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INTRODUCTION

1.1 Complexity

There are on _ g
P(n) = 5 —n=2""1_n-1 (1.1)
independent internal momenta in a n-particle scattering amplitude [1]. This
grows much slower than the number
Fn)=2n-5!!=2n—-5)-2n—-7)-...-3-1 (1.2)

of tree Feynman diagrams in vanilla ¢3 (see table 1.1). There are no known
corresponding expressions for theories with more than one particle type. How-
ever, empirical evidence from numerical studies [1, 2] as well as explicit counting
results from O’Mega suggest

P*(n) oc 10™/2 (1.3)

while he factorial growth of the number of Feynman diagrams remains unchecked,
of course.

4 3 3
5 10 15
6 25 105
7 56 945
8 119 10395
9 246 135135
10 501 2027025
11 1012 34459425
12 | 2035 654729075
13 | 4082 13749310575
14 8177 316234143225
15 | 16368 7905853580625
16 | 32751 | 213458046676875

Table 1.1:  The number of ¢> Feynman diagrams F(n) and independent
poles P(n).
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The number of independent momenta in an amplitude is a better measure for
the complexity of the amplitude than the number of Feynman diagrams, since
there can be substantial cancellations among the latter. Therefore it should be
possible to express the scattering amplitude more compactly than by a sum over
Feynman diagrams.

1.2 Ancestors

Some of the ideas that O’Mega is based on can be traced back to HELAS [5].
HELAS builts Feynman amplitudes by recursively forming off-shell ‘wave func-
tions’ from joining external lines with other external lines or off-shell ‘wave
functions’.

The program Madgraph [6] automatically generates Feynman diagrams and
writes a Fortran program corresponding to their sum. The amplitudes are calcu-
lated by calls to HELAS [5]. Madgraph uses one straightforward optimization:
no statement is written more than once. Since each statement corresponds to a
collection of trees, this optimization is very effective for up to four particles in
the final state. However, since the amplitudes are given as a sum of Feynman
diagrams, this optimization can, by design, mot remove the factorial growth
and is substantially weaker than the algorithms of [1, 2] and the algorithm of
O’Mega for more particles in the final state.

Then ALPHA [1] (see also the slightly modified variant [2]) provided a nu-
merical algorithm for calculating scattering amplitudes and it could be shown
empirically, that the calculational costs are rising with a power instead of fac-
torially.

1.3 Architecture

1.3.1 General purpose libraries

Functions that are not specific to O’Mega and could be part of the O’Caml
standard library

ThoList : (mostly) simple convenience functions for lists that are missing
from the standard library module List (section E, p. 344)

Product : effcient tensor products for lists and sets (section I, p. 371)
Combinatorics : combinatorical formulae, sets of subsets, etc. (section K,

p. 377)

1.3.2 O’Mega
The non-trivial algorithms that constitute O’Mega:

DAG : Directed Acyclical Graphs (section 4, p. 37)

Topology : unusual enumerations of unflavored tree diagrams (section 3,
p. 20)

Momentum : finite sums of external momenta (section 5, p. 51)
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Comphep

Ogiga

Vs
Fortran77 Fortran | Helas
QED [ Qcp [ sM [ [
C [ C++ [ Java
MSSM [ User def. - ThoGDraw ThoGMenu
O’Caml [ Form [ LaTeX [
Models
Targets
’ ThoGWindow ‘ ’ ThoGButton

U

Fusion

.

’ ThoArray ‘

’ Phasespace

Momentum

’ Complex

&

’ Partition ’ Combinatorics ’ Tree ’ Trie ’ Algebra

Product

ThoList

Figure 1.1: Module dependencies in O’Mega. The diamond shaped nodes are
abstract signatures defininng functor domains and co-domains. The rectangular
boxes are modules and functors and oval boxes are examples for applications.
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Fusion : off shell wave functions (section 8, p. 98)
OVM : O’Mega Virtual Machine (not implemented yet) (section T, p. 427)
Omega : functor constructing an application from a model and a target

(section 18, p. 317)

1.8.3 Abstract interfaces
The domains and co-domains of functors (section 9, p. 133)
Coupling : all possible couplings (not comprensive yet)
Model : physical models

Target : target programming languages

1.3.4 Models
(section 13, p. 214)
Models.QED : Quantum Electrodynamics
Models.QCD : Quantum Chromodynamics (not complete yet)
Models.SM : Minimal Standard Model (not complete yet)
Other models will be supported by a convenient concrete syntax for langrangians

in text files.

1.3.5 Targets

Any programming language that supports arithmetic and a textual representa-
tion of programs can be targeted by O’Caml. The implementations translate the
abstract expressions derived by Fusion to expressions in the target (section 15,
p. 229).

Targets.Fortran : Fortran95 language implementation, calling subrou-
tines

Targets. Fortran_Inlined : Fortran language implementation, self contained

Targets.Helas : Fortran language implementation calling HELAS [5] sub-
routines

Other targets will come in the future: C, C++, O’Caml itself, symbolic manipu-
lation languages, etc.

1.3.6  Applications
(section 18, p. 317)
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1.4 The Big To Do Lists
1.4.1 Required

All features planned for a first release are in place.

© »®» N @

10.
11.

12.

1.4.2  Useful

complete standard model in R¢-gauge

provide omega77, a Fortran77 library equivalent to omega95 (i.e. a more
orthogonal HELAS clone)

groves (the simple method of cloned generations works)

color factors for a “few” colored particles, maybe one can separate color
“eigenamplitudes”

color factors for many colored particles: Mangano, Moretti et al.
select allowed helicity combinations for massless fermions
Weyl-Van der Waerden spinors

speed up helicity sums by using discrete symmetries

general triple and quartic vector couplings

complete MSSM

diagnostics: count corresponding Feynman diagrams more efficiently for
more than ten external lines

recognize potential cascade decays (7, b, etc.)

e warn the user to add additional

e kill fusions (at runtime), that contribute to a cascade

1.4.8 Future Features

. investigate if unpolarized squared matrix elements can be calculated faster

as traces of densitiy matrices. Unfortunately, the answer apears to be no
for fermions and up to a constant factor for massive vectors. Since the
number of fusions in the amplitude grows like 10™/2, the number of fusions
in the squared matrix element grows like 10™. On the other hand, there
are 9#fermions+#massless vectors 3#massive vectors torma in the helicity sum,
which grows slower than 10™/2. The constant factor is probably also not
favorable. However, there will certainly be asymptotic gains for sums over
gauge (and other) multiplets, like color sums.

compile Feynman rules from Lagrangians

evaluate amplitues in O’Caml by compiling it to three address code for a
virtual machine
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type mem = scalar array X spinor array X spinor array X vector array
type instr =

— VSS of int x int x int

— SVS of int x int x int

— AVA of int x int X int

this could be as fast as [1] or [2].

. a virtual machine will be useful for for other target as well, because native
code appears to become to large for most compilers for more than ten
external particles. Bytecode might even be faster due to improved cache
locality.

. use the virtual machine in O’Giga

1.4.4 Science Fiction

. numerical and symbolical loop calculations with O’'TERA: O’MEGA ToOL
FOR EVALUATING RENORMALIZED AMPLITUDES
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TUPLES AND POLYTUPLES

2.1 Interface of Tuple

The Tuple. Poly interface abstracts the notion of tuples with variable arity. Sim-
ple cases are binary polytuples, which are simply pairs and indefinite polytuples,
which are nothing but lists. Another example is the union of pairs and triples.
The interface is very similar to List from the O’Caml standard library, but the
Tuple.Poly signature allows a more fine grained control of arities. The latter
provides typesafe linking of models, targets and topologies.

module type Mono =

sig
type a ¢

val arity : ot — int
val max_arity : int

val compare : (& = a — int) - at = at — int
val for_all : (« — bool) — at — bool

valmap : (¢ —» fB) - at — Bt

val iter : (o« — wunit) — at — unit

val fold_left : (a« - 8 = a) > a = ft = «
val fold_right : (&« — 8 — B) = at - 8 —

We have applications, where no sensible intial value can be defined:

val fold_left_internal : (o — a — «a) > at = «
val fold_right_internal : (¢ - a = a) = at = «

val map2 @ (o - B8 — v) = at - Bt = vt
val split : (o X B)t - at x Bt
The distributive tensor product expands a tuple of lists into list of tuples, e. g. for
binary tuples:
product ([x1; @2, [y1:92]) = [(21,91); (21, 92); (w2, 91); (w2, y2)] (2.1)

NB: product-fold is usually much more memory efficient than the combination
of product and List.fold _right for large sets.

val product : o listt — « t list
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val product_fold : (ot — 8 — B) — alistt - f —

For homogeneous tuples the power function could trivially be built from product,
e.g.

power [r1; T3] = product ([z1; T2], [T1; 72]) = [(21, 21); (21, ¥2); (22, 71); (72, 2)]
(2.2)
but it is also well defined for polytuples, e. g. for pairs and triples

power [x1; T2] = product ([x1; x2], [x1; x2]) U product ([x1; x2], [T1; 2], [x1; 22])
(2.3)
For tuples and polytuples with bounded arity, the power and power_fold func-
tions terminate. In polytuples with unbounded arity, the the power function al-
ways raises No_termination. power_fold also raises No_termination, but could
be changed to run until the argument function raises an exception. However, if
we need this behaviour, we should implemente power_iter instead.

val power : « list - ot list
val power_fold : (at - 8 — ) = alisst — f —

We can also identify all (poly)tuples with permuted elements and return only
one representative, e. g.:

sym_power [:z:l; xz] = [(561, l’1); (9317 $2)§ (1'27 172)] (2'4)

NB: this function has not yet been implemented, because O’Mega only needs
the more efficient special case graded-sym_power.

If a set X is graded (i.e. there is a map ¢ : X — N, called rank below), the
results of power or sym_power can canonically be filtered by requiring that the
sum of the ranks in each (poly)tuple has one chosen value. Implementing such
a function directly is much more efficient than constructing and subsequently
disregarding many (poly)tuples. The elements of rank n are at offset (n — 1)
in the array. The array is assumed to be immutable, even if O’Caml doesn’t
support immutable arrays. NB: graded_power has not yet been implemented,
because O’Mega only needs graded _sym_power.

type a graded = « list array
val graded_sym_power : int — « graded — o« t list
val graded_sym_power_fold : int - (ot — B — B) — « graded —

B — B

We hope to be able to avoid the next one in the long run, because it mildly
breaks typesafety for arities. Unfortunately, we’re still working on it ...

val to_list : ot — « list

The next one is only used for Fermi statistics below, but can not be imple-

mented if there are no binary tuples. It must be retired as soon as possible.

val of2_kludge : a« — a — «'t
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val res : RCS.t
end

module type Poly =
sig
include Mono
exception Mismatched _arity
exception No_termination
end

module type Binary =
sig
include Poly (* should become Mono! x*)
val of2 : o - a — «at
end
module Binary : Binary

module type Ternary =
sig
include Mono
val of3 : o - a - a = a't
end
module Ternary : Ternary

type « pair_or_triple = T2 of a x a | T3 of a X a X«

module type Mized23 =
sig
include Poly
val of2 : a —
val of3 : a —
end
module Mized23 : Mized23

— at
— a = at

module type Nary =

sig
include Poly
valof2 : a@ - a — «at
valof3 : a - o - a = at
val of _list : «a list - «a't
end
module Unbounded_Nary : Nary

module type Bound = sig val max_arity : int end
module Nary (B : Bound) : Nary

@ For compleneteness sake, we could add most of the List signature

e val length : at — int
evalhd : at - «
evalnth : at — int > «

evalrev : at - at
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e val rev_map : (¢ — B) - at — Bt

e valiter2 : (¢ —» f — unit) - at — Bt — unit

evalrev_map2 : (a - B = v) - at - Bt = vt

e val fold_left2 : (¢ - 8 = v > a) > a = t > 7yt = «

e val fold_right2 : (¢ - 8 - v = ) — at = ft - v = v

e val exists : (@ — bool) — at — bool

e val for_all2 : (¢ - B — bool) - at — Bt — bool

o val ezists?2 : (¢ = B — bool) - at — Bt — bool
e val mem : o — at — bool
e val memq : @« - at — bool

e val find : (@ = bool) = at = «

e val find_all : (a« — bool) = at — « list
e val assoc : o — (o x B)t — B
evalassg : a = (a x B)t —»

e val mem_assoc : a — (a x B)t — bool
e val mem_assq : @« — (a x B)t — bool
e val combine : at — Bt — (a x B)t
eval sort : (¢ = a — int) > at = at

e val stable_sort : (&« - a — int) - at — at

but only if we ever have too much time on our hand ...

2.2 Implementation of Tuple

let res_file = RCS.parse "Tuple" ["Tuples_ of_ fixed and indefinite arity"|

{ RCS.revision = "$Revision: 759 $";
RCS.date = "$Date: ,2009-06-10,11:38:07,,+0200,,(Wed, ,10_,Jun.,2009) $";
RCS.author = "$Author: ohl $";
RCS .source

= "$URL:_svn+ssh://jr_reuter@login.hepforge.org/hepforge/svn/whizard/trunk/src/ome;

module type Mono =
sig

type a t
val arity : at — int
val maz_arity : int
val compare : (a = a — int) - at - at — int
val for_all : (¢ — bool) — at — bool
val map : (@ = ) - at — ft
val iter : (@ — wunit) — «at — wunit
val fold_left : (¢ — B8 — a) > a = Bt = «
val fold_right : (« — f — B) = at - 8 — 0
val fold_left_internal : (o — a — «a) - at = «
val fold_right_internal : (¢ - a = a) = at = «

10



Implementation of Tuple

val map2 @ (¢ - B — 7v) = at - Bt = vt
val split : (a0 x B)t - at x (Bt
val product : « listt — « t list
val product_fold : (et — 8 — B) — alistt - 8 —
val power : «a list = ot list
val power_fold : (ot — f — B) —» alist - 8 —
type a graded = « list array
val graded_sym_power : int — « graded — o« t list
val graded_sym_power_fold : int - (at — B — B) — « graded —
g — B
val to_list : ot — « list
val of2_kludge : @ — a — a't
val res : RCS.t
end

module type Poly =
sig
include Mono
exception Mismatched _arity
exception No_termination
end

2.2.1 Typesafe Combinatorics

Wrap the combinatorical functions with varying arities into typesafe functions
with fixed arities. We could provide specialized implementations, but since
we know that Impossible is never raised, the present approach is just as good
(except for a tiny inefficiency).

exception Impossible of string
let impossible name = raise (Impossible name)

let choose2 set =
List.map (function [z; y] — (z, y) | - — impossible "choose2")
(Combinatorics.choose 2 set)

let choose3 set =
List.map (function [z; y; 2] — (z, y, z) | - — impossible "choose3")
(Combinatorics.choose 3 set)

2.2.2 Pairs

module type Binary =
sig
include Poly (* should become Mono! x*)
valof2 : o - a — «at
end

module Binary =

11
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struct
let res = RCS.rename rcs_file "Tuple.Binary" ["Pairs"]
typeat = a X «
let arity - = 2
let max_arity = 2

let of2 2y = (z, y)

let compare cmp (x1, y1) (22, y2) =
let cx = cmp z1 x2 in
if cx # 0 then
cx
else
cmp yl y2
let for_all p (z, y) = px AN py
let map f (z, y) = (f =, fy)
let iter f (z, y) = fa; fy
let fold_left f init (z, y) = f (f init ) y
let fold_right f (z, y) init = f x (f y init)
let fold_left_internal f (z, y) = fzy
let fold_right_internal f (z, y) = fzy

exception Mismatched _arity
let map2 f (x1, y1) (22, y2) = (f =1 z2, f yl y2)

let split ((z1, z2), (y1, y2)) = ((=1, y1), (22, y2))

let product (lz, ly) =
Product.list2 (funz y — (z, y)) lz ly
let product_fold f (lx, ly) init =
Product.fold2 (funzy — f (z, y)) Iz ly init

let power | = product (I, 1)
let power_fold f | = product_fold f (I, 1)

In the special case of binary fusions, the implementation is very concise.
type a graded = « list array

let fuse2 f set (i, j) acc =

if i = j then
List.fold _right (fun (z, y) — f z y) (choose2 set.(pred ©)) acc
else

Product.fold2 f set.(pred i) set.(pred j) acc

let graded_sym_power_fold rank f set acc =
let max_rank = Array.length set in
List.fold_right (fuse2 (funz y — f (of2 x y)) set)
(Partition.pairs rank 1 maz_rank) acc

let graded_sym_power rank set =
graded _sym_power_fold rank (fun pair acc — pair :: acc) set []

let to_list (z, y) = [z; y]

12
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let of2_kludge = of2

exception No_termination
end

2.2.3 Triples

module type Ternary =
sig
include Mono
val of3 : @ - a - a = at
end

module Ternary =

struct
let rcs = RCS.rename rcs-file "Tuple.Ternary" ["Triples"]
typeat = a X a X «
let arity - = 3
let maz_arity = 3

let of3 z y z = (z, y, 2)

let compare ecmp (x1, y1, 21) (22, y2, z2) =
let cx = cmp a1 22 in
if cx # 0 then
cx
else
let cy = cmp yl y2 in
if cy # 0 then
cy
else
cmp z1 22

let for_all p (z, y, 2) = pax A py A pz

let map f (z, y, 2) = (f =z, fy, [2)

let iter f (z, y, 2) = fa; fuy; [z

let fold_left f init (z, y, z) = f (f (f init z) y) z
let fold_right f (z, y, z) init = fx (f y (f 2z init))
let fold_left_internal f (z, y, z) = f (f 2z y) 2

let fold_right_internal f (z, y, z) = [z (f y 2)

exception Mismatched _arity
let map2 f (x1, y1, 21) (22, y2, 22) = (f =1 22, f yl y2, f 21 22)

let split ((z1, 22), (y1, y2), (21, 22)) = ((«1, y1, 21), (22, y2, 22))

let product (lx,ly,lz) =
Product.list8 (funz y z — (z, y, 2)) lz ly Iz
let product_fold f (lz, ly, lz) init =
Product.fold3 (funz y z — f (z, y, 2)) lz ly lz init

13



Implementation of Tuple

let power | = product (I, 1, 1)
let power_fold f I = product_fold f (I, I, 1)

type a graded = « list array

let fuse3 f set (i, 7, k) acc =
if ¢ = 7 then begin

if j = k then
List.fold_right (fun (z, y, z) — f x y z) (choose3 set.(pred 1)) acc
else

Product.fold2 (fun (z, y) 2 — fzy z)
(choose2 set.(pred 1)) set.(pred k) acc
end else begin
if j = k then
Product.fold2 (fun z (y, z) — fzyz)
set.(pred i) (choose2 set.(pred j)) acc
else
Product.fold3 (funzy z — fxy 2)
set.(pred i) set.(pred j) set.(pred k) acc
end

let graded_sym_power_fold rank f set acc =
let max_rank = Array.length set in
List.fold_right (fuse3 (funz y z — f (of3 z y 2)) set)
(Partition.triples rank 1 max_rank) acc

let graded_sym_power rank set =
graded _sym_power_fold rank (fun pair acc — pair :: acc) set []

let of2_kludge - = failwith "Tuple.Ternary.of2_kludge"
let to_list (z, y, z) = [z; y; 2]

end

2.2.4 Pairs and Triples

type « pair_or_triple = T2 of a x a | T3 of a X a X«

module type Mized23 =

sig
include Poly
val of2 : a@ - a — «at
val of8 1 @ - a - a = at
end

module Mized23 =
struct
let rcs = RCS.rename rcs-file "Tuple.Mixed23"
["Mixed pairs,and triples"]

type a t = « pair_or_triple

let arity = function

14
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| T2 - — 2
| T3 - — 3
let maz_arity = 3

let of2 xy = T2 (z, y)
let of83 xyz = T3 (z, y, 2)

let compare cmp m1 m2 =
match m1, m2 with
| T2 ., T8 - — -1
| T3 -, T2 - — 1
| T2 (z1, y1), T2 (22, y2) —

let cx = cmp z1 x2 in
if cx # 0 then
cx
else
cmp yl y2
| T3 (x1, y1, z1), T3 (22, y2, 22) —
let cx = cmp a1 22 in
if cx # 0 then
cx
else
let cy = cmp yl y2 in
if cy # 0 then
cy
else
cmp 21 22

let for_all p = function
| T2 (z, y) = pz A py
| T3 (2, y, 2) > px Apy Apz

let map f = function
| T2 (z, y) — T2 (f =, [ y)
| T8 (z, y, 2) = T3 (fz, [y, [2)

let iter f = function

| T2 (2, y) = fa [y

| T8 (z, y, 2) = fa fuy [z
let fold_left f init = function

| T2 (z, y) — [ (f initz)y

| T3 (z, y, z) — f(f (f init ) y) 2
let fold_right f m init =

match m with

| T2 (s, ) — fa(Fy init)

| T3 (s, 9, 2) = fo(fy(f 2 init))

let fold_left_internal f m =
match m with
| T2 (z, y) = fzy
| T8 (z, y, 2) = [ (fzy)z

15
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let fold_right_internal f m =
match m with
| T2 (z, y) = fzy
| T8 (z, y, 2) = fz(fy2)
exception Mismatched _arity
let map2 f m1 m2 =
match m1, m2 with
| T2 («1, y1), T2 (22, y2) — T2 (f =1 22, f yl y2)
| T3 (z1, y1, 21), T3 (22, y2, 22) — T3 (f «1 22, f yl y2, f 21 22)
| T2 _, T8 - | T3 -, T2 - — raise Mismatched_arity

let split = function
| T2 ((z1, 22), (y1, y2)) — (T2 (z1, y1), T2 (22, y2))
| T3 ((«1, 22), (y1, y2), (21, 22)) — (T3 (x1, y1, 21), T3 (22, y2, 22))

let product = function

| T2 (lz, ly) — Product.list2 (funzy — T2 (z, y)) lz ly

| T3 (lz, ly, lz) — Product.list’ (funxyz — T8 (z, y, 2)) lx ly lz
let product_fold f m init =

match m with

| T2 (lz, ly) — Product.fold2 (funzy — f (T2 (z, y))) Iz ly init

| T8 (lz, ly, lz) —

Product.fold3 (funz y 2 — f (T8 (z, y, 2))) lz ly Iz init

exception No_termination

let power_fold f [ init =

product_fold f (T2 (I, 1)) (product_fold f (T3 (I, I, 1)) init)
let power | =

power_fold (fun m acc — m = acc) 1 []

type a graded = « list array

let graded_sym_power_fold rank f set acc =
let maz_rank = Array.length set in
List.fold_right (Binary.fuse2 (funz y — f (of2 z y)) set)
(Partition.pairs rank 1 mazx_rank)
(List.fold_right (Ternary.fused (funz y z — f (of3 z y z)) set)
(Partition.triples rank 1 maz_rank) acc)

let graded_sym_power rank set =
graded _sym_power_fold rank (fun pair acc — pair :: acc) set []

let to_list = function
| T2 (z, y) — [z; 9]
| T3 (z, y, z) — [z; y; 2]

let of2_kludge = of2

end

2.2.5 ... and All The Rest

module type Nary =

16
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sig
include Poly
valof2 : a@ - a — «at
val of3 1 @ - o - a = at
val of _list : «a list - «a't

end

module Nary (A : sig val maz_arity : int end) =
struct

let res = RCS.rename rcs—file "Tuple.Nary"
["Tupels of indefinite arity"]

typeat = a X «list

let arity (-, y) = succ (List.length y)
let mazx_arity = A.maz_arity

et of2 5y = (a, [y))
let of3 z y 2 = (z, [y; 2])
let of _list = function

|z =y = (2, 9)
| [] — dnvalid_arg "Tuple.Nary.of _list: empty"

let compare cmp (x1, y1) (22, y2) =

let ¢ = cmp z1 22 in
if ¢ # 0 then

c
else

ThoList.compare ~cmp yl y2
let for_all p (z, y) = pa A List.for_all py

let map f (z, y) = (f =, List.map f y)
let iter f (z, y) = f x; List.iter f y
let fold_left f init (z, y) = List.fold_left f (f init z) y
let fold_right f (z, y) init = f x (List.fold_right f y init)
let fold_left_internal f (z, y) = List.fold_left f x y
let fold_right_internal f (z, y) =

match List.rev y with

) = o

| 0 : y_sans_y0 —

f x (List.fold_right f (List.rev y_sans_y0) y0)

exception Mismatched -arity
let map2 f (x1, y1) (22, y2) =

try (f 1 22, List.map2 f yl y2) with

| Invalid_argument - — raise Mismatched_arity
let split ((z1, 22), y12) =

let yI, y2 = List.split y12 in

((z1, y1), (22, y2))
let product (zl, yl) =

Product.list (function

[z =y = (z,9)

