry_write (connection_tablefentry(i), unit)

end do

end if

if (index_map_exists (connection_table’index_result)) then
write (u, *) " Index mapping connection table => output:"

do i = 1, size (connection_table’index_result)
write (u, *) i, &
index_map_get_entry (connection_tablejindex_result, i)
end do
end if
end subroutine connection_table_write

subroutine connection_table_£fill &
(connection_table, state_inl, state_in2, &
connection_index, prt_is_connected)

type(connection_table_t), intent(inout) :: connection_table
type(state_matrix_t), intent(in), target :: state_inl, state_in2
integer, dimension(:,:), intent(in) :: connection_index
type(prt_mask_t), dimension(2), intent(in) :: prt_is_connected
type(state_iterator_t) :: it

integer :: index_in, index_conn

integer :: color_offset

integer :: n_result_entries

integer :: i, k

color_offset = state_matrix_get_max_color_value (connection_tableYstate)
doi=1, 2
select case (i)
case (1); call state_iterator_init (it, state_inl)
case (2); call state_iterator_init (it, state_in2)
end select
do while (state_iterator_is_valid (it))
index_in = state_iterator_get_me_index (it)
index_conn = index_map_get_entry &
(connection_tablel,index_conn(i), index_in)
if (index_conn /= 0) then
call connection_entry_add_state &
(connection_tablelentry(index_conn), i, &
index_in, &
state_iterator_get_quantum_numbers (it), &
connection_index(:,i), prt_is_connected(i), &
color_offset)

end if
call state_iterator_advance (it)
end do
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color_offset = color_offset &
+ state_matrix_get_max_color_value (state_inl)
end do
n_result_entries = 0
do k = 1, size (connection_tablelentry)
n_result_entries = &
n_result_entries + product (connection_tablejentry(k)’n_index)
end do
call index_map_init (connection_tablejindex_result, n_result_entries)
end subroutine connection_table_£fill

subroutine connection_entry_add_state &
(entry, i, index_in, gn_in, connection_index, prt_is_connected, &
color_offset)

type(connection_entry_t), intent(inout) :: entry

integer, intent(in) :: i

integer, intent(in) :: index_in

type (quantum_numbers_t), dimension(:), intent(in) :: gn_in
integer, dimension(:), intent(in) :: connection_index
type(prt_mask_t), intent(in) :: prt_is_connected

integer, intent(in) :: color_offset

integer :: c

integer, dimension(:,:), allocatable :: color_map

entryjcount (i) = entrylcount(i) + 1

c = entrylcount (i)

call quantum_numbers_set_color_map &
(color_map, gn_in(connection_index), entry/qn_conn)

call index_map_set_entry (entry%index_in(i), c, index_in)

entry/gn_in_list(i)%gn(:,c) = pack (gqn_in, prt_is_connectedlentry)

call quantum_numbers_translate_color &
(entry/gn_in_list(i)%qn(:,c), color_map, color_offset)

end subroutine connection_entry_add_state

subroutine make_product_interaction (int, &
n_in, n_vir, n_out, &
connection_table, &
prt_map_in, prt_is_connected, &
qgqn_mask_in, gn_mask_conn_initial, gn_mask_conn, qn_mask_rest)

type(interaction_t), intent(out), target :: int

integer, intent(in) :: n_in, n_vir, n_out

type(connection_table_t), intent(inout), target :: connection_table

type(index_map_t), dimension(2), intent(in) :: prt_map_in

type(prt_mask_t), dimension(2), intent(in) :: prt_is_connected

type(qn_mask_array_t), dimension(2), intent(in) :: gn_mask_in

type (quantum_numbers_mask_t), dimension(:), intent(in) :: &
gqn_mask_conn_initial

type (quantum_numbers_mask_t), intent(in) :: gn_mask_conn

type (quantum_numbers_mask_t), intent(in), optional :: gn_mask_rest

type(index_map_t), dimension(2) :: prt_index_in

type(index_map_t) :: prt_index_conn

integer :: n_tot, n_conn

integer, dimension(2) :: n_rest

integer :: i, j, k, m

type (quantum_numbers_t), dimension(:), allocatable :: gn
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type (quantum_numbers_mask_t), dimension(:), allocatable :: gn_mask
type(connection_entry_t), pointer :: entry
integer :: result_index
n_conn = connection_table)n_conn
n_rest = connection_table)n_rest
n_tot = sum (n_rest) + n_conn
allocate (gqn (n_tot), gn_mask (n_tot))
doi=1, 2
call index_map_init (prt_index_in(i), n_rest(i))
prt_index_in(i) = &
prt_map_in(i)Yentry ([ (j, j = 1, n_rest(i)) 1)
end do
call index_map_init (prt_index_conn, n_conn)
prt_index_conn = prt_map_connjentry ([ (j, j = 1, n_conn) 1)
doi=1, 2
if (present (qn_mask_rest)) then
gn_mask(prt_index_in(i)%entry) = &
pack (gn_mask_in(i)%mask, prt_is_connected(i)’entry) &
.or. gn_mask_rest

else
gqn_mask(prt_index_in(i)%entry) &
pack (gn_mask_in(i)%mask, prt_is_connected(i)’entry)

end if
end do
gn_mask(prt_index_connfentry) = gqn_mask_conn_initial .or. gn_mask_conn
call interaction_init (evallint, n_in, n_vir, n_out, mask=qgn_mask)
m=1
do i = 1, connection_tablel)n_me_conn
entry => connection_tablelentry(i)
qu(prt_index_connjentry) = &
quantum_numbers_undefined (entry’qgn_conn, gn_mask_conn)
do j = 1, entry’%n_index(1)
qn(prt_index_in(1)%entry) = entry%qn_in_list(1)%qn(:,j)
do k = 1, entry/n_index(2)
qn(prt_index_in(2)%entry) = entrylqn_in_list(2)%gn(:,k)
call interaction_add_state (int, gn, me_index = result_index)
call index_map_set_entry &
(connection_tablel,index_result, m, result_index)
m=m+1
end do
end do
end do
call interaction_freeze (int)
end subroutine make_product_interaction

subroutine make_pairing_array (pa, n_matrix_elements, connection_table)

type(pairing_array_t), dimension(:), intent(out), allocatable :: pa
integer, intent(in) :: n_matrix_elements

type(connection_table_t), intent(in), target :: connection_table
type(connection_entry_t), pointer :: entry

integer, dimension(:), allocatable :: n_entries

integer :: i, j, k, m, r

allocate (pa (n_matrix_elements))
allocate (n_entries (n_matrix_elements))
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n_entries = 0
dom = 1, size (connection_table’,index_result)
r = index_map_get_entry (connection_tablejindex_result, m)
n_entries(r) = n_entries(r) + 1
end do
call pairing_array_init &
(pa, n_entries, has_i2=.true., has_factor=.false.)
m=1
n_entries = 0
do i = 1, connection_tablel)n_me_conn
entry => connection_tablelentry(i)
do j = 1, entry/n_index(1)
do k = 1, entry/%n_index(2)
index_map_get_entry (connection_tablelindex_result, m)
n_entries(r) = n_entries(r) + 1
pa(r)%il(n_entries(r)) = &
index_map_get_entry (entry’index_in(1), j)
pa(r)%i2(n_entries(r)) = &
index_map_get_entry (entry’index_in(2), k)
m=m+ 1
end do
end do
end do
end subroutine make_pairing_array

r

subroutine record_links (int, &
int_inl, int_in2, connection_index, prt_map_in, prt_map_conn, &
prt_is_connected, connections_are_resonant)

type(interaction_t), intent(inout) :: int

type(interaction_t), intent(in), target :: int_inl, int_in2
integer, dimension(:,:), intent(in) :: connection_index
type(index_map_t), dimension(2), intent(in) :: prt_map_in
type(index_map_t), intent(in) :: prt_map_conn
type(prt_mask_t), dimension(2), intent(in) :: prt_is_connected
logical, intent (in), optional :: connections_are_resonant
type(index_map_t), dimension(2) :: prt_map_all