17
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| [] — failwith "Tuple.Nary.product") (al :: yl)
let product_fold f (zl, yl) init =
Product.fold (function
oy = (@ y)
| [] — failwith "Tuple.Nary.product_fold") (zl :: yl) init

let bounded _power_fold f | init =
List.fold_right (fun n — product_fold f (I, ThoList.clone (pred n) 1))
(ThoList.range 2 A.maz_arity) init
let bounded -power | =
bounded _power_fold (fun t acc — t :: acc) ][]

exception No_termination
let unbounded _power_fold f | init = raise No_termination
let unbounded_power | = raise No_termination

let power_fold, power =
if A.maz_arity > 0 then
(bounded —power _fold, bounded_power)
else
(unbounded _power_fold, unbounded_power)

type a graded = « list array

let fuse_n f set partition acc =
let choose (n, ) =
Printf .printf "chose: n=Y%d_r=%d_ len=%d\n"
n r (List.length set.(pred r));
Combinatorics.choose n set.(pred r) in
Product.fold (fun wfs — f (List.concat wfs))
(List.map choose (ThoList.classify partition)) acc

let fuse_n f set partition acc =
let choose (n, 1) = Combinatorics.choose n set.(pred r) in
Product.fold (fun wfs — f (List.concat wfs))
(List.map choose (ThoList.classify partition)) acc

graded _sym _power _fold is well defined for unbounded arities as well: derive
a reasonable replacement from set. The length of the flattened set is an
upper limit, of course, but too pessimistic in most cases.

let graded_sym_power_fold rank f set acc =
let max_rank = Array.length set in
let degrees = ThoList.range 2 maz_arity in
let partitions =
ThoList.flatmap
(fun deg — Partition.tuples deg rank 1 maz_rank) degrees in
List.fold_right (fuse_n (fun wfs — f (of _list wfs)) set) partitions acc

let graded_sym_power rank set =
graded _sym_power_fold rank (fun pair acc — pair :: acc) set []

let to_list (z, y) = = = y

18
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let of2_kludge = of2

end
module type Bound = sig val maz_arity : int end
module Unbounded_Nary = Nary (struct let maz_arity = —1 end)

19
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TOPOLOGIES

3.1 Interface of Topology

module type T =
sig
partition is a collection of integers, with arity one larger than the arity of

a children below. These arities can one fixed number corresponding to ho-
mogeneous tuples or a collection of tupes or lists.

type partition

partitions n returns the union of all [ny;ne;...;ng) with 1 <n; <ng < ... <
ng < [n/2] and

d

i=1

for d from 3 to dpax, Where dpyax is a fixed number for each module implemen-
tating T. In particular, if type partition = int X int X int, then partitions n
returns all (nq,ne,n3) with ny < ny < ng and ny + ng + ng = n.

val partitions : int — partition list
A (poly)tuple as implemented by the modules in Tuple:
type a children

keystones externals returns all keystones for the amplitude with external states
externals in the vanilla scalar theory with a

> ot (3.2)

3<k<dmax
interaction. One factor of the products is factorized. In particular, if
type « children = « Tuple.Binary.t = a X «,

then keystones externals returns all keystones for the amplitude with external
states externals in the vanilla scalar A@3-theory.

val keystones : « list = (« list x « list children list) list

The maximal depth of subtrees for a given number of external lines.
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val maz_subtree : int — int
Only for diagnostics:

val inspect_partition : partition — int list
val res : RCS.t
end

module Binary : T with type a children = « Tuple.Binary.t
module Ternary : T with type a children = o Tuple.Ternary.t
module Mized23 : T with type « children = o Tuple. Mixed23.t
module Nary : functor (B : Tuple.Bound) —

(T with type « children = « Tuple.Nary(B).t)

3.1.1 Diagnostics: Counting Diagrams and Factorizations for
> n A"

The number of diagrams for many particles can easily exceed the range of native
integers. Even if we can not calculate the corresponding amplitudes, we want to
check combinatorical factors. Therefore we code a functor that can use arbitray
implementations of integers.

module type Integer =
sig
type ¢
val zero : t
val one : t

val (+ ) 1t = ¢t = ¢
val (= )+t =t >t
val (x )t t =t = ¢
val (/) =t =t = ¢

val pred : t — t

val succ : t — t

val (=) : t - t — bool
val ( # ) : t = ¢t — bool
val ( < ) : t = ¢t — bool
val ( <) : t - t — bool
val (> ) : t = ¢t — bool
val (> ) : ¢t = t — bool
val of _int : int — 1

val to_int : t — int

val to_string : t — string
val compare : t — t — int
val factorial : t — t

end
Of course, native integers will provide the fastest implementation:
module Int : Integer

module type Count =
sig
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type integer

diagrams f d n returns the number of tree diagrams contributing to the n-point
amplitude in vanilla scalar theory with

> et (3:3)
3<k<dAf(k)

interaction. The default value of f returns true for all arguments.

val diagrams : 7f : (integer — bool) — inleger — integer — integer
val diagrams_via_keystones : integer — integer — integer

1 1 (n1+n2+...+nk) (34)
S(ng,n —ng) S(n1,na, ..., ng) T, M2,y e M .

val keystones : integer list — integer

diagrams_via_keystones d m must produce the same results as diagrams d n.
This is shown explicitely in tables 3.2, 3.3 and 3.4 for small values of d and n.
The test program in appendix N can be used to verify this relation for larger
values.

val diagrams_per_keystone : integer — integer list — integer
end

module Count : functor (I : Integer) — Count with type integer = 1.1

3.1.2  Emulating HELAC

We can also proceed 4 la [2].

module Helac : functor (B : Tuple.Bound) —
(T with type « children = « Tuple.Nary(B).t)

The following has never been tested, but it is no rocket science and should
work anyway ...

module Helac_Binary : T with type « children = « Tuple.Binary.t

3.2 Implementation of Topology

let res_file = RCS.parse "Topology" ["Topologies"|

{ RCS.revision = "$Revision:,759,$";
RCS.date = "$Date: ,2009-06-10,11:38:07,,+0200,,(Wed, ,10_,Jun.,2009) $";
RCS.author = "$Author: ohl $";
RCS .source

= "$URL:svn+ssh://jr_reuter@login.hepforge.org/hepforge/svn/whizard/trunk/src/ome;
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n | partitions n

4| (1,1,2)

51 (1,2,2)

6 | (1,2,3), (2,2,2)

71 (1,3,3), (2,2,3)

8 | (134), (2.24), (2,3.3)

9| (1,4,4), (2,3,4), (3,3,3)

10 | (1,4,5), (2,3,5), (2,4,4), (3,3,4)

11 | (1,5,5), (2,4,5), (3,3,5), (3,4,4)
12 | (1,5,6), (2,4,6), (2,5,5), (3,3,6), (3,4,5), (4,4,4)
13 | (1,6,6), (2,5,6), (3,4,6), (3,5,5), (4,4,5)

14 1 (1,6,7), (2,5,7), (2,6,6), (3,4,7), (3,5,6), (4,4,6), (4,5,5)
15 | (1,7,7), (2,6,7), (3,5,7), (3,6,6), (4,4,7), (4,5,6), (5,5,5)
16 | (1,7,8), (2,6,8), (2,7,7), (3,5,8), (3,6,7), (4,4,8), (4,5,7), (4,6,6), (5,5,6)

Table 3.1: partitions n for moderate values of n.

module type T =

sig
type partition
val partitions : int — partition list
type «a children
val keystones : « list — (« list x « list children list) list
val max_subtree : int — int
val inspect_partition : partition — int list
val rcs : RCS.t

end

3.2.1 Factorizing Diagrams for ¢3

module Binary =

struct
let rcs = RCS.rename rcs_file "Topology.Binary"
["phi**3 topology"]
type partition = int X int X int
let inspect_partition (n1, n2, n8) = [nl; n2; n3|

One way [1] to lift the degeneracy is to select the vertex that is closest to the
center (see table 3.1):

partitions : n — {(n17n27n3) [n1+na+ns =nAng <ng <ng < Ln/?J} (3.5)

Other, less symmetric, approaches are possible. The simplest of these is: choose
the vertex adjacent to a fixed external line [2]. They will be made available for
comparison in the future.

An obvious consequence of ny + ns +ng =n and n; < ng <ngisng < [n/3}:

23



Implementation of Topology

B/

Figure 3.1: Topologies with a blatant three-fold permutation symmetry, if the
number of external lines is a multiple of three

Figure 3.2: Topologies with a blatant two-fold symmetry.

let rec partitions’ n nl =
if n1 > n /3 then

[]

else
List.map (fun (n2, n8) — (ni, n2, n3))
(Partition.pairs (n — n1) nl (n / 2)) Q partitions’ n (succ nl)

let partitions n = partitions’ n 1

type a children = o Tuple.Binary.t

There remains one peculiar case, when the number of external lines is even
and ng = ny +ng (cf. figure 3.3). Unfortunately, this reflection symmetry is not
respected by the equivalence classes. E. g.

{13{2,3}{4,5,6} — {{4}{5,6}{1,2,3}; {5}{4,6}{1,2,3}; {6}{4,5}{1, 2, 3(};))}6)

AAAAAA

Figure 3.3: If ng = ny + ng, the apparently asymmetric topologies on the left
hand side have a non obvious two-fold symmetry, that exchanges the two halves.
Therefore, the topologies on the right hand side have a four fold symmetry.
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n (271—5)” ZN(m,ng,ng)
4 313-(1,1,2)
5 15 | 15-(1,2,2)
6 105 | 90-(1,2,3) +15-(2,2,2)
7 945 | 630 - (1,3,3) + 315 - (2,2,3)
8 10395 | 6300 - (1,3,4) + 1575 - (2,2,4) + 2520 - (2,3,3)
9 135135 | 70875 - (1,4,4) + 56700 - (2,3,4) + 7560 - (3,3, 3)
10 2027025 | 992250 - (1,4, 5) + 396900 - (2,3,5)
+ 354375 - (2,4,4) + 283500 - (3,3,4)
11 | 34459425 | 15280650 - (1,5,5) + 10914750 - (2,4, 5)
+ 4365900 - (3,3,5) + 3898125 - (3,4,4)
12 | 654729075 | 275051700 - (1,5, 6) + 98232750 - (2,4, 6)
+ 91683900 - (2, 5 5) + 39293100 - (3,3, 6)
+ 130977000 - (3,4,5) + 19490625 - (4,4, 4)

Table 3.2: Equation (3.9) for small values of n.

However, these reflections will always exchange the two halves and a represen-
tative can be chosen by requiring that one fixed momentum remains in one half.
We choose to filter out the half of the partitions where the element p appears
in the second half, i.e. the list of length n3.

Finally, a closed expression for the number of Feynman diagrams in the
equivalence class (n1,n2,n3) is

(n1 4+ no + ng)! 2nl—3

::]w

N(ni,na, 3.7
(n1,n9,n3) = S,z mg) L (3.7)
where the symmetry factor from the above arguments is
3! for n1 = no = ngy
2-2 f =2n) =2
S(n17n27n3) = orns " "2 (38)
2 fornlzng\/ngzng
2 for ny + ng = ng
Indeed, the sum of all Feynman diagrams
Z N(ni,nz2,n3) = (2n — 5)!! (3.9)
ni+nz+nz=n
1<n1<na<nz<|n/2]

can be checked numerically for large values of n = ny + ny + ng, verifying the
symmetry factor (see table 3.2).

P. M. claims to have seen similar formulae in the context of Young tableaux.
That’s a good occasion to read the new edition of Howard’s book ...

Return a list of all inequivalent partitions of the list [ in three lists of length
nl, n2 and n3, respectively. Common first lists are factored. This is nothing
more than a typedafe wrapper around Combinatorics.factorized _keystones.
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Figure 3.4: Degenerate (1,1,1,3) and (1,2, 3).

exception Impossible of string
let tuple_of _list2 = function
| [21; 2] — Tuple.Binary.of2 z1 x2
| - — raise (Impossible "Topology.tuple_of_list")

let keystone (n1, n2, n3) 1 =
List.map (fun (p1, p23) — (pl1, List.rev_map tuple_of _list2 p23))
(Combinatorics.factorized _keystones [n1; n2; n3] 1)

let keystones | =
ThoList.flatmap (fun n123 — keystone n123 1) (partitions (List.length 1))

let maz_subtree n = n /2

end

3.2.2  Factorizing Diagrams for » A, ¢"

Mixed ¢™ adds new degeneracies, as in figure 3.4. They appear if and only if
one part takes exactly half of the external lines and can relate central vertices
of different arity.

module Nary (B : Tuple.Bound) =
struct
let res = RCS.rename res_file "Topology.Nary"
["phi**n topology"]

type partition = int list
let inspect_partition p = p

let partition d sum =
Partition.tuples d sum 1 (sum / 2)

let rec partitions’ d sum =
if d < 3 then

[]

else
partition d sum Q partitions’ (pred d) sum

let partitions sum = partitions’ (succ B.maz_arity) sum

26



Implementation of Topology

n > >
1 41-(,,,)+3(112)
5 25 | 10+ (1,1,1,2) + 15+ (1,2,2)
6 220 | 40 (1,1,1,3) +45- (1,1,2,2) + 120 - (1,2,3) + 15 - (2,2,2)
7 2485 | 840 - (1, ,3)+105 (1,2,2,2) + 1120 - ( ,3,3)+420-(2,2,3)
8 34300 | 5250 - (1,1,2,4) + 4480 - (1, 1,3,3) + 3360 - (1,2,2,3)
+105-(2,2,2,2) + 14000 - (1,3, 4)
+ 2625 - (2,2,4) 4+ 4480 - (2, 3,3)
9 559405 | 126000 - (1,1,3,4) 4+ 47250 - (1,2,2,4) + 40320 - (1,2,3,3)
+ 5040 - (,2,2, 3) 4+ 196875 - (1,4,4)
+ 126000 - (2,37 4) +17920 - (3,3,3)
10 | 10525900 | 1108800 - (1,1,3 5) + 984375 - (1, 1,4, 4) + 415800 - (1,2,2,5)
+ 1260000 - (, )+1792OO (1,3,3,3) + 78750 - (2,2,2,4)
+ 100800 - (2,2,3,3)+3465000 (1,4,5) + 1108800 - (2, 3,5)
+ 984375 - (2,4,4) 4+ 840000 - (3,3,4)
Table 3.3: £ = A\3¢> + \y*
n >
4 4 1-(,L,1,1)+3-(1,1,2)
5 26 | 1-(1,1,1,1,1)+10- (1,1,1,2) + 15 (1,2,2)
6| 236 1.(1,1,1,1,1 1)+15-(1,1,1,1,2) +40 - (1,1,1,3)
+45-(1,1,2,2) +120 - (1,2,3) + 15 - (2,2,2)
7| 2751 | 21-(1,1,1,1,1,2) + 140 (1,1,1,1,3) + 105 - (1,1,1,2,2)
+840-(1,1,2,3) +105-(1,2,2,2) + 1120 - (1,3,3) + 420 - (2,2, 3)
8 | 39179 | 224+ (1,1,1,1,1,3) +210- (1, 1,1,1,2,2) + 910 - (11,1, 1, 4)
+2240- (1,1,1,2,3) 4+ 420 - (1,1,2,2,2) + 5460 - (1, 1,2, 4)
+ 4480 - (1,1,3,3) + 3360 - (1,2 2,3)+105 (2,2,2,2)
+ 14560 - (1,3,4) 4+ 2730 - (2,2,4) + 4480 - (2,3, 3)

Table 3.4: L = )\3(153 + )\4¢4 + )\5(1)5 + )\6¢6
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module Tuple = Tuple.Nary(B)
type a children = o Tuple.t

let keystones’ | =
let n = List.length [ in
ThoList.flatmap (fun p — Combinatorics.factorized _keystones p 1)
(partitions n)

let keystones | =
List.map (fun (bra, kets) — (bra, List.map Tuple.of _list kets))
(keystones’ 1)

let maz_subtree n = n /2
end

module Nary/ = Nary (struct let maz_arity = 3 end)

3.2.8 Factorizing Diagrams for ¢*

module Ternary =

struct
let rcs = RCS.rename rcs_file "Topology.Ternary"
["phi**4 topology"]
let res = res_file
type partition = int X int X int X int

let inspect_partition (n1, n2, n3, n4) = [nl; n2; ns; n4]
type a children = « Tuple.Ternary.t

let collect4 acc = function
| [z; y; z; u| — (z, ¥, 2, u) = acc
| - — acc

let partitions n =
List.fold_left collectf [] (Nary/.partitions n)

let collect3 acc = function
| [z; y; 2] = Tuple.Ternary.of3 x y z :: acc
| - — acc

let keystones | =
List.map (fun (bra, kets) — (bra, List.fold_left collect3 [] kets))
(Nary4 .keystones' 1)
let mazx_subtree = Nary4.maz_subtree
end

3.2.4 Factorizing Diagrams for ¢* + ¢*

module Mized28 =
struct
let rcs = RCS.rename rcs_file "Topology.Mixed23"
["phi**3 +_ phi**4 topology"]
type partition =
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| P3 of int x int x int
| P4 of int x int x int X int
let inspect_partition = function
| P3 (nl, n2, n3) — [nl; n2; n3]
| P4 (n1, n2, n3, nj) — [nl; n2; n3; n4|
type « children = « Tuple.Mized23.t
let collect34 acc = function
| [2; y; 2] = P8 (z, y, z) = acc
| [z y; 25 | — P4 (z, 9y, z, u) = acc
| - = acc
let partitions n =
List.fold_left collect34 [] (Naryj.partitions n)
let collect23 acc = function
| [2; y] — Tuple.Mized23.0f2 z y :: acc
| [z; y; 2] — Tuple.Mized23.0f3 x y z :: acc
| - = acc
let keystones | =
List.map (fun (bra, kets) — (bra, List.fold_left collect23 [] kets))
(Nary4 .keystones’ 1)
let mazx_subtree = Nary4.maz_subtree
end

3.2.5  Diagnostics: Counting Diagrams and Factorizations for

D0 A"

module type Integer =
sig
type ¢
val zero : t
val one : t

val (+ ) :t = &t = ¢
val (=) 1t = ¢t = ¢
val (x )t t >t = ¢
val (/) :t =t = ¢
val pred : t — t

val succ : t — t

val (=) : t = ¢t — bool
val (# ) : t — t — bool
val ( < ) : t = ¢t — bool
val ( <)+t = ¢t — bool
val (> ) : t = ¢t — bool
val (> ) : t = ¢t — bool
val of _int : int — t

val to_int : t — int

val to_string : t — string
val compare : t — t — int
val factorial : t — t

end
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O’Caml’s native integers suffice for all applications, but in appendix N, we want
to use big integers for numeric checks in high orders:

module Int : Integer =
struct
type t = int
let zero = 0
let one = 1
let ( + ) (+)
let ( — ) =(—)
let ( x ) = ( )
let (/) = (/

let pred = pred

+

\./X

let succ = succ

let (=) = (=)

let (# ) = (#)

et ( <) =(<)

et (<) = (<)

et ( > ) =(>)

et (> ) = (>)

let of _int n = n

let to_int n = n

let to_string = string_of _int

let compare = compare

let factorial = Combinatorics.factorial
end

module type Count =

sig
type integer
val diagrams : ?f : (integer — bool) — integer — integer — integer
val diagrams_via_keystones : integer — integer — integer
val keystones : integer list — integer
val diagrams_per_keystone : integer — integer list — integer

end

module Count (I : Integer) =

struct
let rcs = res_file
let description = ["(still_inoperational) phi n topology"]

type integer = I.t

open [

let two = of_int 2

let three = of _int 3

If 1.t is an abstract datatype, the polymorphic Pervasives.min can fail. Provide
our own version using the specific comparison “(<)”.

let min zy =
if < y then
x
else
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Counting Diagrams for Y An¢™

Classes of diagrams are defined by the number of vertices and their degrees. We
could use fixed size arrays, but we will use a map instead. For efficiency, we also
maintain the number of external lines and the total number of propagators.

module IMap = Map.Make (struct type t = integer let compare = compare end)
type diagram_class = { ext : integer; prop : integer; v : integer IMap.t }

The numbers of external lines, propagators and vertices are determined by the
degrees and multiplicities of vertices:

E({ng,n4,...}) =2+ (d—2)ng (3.10a)
d=3
P({ng,na,..}) = na—1=V({ng,ng,...}) -1 (3.10D)
d=3

V({ns,ng,...}) = an (3.10¢)
d=3

let num_ext v =
List.fold_left (fun sum (d, n) — sum + (d — two) X n) two v

let num_prop v =
List.fold_left (fun sum (-, n) — sum + n) (zero — one) v

The sum of all vertex degrees must be equal to the number of propagator end
points. This can be verified easily:

2P({nz,na,...}) + E({na,na,...}) = Y _dng (3.11)
d=3

let add_degree map (d, n) =
if d < three then
invalid_arg "add_degree: d <,3"
else if n < zero then
tnvalid_arg "add_degree: n ,<=,0"
else if n = zero then
map
else
IMap.add d n map

let create_class v =
{ ext = num_ext v;
prop = num-_prop v;
v = List.fold_left add_degree IMap.empty v }

let multiplicity cl d =
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if d > three then
try
IMap.find d cl.v
with
| Not_found — zero
else

invalid_arg "multiplicity: d,<.,3"

Remove one vertex of degree d, maintaining the invariants

. Raises Zero if all
vertices of degree d are exhausted.

exception Zero

let remove ¢l d =
let n pred (multiplicity cl d) in
if n < zero then
raise Zero
else
{ext = clext — (d — two);
prop = pred cl.prop;
v = if n = zero then
IMap.remove d cl.v
else
IMap.add d n cl.v '}

Add one vertex of degree d, maintaining the invariants.

let add cl d =
{ext = clext + (d — two);
prop = succ cl.prop;

v = IMap.add d (succ (multiplicity cl d)) cl.v }

Count the number of diagrams. Any diagram can be obtained recursively either
from a diagram with one ternary vertex less by insertion if a ternary vertex in

an internal or external propagator or from a diagram with a higher order vertex
that has its degree reduced by one:

D({ns,nq,...}) =
(P({?’Lg - 1, Ny, .. }) + E({n3 — 1,7?,4, N })) D({n3 — 1,77,4, AN })

+ Z(nd—l + 1)D({TL3,H4, ceyNg—1 + 17nd - 1a o }) (312)
d=4

let rec class_size ¢l =

if cl.ext = two V cl.prop = zero then
one

else
IMap.fold (fun d - s — class_size_n cl d + s) cl.v (class_size_3 cl)
Purely ternary vertices recurse among themselves:

and class_size_3 ¢l =
try
let ' = remove cl three in
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(d'.ext + d'.prop) x class_size d’
with
| Zero — zero

Vertices of higher degree recurse one step towards lower degrees:

and class_size_n cl d =
if d > three then begin
try
let d = pred d in
let eI’ = add (remove cl d) d’ in
multiplicity cl’ d’ x class_size cl’
with
| Zero — zero
end else
zero

Find all {ngz,n4,...,nq} with

c

E({n3,n4,...,nd})—2=Zl(i—2)ni = sum (3.13)
i=3

The implementation is a variant of tuples above.

let rec distribute_degrees’ d sum =
if d < three then
invalid_arg "distribute_degrees"
else if d = three then
[[(d, sum)]]
else
distribute_degrees” d sum (sum / (d — two))

and distribute_degrees” d sum n =
if n < zero then

[]

else
List.fold_left (fun 11l — ((d, n) = 1) == )
(distribute_degrees” d sum (pred n))
(distribute_degrees’ (pred d) (sum — (d — two) X n))

Actually, we need to find all {ns,ng,...,nq} with

E({ns,n4,...,n4}) = sum (3.14)

let distribute_degrees d sum = distribute_degrees’ d (sum — two)

Finally we can count all diagrams by adding all possible ways of splitting the
degrees of vertices. We can also count diagrams where all degrees satisfy a
predicate f:

let diagrams ?(f = fun - — true) deg n =
List.fold_left (fun s d —
if List.for_all (fun (d', n') — f d" v n’ = zero) d then
s + class_size (create_class d)
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else

s)

zero (distribute_degrees deg n)

The next two are duplicated from ThoList and Combinatorics, in order to use
the specific comparison functions.

let classify | =
let rec add-to_class a = function
| [] — [of-int 1, ]
| (n, @) = rest —

if a = a then
(succ n, a) :: rest
else
(n, a’) = add_to_class a rest
in
let rec classify’ ¢l = function
[ [} =
| a = rest — classify’ (add_to_class a cl) rest
in

classify’ [] 1

let permutation_symmetry | =
List.fold_left (fun s (n, -) — factorial n x s) one (classify 1)

let symmetry | =
let sum = List.fold_left (+) zero I in

if List.exists (fun 2 — two x xz = sum) [ then
two X permutation_symmetry |
else

permutation_symmetry |

The number of Feynman diagrams built of vertices with maximum degree d,ax
in a partition Ny, = {ni1,n2,...,nq} withn =ny +no+--- +ng and

d
~ n! F(dmaX7 n; + 1)
= .1
s o) = 505 oty L o

with |S(NV)| the size of the symmetric group of N, o(n,2n) = 2 and o(n,m) =1
otherwise.

let keystones p =
let sum = List.fold_left (+) zero p in
List.fold_left (fun acc n — acc / (factorial n)) (factorial sum) p
/ symmetry p

let diagrams_per_keystone deg p =
List.fold_left (fun acc n — acc x diagrams deg (succ n)) one p

We must find

F(dmaxvn) = g E F(dmax,N) (316)
d=3 N={ni,n2,....,na}
nit+nzt-+ng=n
1<n; <nae < <ng<[n/2]
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let diagrams_via_keystones deg n =
let module N = Nary (struct let maz_arity = to_int (pred deg) end) in
List.fold _left
(fun acc p — acc + diagrams_per_keystone deg p X keystones p)
zero (List.map (List.map of _int) (N.partitions (to_int n)))

end
3.2.6 Emulating HELAC
In [2], one leg is singled out:
module Helac (B : Tuple.Bound) =
struct

let rcs = RCS.rename rcs_file "Topology.Helac"
["phi**n topology, Helac style"]
module Tuple = Tuple.Nary(B)

type partition = int list
let inspect_partition p = p

let partition d sum =
Partition.tuples d sum 1 (sum — d + 1)

let rec partitions’ d sum =
let d’ = pred d in
if d < 2 then
[]
else
List.map (funp — 1 :: p) (partition d’ (pred sum)) @Q partitions’ d’ sum

let partitions sum = partitions’ (succ B.maz_arity) sum
type a children = o Tuple.t

let keystones’ | =
match [ with
| {1 =]
| head :: tail —
[([head],
ThoList.flatmap (funp — Combinatorics.partitions (List.tl p) tail)
(partitions (List.length 1)))]

let keystones | =
List.map (fun (bra, kets) — (bra, List.map Tuple.of _list kets))
(keystones’ 1)

let max_subtree n = pred n
end

@ The following is not tested, but it is no rocket science either ...