integer :: i, j, k, ival

call index_map_init (prt_map_all(l), size (prt_is_connected(1)))
k=0
j=0
do i = 1, size (prt_is_connected(1))
if (prt_is_connected(1)%entry(i)) then
R
ival = index_map_get_entry (prt_map_in(1), j)
call index_map_set_entry (prt_map_all(1l), i, ival)
else
k=k +1
ival = index_map_get_entry (prt_map_conn, k)
call index_map_set_entry (prt_map_all(1l), i, ival)
end if
call interaction_set_source_link (int, ival, int_inl, i)
end do
call interaction_transfer_relations (int_inl, int, prt_map_all(l)%entry)
call index_map_init (prt_map_all(2), size (prt_is_connected(2)))
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j=0
do i =1, size (prt_is_connected(2))
if (prt_is_connected(2)%entry(i)) then
j=3+1
ival = index_map_get_entry (prt_map_in(2), j)
call index_map_set_entry (prt_map_all(2), i, ival)
call interaction_set_source_link (int, ival, int_in2, i)
else
call index_map_set_entry (prt_map_all(2), i, 0)
end if
end do
call interaction_transfer_relations (int_in2, int, prt_map_all(2)%entry)
call interaction_relate_connections (int, &
int_in2, connection_index(:,2), prt_map_all(2)’entry, &
prt_map_connjentry, connections_are_resonant)
end subroutine record_links

end subroutine evaluator_init_product_ii
subroutine evaluator_init_product_ie &

(eval, int_inl, eval_in2, gqn_mask_conn, gn_mask_rest, &
connections_are_resonant)

type(evaluator_t), intent(out), target :: eval
type(interaction_t), intent(in), target :: int_inl
type(evaluator_t), intent(in), target :: eval_in2

type (quantum_numbers_mask_t), intent(in) :: gn_mask_conn

type (quantum_numbers_mask_t), intent(in), optional :: gn_mask_rest
logical, intent(in), optional :: connections_are_resonant

call evaluator_init_product_ii &
(eval, int_inl, eval_in2jint, qn_mask_conn, qn_mask_rest, &
connections_are_resonant)
end subroutine evaluator_init_product_ie

subroutine evaluator_init_product_ei &
(eval, eval_inl, int_in2, gqn_mask_conn, gn_mask_rest, &
connections_are_resonant)
type(evaluator_t), intent(out), target :: eval
type(evaluator_t), intent(in), target :: eval_inl
type(interaction_t), intent(in), target :: int_in2
type (quantum_numbers_mask_t), intent(in) :: gn_mask_conn
type (quantum_numbers_mask_t), intent(in), optional :: gn_mask_rest
logical, intent(in), optional :: connections_are_resonant
call evaluator_init_product_ii &
(eval, eval_inllint, int_in2, gn_mask_conn, gn_mask_rest, &
connections_are_resonant)
end subroutine evaluator_init_product_ei

subroutine evaluator_init_product_ee &
(eval, eval_inl, eval_in2, gqn_mask_conn, gn_mask_rest, &
connections_are_resonant)
type(evaluator_t), intent(out), target :: eval

type(evaluator_t), intent(in), target :: eval_inl, eval_in2
type (quantum_numbers_mask_t), intent(in) :: gn_mask_conn
type (quantum_numbers_mask_t), intent(in), optional :: gn_mask_rest
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logical, intent(in), optional :: connections_are_resonant
call evaluator_init_product_ii &
(eval, eval_inlYint, eval_in2jint, gn_mask_conn, qn_mask_rest, &
connections_are_resonant)
end subroutine evaluator_init_product_ee

11.3.5 Creating an evaluator: square

The generic initializer for an evaluator that squares a matrix element. Depend-
ing on the provided mask, we select the appropriate specific initializer for either
diagonal or non-diagonal helicity density matrices.

(Fvaluators: public)+=
public :: evaluator_init_square

(BEvaluators: procedures)+=
subroutine evaluator_init_square (eval, int_in, gn_mask, &
col_flow_index, col_factor, col_index_hi, expand_color_flows, nc)
type(evaluator_t), intent(out), target :: eval

type(interaction_t), intent(in), target :: int_in

type (quantum_numbers_mask_t), dimension(:), intent(in) :: gn_mask
integer, dimension(:,:), intent(in), optional :: col_flow_index
complex(default), dimension(:), intent(in), optional :: col_factor
integer, dimension(:), intent(in), optional :: col_index_hi
logical, intent(in), optional :: expand_color_flows

integer, intent(in), optiomnal :: nc

if (all (quantum_numbers_mask_diagonal_helicity (qn_mask))) then
call evaluator_init_square_diag (eval, int_in, qn_mask, &
col_flow_index, col_factor, col_index_hi, expand_color_flows, nc)
else
call evaluator_init_square_nondiag (eval, int_in, gqn_mask, &
col_flow_index, col_factor, col_index_hi, expand_color_flows, nc)
end if
end subroutine evaluator_init_square