35



Implementation of Topology

module Helac_Binary =
struct
let rcs = RCS.rename rcs_file "Topology.Helac_Binary"
["phi**3 topology, Helac style"]

type partition = int X int X int
let inspect_partition (n1, n2, n3) = [nl; n2; n3]
let partitions sum =

List.map (fun (n2, n3) — (1, n2, n3))
(Partition.pairs (sum — 1) 1 (sum — 2))

type a children = o Tuple.Binary.t

let keystones’ | =
match [ with
| {1 = ]
| head :: tail —
[([head],
ThoList.flatmap (fun (=, p2, _) — Combinatorics.split p2 tail)
(partitions (List.length 1)))]

let keystones | =
List.map (fun (bra, kets) —
(bra, List.map (fun (z, y) — Tuple.Binary.of2 z y) kets))
(keystones’ 1)

let max_subtree n = pred n

end
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— 4

DIRECTED ACYCLICAL (GRAPHS

4.1 Interface of DAG

This datastructure describes large collections of trees with many shared nodes.
The sharing of nodes is semantically irrelevant, but can turn a factorial com-
plexity to exponential complexity. Note that DAG implements only a very
specialized subset of Directed Acyclical Graphs (DAGs).

If T'(n, D) denotes the set of all binary trees with root n encoded in D, while

O(n,D) = {(e1,n1,n}),..., (ex, g, n%)} (4.1)

denotes the set of all offspring of n in D, and tree(e,t,t’) denotes the binary
tree formed by joining the binary trees ¢ and ¢’ with the label e, then

T(n,D) = {tree(e;, t;, t;) | (ei,ti,t;) € {ex1} x T(n1,D) x T(n},D)U...
...U{ex} x T(ng, D) x T(ny,, D)} (4.2)

is the recursive definition of the binary trees encoded in D. It is obvious how
this definitions translates to n-ary trees (including trees with mixed arity).

4.1.1 Forests

We require edges and nodes to be members of ordered sets. The sematics of
compare are compatible with Pervasives.compare:

-1 forx<y
compare(z,y) =<0 forz =1y (4.3)
1 forz >y

Note that this requirement does not exclude any trees. Even if we consider only
topological equivalence classes with anonymous nodes, we can always construct
a canonical labeling and order from the children of the nodes. However, if
practical applications, we will often have more efficient labelings and orders at
our disposal.

module type Ord =

sig
type ¢
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Interface of DAG

val compare : t — t — int
end

A forest F' over a set of nodes and a set of edges is a map from the set of
nodes N, to the direct product of the set of edges E and the power set 2V of N
augmented by a special element L (“bottom”).

F:N— (Ex2Myu{Ll}

s {(e, {nf.nf... }) (44)
L

The nodes are ordered so that cycles can be detected
VneN:F(n)=(ex)=Vn'€xz:n>n (4.5)

A suitable function that exists for all forests is the depth of the tree beneath a
node.

Nodes that are mapped to L are called leaf nodes and nodes that do not
appear in any F'(n) are called root nodes. There are as many trees in the forest
as there are root nodes.
module type Forest =

sig
module Nodes : Ord
type node = Nodes.t
type edge

A subset X C 2V of the powerset of the set of nodes. The members of X can
be be characterized by a fixed number of members (e. g. two for binary trees, as
in QED). We can also have mixed arities (e.g. two and three for QCD) or even
arbitrary arities. However, in most cases, the members of X will have at least
two members.

type children
This type abbreviation and order allow to apply the Set.Make functor to F'x X.

type t = edge X children
val compare : t — t — int

Test a predicate for all children.
val for_all : (node — bool) — t — bool
fold f (-, children) acc will calculate

f(xlvf(z%"'f(xnvacc))) (46)

where the children are {x1,22,...,z,}. There are slightly more efficient alter-
natives for fixed arity (in particular binary), but we want to be general.

val fold : (node - a - a) > t - a = «
end

module Forest : functor (PT : Tuple.Poly) —
functor (N : Ord) — functor (E : Ord) —
Forest with module Nodes = N and type edge = E.t
and type node = N.t and type children = N.t PT.t
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4.1.2 DAGs
module type T =
sig

type node

type edge
In the description of the function we assume for definiteness DAGs of binary
trees with type children = mnode x mnode. However, we will also have imple-
mentations with type children = node list below.

Other possibilities include type children = V3 of node x node | V4 of node x
node X node. There’s probable never a need to use sets with logarithmic access,
but it is easy to add.

type children
type ¢

The empty DAG.
val empty : t

add_node n dag returns the DAG dag with the node n. If the node n already
exists in dag, it is returned unchanged. Otherwise n is added without offspring.

val add_node : node — t — t

add _offspring n (e, (n1, n2)) dag returns the DAG dag with the node n and
its offspring n! and n2 with edge label e. Each node can have an arbitrary
number of offspring, but identical offspring are added only once. In order to
prevent cycles, add_offspring requires both n > nf and n > n2 in the given
ordering. The nodes n! and n2 are added as by add_node. NB: Adding all nodes
nl and n2, even if they are sterile, is not strictly necessary for our applications.
It even slows down the code by a few percent. But it is desirable for consistency
and allows much more efficient iter_nodes and fold_nodes below.

val add_offspring : node — edge x children — t — t
exception Cycle

Just like add_offspring, but does not check for potential cycles.
val add_offspring_unsafe : node — edge x children — t — t
is_node n dag returns true iff n is a node in dag.
val is_node : node — t — bool
is_sterile n dag returns true iff n is a node in dag and boasts no offspring.
val is_sterile : node — t — bool

is_offspring n (e, (n1, n2)) dag returns true iff n1 and n2 are offspring of n
with label e in dag.

val is_offspring : node — edge X children — t — bool

Note that the following functions can run into infinite recursion if the DAG
given as argument contains cycles.
The usual functionals for processing all nodes (including sterile) ...
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val iter_nodes : (node — wunit) — t — wunit
val map_nodes : (node — node) — t — t
val fold_nodes : (node - a — a) - t - a = «

and all parent/offspring relations. Note that map requires two functions:
one for the nodes and one for the edges and children. This is so because a
change in the definition of node is not propagated automatically to where it is
used as a child.

val iter : (node — edge X children — unit) — t — unit
val map : (node — node) —

(node — edge x children — edge x children)
val fold : (node — edge x children — a — «)

Return the DAG as a list of lists.

-t = 1
-t > a = «a
val lists : t — (node x (edge x children) list) list

dependencies dag node returns a canonically sorted Tree2.t of all nodes reach-
able from node.

val dependencies : t — node — node Tree2.t

harvest dag n roots returns the DAG roots enlarged by all nodes in dag reachable
from n.

val harvest : t — mnode — t — t

size dag returns the number of nodes in the DAG dag.
val size : t — int

eval [ mul_edge mul_nodes add null unit root dag

val eval : (node — «) — (node — edge — f — ) —

(a > B8 =08 > O —>a—=a = a—> 8= nde >t — «
val eval_memoized : (node — «) — (node — edge — [ — v) —
(a > B8 =0 - —a—=>a = a—>F = nde >t — «

harvest_list dag nlist returns the part of the DAG dag that is reachable from
the nodes in nlist.

val harvest_list : t — mnode list — t

count_trees n dag returns the number of trees with root n encoded in the DAG
dag, i.e. |T'(n, D)|. NB: the current implementation is very naive and can take
a very long time for moderately sized DAGs that encode a large set of trees.

val count_trees : mode — t — int
forest root dag

val forest : node — t — (node X edge option, node) Tree.t list
val forest_memoized : node — t — (node X edge option, node) Tree.t list

val res : RCS.t
end

module Make (F : Forest) :
T with type node = F.node and type edge = F.edge
and type children = F'.children
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4.1.8  Graded Sets, Forests € DAGs

A graded ordered’ set is an ordered set with a map into another ordered set
(often the non-negative integers). The grading does not necessarily respect the
ordering.

module type Graded_Ord =
sig
include Ord
module G : Ord
val rank : t — G.t
end

For all ordered sets, there are two canonical gradings: a Chaotic grading that
assigns the same rank (e. g. unit) to all elements and the Discrete grading that
uses the identity map as grading.

module type Grader = functor (O : Ord) — Graded_Ord with type t = O.t
module Chaotic : Grader
module Discrete : Grader

A graded forest is just a forest in which the nodes form a graded ordered set.

There doesn’t appear to be a nice syntax for avoiding the repetition here.
Fortunately, the signature is short ...

module type Graded_Forest =
sig
module Nodes : Graded_Ord
type node = Nodes.t
type edge
type children
type t = edge X children
val compare : t — t — int
val for_all : (node — bool) — t — bool
val fold : (node - a - a) > t - a = «
end

module type Forest-Grader = functor (G : Grader) — functor (F' : Forest) —

Graded _ Forest with type Nodes.t = F.node
and type node = F.node

and type edge = F'.edge

and type children = F'.children

and type t = F.t

module Grade_Forest : Forest_Grader

Finally, a graded DAG is a DAG in which the nodes form a graded ordered set
and the subsets with a given rank can be accessed cheaply.

module type Graded =
sig

1We don’t appear to have use for graded unordered sets.
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include T

type rank

val rank : node — rank

val ranks : t — rank list

val min_maz_rank : t — rank X rank

val ranked : rank — t — node list
end

module Graded (F : Graded_Forest) :
Graded with type node = F.node and type edge = F.edge
and type children = F.children and type rank = F.Nodes.G.t

4.2 Implementation of DAG

let res_file = RCS.parse "DAG" ["Directed, Acyclical Graph"]

{ RCS.revision = "$Revision: 1340 $";
RCS.date = "$Date: ,2009-12-03,,00:45:04_,+0100.,(Thu,,03_Dec_2009) $";
RCS.author = "$Author: ohl $";
RCS .source

= "$URL:svn+ssh://jr_reuter@login.hepforge.org/hepforge/svn/whizard/trunk/src/ome;

module type Ord =
sig
type ¢
val compare : t — t — int
end

module type Forest =
sig
module Nodes : Ord
type node = Nodes.t
type edge
type children
type t = edge X children
val compare : t — t — int
val for_all : (node — bool) — t — bool
val fold : (node - a - a) > t - a = «
end

module type T =
sig

type node
type edge
type children
type ¢
val empty : t
val add_node : node — t —
val add_offspring : node — edge x children — t — t
exception Cycle
val add_offspring_unsafe : node — edge x children — t — t
val is_node : node — t — bool
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Implementation of DAG

val is_sterile : node — t — bool

val is_offspring : node — edge X children — t — bool
val iter_nodes : (node — wunit) — t — unit

val map_nodes : (node — mnode) — t — t

val fold_nodes : (node — a — «a) - t > a = «

val iter : (node — edge X children — unit) — ¢t — unit
val map : (node — node) —

(node — edge X children — edge X children) —
val fold : (node — edge x children — a — «a) —
val lists : t — (node x (edge x children) list) list
val dependencies : t — mnode — node Tree2.t
val harvest : t — node — t — 1
val size : t — int
val eval : (node — «) — (node — edge — f — ) —

(a > B8 =08 > (O —>a—=>a > a—> 0= nde >t —
val eval_memoized : (node — a) — (node — edge — [ — v) —

(a B8 —=0) > —>a—=>a a0 = nde -t —
val harvest_list : ¢t — mnode list —
val count_trees : node — t — int
val forest : node — t — (node x edge option, node) Tree.t list
val forest_memoized : node — t — (node X edge option, node) Tree.t list
val res © RCS.t
end

— t
- a — «

(67

«

module type Graded_Ord =
sig
include Ord
module G : Ord
val rank : t — G.t
end

module type Grader = functor (O : Ord) — Graded_Ord with type t = O.t

module type Graded_Forest =
sig
module Nodes : Graded_Ord
type node = Nodes.t
type edge
type children
type t = edge X children
val compare : t — t — int
val for_all : (node — bool) — t — bool
val fold : (node - a — a) > t -5 a = «
end

module type Forest-Grader = functor (G : Grader) — functor (F' : Forest) —

Graded _Forest with type Nodes.t = F.node
and type node = F.node

and type edge = F.edge

and type children = F.children

and type t = F.t
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4.2.1 The Forest Functor

module Forest (PT : Tuple.Poly) (N : Ord) (E : Ord) :
Forest with module Nodes = N and type edge = E.t

and type node = N.t and type children = N.t PT.t =
struct

module Nodes = N

type edge = E.t

type node = N.t

type children = node PT.t
type t = edge X children

let compare (el, n1) (€2, n2) =

let ¢ = PT.compare N.compare nl n2 in
if ¢ # 0 then

c
else

E.compare el e2

let for_all f (-, nodes) = PT.for_all f nodes
let fold f (=, nodes) acc = PT.fold_right f nodes acc

end

4.2.2  Gradings

module Chaotic (O : Ord) =
struct
include O
module G =
struct
type t = unit
let compare - _ = 0
end
let rank _ O
end

module Discrete (O : Ord) =
struct
include O
module G = O
let rank z = =z
end

module Fake_Grading (O : Ord) =
struct
include O
exception Impossible of string
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module G =
struct
type t = unit
let compare - - = raise (Impossible "G.compare")
end
let rank - = raise (Impossible "G.compare")

end

module Grade_Forest (G : Grader) (F : Forest)

struct
module Nodes = G(F.Nodes)
type node = Nodes.t
type edge = F.edge
type children = F.children
typet = F.t
let compare = F.compare
let for_all = F.for_all
let fold = F.fold

end

The following can easily be extended to Map.S in its full glory, if we ever

need it.

module type Graded_Map =

sig
type key
type rank
type a ¢
val empty : ot
val add : key — a - at — at
val find : key — at — «
val mem : key — at — bool
val iter : (key — o — wunit) — ot — unit
val fold : (key - a« —» 8 = B) = at - 8 =
val ranks : ot — rank list
val min_maz_rank : ot — rank X rank
val ranked : rank — ot — key list
end

module type Graded-Map_Maker = functor (O : Graded_-Ord) —

Graded - Map with type key = O.t and type rank
module Graded_Map (O : Graded_Ord) :

= 0.G.t

Graded_Map with type key = O.t and type rank = O.G.t =

struct
module M1 = Map.Make(O.G)
module M2 = Map.Make(O)

type key = O.t
type rank = O.G.t
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type (+a) t = o M2.t M1.¢

let empty = MI1.empty
let add key data mapl =
let rank = O.rank key in
let map2 = try M1.find rank mapl with Not_found — M2.empty in
M1 .add rank (M2.add key data map2) mapl
let find key map = M2.find key (MI.find (O.rank key) map)
let mem key map =
M2.mem key (try M1.find (O.rank key) map with Not_found — M2.empty)
let iter f mapl = M1 .iter (fun rank — M2.iter f) mapl
let fold f mapl accl = M1 .fold (fun rank — M2.fold f) mapl accl

The set of ranks and its minimum and maximum should be maintained
explicitely!

module S1 = Set.Make(O.G)
let ranks map = M1 .fold (fun key data acc — key :: acc) map []
let rank_set map = M1 .fold (fun key data — S1.add key) map S1.empty
let min_max_rank map =
let s = rank_set map in
(S1.min_elt s, S1.max_elt s)

module S2 = Set.Make(O)
let keys map = M2.fold (fun key data acc — key :: acc) map []
let sorted_keys map =
S2.elements (M2.fold (fun key data — S2.add key) map S2.empty)
let ranked rank map =
keys (try M1.find rank map with Not_found — M2.empty)
end

4.2.3 The DAG Functor

module Maybe_Graded (GMM : Graded-Map_Maker) (F : Graded_-Forest) =
struct
let rcs = RCS.rename rcs_file "DAG.Graded ()"
["Graded, directed Acyclical Graph,";
"representing,_,binaryuorun—aryutrees"]

module G = F.Nodes.G

type node = F.node

type rank = G.t

type edge = F.edge

type children = F.children

If we get tired of graded DAGs, we just have to replace Graded - Map by Map here
and remove ranked below and gain a tiny amount of simplicity and efficiency.

module Parents = GMM (F.Nodes)
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module Offspring = Set.Make(F)
type t = Offspring.t Parents.t
let rank = F.Nodes.rank

let ranks = Parents.ranks
let min_maxz_rank = Parents.min_max_rank
let ranked = Parents.ranked

let empty = Parents.empty

let add_node node dag =
if Parents.mem node dag then
dag
else
Parents.add node Offspring.empty dag

let add_offspring_unsafe node offspring dag =
let offsprings =
try Parents.find node dag with Not_found — Offspring.empty in
Parents.add node (Offspring.add offspring offsprings)
(F.fold add_node offspring dag)

exception Cycle

let add_offspring node offspring dag =
if F.for_all (fun n — F.Nodes.compare n node < 0) offspring then
add_offspring _unsafe node offspring dag
else
raise Cycle

let is_node node dag =
Parents.mem node dag

let is_sterile node dag =
Offspring.is_empty (Parents.find node dag)

let is_offspring node offspring dag =
try
Offspring.mem offspring (Parents.find node dag)
with
| Not_found — false

let iter_nodes f dag =
Parents.iter (funn - — f n) dag

let iter f dag =
Parents.iter (fun node — Offspring.iter (f node)) dag

let map_nodes f dag =
Parents.fold (fun n — Parents.add (f n)) dag Parents.empty

let map fn fo dag =
Parents.fold (fun node offspring —
Parents.add (fn node)
(Offspring.fold (fun o — Offspring.add (fo node o))
offspring Offspring.empty)) dag Parents.empty
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let fold_nodes f dag acc =
Parents.fold (funn - — f n) dag acc

let fold f dag acc
Parents.fold (fun node — Offspring.fold (f node)) dag acc

let dependencies dag node =

let rec dependencies’ node’
let offspring = Parents.find node’ dag in

if Offspring.is_empty offspring then
Tree2.leaf node’

else
Tree2.cons
(Offspring.fold
(fun 0 acc —
(node’, F.fold (fun wf acc’ — dependencies’ wf :: acc’) o[]) :: acc)
offspring [])
in
dependencies’ node
let lists dag =
Sort.list (fun (n1, -) (n2, =) — F.Nodes.compare n1 n2 < 0)
(Parents.fold (fun node offspring | —
(node, Offspring.elements offspring) :: 1) dag [])
let size dag =
Parents.fold (fun - - n — succ n) dag 0

let rec harvest dag node roots

Offspring.fold
(fun offspring roots’ —
if is_offspring node offspring roots’ then
roots’
else

F.fold (harvest dag)
offspring (add -offspring_unsafe node offspring roots’))

(Parents.find node dag) (add_node node roots)

let harvest_list dag nodes
List.fold_left (fun roots node — harvest dag node roots) empty nodes

Build a closure once, so that we can recurse faster:

let eval f mule muln add null unit node dag

let rec eval’ n =
if is_sterile n dag then

fn
else
Offspring.fold

(fun (e, - as offspring) v0 —
add (mule n e (F.fold muln' offspring unit)) v0)

(Parents.find n dag) null
and muln’ n = muln (eval’ n) in

eval’ node
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let count_trees node dag =
eval (fun = — 1) (fun - _p — p) ( x ) (4+) 01 node dag

let build_forest evaluator node dag =
evaluator (fun n — [Tree.leaf (n, None) n])
(funn e p — List.map (fun p’ — Tree.cons (n, Some €e) p') p)
(fun pI p2 — Product.fold2 (funnnl pl — (n = nl) == pl) pl p21])
(@) [J[[]] node dag

let forest = build_forest eval

At least for count_trees, the memoizing variant eval_memoized is considerably
slower than direct recursive evaluation with eval.

let eval_offspring f mule muln add null unit dag values (node, offspring) =
let muln’ n = muln (Parents.find n values) in
let v =
if is_sterile node dag then
f node
else
Offspring.fold
(fun (e, - as offspring) v0 —
add (mule node e (F.fold muln’ offspring unit)) v0)
offspring null
in
(v, Parents.add node v values)
let eval-memoized' f mule muln add null unit dag =
let result, - =
List.fold_left
(fun (v, values) — eval_offspring f mule muln add null unit dag values)
(null, Parents.empty)
(Sort.list (fun (n1, -) (n2, ) — F.Nodes.compare nl n2 < 0)
(Parents.fold
(fun node offspring I — (node, offspring) :: 1) dag [])) in
result

let eval_memoized f mule muln add null unit node dag =
eval_memoized' f mule muln add null unit
(harvest dag node empty)

let forest_memoized = build_forest eval_memoized
end

module type Graded =
Sig
include T
type rank
val rank : node — rank
val ranks : t — rank list
val min_mazx_rank : t — rank X rank
val ranked : rank — t — node list
end
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module Graded (F' : Graded_Forest) = Maybe_Graded(Graded_Map)(F)

The following is not a graded map, obviously. But it can pass as one by the
typechecker for constructing non-graded DAGs.

module Fake_Graded-Map (O : Graded_-Ord) :
Graded_-Map with type key = O.t and type rank = O.G.t =
struct
module M = Map.Make(O)
type key = O.t
type (+a) t = a M.t
let empty = M.empty
let add = M.add
let find = M.find
let mem = M.mem
let iter = M.iter
let fold = M.fold

We make sure that the remaining three are never called inside DAG and are
not visible outside.

type rank = O.G.t
exception Impossible of string

let ranks - = raise (Impossible "ranks")
let min_maz_rank - = raise (Impossible "min_max_rank")
let ranked - - = raise (Impossible "ranked")

end

We could also have used signature projection with a chaotic or discrete grading,
but the Graded_Map can cost some efficiency. This is probably not the case for
the current simple implementation, but future embellishment can change this.
Therefore, the ungraded DAG uses Map directly, without overhead.

module Make (F : Forest) =
Maybe - Graded(Fake_-Graded -Map)(Grade - Forest(Fake_ Grading)(F))

If O’Caml had polymorphic recursion, we could think of even more ele-
gant implementations unifying nodes and offspring (cf. the generalized tries

in [1)).
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MOMENTA

5.1 Interface of Momentum

Model the finite combinations
k
p=_ ckpn,  (withcz €{0,1}) (5.1)
n=1
of ny, incoming and k — ny, outgoing momenta p,

_ {_pn for 1 S n S Tin (52)

Pn = Pn forng, +1<n<k

where momentum is conserved

k
Y Pa=0 (5-3)
n=1
below, we need the notion of ‘rank’ and ‘dimension’:

dim(p) = k (5.4a)
k
rank(p) = Z Ck (5.4b)
n=1

where ‘dimension’ is not the dimension of the underlying space-time, of course.

module type T =

sig
type ¢

Constructor: (k,N) — p = > _nDPn and k = dim(p) is the overall number
of independent momenta, while rank(p) = |N| is the number of momenta in p.
It would be possible to fix dim as a functor argument instead. This might be
slightly faster and allow a few more compile time checks, but would be much
more tedious to use, since the number of particles will be chosen at runtime.

val of _ints : int — int list — ¢

No two indices may be the same. Implementions of of _ints can either raise
the exception Duplicate or ignore the duplicate, but implementations of add are
required to raise Duplicate.
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Interface of Momentum

exception Duplicate of int
Raise Range iff n > k:
exception Range of int

Binary oparations require that both momenta have the same dimension. Mismatch
is raised if this condition is violated.

exception Mismatch of string x t x t
Negative is raised if the result of sub is undefined.
exception Negative

The inverses of the constructor (we have rank p = List.length (to_ints p), but
rank might be more efficient):

val to_ints : t — int list
val dim : t — int
val rank : t — int

Shortcuts: singleton d p = of —ints d [p] and zero d = of _ints d []:

val singleton : int — int — t
val zero : int — t

An arbitrary total order, with the condition rank(p1) < rank(p2) = p1 < pa.
val compare : t — t — int

Use momentum conservation to construct the negative momentum with positive
coefficients:

valneg : t — t
Return the momentum or its negative, whichever has the lower rank. NB: the
present implementation does not guarantee that

absp =absqg <= p=pVp=—q (5.5)

for momenta with rank = dim/2.
val abs : t — ¢

Add and subtract momenta. This can fail, since the coefficients ¢, must me
either 0 or 1.

val add :

t =+t =t
val sub : t — t — ¢
Once more, but not raising exceptions this time:
val try_add : t — t — t option

val try_sub : t — t — t option

Not the total order provided by compare, but set inclusion of non-zero coeffi-
cients instead:

val less : t — t — bool
val lesseq : t — t — bool
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p1+ (£p2) + (£p3) =0

val try_fusion : t — t — t — (bool x bool) option
A textual representation for debugging:

val to_string : t — string

split ¢ n p splits p; into n momenta p; — p; + Pi+1 + ... + Ditn—1 and makes
room via Pj~; — Dj4n—1. Lhis is used for implementating cascade decays, like
combining

e"(p1)e” (p2) =W (p3)ve(pa)e™ (ps) (5.6a)
W™ (p3) — d(p3)a(p)) (5.6b)

to
et (p1)e (p2) = d(ps)u(pa)ve(ps)e™ (ps) (5.7)

in narrow width approximation for the W—.

val split : int —» int > t — t

5.1.1 Scattering Kinematics
From here on, we assume scattering kinematics {1,2} — {3,4,...}, i.e. ny, = 2.

Since functions like timelike can be used for decays as well (in which case
they must always return true, the representation—and consequently the
constructors—should be extended by a flag discriminating between the two
cases!

Test if the momentum is an incoming one: p =p; Vp = Do
val incoming : t — bool

P=p3sVp=psV...
val outgoing : t — bool

p? > 0. NB: par abus de langange, we report the incoming individual momenta
as spacelike, instead as timelike. This will be useful for phasespace constructions
below.

val timelike : t — bool

p? < 0. NB: the simple algebraic criterion can be violated for heavy initial state
particles.

val spacelike : t — bool
D = P1+ P2

val s_channel_in : t — bool
P=D3+Pa+...+Dn

val s_channel_out : t — bool

p=p1+p2Vp=p3+pst...+Dn
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val s_channel : t — bool
DP1+p2 =+ p3+pPs+...+Dn
val flip_s_channel_in : t — 1

val res @ RCS.t
end

module Lists : T
module Bits : T
module Default : T

Wolfgang’s funny tree codes:

(2™, 2" = (1,2,4,...,2"%) (5.8)

module type Whizard =
sig
type ¢
val of _momentum : t — int
val to_momentum : int — int — t
end

module ListsW : Whizard with type t = Lists.t
module BitsW : Whizard with type ¢ = Bits.t
module DefaultW : Whizard with type t = Default.t

5.2  Implementation of Momentum

let res_file = RCS.parse "Momentum" ["Finite disjoint,sums of momenta"]

{ RCS.revision = "$Revision:,759,$";
RCS.date = "$Date: ,2009-06-10.,11:38:07,+0200,,(Wed, ,10_,Jun.,2009) $";
RCS.author = "$Author: ohl $";
RCS .source

= "$URL: svn+ssh://jr_reuter@login.hepforge.org/hepforge/svn/whizard/trunk/src/ome;

module type T =
sig

type ¢
val of _ints : int — int list — 1
exception Duplicate of int
exception Range of int
exception Mismatch of string x t x t
exception Negative
val to_ints : t — int list
val dim : t — int
val rank : t — int
val singleton : int — int — t
val zero : int — t
val compare : t — t — int
val neg : t — t
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val abs : t — t
valadd : t = t — ¢

val sub : t — t — ¢

val try_add : t — t — t option
val try_sub : t — t — t option

val less : t — t — bool
val lesseq : t — t — bool
val try_fusion : t — t — t — (bool x bool) option
val to_string : t — string
val split : int —» int - t — t
val incoming : t — bool
val outgoing : t — bool
val timelike : t — bool
val spacelike : t — bool
val s_channel_in : t — bool
val s_channel_out : t — bool
val s_channel : t — bool
val flip_s_channel_in : t — t
val res : RCS.t

end

5.2.1 Lists of Integers

The first implementation (as part of Fusion) was based on sorted lists, because
I did not want to preclude the use of more general indices that integers. How-
ever, there’s probably not much use for this generality (the indices are typically
generated automatically and integer are the most natural choice) and it is no
longer supported. by the current signature. Thus one can also use the more
efficient implementation based on bitvectors below.

module Lists =
struct
let rcs = RCS.rename rcs-file "Momentum.Lists ()"
(RCS.description rcs_file @

["using lists_as representation."])
typet = {d : int;r : int; p : int list }

exception Range of int
exception Duplicate of int

let rec check d = function
pl = p2 : _when p2 < pl — raise (Duplicate p1)
pl = (p2 = _asrest) — check d rest

[p) whenp < 1 V p > d — raise (Range p)
[p]

let of _ints d p =
let p’ = List.sort compare p in
check d p’;
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{d = d; r = Listlengthp; p = p'}

let to_ints p = p.p

let dim p = p.d

let rank p = p.r

let zerod = {d = d; r = 0; p =[]}

let singleton dp = {d = d;r = 1; p = [p] }

let to_string p =
v[" " String.concat "," (List.map string_of _int p.p) *
"/ string_of —int p.r ~ /" " string_of _int p.d ~ "1"

exception Mismatch of string x t x t
let mismatch s pl p2 = raise (Mismatch (s, pl, p2))

let matching f s pl p2 =
if p1.d = p2.d then
[ pl p2
else
mismatch s pl p2

let compare pl p2 =
if p1.d = p2.d then begin
let ¢ = compare pl.r p2.r in
if ¢ # 0 then
c
else
compare pl.p p2.p
end else
mismatch "compare" pl p2

let rec neg’ d ¢ = function
I =
if 7 < d then
i = neg’ d (succ i) []
else
[]
" restasp —
if / > d then
failwith "Integer_List.neg: internal error"
else if i/ = ¢ then
neg’ d (succ i) rest
else
i = neg’ d (succ i) p

| i

let negp = {d = pd; r = p.d — pr; p = neg’ p.d 1 pp}
let abs p =
if 2 X p.r > p.d then

neg p
else

p

let rec add’ pl1 p2 =
match pI, p2 with
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wopl!, 22 p2 —
if 1 < z2 then
xzl : add' pl’ p2
else if 2 < =zl then
z2 : add' pl p2'
else
raise (Duplicate x1)

let add p1 p2 =
if pI.d = p2.d then
{d =pld;r =plor + p2.r;p = add pl.p p2.p}
else
mismatch "add" pl p2

let rec try_add’ d r acc pl p2 =
match pI, p2 with
| I, » = Some ({ d
| p, [] = Some ({ d =
| 1 = pl’, 22 = p2 —
if xI < z2 then
try_add’ d r (z1 :: acc) pl’ p2
else if 2 < =zl then
try_add’ d r (x2 :: acc) pl p2’
else
None

= d;
d

= List.rev_append acc p })

-
r = List.rev_append acc p })

33

SIS
|

)

let try_add p1 p2 =
if pl.d = p2.d then
try_add’ pl.d (pl.r + p2.r)[] pl.p p2.p
else
maismatch "try_add" pl p2

exception Negative

let rec sub’ pl p2 =
match p1, p2 with
| o, [] = p
| [], - — raise Negative
| 21 = pl’, 22 = p2 —
if x1 < z2 then
zl : sub’ pl' p2

else if x1 = x2 then
sub’ p1’ p2’
else

raise Negative

let rec sub p1 p2 =
if p1.d = p2.d then begin
if pI.r > p2.r then
{d = pld;r =plor — p2.r; p = sub pl.p p2.p }
else
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neg (sub p2 pl1)
end else
mismatch "sub" pl p2

let rec try_sub’ d r acc pl p2 =
match p1, p2 with
| p, [] = Some ({d = d; r = r; p = List.rev_append acc p })
| [], - = None
| «1 = pl’, 22 = p2 —
if 1 < z2 then
try_sub’ d r (z1 :: acc) pl’ p2

else if z1 = z2 then
try_sub’ d r acc p1’ p2’
else
None

let try_sub pl p2 =
if pI.d = p2.d then begin
if pl.r > p2.r then
try_sub’ p1.d (pl.r — p2.r) [] pl.p p2.p
else
match try_sub’ p1.d (p2.r — pl.r)[] p2.p pl.p with
| None — None
| Some p — Some (neg p)
end else
mismatch "try_sub" pl p2

let rec less’ equal pl p2 =
match p1, p2 with
| [, [] = - equal
[ [], - — true
| 1 == -, [] — false
| 1 = p1’, 22 = p2 when x1 = z2 — less’ equal p1’ p2'
| z1 = pl’, 22 = p2 — less false p1 p2’

let less p1 p2 =
if pl.d = p2.d then
less’ true p1.p p2.p
else
mismatch "sub" pl p2

let rec lesseq’ pl p2 =
match p1, p2 with
| [], - — true
| 21 = _, [] — false
| 21 = pl’, 2 :: p2 when z1 = 122 — lesseq pl’' p2’
| x1 = pl’, 22 = p2 — lesseq’ pl p2’
let lesseq p1 p2 =
if pl.d = p2.d then

lesseq’ p1.p p2.p
else

mismatch "lesseq" pl p2
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let incoming p =
if p.r = 1 then
match p.p with
| 1] | [2] — true
| - — false
else
false

let outgoing p =
if p.r = 1 then
match p.p with
| 1] | [2] — false
| - — true
else
false

let s_channel_in p =
match p.p with
| [1; 2] — true

| - — false
let rec s_channel_out’ d i = function
| [] = i = succd
| @+ pwheni = i — s_channel_out’ d (succ i) p
| - — false

let s_channel_out p =
match p.p with
| 3 p — s_channel_out’ p.d 4 p’
| - — false

let s_channel p = s_channel_in p V s_channel_out p

let timelike p =
match p.p with
| p1 =2 p2 = - — pl > 2V (pl =1 A p2 = 2)
| p1 == - — pl > 2
| [] — false

let spacelike p = — (timelike p)

let flip_s_channel_in p =
if s_channel_in p then
neg (of —ints p.d [1;2])
else
p

let test_sum p invl pl inv2 p2 =
if p.d = pl.d then begin
if p.d = p2.d then begin

match (if invl then try_add else try_sub) p p1 with

| None — false

| Some p’ —
begin match (if inv2 then try_add else try_sub) p’ p2 with
| None — false
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| Some p’ — p'.r =0V p'r = pd
end
end else
mismatch "test_sum" p p2
end else
mismatch "test_sum" p pl

let try_fusion p pl p2 =

if test_sum p false pI false p2 then
Some (false, false)

else if test_sum p true p1 false p2 then
Some (true, false)

else if test_sum p false p1 true p2 then
Some (false, true)

else if test_sum p true pI true p2 then
Some (true, true)

else
None

let split i np =
let n’ = n — 1lin
let rec split’ head = function
| [] — (p.r, List.rev head)
| i1 = dlist —
if i1 < 4 then
split’ (i1 :: head) ilist
else if i1 > i then
(p.r, List.rev_append head (List.map ((+) n') (il :: ilist)))
else
(p.r + n/,
List.rev_append head
((ThoList.range il (i1 + n')) @ (List.map ((+) n') ilist))) in
let 7/, p' = split’ [] p.p in
{d=pd+nsr=71p=7p}

/

end

5.2.2  Bit Fiddlings

Bit vectors are popular in Fortran based implementations [1, 2, 11] and can be
more efficient. In particular, when all infomation is packed into a single integer,
much of the memory overhead is reduced.

module Bits =

struct
let recs = RCS.rename rcs_file "Momentum.Bits ()"
(RCS.description rcs_file @
[ "using bitfields as representation." ])
type t = int

60



Implementation of Momentum

Bits 1...21 are used as a bitvector, indicating whether a particular momentum
is included. Bits 22...26 represent the numbers of bits set in bits 1...21 and
bits 27...31 denote the maximum number of momenta.

let mask n = (1lsln) — 1
let mask2 = mask 2
let maskd = mask 5

let mask21 = mask 21

let maskd = mask5 sl 26
let maskr = maskd Isl 21
let maskb = mask21

let dim0 p = p land maskd
let rank0 p = p land maskr
let bitsO p = p land maskd

let dim p = (dim0 p) lsr 26
let rank p = (rank0 p) lsr 21
let bits p = bitsO p

let drb0 d b = dlor rlorbd
let drb d b = d sl 26 lor 7 Isl 21 lor b

For a 64-bit architecture, the corresponding sizes could be increased to 1...51,
52...57, and 58...63. However, the combinatorical complexity will have killed
us long before we can reach these values.

exception Range of int
exception Duplicate of int

exception Mismatch of string x t X t
let mismatch s pl p2 = raise (Mismatch (s, pl, p2))

let of —ints d p =
let = List.length p in
if d < 21 A r < 21 then begin
List.fold _left (fun b p' —
if p’ < d then
b lor (1 1sl (pred p))
else
raise (Range p')) (drb d v 0) p
end else
raise (Range )

let zero d = drb d 00
let singleton d p = drb d 1 (1 Isl (pred p))

let rec to_ints’ acc p b =
if b = 0 then
List.rev acc
else if (b land 1) = 1 then
to_ints’ (p = acc) (succ p) (b lsr 1)
else
to_ints’ acc (succ p) (b lsr 1)
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let to_ints p = to_ints’ [] 1 (bits p)

let to_string p =

w[" " String.concat "," (List.map string_of _int (to—ints p)) "

n/" " string_of —int (rank p) "~ /" " string_of —int (dim p) = "1"
let compare pl p2 =

if dim0 pl = dim0 p2 then begin

let ¢ = compare (rank0 p1) (rank0 p2) in
if ¢ # 0 then

c
else

compare (bits p1) (bits p2)
end else

maismatch "compare" pl p2
let neg p =
letd = dimpandr =

rank p in
drb d (d — r) ((mask d) land (Inot p))
let abs p =
if 2 x (rank p) > dim p then
neg p
else

p

let add p1 p2 =
let d1 dim0 p1 and d2 = dim0 p2 in
if dI = d2 then begin
let b1 = bits pI and b2
if b1 land b2 = 0 then

drb0 d1 (rank0 p1 + rank0 p2) (b1 lor b2)
else

raise (Duplicate 0)
end else

mismatch "add" pl p2

bits p2 in

exception Negative

let rec sub pl1 p2 =

let dI = dim0 pl and d2
if dI = d2 then begin
let 1 = rank0 p1 and r2
if r1 > r2 then begin
let b1 bits p1 and b2 = bits p2 in
if b1 lor b2 = b1 then

drb0 d1 (r1 — r2) (b1 Ixor b2)
else

= dim0 p2 in

rank0 p2 in

raise Negative
end else

neg (sub p2 pl1)
end else

mismatch "sub" pl p2
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let try_add p1 p2 =
let dI = dim0O pl1 and d2 = dim0 p2 in
if dI = d2 then begin
let b1 = bits pl and b2 = bits p2 in
if b1 land b2 = 0 then

Some (drb0 d1 (rank0 pl + rank0 p2) (b1 lor b2))
else

Nomne
end else

mismatch "try_add" pl p2

let rec try_sub pl1 p2 =
let dI = dim0O pl and d2 = dim0 p2 in
if dI = d2 then begin
let 71 = rank0 pl and r2 = rank0 p2 in
if r1 > r2 then begin
let b1 = bits pl and b2 = bits p2 in
if b1 lor b2 = b1 then

Some (drb0 d1 (r1 — r2) (bl Ixor b2))
else
None
end else
begin match try_sub p2 p1 with
| Some p — Some (neg p)
| None — None
end
end else
mismatch "sub" pl p2

let lesseq p1 p2 =
let d1I = dim0 pl and d2 = dim0 p2 in
if dI = d2 then begin
let r1 rank0 pl1 and 72 = rank0 p2 in
if 1 < 72 then begin
let b1 = bits p1 and b2 = bits p2 in
b1 lor b2 = b2
end else
false
end else
mismatch "less" pl p2

let less p1 p2 = pl # p2 A lesseq pl p2

let mask_in1 = 1
let mask_in2 = 2
let mask_in = mask_inl lor mask_in2

let incoming p =
let p’ = bits pin

/

p' = mask_inl V p' = mask_in2

let outgoing p =
rank p = 1 A = (incoming p)
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let timelike p = (mask-inl land p) = ((mask-in2 land p) Isr 1)
let spacelike p = — (timelike p)

let s_channel_in p = bits p = 3
let s_channel_out p = ((mask (dim p)) land (Inot p)) = 3

let s_channel p = s_channel_in p V s_channel_out p

let flip_s_channel_in p =
if s_channel_in p then

neg p
else

p

let test_sum p invl pl inv2 p2 =
let d = dim pin
if d = dim p1 then begin
if d = dim p2 then begin
match (if invl then try_add else try_sub) p p1 with
| None — false
| Some p’ —
begin match (if inv2 then try_add else try_sub) p’ p2 with
| None — false
| Some p’ —
let r = rank p” in
r=0Vr=4d
end
end else
mismatch "test_sum" p p2
end else
mismatch "test_sum" p pl

let try_fusion p pl p2 =

if test_sum p false pI false p2 then
Some (false, false)

else if test_sum p true p1 false p2 then
Some (true, false)

else if test_sum p false p1 true p2 then
Some (false, true)

else if test_sum p true pI true p2 then
Some (true, true)

else
None

First create a gap of size n — 1 and subsequently fill it if and only if the bit ¢
was set.

let split i n p =
let delta_d = n — 1
and b = bits p in
let mask_low = mask (pred i)
and mask_i = 1Isl (pred i)
and mask_high = Inot (mask ©) in
let b_low = mask_low land b
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and b_med, delta_r =
if mask_i land b # 0 then
((mask n) Isl (pred i), delta_d)

else
(0, 0)
and b_high =

if delta_d > 0 then
(mask_high land b) Isl delta_d
else if delta_d = 0 then
mask _high land b
else
(mask_high land b) Isr (—delta_d) in
drb (dim p + delta_d) (rank p + delta_r) (b_low lor b_med lor b_high)

end

5.2.8 Whizard

module type Whizard =
sig
type ¢
val of _-momentum : t — int
val to_momentum : int — int — t
end

module BitsW =
struct
type t = DBits.t
open Bits (x NB: this includes the internal functions not in 7' x)

let of _-momentum p =
let d = dim pin
let bit_in1 = 1land p
and bit_in2 = 1land (p Isr 1)
and bits_out = ((mask d) land p) Isr 2 in
bits_out lor (bit_inl Isl (d — 1)) lor (bit_in2 Isl (d — 2))

let rec count_non_zero’ acc i last b =
if ¢ > last then
acc
else if (1 Isl (pred 4)) land b = 0 then
count_non_zero’ acc (succ i) last b
else
count_non_zero’ (succ acc) (succ i) last b

let count_non_zero first last b =
count_non_zero' 0 first last b

let to_momentum d w =
let bit_inl = 1land (w lsr (d — 1))
and bit_in2 = 1land (wlsr (d — 2))
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and bits_out = (mask (d — 2)) land w in
let b = (bits_out Isl 2) lor bit_in1 lor (bit_in2 Isl 1) in
drb d (count_non_zero 1 d b) b

end

The following would be a tad more efficient, if coded directly, but there’s no
point in wasting effort on this.

module ListsW =
struct
type t = Lists.t
let of _-momentum p =
BitsW .of _-momentum (Bits.of _ints p.Lists.d p.Lists.p)
let to_momentum d w =
Lists.of —ints d (Bits.to_ints (BitsW .to_momentum d w))
end

5.2.4  Suggesting a Default Implementation

Lists is better tested, but the more recent Bits appears to work as well and
is much more efficient, resulting in a relative factor of better than 2. This
performance ratio is larger than I had expected and we are not likely to reach
its limit of 21 independent vectors anyway.

module Default = Bits
module DefoultW = BitsW
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CASCADES

6.1 Interface of Cascade_syntax

type (flavor, ) ¢ =
| True
| False
| On_shell of flavor list x ’p
| On_shell_not of flavor list x ’p
| Off —shell of ’flavor list x ’p
| Off _shell_not of “flavor list x p
| Gauss of flavor list x p
| Gauss_not of flavor list x p
| Any_flavor of ’p
| Or of ('flavor, ’p) t list
| And of (flavor, ’p) t list

val mk_true : unit — (’flavor, p) t

val mk_false : unit — (’flavor, p) t

val mk_on_shell : ’flavor list — ’p — (’flavor, ’p) t

val mk_on_shell_not : ’flavor list - ’'p — (’flavor, ’p) t
val mk_off _shell : ’flavor list — ’p — (’flavor, p) t

val mk_off _shell_not : ’flavor list — ’»p — (’flavor, ’p) t
val mk_gauss : flavor list — ’p — (flavor, p) t

val mk_gauss_not : ‘flavor list — ’p — (flavor, ’p) t
val mk_any_flavor : ’p — (flavor, ’p) t

val mk_or : (flavor, 'p) t — (’flavor, ’p) t — (flavor, p) t
val mk_and : (’flavor, p) t — (flavor, p) t — (flavor, p) t

val to_string : (‘flavor — string) — (p — string) — (flavor, p) t —
string

exception Syntaz_Error of string x int X int

6.2 Implementation of Cascade_syntax

Concerning the Gaussian propagators, we admit the following: In principle, they
would allow for flavor sums like the off-shell lines, but for all practical purposes
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they are used only for determining the significance of a specified intermediate

state. So we select them in the same manner as on-shell states.

type (flavor, p) t =
| True
| False
| On_shell of ’flavor list x ’p
| On_shell_not of ’flavor list x ’p
| Off _shell of “flavor list x ’p
| Off —shell_not of ’flavor list x p
| Gauss of flavor list x ’p
| Gauss_not of ’flavor list x ’p
| Any-_flavor of ’p
| Or of (flavor, ’p) t list
| And of (flavor, ’p) t list

let mk_true () = True

let mk_false () = False

let mk_on_shell f p = On_shell (f, p)

let mk_on_shell_not f p = On_shell_not (f, p)
let mk_off —shell f p = Off _shell (f, p)

let mk_off —shell_not f p = Off _shell_not (f, p)
let mk_gauss f p = Gauss (f, p)

let mk_gauss_not f p = Gauss_not (f, p)

let mk_any_flavor p = Any_flavor p

let mk_or c1 c2 =
match c1, c2 with
| -, True | True, - — True
| ¢, False | False, ¢ — ¢
| Orcs, Or cs’ — Or (cs Q ¢s’)
| Orecs, ¢ | ¢, Orcs — Or (c:: cs)
| ¢, ¢ = Orlc ]

let mk_and c1 c2 =
match c1, ¢2 with
| ¢, True | True, ¢ — ¢
| ¢, False | False, ¢ — False
| And cs, And cs’ — And (cs @Q ¢s')
| And cs, ¢ | ¢, And ¢s — And (¢ :: cs)
| ¢, ¢ — And [c; ]

let to_string flavor_to_string momentum_to_string cascades =
let rec to_string’ = function
| True — "true"
| False — "false"
| On_shell (fs, p) —

momentum_to_string p " "=." " (String.concat " :" (List.map flavor _to_string fs))

| On_shell_not (fs, p) —

momentum_to_string p ~ "=,'" " (String.concat " :" (List.map flavor_to_string fs))

| Off —shell (fs, p) —
momentum_to_string p ~ ","u"
(String.concat ":" (List.map flavor_to_string fs))
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| Off _shell_not (fs, p) —

momentum_to_string p =~ """ 7

(String.concat ":" (List.map flavor_to_string fs))
| Gauss (fs, p) —

momentum_to_string p
| Gauss-not (fs, p) —

L#L" " (String.concat " " (List.map flavor_to_string fs))

momentum_to_string p ~ " #,!" " (String.concat " :" (List.map flavor_to_string fs))

| Any_flavor p —
momentum_to_string p =~ ",",7"
| Orcs —
String.concat ", | 14" (List.map (func — " ("
| And cs —
String.concat " && " (List.map (func — " ("
to_string’ cascades

to_string’ ¢~ ")") cs)

to_string’ ¢~ ")") c¢s)in

let int_list_to_string p =
String.concat "+" (List.map string_of _int (Sort.list (<) p))

exception Syntax_Error of string X int X int

6.3 Lexer

{

open Cascade_parser
let unquote s =

String.sub s 1 (String.length s — 2)
}

let digit = [70°—9°]

let upper = [PA>—Z7]

let lower = [*a’—’z’]

let char = wupper | lower
let white = [? * >\t’ ’\n’]