Color-summed squared matrix (diagonal helicities)

The initializer for an evaluator that squares a matrix element, including color
factors. The mask must be such that off-diagonal matrix elements are excluded.

If color_flows is set, the evaluator keeps color-flow entries separate and
drops all interfering color structures. The color factors are set to unity in this
case.

There is only one input interaction. The quantum-number mask is an array,
one entry for each particle, so they can be treated individually. For academic
purposes, we allow for the number of colors being different from three (but 3 is
the default).

The algorithm is analogous to multiplication, with a few notable differences:

1. The connected particles are known, the correspondence is one-to-one. All
particles are connected, and the mapping of indices is trivial, which sim-
plifies the following steps.
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2. accumulate_connected_states: The matrix of connected states encom-
passes all particles, but color indices are removed. However, ghost states
are still kept separate from physical color states. No color-index reassign-
ment is necessary.

3. The table of connections contains single index and quantum-number arrays
instead of pairs of them. They are paired with themselves in all possible
ways.

4. make_squared_interaction: Now apply the predefined quantum-numbers
mask, which usually collects all color states (physical and ghosts), and
possibly a helicity sum.

5. make_pairing_array: For each pair of input states, compute the color
factor (including a potential ghost-parity sign) and store this in the pairing
array together with the matrix-element indices for multiplication.

6. record_links: This is again trivial due to the one-to-one correspondence.

(Bvaluators: public)+=
public :: evaluator_init_square_diag

(Fvaluators: procedures)+=
subroutine evaluator_init_square_diag (eval, int_in, qn_mask, &
col_flow_index, col_factor, col_index_hi, expand_color_flows, nc)

type(evaluator_t), intent(out), target :: eval
type(interaction_t), intent(in), target :: int_in

type (quantum_numbers_mask_t), dimension(:), intent(in) :: gn_mask
integer, dimension(:,:), intent(in), optional :: col_flow_index
complex(default), dimension(:), intent(in), optional :: col_factor
integer, dimension(:), intent(in), optional :: col_index_hi
logical, intent(in), optional :: expand_color_flows

integer, intent(in), optional :: nc

integer :: n_in, n_vir, n_out, n_tot
type (quantum_numbers_mask_t), dimension(:), allocatable :: gn_mask_initial

type :: connection_table_t
integer :: n_tot = 0
integer :: n_me_conn = 0
type(state_matrix_t) :: state
type(index_map_t) :: index_conn
type(connection_entry_t), dimension(:), allocatable :: entry
type(index_map_t) :: index_result
end type connection_table_t
type(connection_table_t) :: connection_table

logical :: sum_colors
type(color_table_t) :: color_table

if (present (expand_color_flows)) then

sum_colors = .not. expand_color_flows
else
sum_colors = .true.
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end if

if (sum_colors) then
evaljitype = EVAL_SQUARE_WITH_COLOR_FACTORS
else
eval/type = EVAL_SQUARED_FLOWS
end if
eval%int_inl => int_in

! print *, "Interaction square with color factors (diag)" !!! Debugging
! print *, "Input interaction" !'1'l Debugging
! call interaction_write (int_in) 11! Debugging
n_in = interaction_get_n_in (int_in)

n_vir = interaction_get_n_vir (int_in)
n_out = interaction_get_n_out (int_in)
n_tot = interaction_get_n_tot (int_in)

allocate (gn_mask_initial (n_tot))
gn_mask_initial = interaction_get_mask (int_in)
call quantum_numbers_mask_set_color &
(gn_mask_initial, sum_colors, mask_cg=.false.)
if (sum_colors) then
call color_table_init &
(color_table, interaction_get_state_matrix_ptr (int_in), n_tot)
if (present (col_flow_index) .and. present (col_factor) &
.and. present (col_index_hi)) then
call color_table_set_color_factors &
(color_table, col_flow_index, col_factor, col_index_hi)
end if
! call color_table_write (color_table) 11! Debugging
end if