We use a very liberal definition of strings for flavor names.

rule token = parse
white { token lexbuf } (x skip blanks *)
) e
{ token lexbuf } (x skip comments )
| digit* { INT (int_of _string (Lezing.lexeme lezbuf)) }
| >+> { PLUS }
| »:» { COLON }
| »~» { OFFSHELL }
| »= { ONSHELL}
| *#> { GAUSS }
| >1» { NOT }
| &’ ’&’? { AND }
| 121’7 { OR }
| 2> { LPAREN }
| *) { RPAREN }
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| char [A > ’\t’ ’\Il’ :|7 & )(: ;)7 J:)]*

{ FLAVOR (Lexing.lexeme lexbuf) }
| yno [A :n;]* yno

{ FLAVOR (unquote (Lezing.lexeme lexbuf)) }
| eof { END }

6.4 Parser

Header

open Cascade_syntax
let parse_error msg =
raise (Syntax_Error (msg, symbol_start (), symbol_end ()))

Token declarations

%token < string > FLAVOR

%token < int > INT

%token LPAREN RPAREN

%token AND OR PLUS COLON NOT
%token ONSHELL OFFSHELL GAUSS
%token END

%left OR

%left AND

%left PLUS COLON

%left NOT

%start main
%type < (string, int list) Cascade_syntaz.t > main

Grammar rules

main =
END { mk_true () }
| cascades END { $1 }

cascades ::=
cascade { $1 }
| LPAREN cascades RPAREN { $2 }
| cascades AND cascades { mk_and $1 $3 }
| cascades OR cascades { mk_or $1 $3 }
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cascade ::=
momentum _list { mk_any_flavor $1 }
| momentum_list ONSHELL flavor _list
{ mk_on_shell $3 $1 }
| momentum_list ONSHELL NOT flavor_list
{ mk_on_shell_not $4 $1 }
| momentum_list OFFSHELL flavor _list
{ mk_off _shell $3 $1 }
| momentum_list OFFSHELL NOT flavor_list
{ mk_off _shell_not $4 $1 }
| momentum_list GAUSS flavor_list { mk_gauss $3 $1 }
| momentum_list GAUSS NOT flavor_list
{ mk_gauss_not $4 $1 }

momentum_list ::=
| momentum { [$1] }
| momentum_list PLUS momentum { $3 :: $1 }

momentum ::=
INT { $1 }

flavor _list ::=
FLAVOR { [$1] }
| flavor_list COLON FLAVOR { $3 :: $1 }

6.5 Interface of Cascade

module type T =
sig

type flavor
type p

type ¢
val of _string_list : int — string list — t
val to_string : t — string

An opaque type that describes the set of all constraints on an amplitude and
how to construct it from a cascade description.

type selectors
val to_selectors : t — selectors

Don’t throw anything away:
val no_cascades : selectors

select_wf s f p ps returns true iff either the flavor f and momentum p match
or all combinations of the momenta in ps are compatible, i.e. £ p; < ¢

val select_wf : selectors — (flavor — p — p list = bool)
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select_p s p ps same as select_wf s f p ps, but ignores the flavor f
val select_p : selectors — (p — p list = bool)
on_shell s p
val on_shell : selectors — (flavor — p — bool)
1S_gauss s p
val is_gauss : selectors — (flavor — p — bool)
Diagnostics:
val description : selectors — string option
end

module Make (M : Model.T) (P : Momentum.T) :
T with type flavor = M .flavor_sans_color and type p = P.t

6.6 Implementation of Cascade

module type T =
sig

type flavor
type p

type ¢
val of _string_list : int — string list — t
val to_string : t — string

type selectors
val to_selectors : t — selectors
val no_cascades : selectors

val select_wf : selectors — (flavor — p — p list — bool)
val select_p : selectors — (p — p list — bool)

val on_shell : selectors — (flavor — p — bool)

val is_gauss : selectors — (flavor — p — bool)

val description : selectors — string option
end

module Make (M : Model.T) (P : Momentum.T) :
(T with type flavor = M .flavor_sans_color and type p = P.t) =
struct

module CS = Cascade_syntax
type flavor = M .flavor_sans_color
type p = P.t

Since we have
p<q<=(—q) < (-p) (6.1)
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also for < as set inclusion lesseq, only four of the eight combinations are inde-
pendent

p<gq = (=q¢) < (-p)

q<p = (-p) < (~9

p<(—q) <= q<(-p) (6.2)
(—q)<p = (-p)<q

let one_compatible p q =
let neg-q = P.neg ¢ in
P.lesseq p q V
P.lesseq q p V
P.lesseq p neg_q V
P.lesseq neg_q p

'tis wasteful ... (at least by a factor of two, because every momentum combina-
tion is generated, including the negative ones.

let all_compatible p p_list ¢ =

let [ = List.length p_list in

if I < 2 then
one_compatible p q

else
let tuple_lengths = ThoList.range 2 (succ I / 2) in
let tuples = ThoList.flatmap (funn — Combinatorics.choose n p_list) tuple_lengths in
let momenta = List.map (List.fold_left P.add (P.zero (P.dim q))) tuples in
List.for_all (one_compatible q) momenta

The following assumes that the flavor list is always very short. Otherwise one
should use an efficient set implementation.

|
| False

| On_shell of flavor list x P.t

| On_shell_not of flavor list x P.t
| Off _shell of flavor list x P.t

| Off —shell_not of flavor list x P.t
| Gauss of flavor list x P.t

| Gauss_not of flavor list x P.t

| Any_flavor of P.t

| And of t list

let of _string s =
Cascade_parser.main Cascade_lezer.token (Lexing.from_string s)

let import dim cascades =
let rec smport’ = function
| CS.True —
True
| CS.False —
False
| CS.On_shell (f, p) —
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On_shell (List.map M .flavor _sans_color_of _string f, P.of _ints dim p)
CS.On_shell_not (f, p) —

On_shell_not (List.map M .flavor_sans_color_of _string f, P.of _ints dim p)
CS.Off _shell (fs, p) —

Off _shell (List.map M .flavor_sans_color_of _string fs, P.of _ints dim p)
CS.Off _shell_not (fs, p) —

Off _shell_not (List.map M.flavor_sans_color_of _string fs, P.of _ints dim p)
CS.Gauss (f, p) —

Gauss (List.map M .flavor_sans_color_of _string f, P.of —ints dim p)
CS.Gauss_not (f, p) —

Gauss (List.map M .flavor_sans_color_of _string f, P.of _ints dim p)
CS. Any_flavor p —

Any_flavor (P.of _ints dim p)
CS.0r cs —

invalid_arg "Cascade: OR_patterns, (| |) not supported in this version!"
CS.And ¢s — And (List.map import’ cs) in

import’ cascades

let of _string_list dim strings =
match List.map of _string strings with
| [] = True
| first :: next —

import dim (List.fold _right CS.mk_and next first)

let flavors_to_string fs =
(String.concat ":" (List.map M .flavor_sans_color_to_string [s))

let rec to_string = function
True —

lltrue n

False —

"false"

On_shell (fs, p) —

"=
On_shell_not (fs, p)
"|_|=

P.to_string p ~ " " flavors_to_string fs

(]
P.to_string p ~ U " flavors_to_string fs

Off —shell (fs, p) —

P.to_string p ~ """ ~ flavors_to_string fs

Off —shell_not (fs, p) —

P.to_string p = "u"u!'" "~ flavors_to_string fs

Gauss (fs, p) —

P.to_string p = "_#," " flavors_to_string fs

Gauss_not (fs, p) —

P.to_string p ~ " #,!" " flavors_to_string fs

Any_flavor p —

P.to_string p = "u"L7"

And cs —

String.concat " &&," (List.map (fun ¢ — " (" " to_string ¢~ ")") c¢s)

type selectors =
{ select_p : p — p list — bool;

select_wf : flavor — p — p list — bool,
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on_shell : flavor — p — bool;
is_gauss : flavor — p — bool;
description : string option }

let no_cascades =

{ select_.p = (fun _ _ — true);
select_wf = (fun - _ = — true);
on_shell = (fun _ _ — false);
is_gauss = (fun _ _ — false);
description = None }

let select_p s = s.select_p

let select_wf s = s.select_wf
let on_shell s = s.on_shell

let is_gauss s = s.is_gauss

let description s = s.description

let to_select_p cascades p p-in =
let rec to_select_p’ = function

| True — true
| False — false
| On_shell (-, momentum) | On_shell_not (-, momentum)
| Off —shell (-, momentum) | Off —shell_not (-, momentum)
| Gauss (-, momentum) | Gauss_not (-, momentum)
| Any_flavor momentum — all_compatible p p_in momentum
| And [] — false
| And ¢s — List.for_all to_select_p' cs in

to_select_p’ cascades

let to_select_wf cascades f p p_in =

let f/ = M.conjugate_sans_color f in
let rec to_select_wf’ = function

| True — true

| False — false

| On_shell (flavors, momentum)

| Off _shell (flavors, momentum)

| Gauss (flavors, momentum) —

if p = momentum V p = P.neg momentum then
List.mem f flavors V List.mem f' flavors
else

one_compatible p momentum A all_compatible p p_in momentum
| On_shell_not (flavors, momentum)
| Off —shell_not (flavors, momentum)
| Gauss_not (flavors, momentum) —

if p = momentum V p = P.neg momentum then
= (List.mem f flavors V List.mem [’ flavors)
else

one_compatible p momentum A all_compatible p p_in momentum
| Any_flavor momentum —
one_compatible p momentum A all_compatible p p_in momentum
| And [] — false
| And e¢s — List.for_all to_select_wf’ cs in
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to_select _wf' cascades

In case you're wondering: to_on_shell f p and is_gauss f p only search for on
shell conditions and are to be used in a target, not in Fusion!

let to_on_shell cascades f p =
let f/ = M.conjugate_sans_color f in
let rec to_on_shell’ = function
| True | False | Any_flavor _
| Off —shell (-, =) | Off —shell_not (-, -)
| Gauss (-, =) | Gauss_not (-, =) — false
| On_shell (flavors, momentum) —
(p = momentum V p = P.neg momentum) A (List.mem f flavors V
List.mem f' flavors)
| On_shell_not (flavors, momentum) —
(p = momentum V p = P.neg momentum) A — (List.mem f flavors V
List.mem [’ flavors)
| And [] — false
| And e¢s — List.for_all to_on_shell’ cs in
to_on_shell’ cascades

let to_gauss cascades f p =
let /' = M.conjugate_sans_color f in
let rec to_gauss’ = function
| True | False | Any_flavor _
| Off _shell (-, =) | Off _shell_not (-, -)
| On_shell (-, =) | On_shell_not (-, -) — false
| Gauss (flavors, momentum) —
(p = momentum V p = P.neg momentum) A (List.mem f flavors V
List.mem f' flavors)
| Gauss_not (flavors, momentum) —
(p = momentum V p = P.neg momentum) A — (List.mem f flavors V
List.mem [’ flavors)
| And [] — false
| And ¢s — List.for_all to_gauss’ cs in
to_gauss’ cascades

let to_selectors = function

| True — no_cascades

| ¢ = { select_p = to_select_p c;
select_wf = to_select_wf c;
on_shell = to_on_shell c;
is—gauss = to_gauss c;
description = Some (to_string c) }

end
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COLOR

7.1 Interface of Color

7.1.1  Quantum Numbers

Color is not necessarily the SU(3) of QCD. Conceptually, it can be any unbroken
symmetry (broken symmetries correspond to Model.flavor). In order to keep
the group theory simple, we confine ourselves to the fundamental and adjoint
representation of SU(N¢) for the moment and use the SU(N¢) completeness
relation’

@ 1 1
for the conventional normalization
1
tr(TaTb) = 5(5@1, (72)

Therefore, particles are either color singlets or live in the defining representation
of SU(N): SUN(|n|), its conjugate SUN (—|n|) or in the adjoint representation
of SU(N): AdjSUN (n).

type t = Singlet | SUN of int | AdjSUN of int
val conjugate : t — t
val compare : t — t — int

module type NC' =
sig
val nc : int
end

7.1.2 Color Flows

module type Flow =
sig
type color
type t = color list x color list
val rank : t — int

IThe corresponding formulae for the other Lie algebras (except Eg) can be found in [15].
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val of _list : int list — color
val ghost : unit — color
val to_lists : t — int list list
val in_to_lists : t — int list list
val out_to_lists : t — int list list
val ghost_flags : t — bool list
val in_ghost_flags : t — bool list
val out_ghost_flags : t — bool list
end
module Flow : Flow

Case of Few Color Flows

Iff there are only few contributing color flows, it is more efficient to perform all
calculations directly in a color flow basis.

7.1.5 FEvaluation

For further processing we can either reduce internal gluons via the completeness
relation or construct a trace of the square in one step. The first approach reduces
part of the complexity from N2 to N.

Algebraic Infrastructure

Allow for different implementations (symbolic and numeric) of the coefficient
ring.

module type Ring =
sig
type ¢
val null : t
val unit : t
val mul : ¢t
val add : t
val sub : t
val neg : t
val to_float : t — float
val to_string : t — string
end

module type Rational =
sig
include Ring
val is_null : t — bool
val make : int — int — t
end
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The coefficient ring required evaluating traces in SU(N¢) and SO(N¢) is the

ring generated by the rational numbers Q and the atoms N¢ and N LIt is
. -1 _

generated almost freely, but we take into account that N¢ - No~ = 1.

module type Coeff =
sig
include Ring
val is_null : t — bool

atom p creates the power N and coef n d creates the rational coefficient n/d.
All possible coefficients can be generated by ring operations from these two.

val atom : int — ¢
val coeff : int — int — t
end

The Sum signature describes a variant of rings. The main difference is that
a Sum.t is polymorphic. One could think of using functors to implement a
monomorphic Sum.t, but this would make dealing with Sum.map much harder.
Therefore, we refrain from casting Sum into the Ring mold.

module type Sum =

sig
module C' : Coeff
type o ¢
val zero : at
val atom : a — «a't
val scale : Ct — at —- at
val add : at - at - at
val sub : at - at — at
valmul : (¢ - 8 = ) = at - Bt = vt
valmulr : (¢ = 8 = vt) = at = Bt = vt = 7t
val mule : (« = Ct) > at - pt » Ct - C.t
val map : (« - at — [t
val eval : (o —» Cit) - at — C.t
val to_string : (a — string) — «at — string
val terms : at — « list

end

7.1.4  Color Flow Representation

module type Flows =

sig
module C : Coeff

type a ¢

type o wf
val to_string : (@ — string) — «at — string

of —amplitude root a calculates the sum of color flows corresponding to amplitude
a with root as label for the particle at the root.

val of _amplitude : ¢ — («a, ) amplitude — €t
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square flip al a2 calculates the product of the colorflows al and a2, where the
duplicate gluon labels are flipped by flip.

val square : (¢ — a) - at - at - at
val eval : ot = C.t
val eval_square : (¢ — a) - at - at — C.i

type a hash

val make_hash : unit — « hash

val eval_memoized : « hash — at — C.t

val eval_square_memoized : a hash — (@ — o) = at — at — C.t

end
module Make_Flows (S : Sum) : Flows with module C = S.C

module Flows : Flows

ix)
7.2 Implementation of Color
7.2.1 Quantum Numbers
typet =
| Singlet
| SUN of int

| AdjSUN of int

let conjugate = function
| Singlet — Singlet
| SUNn — SUN (—n)
| AdjSUN n — AdjSUN n

let compare c1 c2 =
match c1, ¢2 with
| Singlet, Singlet — 0
| Singlet, - — —1
| _, Singlet — 1
| SUN n, SUN n’ — compare n n’'
| SUN _, AdjSUN _ — —1
| AdjSUN _, SUN _ — 1
| AdjSUN n, AdjSUN n' — compare n n’

module type NC =
sig
val nc : int
end
module NC§8 = struct let nc = 3 end
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7.2.2 Color Flows

module type Flow =

sig
type color
type t = color list x color list
val rank : t — nt
val of _list : int list — color
val ghost : unit — color
val to_lists : t — int list list
val in_to_lists : t — nt list list
val out_to_lists : t — int list list
val ghost_flags : t — bool list
val in_ghost_flags : t — bool list
val out_ghost_flags : t — bool list

end

module Flow : Flow =
struct

type color =
| Lines of int x int
| Ghost

type t = color list X color list

let rank cflow =
2

Constructors

let ghost () =
Ghost

let of _list = function
| [el; ¢2] — Lines (c1, c2)
| - — invalid_arg "Color.Flow.of_list: num_lines,!=_ 2"

let to_list = function
| Lines (¢, ¢2) — [c1; c2]
| Ghost — [0; 0]

let to_lists (cfin, cfout) =
(List.map to_list cfin) @ (List.map to_list cfout)

let in_to_lists (cfin, -) =
List.map to_list cfin

let out_to_lists (-, cfout) =
List.map to_list cfout

let ghost_flag = function
| Lines - — false
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| Ghost — true

let ghost_flags (cfin, cfout) =
(List.map ghost_flag cfin) @Q (List.map ghost_flag cfout)

let in_ghost_flags (cfin, _)
List.map ghost_flag cfin

let out_ghost_flags (-, cfout) =
List.map ghost_flag cfout

end
later:

module General_Flow =
struct

type color =
| Lines of int list
| Ghost of int

type t = color list x color list
let rank_default = 2 (* Standard model *)

let rank cflow =

try
begin match List.hd cflow with
| Lines lines — List.length lines
| Ghost n_lines — n_lines
end

with

| - — rank_default

end

Printing

let to_string_fold_functions fmt fmt_ext =
let outer pfr s =
(x pfr =~ """ %) s
and ext pfr tag ext_tag =
"<" " pfr " fmi_ext ext_tag ~ ">"
and fuse pfr tag children =
<" " opfr " fmt tag © ">(" " String.concat "," children ~ ")" in
let fusel pfr tag child children =
fuse pfr tag (child :: children)
and fuse2 pfr tag childl child2 children =
fuse pfx tag (childl :: child2 :: children)
in
{ s_ext = ext "S";
s_of_s = fuse "S";

s—of _fc = fuse2 "S";
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s_final = outer "S";
f-ext = ext "F";

f-of _f = fusel "F";
f-of _fa = fuse2 "F",
f-final = outer "F";
c_ext = ext "C";

c_of _¢c = fusel "C";
c_of _ca = fuse2 "C";
c-final = outer "C";
a_ext = ext "A";

a-of —a = fusel "A";
a_of _aa = fuse2 "A";
a_of _fc = fuse2 "A";
a-final = outer "A" }

Implementation of Color

let to_string fmt fmi_ext = fold (to_string_fold_functions fmt fmt_ext)

module type Ring =
sig
type ¢
val null : ¢
val unit : t
val mul : t
val add : t
val sub : t
val neg : t
val to_float :
val to_string
end

Ll

t
t
t
t

L1y

module type Rational =

sig
include Ring
val is_null :
val make :
end

module type Coeff =
sig

t
t
13

t — bool
nt — int — t

include Ring
val is_null : t — bool
val atom : int — t

7.2.8  Ewvaluation

t — float
: t — string

val coeff : int — int — t

end

module type Sum =

sig
module C : Coeff
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type a ¢
val zero : at
val atom : a — a't
val scale : Ct — at — at
val add : at - at — at
val sub : at - at — at
valmul : (¢ = B = 79) = at = St = 7t
valmulr © (¢ =5 8 = vt) = at = Bt = vt = 7t
val mule : (« - 8 — Ct) - at - t - Ct — C.t
valmap : (¢ - 8) - at — Bt
val eval : (o —» Ct) - at — C.t
val to_string : (a — string) — «at — string
val terms @ at — « list
end

7.2.4  Color Flow Representation

module type Flows =
sig
module C : Coeff
type a ¢
type o wf
val to_string : (@« — string) — «at — string
val of _amplitude : ¢ — («a, ) amplitude — €t
val square : (¢ = a) - at - at - at
val eval : at — C.t
val eval_square : (& — a) - at —» at — C.t
type a hash
val make_hash : unit — « hash
val eval_memoized : o hash — at — C.t
val eval_square_memoized : « hash — (@ — «) = at - at — C.t
end

module Make_Flows (S : Sum) : Flows with module ¢ = S.C =
struct

module C = S.C

let one = S.C.unit

let minus_one = S.C.neg one

let two = S.C.coeff 21

let half = S.C.coeff 12

let nc = S.C.atom 1

let minus_one-over_two_nc = S.C.neg (S.C.mul half (S.C.atom (—1)))

type a lines = (a x «) list

let canonicalize lines = List.sort compare lines
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@ expand_sum (and the functions using it) assumes too much about the phys-
ical representation of singlet terms!

let expand_sum sum = List.fold_left (S.mul (Q)) (S.atom []) sum

The first member of these pairs is always the list of tags of external gluons
contained in the amplitude. This information must be maintained in order to
avoid duplicate application of the completeness relation for them.

type a sng = « list x (« lines) S.t

type a fnd = «a list X (o x « lines) S.t

type a ¢jg = « list X (o X « lines) S.t

type @ adj = « list X (¢ X a X « lines) S.¢

typeat = « sng

type a wf =
| S of o sng
| Fof afnd
| Cof acjg
| Aof aadj

let ext_s tag’ tag = ([],

let ext_f tag’ tag = ([], S.atom (tag, []))

let ext_c tag' tag = ([], S.atom (tag, []))

let ext_a tag’ tag = ([tag], S.atom (tag, tag, []))

S.atom [])

Things are trivial, as long as there are no colors at all or all colors are coupled
to singlets.

let merge_s tag sngs =
let gluons, sum = List.split sngs in
(List.concat gluons, expand_sum sum)

let mul_s_fc (f, If) (¢, lc) = canonicalize ((f, ¢) = If Q lc)

let merge_s_fc tag (gluons—f, sum_f) (gluons—c, sum-_c) sngs =
let gluons, sum = List.split sngs in
(gluons_f @ gluons_c @Q List.concat gluons,
expand _sum (S.mul mul_s_fc sum_f sum_c :: sum))

Things remain simple, as long as colored particles emit and absorb only colorless
particles:

let mergel mul (gluonsl, suml) sngs =
let gluons, sum = List.split sngs in
(gluonsl @ List.concat gluons, S.mul mul suml (expand_sum sum))

let mul_f (f, If) 1 = (f, canonicalize (If @Q 1))
let mul_c (¢, lc) I = (¢, canonicalize (lc Q 1))
let mul_a (f, ¢, la) I = (f, ¢, canonicalize (la @ 1))

let merge_f tag f sngs = mergel mul_f f sngs
let merge_c tag ¢ sngs = mergel mul_c ¢ sngs
let merge_a tag a sngs = mergel mul_a a sngs

We have only one way to emit a gluon from a quark anti-quark current:
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let mul_a_fc (f, If) (¢, le) = (f, ¢, canonicalize (If @ lc))

let merge_a_fc tag (gluons_f, sum_f) (gluons_c, sum_c) sngs =
let gluons, sum = List.split sngs in
(gluons_f @Q gluons_c @Q List.concat gluons,
S.mul mul_a (S.mul mul_a_fc sum_f sum_c) (expand_sum sum))

Using the SU(N¢) completeness relation

1 1

for the conventional normalization

1
tr(TaTb) = §5ab (74)

let merge2 mul mulz (gluonst, suml) (gluons2, sum2) sngs =
let gluons, sum = List.split sngs in
(gluonsl @ gluons2 @ List.concat gluons,
S.mul mul (S.mulz mulz suml sum2 S.zero) (expand_sum sum))

let absorb_glue mull mul2 q (af, ac, - as a) =

let ¢ = S.atom q
and ' = S.atom ain
if af = ac then

S.mul mull q' a
else

S.add

(S.scale half (S.mul mull ¢’ a'))

(S.scale minus-one_over_two_nc (S.mul mul2 ¢' a’))

let mul_fa_1 (f, If) (af, ac, la) = 2 If Qla
let mul_fa_2 (f, If) (af, ac, la 2 if Qla

( )

( ) = (

let mul_ca-1 (¢, lc) (af, ac, la) = (ac, canonicalize ((af, ¢) :: lc Qla
let mul_ca_2 (¢, lc) (af, ac, la) (¢, canonicalize ((af, ac) = lc @ la

af, canonicalize ((f, ac
, canonicalize ((af, ac

—_— — — —
—_ — — —

let merge_fa tag f a sngs =
merge2 mul_f (absorb_glue mul_fa_1 mul_fa_2) f a sngs

let merge_ca tag ¢ a sngs =
merge2 mul_c (absorb_glue mul_ca_1 mul_ca_2) ¢ a sngs

The fun starts here, but the completeness relation turns out to be surprinsingly
simple. The 1/N¢-terms cancel always due to the antisymmetry ...

let mul_aa_-1 (f1, c1, 11) (f2, c2, 12) =
(f1, ¢2, canonicalize ((f2, c1) = 11 @ [2))

let mul_aa-2 (f1, c1, 11) (f2, ¢2, 12) =
(f2, c1, canonicalize ((f1, c2) = 11 @ [2))

. and only the prefactor changes if we do apply the completeness relation for
internal gluons or don’t for external gluons:

fabc = —2itr ([Taa Tb]Tc) (753.)
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—2 —2 (7.5b)

Both incoming gluons external, i.e. the completeness relation is never applied

/ \ ) (7.6)
2N

The right incoming gluon is external and the left internal, i. e. the completeness
relation is only applied to the left

ANEEN

RN

The left incoming gluon is external and the right internal, i. e. the completeness
relation is only applied to the right

AN
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Both incoming gluons internal, i.e. the completeness relation is applied twice
and as we have seen it corresponds to a factor of 1/2 each time.