call connection_table_init (connection_table, &
interaction_get_state_matrix_ptr (int_in), &
gqn_mask_initial, gqn_mask, n_tot)

call connection_table_fill (connection_table, &
interaction_get_state_matrix_ptr (int_in))

call make_squared_interaction (evaljint, &
n_in, n_vir, n_out, n_tot, &
connection_table, sum_colors, gn_mask_initial .or. qn_mask)

call make_pairing_array (evallpairing_array, &
interaction_get_n_matrix_elements (evallint), &
connection_table, sum_colors, color_table, n_in, n_tot, nc)

call record_links (eval’int, int_in, n_tot)

call connection_table_final (connection_table)

! print *, "Result evaluator:" !'1! Debugging
! call evaluator_write (eval) 11! Debugging
contains

subroutine connection_table_init &
(connection_table, state_in, qgqn_mask_in, gn_mask, n_tot)
type(connection_table_t), intent(out) :: connection_table
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type(state_matrix_t), intent(in), target :: state_in

type (quantum_numbers_mask_t), dimension(:), intent(in) :: gn_mask_in
type (quantum_numbers_mask_t), dimension(:), intent(in) :: gn_mask
integer, intent(in) :: n_tot

type (quantum_numbers_t), dimension(n_tot) :: gn
type(state_iterator_t) :: it

integer :: i, n_me_in, me_index_in

integer :: me_index_conn, n_me_conn

integer, dimension(1) :: me_count

connection_table)n_tot = n_tot
n_me_in = state_matrix_get_n_matrix_elements (state_in)
call index_map_init (connection_table%index_conn, n_me_in)
connection_table)index_conn = 0
call state_matrix_init (connection_tableYstate, n_counters=1)
call state_iterator_init (it, state_in)
do while (state_iterator_is_valid (it))
qn = state_iterator_get_quantum_numbers (it)
if (all (quantum_numbers_are_physical (qn, gn_mask))) then
call quantum_numbers_undefine (qn, gn_mask_in)
me_index_in = state_iterator_get_me_index (it)
call state_matrix_add_state (connection_tablelstate, qn, &
counter_index = 1, me_index = me_index_conn)
call index_map_set_entry (connection_table%index_conn, &
me_index_in, me_index_conn)

end if
call state_iterator_advance (it)
end do

n_me_conn = state_matrix_get_n_matrix_elements (connection_tablejstate)
connection_table%n_me_conn = n_me_conn
allocate (connection_tablelentry (n_me_conn))
call state_iterator_init (it, connection_tablelstate)
do while (state_iterator_is_valid (it))
i = state_iterator_get_me_index (it)
me_count = state_iterator_get_me_count (it)
call connection_entry_init (connection_tablelentry(i), 1, 2, &
state_iterator_get_quantum_numbers (it), me_count, [n_tot])
call state_iterator_advance (it)
end do
end subroutine connection_table_init

subroutine connection_table_final (connection_table)
type(connection_table_t), intent(inout) :: connection_table
call state_matrix_final (connection_tablelstate)

end subroutine connection_table_final

subroutine connection_table_write (connection_table, unit)

type(connection_table_t), intent(in) :: connection_table
integer, intent(in), optional :: unit

integer :: i

integer :: u

u = given_output_unit (unit)

write (u, *) "Connection table:"

call state_matrix_write (connection_tablelstate, unit)
if (index_map_exists (connection_table’index_conn)) then
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write (u, *) " Index mapping input => connection table:"
do i = 1, size (connection_table’,index_conn)
write (u, *) i, &
index_map_get_entry (connection_table}index_conn, i)

end do

end if

if (allocated (connection_tablelentry)) then
write (u, *) " Connection table contents"

do i = 1, size (connection_tablelentry)
call connection_entry_write (connection_tablelentry(i), unit)

end do

end if

if (index_map_exists (connection_tablel,index_result)) then
write (u, *) " Index mapping connection table => output"

do i = 1, size (connection_table’,index_result)
write (u, *) i, &
index_map_get_entry (connection_tablelindex_result, i)
end do
end if
end subroutine connection_table_write