:% /\ _% (7.9)
2R

let fuse_aa (alf, alc, - as al) (a2f, a2c, - as a2) =
let al = S.atom al

and a2 = S.atom a2 in

let aa = S.sub (S.mul mul_aa_1 al a2) (S.mul mul_aa_2 al a2) in
match (alf = alc), (a2f = a2¢) with

| true, true — S.scale two aa

| false, false — S.scale half aa

| true, false | false, true — aa

let merge_aa tag al a2 sngs

merge2 mul_a fuse_aa al a2 sngs
let finalize_s s' t = t
let finalize_f [’ (gluons, sum) =

(gluons, S.map (fun (f, 1) — canonicalize ((f, f') = 1)) sum)
let finalize_c ¢’ (gluons, sum) =

(gluons, S.map (fun (¢, 1) — canonicalize ((¢’, ¢) = 1)) sum)

let finalize_a o’ (gluons, sum) =
(a’ = gluons,
S.map (fun (f, ¢, 1) — canonicalize ((a’, ¢) == (f, o) = 1)) sum)

let of _amplitude_fold_functions root =

{ s_ext = ext_s;
s_of _s = merge_s;
s_of _fc = merge_s_fc;
s_final = finalize_s root;

foext = ext_f;
f-of -f = merge_f;
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f-of _fa = merge_fa;
f-final = finalize_f root;

c_ext = ext_c;

c-of _c = merge_c;

c-of _ca merge_ca;
c_final = finalize_c root;
a_ext = ext_a;

a_of _.a = merge_a;

a-of —aa = merge_aa;
a-of _fc = merge_a_fc;
a_final = finalize_a root }

let of _amplitude root a =
fold (of —amplitude _fold _functions root) a

exception Open_flow
It is crucial to apply the completeness relation

1

TS (Th)" = T4 = 5

1

either to the flow or the conjugated flow. It was appealing to apply it to the
product, but this results in a desastrous quadratic behaviour!

T:(f 9)(g.¢) = (f,9)(d,c) (7.11a)
let flip_fc_left flip is_gluon sum =
S.map (List.map (fun (f, ¢) — ((if is_gluon f then flip f else f), ¢))) sum
T :(f,¢) = (e, f)

T 5(£,9)(9:¢) = (€.9)(5.£) > 5(e.6)(g. 1) = 53~ (9:9)(c.1)

(7.11b)

let find_gluon gluon pairs =
let rec find_gluon_cf seen = function
| [] — raise Not_found
| (¢, fascf) = cfs —
if ¢ = gluon then
find_gluon_f f seen cfs
else if f = gluon then
find_gluon_c c seen cfs
else
find_gluon_cf (cf :: seen) cfs
and find_gluon_f f seen = function
| [] — invalid_arg "incomplete gluon"
| (¢ flascf) = cfs —
if /' = gluon then
((¢/, f), List.rev_append seen cfs)
else if ¢/ = gluon then
invalid_arg "duplicate gluon"
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else
find_gluon_f f (c¢f :: seen) cfs
and find_gluon_c ¢ seen = function

| [] — invalid_arg "incomplete gluon"
| (¢/y ffascf) i cfs —
if ¢/ = gluon then
((e, f'), List.rev_append seen cfs)
else if f' = gluon then
invalid_arg "duplicate gluon"
else
find_gluon_c ¢ (c¢f :: seen) cfs in
find_gluon_cf [] pairs

let flip1 _cf _right flip gluon sum =
let gluon’ = flip gluon in
S.add
(S.scale half
(S.map (List.map (fun (¢, f) —
(e, if f = gluon then gluon’ else f))) sum))
(S.scale minus_one_over _two_nc
(S.map (fun pairs —
let cf’, cfs’ = find_gluon gluon pairs in
(gluon, gluon’) :: cf’ = cfs’) sum))

let flip_fc_right flip gluons sum =
List.fold_right (flipl —cf _right flip) gluons
(S.map (List.map (fun (f, ¢) — (¢, f))) sum)

@ Possible further optimizations:

e count and consume all non-gluon cycles before applying the complete-
ness relation in flip _fc, then apply the completeness relation and count
and consume the processed cycles

let square flip (gluonsi, suml) (gluons2, sum2) =
assert (List.sort compare gluonsl = List.sort compare gluons2);
({1,
S.mul (fun 11 12 — 11 @ [2)
(flip_fc_left flip (fun g — List.mem g gluonsl) suml)
(flip_fe_right flip gluons2 sum2))

The following algorithm for counting the cycles is quadratic since it performs
nested scans of the lists. If this was a serious problem one could replace the
lists of pairs by a Map and replace one power by a logarithm.

However ...

@ ... (much to my surprise), the most expensive (i.e. inefficient) operation
turned out to be an inefficient implementation of square.
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let consume_cycle f0 c0 lines =
let rec consume_cycle’ ¢’ seen = function
| [] = raise Open_flow
(o) s fe o
if ¢ = f0 then
(f, ¢’) = List.rev_append seen fc
else if f = ¢ then
consume_cycle’ ¢ [| (List.rev_append seen fc)
else
consume_cycle’ ¢’ ((f, ¢) :: seen) fcin
consume—cycle’ c0 [] lines

let count_cycles lines =

let rec count_cycles’ acc = function
| [ — acc
| (fs ¢) = fe =
if f = c then
count_cycles’ (S.C.mul acc nc) fe
else

count_cycles’ acc (consume_cycle f ¢ fe) in
count_cycles’ one lines

let eval (gluons, sum) =
assert (List.length gluons = 0);
S.eval count_cycles sum

This deforestation is very helpful and conserves a lot of memory!

let eval_square flip (gluonsl, suml) (gluons2, sum2) =
assert (List.sort compare gluonsl = List.sort compare gluons2);
S.mule (fun 11 12 — count_cycles (11 Q [2))
(flip_fe_left flip (fun g — List.mem g gluonsl) suml)
(flip—fc_right flip gluons2 sum2)
S.C.null

Memoization is precisely as useful as the lookup is efficient. Empirically, more
than 99% of all lookups will be successful in complicated applications. However,
the naive use of Hashtbl leads to terrible results which are more than an order
of magnitude slower than naive evaluation.

On the other hand, using a polymorphic Trie doesn’t slow down things
significantly, but it doesn’t appear to speed them up either.

module PT = Trie.MakePoly (Pmap.Tree)
type o hash = (o x «, S.C.t) PT.t ref

let make_hash () =
ref PT.empty

let count_cycles_memoized hash lines =
try
PT.find compare lines 'hash
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with

| Not_found —
let result = count_cycles lines in
hash := PT.add compare lines result 'hash;
result

let eval_memoized hash (gluons, sum) =
assert (List.length gluons = 0);
S.eval (count_cycles_memoized hash) sum

let eval_square_memoized hash flip (gluonsl, suml) (gluons2, sum2) =
assert (List.sort compare gluonsl = List.sort compare gluons2);
S.mule (fun 11 12 — count_cycles_memoized hash (11 @ [2))
(flip_fe_left flip (fun g — List.mem g gluonsl) suml)
(flip—fc_right flip gluons2 sum2)

S.C.null
Printing Reuvisited
let gluons_to_string fmt = function
| H — nn
| gluons — "<glue=" " String.concat "," (List.map fmt gluons) ~ ">"
let sng_to_string fmt lines =
String.concat /" (List.map (fun (f, ¢) — fmt f "~ ":" " fmt c) lines)

let to_string fmt (gluons, sum) =
gluons_to_string fmt gluons = S.to_string (sng_to_string fmt) sum

end

7.2.5 FEvaluation Revisited

module Make_Sum_Simple (C : Coeff) : Sum =
struct

module C = C

let one = C.coeff 11
let minus_one = C.coeff (—1) 1

type a summand = { coeff : C.t; term : « }

@ This implementation does not combine identical terms.

type a t = « summand list
let zero : at = []

let atom1 t = { coeff = one; term = t}
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let atom t = [atom! ]
letadd zy = zQy

let mull mul_term z y =
{ coeff = C.mul z.coeff y.coeff; term = mul_term z.term y.term }

let mul mul_term z y =
Product.list2 (mull mul_term) = y

let scale c ¢ =
List.map (fun t — { t with coeff = C.mul ¢ t.coeff }) x

let sub z y = x Q (scale minus_one y)

let mulx mul_term x y acc =
Product.fold2 (fun z’ vy —
add (scale (C.mul z'.coeff y'.coeff ) (mul_term x'.term y'.term))) z y acc

let mulc mul_term x y acc =
Product.fold2 (fun z’ vy —
C.add (C.mul (C.mul z'.coeff y'.coeff) (mul_term ' .term y'.term))) z y acc

let map f sum =
List.map (fun t — { t with term = f t.term }) sum

let eval to_coeff x =

List.fold_right (funt — C.add (C.mul t.coeff (to-coeff t.term))) z C.null

let to_string fmt sum =
"(" "~ String.concat " +."
(List.map (fun s —
C.to_string s.coeff =~ "x[" "~ fmt s.term =~ "1") sum) =~ ")"

module M = Pmap. Tree

let terms sum =
List.map fst
(M .elements (List.fold_left (fun acc s — M.add compare s.term () acc) M.empty sum))

end

module Make_Sum (C : Coeff) : Sum =
struct

module ¢ = C

let one = C.coeff 11

type a summand = { coeff : C.t; term : « }
module M = Pmap. Tree

typeat = (a, C.t) M.t

let zero = M.empty

let atom t = M .singleton t one

let scale ¢ x = M.map (C.mul ¢) x

let insertl binop t ¢ sum =
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let ¢/ = binop (try M.find compare t sum with Not_found — C.null) cin
if C.is_null ¢’ then

M .remove compare t sum
else

M .add compare t ¢’ sum

let add z y = M.fold (insertl C.add) z y
let sub z y = M.fold (insert! C.sub) y x

let fold2 fzy =
M .fold (fun tx cx — M.fold (f tx cx) y) z

let mul mul_term z y =
fold2 (fun tx cx ty cy — insert! C.add (mul_term tx ty) (C.mul cz cy))
x Yy zero

let mulr mul_term z y acc =
fold2 (funtz cx ty cy — add (scale (C.mul cx cy) (mul_term tz ty))) = y acc

let mulc mul_term x y acc =
fold2 (fun tx cx ty cy — C.add (C.mul (C.mul cz cy) (mul_term tz ty))) z y acc

let map f sum = M.fold (fun t — insertl C.add (f t)) sum M.empty

let eval to_coeff x =
M .fold (funt ¢ — C.add (C.mul ¢ (to—coeff t))) z C.null

let to_string fmt sum =
"(" " String.concat " +,"
(M .fold (fun t ¢ acc —
(C.to_string ¢ > "*[" ~ fmt t ~ "I") = acc) sum []) """

let terms sum =
List.map fst (M .elements (M .fold (funs - — M.add compare s ()) sum M.empty))

end

Floating Point Arithmetic

Floatig point arithmetic for a fixed N¢ is of course the fasted approach and it
appears to be reasonable accurate in most cases.

module SUN _Float (NC : NC) : Coeff =
struct
type t = float
let nc = float NC.nc
let is_null z = (z = 0.0)
let null = 0.0
let unit = 1.0
let atom p = nc *xx* (float p)

let coeff n d = float n /. float d
let mul = ( x.)
let add = ( +.)
let sub = ( —.)
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let neg c = —.c

let to_float ¢ = ¢

let to_string = string_of _float
end

Rational Arithmetic

module SUN _Rational (R : Rational) (NC : NC)

struct

typet = R.t
let null = R.null
let unit = R.unit

let is_null = R.is_null
let nc = R.make NC.nc 1
let one_over_nc = R.make 1 NC.nc

let rec pow n p =
if p < 0 then
invalid_arg "pow"
else if p = 0 then
unit
else
R.mul n (pow n (pred p))

let atom p =
if p < 0 then
pow one_over_nc (—p)
else if p = 0 then
unit
else
pow ne p

let coeff = R.make

let mul = R.mul

let add = R.add
let sub = R.sub
let neg = R.neg

let to_float = R.to_float
let to_string = R.to_string

end

Symbolic Arithmetic

module SUN _Coeff (R : Rational) (NC : NC) :

struct

95

Implementation of Color

: Coeff =

Coeff =



Implementation of Color

module IMap = Map.Make (struct type t = int let compare = compare end)
type t = R.t IMap.t

let null = IMap.empty
let unit = IMap.add 0 R.unit null

let is_null ¢ = (¢ = IMap.empty)

let atom p = IMap.add p R.unit null
let coeff n d = IMap.add 0 (R.make n d) null

let neg = IMap.map R.neg

let insertl binop p r ¢ =
let 7/ = binop (try IMap.find p ¢ with Not_found — R.null) r in
if R.is_null v’ then
IMap.remove p c
else
IMap.add p 7' ¢

let add z y = IMap.fold (insertl R.add) z y
let sub x y = IMap.fold (insertl R.sub) y x

let insert2 p1 r1 p2 r2 ¢ =
insert! R.add (p!1 + p2) (R.mul r1 r2) ¢

let mull c¢2 p1 r1 ¢ = IMap.fold (insert2 p1 r1) c2 c
let mul ¢l ¢2 = IMap.fold (mull ¢2) c1 IMap.empty

let to_list ¢ = IMap.fold (fun p r acc — (p, ) = acc) ¢ []
let to_string ¢ =
""" String.concat " +."
(List.map
(fun (p, ) —
if p = 0 then
R.to_string r
else
Printf .sprintf "%s*N~{%d}" (R.to_string r) p)
(List.sort
(fun (p1, -) (p2, =) — compare p2 pl)
(to-list ¢))) = ™)

let nc = float NC.nc
let to_float ¢ =
IMap.fold (fun p r acc — (R.to_float r) *. nc *x (float p) +. acc) ¢ 0.0

end

Naive Rational Arithmetic

This is dangerous and will overflow even for simple applications. The pro-
duction code will have to be linked to a library for large integer arithmetic.
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Anyway, here’s Euclid’s algorithm:

let rec ged i1 12 =
if i2 = 0 then
abs i1
else
ged 2 (i1 mod 42)

let lem il i2 = (il / ged il i2) x 2

module Small_Rational : Rational =
struct
type t = int x int
let is_null (n, ) = (n = 0)
let null = (0, 1)
let unit = (1, 1)
let make n d =
let ¢ = ged n din
(n/e d/c)
let mul (nf, d1) (n2, d2) = make (nI x n2) (d1 x d2)
let add (n1, d1) (n2, d2) = make (n1 X d2 + n2 x d1)(dl x d2)
let sub (n1, d1) (n2, d2) = make (n1 x d2 — n2 x dI)(dl x d2)
let neg (n, d) = (— n, d)
let to_float (n, d) = float n /. float d
let to_string (n, d) =

if d = 1 then
Printf.sprintf "%d" n
else

Printf .sprintf " (hd/%dD" n d
end

module Flows = Make_Flows(Make_Sum(SUN _Coeff (Small_Rational)(NC3)))
slightly faster, but noticeably less precise: module Flows = Make_Flows(Make_Sum(SUN _Float(NC3)))

i)
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FUSIONS

8.1 Interface of Fusion

module type T =
sig

val options : Options.t

Wavefunctions are an abstract data type, containing a momentum p and addi-
tional quantum numbers, collected in flavor.

type wf

Obviously, flavor is not restricted to the physical notion of flavor, but can carry
spin, color, etc.

type flavor
val flavor : wf — flavor

Momenta are represented by an abstract datatype (defined in Momentum) that
is optimized for performance. They can be accessed either abstractly or as lists
of indices of the external momenta. These indices are assigned sequentially by
amplitude below.

type p
val momentum : wf — p
val momentum_list : wf — int list

At tree level, the wave functions are uniquely specified by flavor and momentum.
If loops are included, we need to distinguish among orders. Also, if we build
a result from an incomplete sum of diagrams, we need to add a distinguishing
mark. At the moment, we assume that a string that can be attached to the
symbol suffices.

val wf_tag : wf — string option
Coupling constants

type constant

and right hand sides of assignments. The latter are formed from a sign from
Fermi statistics, a coupling (constand and Lorentz structure) and wave func-
tions.
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type rhs

type a children

val sign : rhs — int

val coupling : rhs — constant Coupling.t
val coupling_tag : rhs — string option

In renormalized perturbation theory, couplings come in different orders of the
loop expansion. Be prepared: val order : rhs — int

This is here only for the benefit of Target and shall become val children : rhs —
wf children later . ..

val children : rhs — wf list

Fusions come in two types: fusions of wave functions to off-shell wave functions:
o(p+q) = o(p)d(q)

type fusion
val lhs : fusion — wf
val rhs : fusion — rhs list

and products at the keystones:

¢(—p —q) - d(p)d(q)

type braket
val bra : braket — wf
val ket : braket — rhs list

amplitude goldstones incoming outgoing calculates the amplitude for scatter-
ing of incoming to outgoing. If goldstones is true, also non-propagating off-shell
Goldstone amplitudes are included to allow the checking of Slavnov-Taylor iden-
tities.

type amplitude
type selectors
val amplitude : bool — selectors — flavor list — flavor list — amplitude

val dependencies : amplitude — wf — wf Tree2.t

We should be precise regarding the semantics of the following functions, since
modules implementating Target must not make any mistakes interpreting the
return values. Instead of calculating the amplitude

(f3,03, fa,pa, - |T| f1,p1, f2,p2) (8.1a)

directly, O’Mega calculates the—equivalent, but more symmetrical—crossed
amplitude

<f1a_p17f2a_p27f37p37f4ap47""T‘0> (81b)
Internally, all flavors are represented by their charge conjugates
A(f17_p17f27_p27f37p37f47p47"') (81C)

99



Interface of Fusion

The correspondence of vertex and term in the lagrangian

suggests to denote the outgoing particle by the flavor of the antiparticle and
the outgoing antiparticle by the flavor of the particle, since this choice allows
to represent the vertex by a triple

DAY (eF AeT) (8.3)

which is more intuitive than the alternative (e~, A,e™). Also, when thinking in
terms of building wavefunctions from the outside in, the outgoing antiparticle
is represented by a particle propagator and vice versa'. incoming and outgoing
are the physical flavors as in (8.1a)

val incoming : amplitude — flavor list
val outgoing : amplitude — flavor list

externals are flavors and momenta as in (8.1c)
val externals : amplitude — wf list

val variables : amplitude — wf list

val fusions : amplitude — fusion list

val brakets : amplitude — braket list

val on_shell : amplitude — (wf — bool)
val is_gauss : amplitude — (wf — bool)
val constraints : amplitude — string option
val symmetry : amplitude — int

val allowed : amplitude — bool

Performance Hacks

val initialize_cache : string — unit

Diagnostics

val count_fusions : amplitude — int
val count_propagators : amplitude — int
val count_diagrams : amplitude — int

type coupling

1Even if this choice will appear slightly counter-intuitive on the Target side, one must keep
in mind that much more people are expected to prepare Models.
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val forest : wf — amplitude — ((wf X% coupling option, wf) Tree.t) list
val poles : amplitude — wf list list
val s_channel : amplitude — wf list

val tower_to_dot : out_channel — amplitude — wunit
val amplitude_to_dot : out_channel — amplitude — unit

val res_list : RCS.t list
end

There is more than one way to make fusions.

module type Maker =
functor (P : Momentum.T) — functor (M : Model. T) —
T with type p = P.t and type flavor = M.flavor
and type constant = M .constant
and type selectors = Cascade.Make(M)(P).selectors

Straightforward Dirac fermions vs. slightly more complicated Majorana fermions:

module Binary : Maker
module Binary_Majorana : Maker

module Mized23 : Maker
module Mized23_Majorana : Maker

module Nary : functor (B : Tuple.Bound) — Maker
module Nary_Magjorana : functor (B : Tuple.Bound) — Maker

We can also proceed 4 la [2]. Empirically, this will use slightly (O(10%)) fewer
fusions than the symmetric factorization. Our implementation uses signifi-
cantly (O(50%)) fewer fusions than reported by [2]. Our pruning of the DAG
might be responsible for this.

module Helac : functor (B : Tuple.Bound) — Maker
module Helac_Majorana : functor (B : Tuple.Bound) — Maker

8.1.1 Multiple Colored Amplitudes

module type Colored =
sig
exception Mismatch
val options : Options.t

type flavor

type process = flavor list X flavor list
type amplitude

type selectors

type amplitudes

Construct all possible color flow amplitudes for a given process.

val amplitudes : bool — selectors — process list — amplitudes
val empty : amplitudes
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Precompute the vertex table cache.
val initialize_cache : string — unit

The list of all combinations of incoming and outgoing particles with a non-
vanishing scattering amplitude.

val flavors : amplitudes — process list

The list of all combinations of incoming and outgoing particles that don’t
lead to any color flow with non vanishing scattering amplitude.

val vanishing_flavors : amplitudes — (flavor list x flavor list) list
The list of all color flows with a nonvanishing scattering amplitude.
val color_flows : amplitudes — Color.Flow.t list

The list of all valid helicity combinations.

val helicities : amplitudes — (int list x int list) list

The list of all amlitudes.

val processes : amplitudes — amplitude list

(process_table a).(f).(c¢) returns the amplitude for the fth allowed flavor
combination and the cth allowed color flow as an amplitude option.

val process_table : amplitudes — amplitude option array array
A description of optional diagram selectors.
val constraints : amplitudes — string option

end

module type Colored_Maker = functor (Fusion_Maker : Maker) —
functor (P : Momentum.T) —
functor (Colorized_-Model : Model.Colorized) —
Colored with type flavor = Colorized_Model.M .flavor
and type amplitude = Fusion_Maker(P)(Colorized_Model).amplitude
and type selectors = Fusion_Maker(P)(Colorized_Model).selectors

module Colored : Colored_Maker

8.1.2 Tags

It appears that there are useful applications for tagging couplings and wave
functions, e. g. skeleton expansion and diagram selections. We can abstract this
in a Tags signature:

module type Tags =
sig
type wf
type coupling
type «a children
val null_wf : wf
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val null_coupling : coupling

val fuse : coupling — wf children — wf

val wf _to_string : wf — string option

val coupling_to_string : coupling — string option
end

module type Tagger =
functor (PT : Tuple.Poly) — Tags with type « children = « PT.t

module type Tagged _Maker =
functor (Tagger : Tagger) —
functor (P : Momentum.T) — functor (M : Model. T) —
T with type p = P.t and type flavor = M.flavor
and type constant = M .constant

module Tagged_Binary : Tagged_Maker

8.2 Implementation of Fusion

let res_file = RCS.parse "Fusion" ["General Fusions"]
{ RCS.revision = "$Revision:,1710,$";
RCS.date = "$Date:,2010-02-05.,14:21:44,,+0100,,(Fri, 05 Feb ,2010),$";
RCS.author = "$Author: ohl $";
RCS .source

= "$URL:_svn+ssh://jr_reuter@login.hepforge.org/hepforge/svn/whizard/trunk/src/ome;

module type T =
sig

val options : Options.t
type wf
type flavor
val flavor : wf — flavor
type p
val momentum : wf — p
val momentum_list : wf — int list
val wf_tag : wf — string option
type constant
type rhs
type a children
val sign : rhs — int
val coupling : rhs — constant Coupling.t
val coupling_tag : rhs — string option
val children : rhs — wf list
type fusion
val lhs : fusion — wf
val rhs : fusion — rhs list
type braket
val bra : braket — wf
val ket : braket — rhs list
type amplitude
type selectors
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val amplitude : bool — selectors — flavor list — flavor list — amplitude
val dependencies : amplitude — wf — wf Tree2.t
val incoming : amplitude — flavor list
val outgoing : amplitude — flavor list
val externals : amplitude — wf list
val variables : amplitude — wf list
val fusions : amplitude — fusion list
val brakets : amplitude — braket list
val on_shell : amplitude — (wf — bool)
val is_gauss : amplitude — (wf — bool)
val constraints : amplitude — string option
val symmetry : amplitude — int
val allowed : amplitude — bool
val initialize_cache : string — unit
val count_fusions : amplitude — int
val count_propagators : amplitude — int
val count_diagrams : amplitude — int
type coupling
val forest : wf — amplitude — ((wf x coupling option, wf) Tree.t) list
val poles : amplitude — wf list list
val s_channel : amplitude — wf list
val tower_to_dot : out_channel — amplitude — wunit
val amplitude_to_dot : out_channel — amplitude — unit
val res_list : RCS.t list
end

module type Maker =
functor (P : Momentum.T) — functor (M : Model. T) —
T with type p = P.t and type flavor = M.flavor
and type constant = M .constant
and type selectors = Cascade.Make(M)(P).selectors

8.2.1 Fermi Statistics

module type Stat =

sig
type flavor
type stat
exception Impossible
val stat : flavor — int — stat
val stat_fuse : stat — stat — flavor — stat
val stat_sign : stat — int
val res : RCS.t

end

module type Stat-Maker = functor (M : Model.T) —
Stat with type flavor = M.flavor
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Y(3) Y(3)
0 b2 - 0 ¥(2)
P(1) P(1)

Figure 8.1: Relative sign from Fermi statistics.

8.2.2 Dirac Fermions

module Stat_Dirac (M : Model.T) : (Stat with type flavor = M .flavor) =
struct
let rcs = RCS.rename rcs_file "Fusion.Stat_Dirac()"
[ "Fermi_statistics for Dirac fermions"]

type flavor = M.flavor

(1) G* (20 (3) — 7t (3) G (2)7,4(1) (8.4)

type stat =
| Fermion of int x (int option X int option) list
| AntiFermion of int x (int option X int option) list
| Boson of (int option X int option) list

let stat f p =

let s = M.fermion f in

if s = 0 then
Boson []

else if s < 0 then
AntiFermion (p, [])

else ( if s > 0 then x)
Fermion (p, [])

exception Impossible

let stat_fuse sl s2 f =
match s, s2 with
| Boson l1, Boson 12 — Boson (i1 @ [2)
| Boson l1, Fermion (p, 12) — Fermion (p, 11 @ [2)
| Boson U1, AntiFermion (p, 12) — AntiFermion (p, 11 Q [2)
| Fermion (p, l1), Boson 12 — Fermion (p, 11 @Q [2)
| AntiFermion (p, l1), Boson 12 — AntiFermion (p, 11 Q [2)
| AntiFermion (pbar, 1), Fermion (p, 12) —
Boson ((Some pbar, Some p) :: 11 Q [2)
| Fermion (p, 1), AntiFermion (pbar, 12) —
Boson ((Some pbar, Some p) :: 11 Q [2)
| Fermion -, Fermion - | AntiFermion -, AntiFermion - —
raise Impossible

6({(071)7(273)}) =—¢€ ({(073)7(271)}) (8‘5)

105



Implementation of Fusion

let permutation lines =
let fout, fin = List.split lines in
let eps_in, - = Combinatorics.sort_signed compare fin
and eps_out, - = Combinatorics.sort_signed compare fout in
(eps—in X eps_out)

This comparing of permutations of fermion lines is a bit tedious and takes a
macroscopic fraction of time. However, it’s less than 20 %, so we don’t focus
on improving on it yet.

let stat_sign = function
| Boson lines — permutation lines
| Fermion (p, lines) — permutation ((None, Some p) :: lines)
| AntiFermion (pbar, lines) — permutation ((Some pbar, None) :: lines)

end

8.2.3 Tags

module type Tags =
sig
type wf
type coupling
type « children
val null_wf : wf
val null_coupling : coupling
val fuse : coupling — wf children — wf
val wf _to_string : wf — string option
val coupling_to_string : coupling — string option
end

module type Tagger =
functor (PT : Tuple.Poly) — Tags with type « children = « PT.t

module type Tagged -Maker =
functor (Tagger : Tagger) —
functor (P : Momentum.T) — functor (M : Model.T) —
T with type p = P.t and type flavor = M.flavor
and type constant = M .constant

No tags is one option for good tags ...

module No_Tags (PT : Tuple.Poly)
struct
type wf = unit
type coupling = wunit
type «a children = « PT.t
let null_wf = ()
let null_coupling = ()
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let fuse () - = ()

let wf_to_string () = None

let coupling_to_string () = None
end

Here’s a simple additive tag that can grow into something useful for loop
calculations.

module Loop_Tags (PT : Tuple.Poly) =
struct
type wf = int
type coupling = int
type a children = o PT.t
let null_wf = 0
let null_coupling = 0
let fuse ¢ wfs = PT.fold_left (+) ¢ wfs
let wf_to_string n = Some (string_of _int n)
let coupling_to_string n = Some (string_of _int n)
end

8.2.4 The Fusion.Make Functor

module Tagged (Tagger : Tagger) (PT : Tuple.Poly)
(Stat : Stat-Maker) (T : Topology.T with type « children = o PT.t)
(P : Momentum.T) (M : Model.T) =
struct
let rcs = RCS.rename rcs_file "Fusion.Make()"
[ "Fusions_for arbitrary topologies" ]

type cache_mode = Cache_Use | Cache_Ignore | Cache-Overwrite

let cache_option = ref Cache_Use
let options = Options.create
["ignore-cache", Arg.Unit (fun () — cache_option := Cache_Ignore),
"ignore cached model tables";
"overwrite-cache", Arg.Unit (fun () — cache_option = Cache_Overwrite),

"overwrite cached model tables" |
open Coupling
module S = Stat(M)

type stat = S.stat
let stat = S.stat
let stat_sign = S.stat_sign

@ This will do something for 4-, 6-, ...fermion vertices, but not necessarily
the right thing ...
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let stat_fuse s f =
PT.fold_right_internal (fun s’ acc — S.stat_fuse s’ acc ) s

type flavor = M .flavor
type constant = M .constant

Wave Functions

The code below is not yet functional. Too often, we assign to Tags.null_wf
instead of calling Tags.fuse.

module Tags = Tagger(PT)

type p = P.t
type wf =
{ flavor : flavor;
momentum : p;

wf_tag : Tags.wf }
let flavor wf = wf.flavor

let flavor_sans_color wf = M .flavor_sans_color wf.flavor
let momentum wf = wf.momentum
let momentum_list wf = P.to_ints wf.momentum

let wf _tag_roaw wf = wf.wf_tag
let wf_tag wf = Tags.wf _to_string (wf _tag_raw wf)

Operator insertions can be fused only if they are external.

let is_source wf =
match M .propagator wf.flavor with
| Only_Insertion — P.rank wf.momentum = 1
| - — true

is_goldstone_of g v is true if and only if g is the Goldstone boson corresponding
to the gauge particle v.

let is_goldstone_of g v =
match M .goldstone v with
| None — false
| Some (g, -) = g =g

/
In the future, we might want to have Coupling among the functor arguments.
However, for the moment, Coupling is assumed to be comprehensive.

type sign = int
type coupling =
{ sign : sign;
coupling : constant Coupling.t;
coupling-tag : Tags.coupling }
type «a children = « PT.t

This must be a pair matching the edge x mnode children pairs of DAG.Forest!
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type rhs = coupling x wf children

let sign ({ sign = s}, -) = s

let coupling ({ coupling = ¢}, =) = ¢

let coupling_tag_raw ({ coupling_tag = t }, ) = t

let coupling_tag rhs = Tags.coupling_to_string (coupling_tag_raw rhs)
let children (-, wfs) = PT.to_list wfs

@ In the end, PT.to_list should become redudant!

let fuse_rhs rhs = M.fuse (PT.to_list rhs)

Vertices

Compute the set of all vertices in the model from the allowed fusions and the
set of all flavors:

@ One could think of using M .vertices instead of M .fuse2, M .fuse3 and M .fuse

module VSet = Map.Make(struct type t = flavor let compare = compare end)

let add_vertices f rhs m =
VSet.add f (try rhs :: VSet.find f m with Not_found — [rhs]) m

let collect_vertices rhs =

List.fold_right (fun (fI, ¢) — add_vertices (M .conjugate f1) (¢, rhs))
(fuse_rhs rhs)

The set of all vertices with common left fields factored.
I used to think that constant initializers are a good idea to allow compile time
optimizations. The down side turned out to be that the constant initializers

will be evaluated every time the functor is applied. Relying on the fact that the
functor will be called only once is not a good idea!

type vertices = (flavor x (constant Coupling.t x flavor PT.t) list) list
let vertices_nocache max_degree flavors : wvertices =

VSet.fold (fun f rhs v — (f, rhs) = v)
(PT.power_fold collect_vertices flavors VSet.empty) []

Performance hack:

type vertex_table =

((flavor x flavor x flavor) X constant Coupling.vertex3 X
constant) list

X ((flavor x flavor x flavor x flavor) x constant Coupling.vertex X
constant) list

X (flavor list x constant Coupling.vertexn X constant) list

module VCache =

Cache.Make (struct type ¢ = wvertex_table end) (struct typet = RCS.t X
vertices end)
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let vertices_cache = ref None
let hash = VCache.hash (M .vertices ())

let filename = Config.cache_prefiz

let vertices max_degree flavors : wvertices =
match lvertices_cache with
| None —
begin match !cache_option with
| Cache_-Use —
begin match VCache.maybe_read hash filename with
| None —
Printf .eprintf

"u>>>Initializing lookup jtable.  This may, take some time...

flush stderr;

let result = wertices_nocache max_degree flavors in
VCache.write hash filename (M .rcs, result);
vertices_cache := Some result;

Printf.eprintf "done. <<<_\n";
flush stderr;
result
| Some (res, result) — result
end
| Cache-Overwrite —
Printf .eprintf

">>>_ 0verwriting lookup table.  ,This may, take some time. .

flush stderr;

let result = wertices_nocache max_degree flavors in
VCache.write hash filename (M .rcs, result);
vertices_cache = Some result;

Printf.eprintf "done._ <<<_\n";
flush stderr;
result

| Cache_Ignore —
Printf .eprintf

"u>>>_Ignoring ,lookup table. , ,;This may, take ;some time. .

flush stderr;
let result = wvertices—nocache maz_degree flavors in
vertices_cache = Some result;
Printf.eprintf "done. <<<_\n";
flush stderr;
result

end

| Some result — result

Partitions

Vertices that are not crossing invariant need special treatment so that they’re
only generated for the correct combinations of momenta.
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Using PT.Mismatched_arity is not really good style ...

Tho’s approach doesn’t work since he does not catch charge conjugated
processes or crossed processes. Another very strange thing is that O’Mega
seems always to run in the q2 g3 timelike case, but not in the other two.
(Property of how the DAG is built?). For the ZZZZ vertex I add the same
vertex again, but interchange 1 and 3 in the crossing vertex

let crossing ¢ momenta =
match ¢ with
| V4 (Vector) -K_Matriz_tho (disc, ), fusion, _)
| V4 (Vector) K _Matriz_jr (disc, -), fusion, _) —
let s12, s23, s13 =
begin match PT.to_list momenta with
| [q1; q2; ¢3] — (P.timelike (P.add q1 ¢2),
P.timelike (P.add q2 ¢3),
P.timelike (P.add q1 ¢3))
| - — raise PT.Mismatched_arity
end in
begin match disc, s12, s23, s13, fusion with
| 0, true, false, false, (F341 | F431 | F342 | F432 | F123 | F213 |
F124 | F21])
| 0, false, true, false, (F134 | F143 | F234 | F243 | F312 | F321 |
F412 | FJ21)
| 0, false, false, true, (F314 | F413 | F32/ | F423 | F132 | F231 |
F142 | F241) —
true
| 1, true, false, false, (F341 | F431 | F342 | F432)
| 1, false, true, false, (F134 | F143 | F234 | F243)
| 1, false, false, true, (F814 | F413 | F824 | F423) —
true
| 2, true, false, false, (F123 | F213 | F124 | F214)
| 2, false, true, false, (F312 | F321 | F412 | F421)
| 2, false, false, true, (F132 | F231 | F142 | F241) —
true
| 3, true, false, false, (F143 | F413 | F142 | F412 | F321 | F231 |
F324 | F23))
| 3, false, true, false, (F314 | F341 | F21/ | F241 | F132 | F123 |
F432 | F{23)
| 3, false, false, true, (F13/ | F4381 | F124 | F421 | F312 | F213 |
F342 | F243) —
true
| - — false
end
| - — true

Match a set of flavors to a set of momenta. Form the direct product for the lists
of momenta two and three with the list of couplings and flavors two and three.

let flavor_keystone select_p dim (f1, f23) (p1, p23) =
({ fiavor = fi:

momentum = P.of _ints dim pl;
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wf-tag = Tags.null_wf },
Product.fold2 (fun (¢, f) p acc —
try
if select_p
(P.of —ints dim p1)
(PT.to_list (PT.map (P.of _ints dim) p)) then begin
if crossing ¢ (PT.map (P.of _ints dim) p) then
(¢, PT.map2 (fun f' p’ — { flavor = f;
momentum = P.of _ints dim p’;
wf_tag = Tags.null_wf }) f p) == acc
else
acc
end else
ace
with
| PT.Mismatched_arity — acc) f23 p23 [])

Produce all possible combinations of vertices (flavor keystones) and momenta by

forming the direct product. The semantically equivalent Product.list2 (flavor _keystone select _wf n) vertices k
with subsequent filtering would be a very bad idea, because a potentially huge

intermediate list is built for large models. E.g. for the MSSM this would lead

to non-termination by thrashing for 2 — 4 processes on most PCs.

let flavor _keystones filter select_p dim vertices keystones =
Product.fold2 (fun v k acc —
filter (flavor_keystone select_p dim v k) acc) vertices keystones []

Flatten the nested lists of vertices into a list of attached lines.

let flatten_keystones t =
ThoList.flatmap (fun (p1, p23) —
pl = (ThoList.flatmap (fun (=, rhs) — PT.to_list Ths) p23)) ¢

Once more, but without duplicates this time.
Order wavefunctions so that the external come first, then the pairs, etc. Also
put possible Goldstone bosons before their gauge bosons.

let lorentz _ordering f =
match M .lorentz f with

| Coupling.Scalar — 0

| Coupling.Spinor — 1

| Coupling.ConjSpinor — 2

| Coupling. Majorana — 3

| Coupling. Vector — 4

| Coupling. Massive_ Vector — 5

| Coupling.Tensor_2 — 6

| Coupling.Tensor_1 — 7

| Coupling. Vectorspinor — 8

| Coupling. BRS Coupling.Scalar — 9

| Coupling. BRS Coupling.Spinor — 10

| Coupling. BRS Coupling.ConjSpinor — 11

| Coupling. BRS Coupling. Majorana — 12

| Coupling. BRS Coupling. Vector — 13
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| Coupling. BRS Coupling. Massive_ Vector — 14

| Coupling.BRS Coupling. Tensor_2 — 15

| Coupling. BRS Coupling. Tensor_1 — 16

| Coupling. BRS Coupling. Vectorspinor — 17

| Coupling. BRS - — invalid_arg "Fusion.lorentz_ordering: not_needed"
| Coupling. Maj_Ghost — 18

let order_flavor f1 f2 =

let ¢ = compare (lorentz_ordering f1) (lorentz_ordering f2) in
if ¢ # 0 then

c
else

compare f1 f2
let order_wf wfl wf2 =

let ¢ = P.compare wfl.momentum wf2.momentum in
if ¢ # 0 then

c
else

let ¢ = order_flavor wfl.flavor wf2.flavor in

if ¢ # 0 then

c
else

compare wfl.wf _tag wf2.wf _tag

let wavefunctions t =
let module WF =
Set.Make (struct type t = wf let compare = order_wf end) in
WEF .elements (List.fold_left (fun set (wfl, wf23) —
WF.add wfl (List.fold_left (fun set’ (-, wfs) —
PT.fold_right WF.add wfs set’) set wf23)) WF.empty t)

Subtrees

Fuse a tuple of wavefunctions, keeping track of Fermi statistics. Record only
the the sign relative to the children. (The type annotation is only for documen-

tation.)

let fuse select_wf wfss : (wf X stat x rhs) list =
if PT.for_all (fun (wf, ) — is_source wf) wfss then
try
let wfs, ss = PT.split wfss in
let flavors = PT.map flavor wfs
and momenta = PT.map momentum wfs
in
let p = PT.fold_left_internal P.add momenta in
List.fold _left
(fun acc (f, ¢) —
if select_wf (M.flavor_sans_color f) p (PT.to_list momenta)
A crossing ¢ momenta then
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let s = stat_fuse ss f in
let flip =
PT.fold_left (fun acc ' — acc X stat_sign s') (stat_sign s) ssin
({ flwvor = f;
momentum = p;
wf_tag = Tags.null_wf }, s,
({ sign = flip;
coupling = c;
coupling_tag = Tags.null_coupling }, wfs)) :: acc
else
acc)
[] (fuse—rhs flavors)
with
| P.Duplicate - | S.Impossible — []
else

[]

module D = DAG.Make
(DAG .Forest(PT)
(struct type t = wf let compare = order_wf end)
(struct type t = coupling let compare = compare end))

Eventually, the pairs of tower and dag in fusion_tower’ below could and
should be replaced by a graded DAG. This will look like, but currently
tower containts statistics information that is missing from dag:

Type node = flavor * p is not compatible with type wf * stat

This should be easy to fix. However, replacing type t = wf with typet = wf X
stat is not a good idea because the variable stat makes it impossible to test
for the existance of a particular wf in a DAG.

In summary, it seems that (wf X stat) list array x D.t should be replaced
by (wf — stat) x D.t.

module GF =
struct
module Nodes =
struct
type t = wf
module G = struct type t = int let compare = compare end
let compare = order_wf
let rank wf = P.rank (momentum wf)
end
module Fdges = struct typet = coupling let compare = compare end
module F' = DAG.Forest(PT)(Nodes)(Edges)
type node = Nodes.t
type edge = F.edge
type children = F.children
typet = F.t
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let compare = F.compare
let for_all = F.for_all
let fold = F.fold

end

module D' = DAG.Graded(GF)

let tower_of _dag dag =
let -, maz_rank = D’'.min_max_rank dag in
Array.init maz_rank (fun n — D’.ranked n dag)

module Stat = Map.Make (struct type ¢t = wf let compare = order_wf end)

The function fusion_tower’ recursively builds the tower of all fusions from bot-
tom up to a chosen level. The argument tower is an array of lists, where the
i-th sublist (counting from 0) represents all off shell wave functions depending
on ¢ + 1 momenta and their Fermistatistics.

[{611), 62(12), 63(p3), -},

{¢12(p1 +p2)7¢/12(p1 +p2>7 .. '7¢13<p1 +p3)a o '7¢23(p2 +p3)7 .. '}7 (8 6)

{B1n(P1+ -+ +Dn), Bon(Pr + -+ +P), -}

The argument dag is a DAG representing all the fusions calculated so far. NB:
The outer array in tower is always very short, so we could also have accessed
a list with List.nth. Appending of new members at the end brings no loss of
performance. NB: the array is supposed to be immutable.

The towers must be sorted so that the combinatorical functions can make con-
sistent selections.

Intuitively, this seems to be correct. However, one could have expected that
no element appears twice and that this ordering is not necessary ...

let grow select_wf tower =
let rank = succ (Array.length tower) in
List.sort Pervasives.compare
(PT.graded_sym_power_fold rank
(fun wfs acc — fuse select_wf wfs @ acc) tower [])

let add-offspring dag (wf, -, rhs) =
D.add-offspring wf rhs dag

let filter_offspring fusions =
List.map (fun (wf, s, -) — (wf, s)) fusions

let rec fusion_tower’ n_mazx select_wf tower dag : (wf X stat) list ar-
ray X D.t =
if Array.length tower > n_max then
(tower, dag)
else
let tower’ = grow select_wf tower in
fusion_tower’ n_maz select_wf
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(Array.append tower |[|filter_offspring tower'|])
(List.fold _left add_offspring dag tower’)

Discard the tower and return a map from wave functions to Fermistatistics
together with the DAG.

let make_external_dag wfs =
List.fold_left (fun m (wf, -) — D.add_node wf m) D.empty wfs

let mized_fold_left f acc lists =
Array.fold_left (List.fold_left f) acc lists

let fusion_tower height select_wf wfs : (wf — stat) x D.t =
let tower, dag =
fusion_tower’ height select_wf [|wfs|] (make_external_dag wfs) in
let stats = mixed_fold_left
(fun m (wf, s) — Stat.add wf s m) Stat.empty tower in
((fun wf — Stat.find wf stats), dag)

Calculate the minimal tower of fusions that suffices for calculating the ampli-
tude.

let minimal_fusion_tower n select_wf wfs : (wf — stat) x D.t =
fusion_tower (T.mazx_subtree n) select_wf wfs

Calculate the complete tower of fusions. It is much larger than required, but it
allows a complete set of gauge checks.

let complete_fusion_tower select_wf wfs : (wf — stat) x D.t =
fusion_tower (List.length wfs — 1) select_wf wfs

There is a natural product of two DAGs using fuse. Can this be used in a
replacement for fusion_tower? The hard part is to avoid double counting,
of course. A straight forward solution could do a diagonal sum (in order
to reject flipped offspring representing the same fusion) and rely on the
uniqueness in DAG otherwise. However, this will (probably) slow down the
procedure significanty, because most fusions (including Fermi signs!) will be
calculated before being rejected by DAD().add_offspring.

Add to dag all Goldstone bosons defined in tower that correspond to gauge
bosons in dag. This is only required for checking Slavnov-Taylor identities in
unitarity gauge. Currently, it is not used, because we use the complete tower
for gauge checking.

let harvest_goldstones tower dag =
D.fold_nodes (fun wf dag’ —
match M.goldstone wf.flavor with
| Some (g, -) —
let wf’ = { wf with flavor = g } in
if D.is_node wf’ tower then begin
D.harvest tower wf' dag’
end else begin
dag’
end
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| None — dag') dag dag

Calculate the sign from Fermi statistics that is not already included in the
children.

The use of PT.of2_Fkludge is the largest skeleton on the cupboard of unified
fusions. Currently, it is just another name for PT.of2, but the existence of
the latter requires binary fusions. Of course, this is just a symptom for not
fully supporting four fermion vertices ...

let stat_keystone stats wfl wfs =
let wfl’ = stats wfl
and wfs’ = PT.map stats wfs in
stat_sign
(stat_fuse
(PT.of2 _kludge wf1’ (stat_fuse wfs’ (M.conjugate (flavor wfl))))

(flavor wf1))
x PT.fold_left (fun acc wf — acc X stat_sign wf) (stat_sign wfl’) wfs’

Test all members of a list of wave functions are defined by the DAG simultane-
ously:

let test_rhs dag (-, wfs) =
PT.for_all (fun wf — is_source wf A D.is_node wf dag) wfs

Add the keystone (wfI, pairs) to acc only if it is present in dag and calculate
the statistical factor depending on stats en passant:

let filter _keystone stats dag (wfl, pairs) acc =
if is_source wfl A D.is_node wfl dag then
match List.filter (test_rhs dag) pairs with
| [] = acc
| pairs’ — (wfl, List.map (fun (¢, wfs) —
({ sign = stat_keystone stats wfl wfs;

coupling = c;
coupling_tag = Tags.null_coupling },
wfs)) pairs’) :: acc
else
acc
Amplitudes

type fusion = wf X rhs list

let ths (I, _) = I
let rhs (-, ) = r

type braket = wf x rhs list

let bra (b, -) = b
let ket (-, k) = k

117



Implementation of Fusion

Figure 8.2: The DAGs for Bhabha scattering before and after weeding out un-
used nodes. The blatant asymmetry of these DAGs is caused by our prescription
for removing doubling counting for an even number of external lines.