subroutine connection_table_fill (connection_table, state)

type(connection_table_t), intent(inout) :: connection_table
type(state_matrix_t), intent(in), target :: state

integer :: index_in, index_conn, n_result_entries
type(state_iterator_t) :: it

integer :: k

call state_iterator_init (it, state)
do while (state_iterator_is_valid (it))
index_in = state_iterator_get_me_index (it)
index_conn = &
index_map_get_entry (connection_tablelindex_conn, index_in)
if (index_conn /= 0) then
call connection_entry_add_state &
(connection_tablejentry(index_conn), &
index_in, &
state_iterator_get_quantum_numbers (it))

end if
call state_iterator_advance (it)
end do

n_result_entries = 0
do k = 1, size (connection_tablelentry)
n_result_entries = &
n_result_entries + connection_tablejentry(k)%n_index(1) ** 2
end do
call index_map_init (connection_table}index_result, n_result_entries)
connection_tablel,index_result = 0
end subroutine connection_table_£fill

subroutine connection_entry_add_state (entry, index_in, qn_in)

type(connection_entry_t), intent(inout) :: entry

integer, intent(in) :: index_in

type (quantum_numbers_t), dimension(:), intent(in) :: gn_in
integer :: c
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entryjcount = entry’count + 1
¢ = entry’,count (1)
call index_map_set_entry (entry’index_in(1), c, index_in)
entry/qn_in_list(1)%qn(:,c) = gn_in
end subroutine connection_entry_add_state

subroutine make_squared_interaction (int, &
n_in, n_vir, n_out, n_tot, &
connection_table, sum_colors, qn_mask)

type(interaction_t), intent(out), target :: int

integer, intent(in) :: n_in, n_vir, n_out, n_tot
type(connection_table_t), intent(inout), target :: connection_table
logical, intent(in) :: sum_colors

type (quantum_numbers_mask_t), dimension(:), intent(in) :: gn_mask
type(connection_entry_t), pointer :: entry

integer :: result_index, n_contrib

integer :: i, m

type (quantum_numbers_t), dimension(n_tot) :: qn

call interaction_init (eval¥%int, n_in, n_vir, n_out, mask=qn_mask)

m=0

do i = 1, connection_tableln_me_conn
entry => connection_tablejentry(i)
gqn = quantum_numbers_undefined (entry’qn_conn, gn_mask)
if (.not. sum_colors) call quantum_numbers_invert_color (gqn(l:n_in))
call interaction_add_state (int, gqn, me_index = result_index)
n_contrib = entryn_index(1) *x 2
connection_tablejindex_resultentry(m+1l:m+n_contrib) = result_index
m = m + n_contrib

end do

call interaction_freeze (int)

end subroutine make_squared_interaction

subroutine make_pairing_array (pa, &
n_matrix_elements, connection_table, sum_colors, color_table, &
n_in, n_tot, nc)

type(pairing_array_t), dimension(:), intent(out), allocatable :: pa
integer, intent(in) :: n_matrix_elements
type(connection_table_t), intent(in), target :: connection_table
logical, intent(in) :: sum_colors

type(color_table_t), intent(inout) :: color_table
type(connection_entry_t), pointer :: entry

integer, intent(in) :: n_in, n_tot

integer, intent(in), optional :: nc

integer, dimension(:), allocatable :: n_entries

integer :: i, k, 1, ks, 1s, m, T

integer :: color_multiplicity_in

allocate (pa (n_matrix_elements))

allocate (n_entries (n_matrix_elements))

n_entries = 0

dom = 1, size (connection_table’,index_result)
r = index_map_get_entry (connection_table}index_result, m)
n_entries(r) = n_entries(r) + 1

end do

call pairing_array_init &
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(pa, n_entries, has_i2 = sum_colors, has_factor = sum_colors)
m=1
n_entries = 0
do i = 1, connection_tablel)n_me_conn
entry => connection_tablelentry(i)
do k = 1, entry/n_index(1)
if (sum_colors) then
color_multiplicity_in = &
product (abs (quantum_numbers_get_color_type &
(entry%gn_in_list(1)%qgn(:n_in, k))))
do 1 =1, entry%n_index(1)
index_map_get_entry (connection_tablejindex_result, m)
n_entries(r) = n_entries(r) + 1
ks = index_map_get_entry (entry’%index_in(1), k)
1ls = index_map_get_entry (entry’index_in(1), 1)
pa(r)%il(n_entries(r)) = ks
pa(r)%i2(n_entries(r)) = 1s
pa(r)ifactor(n_entries(r)) = &
color_table_get_color_factor (color_table, ks, ls, nc) &
/ color_multiplicity_in
m=m+ 1
end do
else

o]
1]

r = index_map_get_entry (connection_tablelindex_result, m)
n_entries(r) = n_entries(r) + 1
ks = index_map_get_entry (entry%index_in(1), k)
pa(r)%il(n_entries(r)) = ks
m=m+ 1
end if
end do
end do
end subroutine make_pairing_array

subroutine record_links (int, int_in, n_tot)

type(interaction_t), intent(inout) :: int
type(interaction_t), intent(in), target :: int_in
integer, intent(in) :: n_tot

integer, dimension(n_tot) :: map

integer :: i

do i =1, n_tot
call interaction_set_source_link (int, i, int_in, i)
end do
map = [ (i, i = 1, n_tot) ]
call interaction_transfer_relations (int_in, int, map)
end subroutine record_links

end subroutine evaluator_init_square_diag

Color-summed squared matrix (support nodiagonal helicities)

The initializer for an evaluator that squares a matrix element, including color
factors. Unless requested otherwise by the quantum-number mask, the result
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contains off-diagonal matrix elements. (The input interaction must be diagonal
since it represents an amplitude, not a density matrix.)

There is only one input interaction. The quantum-number mask is an array,
one entry for each particle, so they can be treated individually. For academic
purposes, we allow for the number of colors being different from three (but 3 is
the default).

The algorithm is analogous to the previous one, with some additional com-
plications due to the necessity to loop over two helicity indices.

(Evaluators: public)+=
public :: evaluator_init_square_nondiag

(Ewvaluators: procedures)+=
subroutine evaluator_init_square_nondiag (eval, int_in, gn_mask, &
col_flow_index, col_factor, col_index_hi, expand_color_flows, nc)

type(evaluator_t), intent(out), target :: eval
type(interaction_t), intent(in), target :: int_in
type (quantum_numbers_mask_t), dimension(:), intent(in) :: gn_mask
integer, dimension(:,:), intent(in), optional :: col_flow_index
complex(default), dimension(:), intent(in), optional :: col_factor
integer, dimension(:), intent(in), optional :: col_index_hi
logical, intent(in), optional :: expand_color_flows
integer, intent(in), optional :: nc
integer :: n_in, n_vir, n_out, n_tot
type (quantum_numbers_mask_t), dimension(:), allocatable :: gn_mask_initial
type :: connection_table_t
integer :: n_tot =0
integer :: n_me_conn = 0
type(state_matrix_t) :: state
type(index_map2_t) :: index_conn
type(connection_entry_t), dimension(:), allocatable :: entry
type(index_map_t) :: index_result
end type connection_table_t
type(connection_table_t) :: connection_table
logical :: sum_colors

type(color_table_t) :: color_table

if (present (expand_color_flows)) then

sum_colors = .not. expand_color_flows
else

sum_colors = .true.
end if

if (sum_colors) then
evalY%type = EVAL_SQUARE_WITH_COLOR_FACTORS
else
evalltype = EVAL_SQUARED_FLOWS
end if
eval¥%int_inl => int_in

! print *, "Interaction square with color factors (nondiag)" !!! Debugging
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! print *, "Input interaction" 11l Debugging
! call interaction_write (int_in) !'1'!l Debugging
n_in = interaction_get_n_in (int_in)
n_vir = interaction_get_n_vir (int_in)
n_out = interaction_get_n_out (int_in)
n_tot = interaction_get_n_tot (int_in)

allocate (gn_mask_initial (n_tot))
gn_mask_initial = interaction_get_mask (int_in)
call quantum_numbers_mask_set_color &
(gn_mask_initial, sum_colors, mask_cg=.false.)
if (sum_colors) then
call color_table_init &
(color_table, interaction_get_state_matrix_ptr (int_in), n_tot)
if (present (col_flow_index) .and. present (col_factor) &
.and. present (col_index_hi)) then
call color_table_set_color_factors &
(color_table, col_flow_index, col_factor, col_index_hi)
end if
I call color_table_write (color_table) 11! Debugging
end if

call connection_table_init (connection_table, &
interaction_get_state_matrix_ptr (int_in), &
gqn_mask_initial, gqn_mask, n_tot)
call connection_table_fill (connection_table, &
interaction_get_state_matrix_ptr (int_in))
call make_squared_interaction (evaljint, &
n_in, n_vir, n_out, n_tot, &
connection_table, sum_colors, gn_mask_initial .or. qn_mask)
! call connection_table_write (connection_table) !'11 Debugging
call make_pairing_array (evalipairing_array, &
interaction_get_n_matrix_elements (eval’int), &
connection_table, sum_colors, color_table, n_in, n_tot, nc)
call record_links (eval’int, int_in, n_tot)
call connection_table_final (connection_table)

! print *, "Result evaluator:" !'1! Debugging
! call evaluator_write (eval) 11! Debugging
contains

subroutine connection_table_init &
(connection_table, state_in, gn_mask_in, gn_mask, n_tot)

type(connection_table_t), intent(out) :: connection_table
type(state_matrix_t), intent(in), target :: state_in

type (quantum_numbers_mask_t), dimension(:), intent(in) :: gn_mask_in
type (quantum_numbers_mask_t), dimension(:), intent(in) :: gn_mask
integer, intent(in) :: n_tot

type (quantum_numbers_t), dimension(n_tot) :: gnl, gn2, gn
type(state_iterator_t) :: itl, it2, it

integer :: i, n_me_in, me_index_inl, me_index_in2

integer :: me_index_conn, n_me_conn

integer, dimension(1) :: me_count
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connection_table)n_tot = n_tot
n_me_in = state_matrix_get_n_matrix_elements (state_in)
call index_map2_init (connection_table’,index_conn, n_me_in)
connection_table)index_conn = 0
call state_matrix_init (connection_tablelstate, n_counters=1)
call state_iterator_init (itl, state_in)
do while (state_iterator_is_valid (it1))
qnl = state_iterator_get_quantum_numbers (it1)
me_index_inl = state_iterator_get_me_index (itl)
call state_iterator_init (it2, state_in)
do while (state_iterator_is_valid (it2))
qn2 = state_iterator_get_quantum_numbers (it2)
if (all (quantum_numbers_are_compatible (qnl, gqn2, gn_mask))) then
gqn = gnl .merge. qn2
call quantum_numbers_undefine (qn, qn_mask_in)
me_index_in2 = state_iterator_get_me_index (it2)
call state_matrix_add_state (connection_tablel,state, qn, &
counter_index = 1, me_index = me_index_conn)
call index_map2_set_entry (connection_table)index_conn, &
me_index_inl, me_index_in2, me_index_conn)
end if
call state_iterator_advance (it2)
end do
call state_iterator_advance (it1)
end do
n_me_conn = state_matrix_get_n_matrix_elements (connection_tableYstate)
connection_table¥%n_me_conn = n_me_conn
allocate (connection_tablelentry (n_me_conn))
call state_iterator_init (it, connection_tablelstate)
do while (state_iterator_is_valid (it))
i = state_iterator_get_me_index (it)
me_count = state_iterator_get_me_count (it)
call connection_entry_init (connection_tablelentry(i), 1, 2, &
state_iterator_get_quantum_numbers (it), me_count, [n_tot])
call state_iterator_advance (it)
end do
end subroutine connection_table_init

subroutine connection_table_final (connection_table)
type(connection_table_t), intent(inout) :: connection_table
call state_matrix_final (connection_tableYstate)

end subroutine connection_table_final

subroutine connection_table_write (connection_table, unit)

type(connection_table_t), intent(in) :: connection_table
integer, intent(in), optional :: unit

integer :: i, j

integer :: u

u = given_output_unit (unit)

write (u, *) "Connection table:"

call state_matrix_write (connection_tablelstate, unit)

if (index_map2_exists (connection_tablelindex_conn)) then
write (u, *) " Index mapping input => connection 