Figure 8.3: The DAGs foreTe™ — ch/fDM before and after weeding out unused
nodes.
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Figure 8.4: The DAGs for ete™ — uddu before and after weeding out unused
nodes.

type amplitude =

{ fusions : fusion list;
brakets : braket list;
on_shell : wf — bool;
is_gauss : wf — bool,
constraints : string option;
incoming : flavor list;
outgoing : flavor list;
externals : wf list;
symmetry : int;
dependencies : wf — wf Tree2.t;
fusion_tower : D.t;
fusion_dag : D.t }

module C' = Cascade. Make(M)(P)

type selectors = C.selectors

let incoming a = a.incoming

let outgoing a = a.outgoing

let externals a = a.externals

let fusions a = a.fusions

let brakets a = a.brakets

let symmetry a = a.symmetry

let on_shell a = a.on_shell

let is_gauss a = a.is_gauss

let constraints a = a.constraints

let variables a = List.map lhs a.fusions
let dependencies a = a.dependencies

let allowed amplitude =
match brakets amplitude with
| [] — false
| - — true

let external_wfs n particles =
List.map (fun (f, p) —
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({ flavor = f;
momentum = P.singleton n p;
wf_tag = Tags.null_wf },
stat f p)) particles

Main Function

module WFMap = Map.Make (struct type t = wf let compare = compare end)

map_amplitude_wfs f a applies the function f : wf — wf to all wavefunctions
appearing in the amplitude a.

let map_amplitude_wfs f a =
let map_rhs (¢, wfs) = (¢, PT.map f wfs) in
let map-braket (wf, rhs) = (f wf, List.map map_rhs rhs)
and map_fusion (lhs, rhs) = (f lhs, List.map map_rhs rhs) in
let map_dag = D.map f (fun node rhs — map_rhs rhs) in
let tower = map_dag a.fusion_tower
and dag = map_dag a.fusion_dag in
let dependencies_map =
D.fold (fun wf - — WFMap.add wf (D.dependencies dag wf)) dag WFMap.empty in

{ fusions = List.map map_fusion a.fusions;
brakets = List.map map_braket a.brakets;
on_shell = a.on_shell;
1S_gauss = a.1S_gauss;
constraints = a.constraints;
mecoming = a.tncoming;
outgoing = a.outgoing;
externals = List.map [ a.externals;
symmetry = a.symmetry;
dependencies = (fun wf — WFMap.find wf dependencies_map);
fusion_tower = tower;

fusion_dag = dag }

This is the main function that constructs the amplitude for sets of incoming
and outgoing particles and returns the results in conveniently packaged pieces.

let amplitude goldstones selectors fin fout =
Set up external lines and match flavors with numbered momenta.

let f = fin @ List.map M .conjugate fout in

let nin, nout = List.length fin, List.length fout in
let n = min + nout in

let externals = List.combine f (ThoList.range 1 n) in
let wfs = external_wfs n externals in

let select_wf = C.select_wf selectors in

let select_p = C.select_p selectors in

Build the full fusion tower (including nodes that are never needed in the
amplitude).

let stats, tower =
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if goldstones then

complete_fusion_tower select_wf wfs
else

manimal - fusion_tower n select_wf wfs in

Find all vertices for which all off shell wavefunctions are defined by the
tower.

let brakets =
flavor _keystones (filter _keystone stats tower) select_p n
(vertices (M .mazx_degree ()) (M.flavors ()))
(T .keystones (ThoList.range 1 n)) in

Remove the part of the DAG that is never needed in the amplitude.

let dag =
if goldstones then
tower
else
D.harvest _list tower (wavefunctions brakets) in

Remove the leaf nodes of the DAG, corresponding to external lines.

let fusions =
List.filter (function (-, []) — false | - — true) (D.lists dag) in

Calculate the symmetry factor for identical particles in the final state.

let symmetry =
Combinatorics.symmetry (List.map M .flavor_sans_color fout) in

let dependencies-map =
D.fold (fun wf - — WFMap.add wf (D.dependencies dag wf)) dag WFMap.empty in

Finally: package the results:

{ fusions = fusions;
brakets = brakets;
on_shell = (funwf — C.on_shell selectors (flavor_sans_color wf) (momentum wf));

is_gauss = (funwf — C.is_gauss selectors (flavor_sans_color wf) (momentum wf));
constraints = C.description selectors;

incoming = fin;

outgoing = fout;

externals = List.map fst wfs;

symmetry = symmetry;

dependencies = (fun wf — WFMap.find wf dependencies_map);

fusion_tower = tower;

fusion_dag = dag }

let initialize_cache dir =
Printf .eprintf "u>>>_Initializing lookup table.  This may take some timey...,";
flush stderr;
VCache.write_dir hash dir filename
(M .res, wvertices_nocache (M.max_degree ()) (M .flavors()));
Printf.eprintf "done. <<<_\n"
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Diagnostics

let count_propagators a =
List.length a.fusions

let count_fusions a =
List.fold_left (funn (-, a) — n + List.length a) 0 a.fusions
+ List.fold_left (funn (-, t) — n + List.length t) 0 a.brakets
+ List.length a.brakets

This brute force approach blows up for more than ten particles. Find a
smarter algorithm.

let count_diagrams a =
List.fold_left (fun n (wfl, wf23) —
n + D.count_trees wfl a.fusion_dag X
(List.fold_left (fun n' (=, wfs) —
n' + PT.fold_left (fun n"” wf —
n” X D.count_trees wf a.fusion_dag) 1 wfs) 0 wf23))
0 a.brakets

exception Impossible

We still need to perform the appropriate charge conjugations so that we get
the correct flavors for the external tree representation.

let forest’ a =
let below wf = D.forest_memoized wf a.fusion_dag in
ThoList.flatmap
(fun (bra, ket) —
(Product.list2 (fun bra’ ket’ — bra’ :: ket')
(below bra)
(ThoList.flatmap
(fun (o, wfs) —
Product.list (fun w — w) (PT.to_list (PT.map below wfs)))
ket)))

a.brakets
let cross wf =
{ flavor = M .conjugate wf.flavor;
momentum = P.neg wf.momentum;

wf-tag = wf.wf_tag }

let fuse_trees wf ts =
Tree.fuse (fun (wf’, e) — (cross wf’, e))
wf (fun t — List.mem wf (Tree.leafs t)) ts

let forest wf a =
List.map (fuse_trees wf) (forest’' a)
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let poles_beneath wf dag =
D.eval_memoized (fun wf’ — [[]])
(fun wf’ _ p — List.map (fun p’ — wf’ == p’) p)
(fun wfl wf2 —
Product.fold2 (fun wf’ wfs’" wfs” — (wf’ Q@ wfs") = wfs") wfl wf2[])
(@) [[]] [[]] wf dag

let poles a =
ThoList.flatmap (fun (wfl, wf23) —
let poles_wfl = poles_beneath wfl a.fusion_dag in
(ThoList.flatmap (fun (-, wfs) —
Product.list List.flatten
(PT.to_list (PT.map (fun wf —
poles_wfl Q poles_beneath wf a.fusion_dag) wfs)))

a.brakets

let s_channel a =
let module WE =
Set.Make (struct type t = wf let compare = order_wf end) in
WF.elements (ThoList.fold_right2
(fun wf wfs —
if P.timelike (momentum wf) then
WF.add wf wfs
else
wfs) (poles a) WF.empty)

gz} This should be much faster! Is it correct? Is it faster indeed?

let poles’ a =
List.map lhs a.fusions

let s_channel a =
let module WF =
Set.Make (struct type t = wf let compare = order_wf end) in
WF .elements (List.fold _right
(fun wf wfs —
if P.timelike (momentum wf) then
WF.add wf wfs
else
wfs) (poles’ a) WF.empty)

Pictures

Export the DAG in the dot (1) file format so that we can draw pretty pictures
to impress audiences ...

let p2s p =
iftp > 0A p < 9then
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string_of _int p
else if p < 36 then

String.make 1 (Char.chr (Char.code A’ + p — 10))
else

let variable wf =
M . flavor _symbol (flavor wf) ~
String.concat "" (List.map p2s (momentum _list wf))

module Int = Map.Make (struct type t = int let compare = compare end)

let add_to_list i n m =
Int.add i (n :: try Int.find @ m with Not_found — []) m

let classify-nodes dag =
Int.fold (fun i n acc — (i, n) = acc)
(D.fold_nodes (fun wf — add_to_list (P.rank (momentum wf)) wf)
dag Int.empty) []

let dag_to_dot ch brakets dag =
Printf .fprintf ch "digraph OMEGA {\n";
D.iter_nodes (fun wf —
Printf.forintf ch "L \"%s\"u[Llabel = \"%s\"_ ];\n"
(variable wf) (variable wf)) dag;
List.iter (fun (=, wfs) —
Printf .fprintf ch " .{Lrank = same;";
List.iter (funn —
Printf.forintf ch " \"%s\";" (variable n)) wfs;
Printf.fprintf ch ", };\n") (classify_nodes dag);
List.iter (fun n —
Printf .forintf ch "L\"*\"u->,\"%s\";\n" (variable n))
(flatten_keystones brakets);
D.iter (fun n (-, ns) —
let p = wariable n in
PT.iter (fun n/ —
Printf . fprintf ch "uu\"%s\"u=>u\"%s\";\n" p (variable n’)) ns) dag;
Printf .fprintf ch "}\n"

let tower_to_dot ch a =
dag_to_dot ch a.brakets a.fusion_tower

let amplitude_to_dot ch a =
dag_to_dot ch a.brakets a.fusion_dag

let res_list = [D.res; T.rcs; P.res; res)
end
module Make = Tagged(No_Tags)

module Binary = Make(Tuple.Binary)(Stat_Dirac)( Topology. Binary)
module Tagged_Binary (T : Tagger) =
Tagged(T)( Tuple. Binary)(Stat- Dirac)( Topology. Binary)
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8.2.5 Fusions with Majorana Fermions

module Stat_Majorana (M : Model.T) : (Stat with type flavor = M.flavor) =
struct
let rcs = RCS.rename rcs-file "Fusion.Stat_Dirac()"
[ "Fermi statistics for Dirac fermions"]

type flavor = M .flavor

type stat =
| Fermion of int x int list
| AntiFermion of int x int list
| Boson of int list
| Majorana of int x int list

let stat f p =

let s = M.fermion f in

if s = 0 then
Boson []

else if s < 0 then
AntiFermion (p, [])

elseif s = 1then (xif s = 1 then %)
Fermion (p, [])

else (x if s > 1 then x)
Majorana (p, [)

@ JR sez’ (regarding the Majorana Feynman rules): In the formalism of [7],
it does not matter to distinguish spinors and conjugate spinors, it is only
important to know in which direction a fermion line is calculated. So the
sign is made by the calculation together with an aditional one due to the
permuation of the pairs of endpoints of fermion lines in the direction they
are calculated. We propose a “canonical” direction from the right to the
left child at a fusion point so we only have to keep in mind which external
particle hangs at each side. Therefore we need not to have a list of pairs
of conjugate spinors and spinors but just a list in which the pairs are right-
left-right-left and so on. Unfortunately it is unavoidable to have couplings
with clashing arrows in supersymmetric theories so we need transmutations
from fermions in antifermions and vice versa as well. (JR’s probably right,
but I need to check myself ... )

exception Impossible

let stat_fuse sl s2 f =

match s1, s2, M.lorentz f with

| Boson l1, Fermion (p, 12), Coupling. Majorana

| Boson U1, AntiFermion (p, 12), Coupling. Majorana
| Fermion (p, 11), Boson 12, Coupling.Majorana

| AntiFermion (p, 1), Boson 12, Coupling.Majorana
| Majorana (p, 1), Boson 12, Coupling. Majorana

| Boson l1, Majorana (p, 12), Coupling. Majorana —

Magjorana (p, 11 @ 12)
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| Boson l1, Fermion (p, 12), Coupling.Spinor

| Boson U1, AntiFermion (p, 12), Coupling.Spinor

| Fermion (p, l1), Boson 12, Coupling.Spinor

| AntiFermion (p, 1), Boson 12, Coupling.Spinor

| Majorana (p, 1), Boson 12, Coupling.Spinor

| Boson U1, Majorana (p, 12), Coupling.Spinor —
Fermion (p, 11 @ 12)

| Boson U1, Fermion (p, 12), Coupling.ConjSpinor

| Boson U1, AntiFermion (p, 12), Coupling.ConjSpinor

| Fermion (p, I1), Boson 12, Coupling.ConjSpinor

| AntiFermion (p, 1), Boson 12, Coupling.ConjSpinor

| Majorana (p, 1), Boson 12, Coupling.ConjSpinor

| Boson U1, Majorana (p, 12), Coupling.ConjSpinor —
AntiFermion (p, 11 @ [2)

| Boson 1, Fermion (p, 12), Coupling. Vectorspinor

| Boson l1, AntiFermion (p, 12), Coupling.Vectorspinor

| Fermion (p, l1), Boson 12, Coupling.Vectorspinor

| AntiFermion (p, 11), Boson 12, Coupling. Vectorspinor

| Majorana (p, 11), Boson 12, Coupling. Vectorspinor

| Boson U1, Majorana (p, 12), Coupling. Vectorspinor —
Majorana (p, 11 @ [2)

| Boson l1, Boson 12, - — Boson (I1 @ [2)

| AntiFermion (pl, 11), Fermion (p2, 12), -

| Fermion (pl1, 1), AntiFermion (p2, 12), _

| Fermion (p1, 1), Fermion (p2, 12), -

| AntiFermion (p1, 1), AntiFermion (p2, 12), -

| Fermion (p1, l1), Majorana (p2, 12), -

| Majorana (p1, 1), Fermion (p2, 12), -

| AntiFermion (p1, 1), Majorana (p2, 12), _

| Majorana (p1, 1), AntiFermion (p2, 12), _

| Majorana (pl, 1), Majorana (p2, 12), - —
Boson ([p2; p1] Q11 @ [2)

| Boson l1, Majorana (p, 12), - — Majorana (p, 11 @ [2)

| Boson U1, Fermion (p, 12), - — Fermion (p, 11 Q [2)

| Boson U1, AntiFermion (p, 12), - — AntiFermion (p, 11 Q [2)

| Fermion (p, 11), Boson 12, - — Fermion (p, 11 Q [2)

| AntiFermion (p, 1), Boson 12, - — AntiFermion (p, 11 Q [2)

| Majorana (p, 1), Boson 12, - — Majorana (p, 11 @ [2)

let permutation lines = fst(Combinatorics.sort_signed compare lines)
let stat_sign = function

| Boson lines — permutation lines

| Fermion (p, lines) — permutation (p :: lines)

| AntiFermion (pbar, lines) — permutation (pbar :: lines)
| Majorana (pm, lines) — permutation (pm :: lines)

end

module Binary-Majorana =
Make( Tuple. Binary)(Stat - Majorana)( Topology. Binary)
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module Nary (B : Tuple.Bound) =

Make( Tuple. Nary(B))(Stat_Dirac)( Topology.Nary(B))
module Nary_Majorana (B : Tuple.Bound) =

Make( Tuple.Nary(B))(Stat-Majorana)( Topology.Nary(B))

module Mized23 =

Make( Tuple. Mized23)(Stat- Dirac)( Topology. Mized23)
module Mized23_Majorana =

Make( Tuple. Mized23)(Stat- Majorana)( Topology. Mixed23)

module Helac (B : Tuple.Bound) =
Make(Tuple.Nary(B))(Stat_Dirac)( Topology. Helac(B))
module Helac_Majorana (B : Tuple.Bound) =
Make( Tuple.Nary(B))(Stat_ Majorana)( Topology. Helac(B))

8.2.6 Multiple Colored Amplitudes

module type Colored =

sig
exception Mismatch
val options : Options.t
type flavor
type process = flavor list X flavor list
type amplitude
type selectors
type amplitudes
val amplitudes : bool — selectors — process list — amplitudes
val empty : amplitudes
val initialize_cache : string — unit
val flavors : amplitudes — process list
val vanishing_flavors : amplitudes — process list
val color_flows : amplitudes — Color.Flow.t list
val helicities : amplitudes — (int list x int list) list
val processes : amplitudes — amplitude list
val process_table : amplitudes — amplitude option array array
val constraints : amplitudes — string option

end

module type Colored_Maker = functor (Fusion_Maker : Maker) —
functor (P : Momentum.T) —
functor (Colorized_Model : Model.Colorized) —
Colored with type flavor = Colorized_Model. M .flavor
and type amplitude = Fusion_Maker(P)(Colorized - Model).amplitude
and type selectors = Fusion_Maker(P)(Colorized_Model).selectors

module Colored (Fusion_-Maker : Maker) (P : Momentum.T) (CM : Model.Colorized) =
struct

exception Mismatch

type progress—-mode =
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| Quiet
| Channel of out_channel
| File of string

let progress_option = ref Quiet

module F' = Fusion_Maker(P)(CM)
module C = Cascade. Make(CM)(P)

let options = Options.extend F.options
[ "progress", Arg.Unit (fun () — progress_option := Channel stderr),
"report progress,to the standard error stream";
"progress_file", Arg.String (funs — progress_option = File s),
"report progress toya file" }

type flavor = CM.flavor_sans_color

typep = F.p

type process = flavor list X flavor list

type amplitude = F.amplitude

type selectors = F'.selectors

type flavors = flavor list array

type helicities = int list array

type colors = Color.Flow.t array

type amplitudes’ = amplitude array array array

type amplitudes =
{ flavors : (flavor list x flavor list) list;

vanishing_flavors : (flavor list x flavor list) list;
color_flows : Color.Flow.t list;
helicities : (int list X int list) list;
processes : amplitude list;
process_table : amplitude option array array;
constraints : string option }

let flavors a = a.flavors

let vanishing_flavors a = a.vanishing_flavors
let color_flows a = a.color_flows

let helicities a = a.helicities

let processes a = a.processes

let process_table a = a.process_table

let constraints a = a.constraints

let sans_colors f =
List.map CM .flavor_sans—color f

let colors (fin, fout) =
List.map CM .M .color (fin Q fout)

let process_sans_color a =
(sans_colors (F.incoming a), sans_colors (F.outgoing a))

let color_flow a =
CM .flow (F.incoming a) (F.outgoing a)
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let process_to_string fin fout =
String.concat " " (List.map CM.flavor_to_string fin)
S M=>" 7 String.concat "L (List.map CM.flavor_to_string fout)

let colorless_process_to_string fin fout =
String.concat " " (List.map CM .M .flavor_to_string fin)
Sny=>" T String.concat " (List.map CM .M .flavor_to_string fout)

let count_processes colored _processes =
List.length colored_processes

module FMap =
Map.Make (struct type t = process let compare = compare end)

module CMap =
Map.Make (struct type t = Color.Flow.t let compare = compare end)

Recently Product.list began to guarantee lexicographic order for sorted argu-
ments. Anyway, we still force a lexicographic order.

let rec order_spin_tablel s1 s2 =
match sI, s2 with
| h1 = t1, h2 = t2 —

let ¢ = compare h1 h2 in
if ¢ # 0 then
c
else
order_spin_tablel t1 t2
[, {1 =0

| - — nvalid_arg "order_spin_table: inconsistent lengths"

let order_spin_table (s1_in, sl_out) (s2_in, s2_out) =

let ¢ = compare s1_in s2_in in
if ¢ # 0 then

c
else

order_spin_tablel s1_out s2_out

let sort_spin_table table =
List.sort order_spin_table table

letid x = x

let pair z y = (z, y)

let rec hs_of _lorentz = function
| Coupling.Scalar — [0]
| Coupling.Spinor | Coupling.ConjSpinor
| Coupling. Majorana | Coupling.Maj_Ghost — [—1; 1]
| Coupling. Vector — [—1; 1]
| Coupling. Massive_ Vector — [—1; 0; 1]
| Coupling.Tensor_1 — [—1; 0; 1]
| Coupling. Vectorspinor — [—2; —1; 1; 2]
| Coupling.Tensor_2 — [-2; —1; 0; 1; 2]
| Coupling.BRS f — hs_of _lorentz f
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let hs_of _flavor f =
hs_of _lorentz (CM .M .lorentz f)

let hs_of _flavors (fin, fout) =
(List.map hs_of _flavor fin, List.map hs_of _flavor fout)

let helicity_table flavors =
let hs = List.map hs_of _flavors flavors in

if = (ThoList.homogeneous hs) then
invalid_arg "Fusion.helicity_table: notall flavors have the same helicity states!"

else
match hs with
[ =1l
| (hs—in, hs_out) = - —
sort_spin_table (Product.list2 pair (Product.list id hs_in) (Product.list id hs_out))

Remove Duplicate Final States for the Whizard

let by_color f1 f2 =
let ¢ = Color.compare (CM .M .color f1) (CM.M.color f2) in
if ¢ # 0 then
c
else
compare f1 f2

module Process_ Projection =
struct

type elt = process

type base = elt

let compare_elt (finl, foutl) (fin2, fout?2)
let ¢ = ThoList.compare ~cmp : by_color finl fin2 in
if ¢ # 0 then
c

else
ThoList.compare ~cmp : by_color foutl fout2

= compare_elt b2 bl

let compare_base b1 b2

let pi (fin, fout) =
(fin, List.sort by_color fout)

end

module Process_Bundle =

let remove_duplicate_final_states = function

| 1 =10

| [process] — [process]
| list — Process_Bundle.base (Process_Bundle.of _list list)

Bundle.Make ( Process_ Projection,)

module Process_Set =
Set.Make (struct
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type t = Process_Projection.elt
let compare = Process_ Projection.compare_elt
end)

let process_set list =
List.fold_right Process_Set.add list Process_Set.empty

let process_diff listl list2 =
Process_Set.elements (Process_Set.diff (process_set list1) (process_set list2))

Calculate All The Amplitudes

let amplitudes goldstones select_wf processes =

Eventually, we might want to support inhomogeneous helicities. However,
this makes little physics sense for external particles on the mas shell, unless
we have a model with degenerate massive fermions and bosons.

if = (ThoList.homogeneous (List.map hs_of _flavors processes)) then
invalid_arg "Fusion.Colored.amplitudes: incompatible helicities";

let colored_processes =
ThoList.flatmap
(fun (fi, fo) — CM.amplitude fi fo)
(remove_duplicate_final _states processes) in

let progress =
match !progress_option with
| Quiet — Progress.dummy
| Channel oc — Progress.channel oc (count_processes colored_processes)
| File name — Progress.file name (count_processes colored _processes) in

let all =
List.map
(fun (fi, fo) —
Progress.begin_step progress (process_to_string fi fo);
let amp = F.amplitude goldstones select_wf fi fo in
Progress.end_step progress "done";
amp) colored _processes in

Progress.summary progress "all processes done";

let allowed =
List.filter F.allowed all in

let color_flows =
ThoList.uniq (List.sort compare (List.map color_flow allowed))
and flavors =
ThoList.uniq (List.sort compare (List.map process_sans_color allowed)) in

let vanishing_flavors =
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remove _duplicate_final_states (process_diff processes flavors) in

let helicities =
helicity_table flavors in

let f_index =
fst (List.fold_left
(fun (m, i) f — (FMap.add f i m, succ 7))
(FMap.empty, 0) flavors)
and c_index =
fst (List.fold_left
(fun (m, i) ¢ — (CMap.add ¢ i m, succ i))
(CMap.empty, 0) color_flows) in

let table =
Array.make_matriz (List.length flavors) (List.length color_flows) None in
List.iter
(fun a —
let f = FMap.find (process_sans_color a) f_index
and ¢ = CMap.find (color_flow a) c_indez in
table.(f).(¢) + Some (a))

allowed;
{ flavors = flavors;
vanishing _flavors = wanishing_flavors;
color_flows = color_flows;
helicities = helicities;
processes = allowed;
process_table = table;
constraints = C.description select_wf }
let initialize_cache = F.initialize_cache
let empty =
{ flavors = [J;
vanishing _flavors = [];
color_flows = [];
helicities = [];
processes = |[];
process_table = Array.make_matriz 0 0 None;
constraints = None }

end
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LORENTZ REPRESENTATIONS, COUPLINGS,
MODELS AND TARGETS

9.1 Interface of Coupling

The enumeration types used for communication from Models to Targets. On
the physics side, the modules in Models must implement the Feynman rules
according to the conventions set up here. On the numerics side, the modules in
Targets must handle all cases according to the same conventions.

9.1.1 Propagators

The Lorentz representation of the particle. NB: O’Mega treats all lines as out-
going and particles are therefore transforming as ConjSpinor and antiparticles
as Spinor.

type lorentz =
| Scalar

| Spinor (x 1) *)

| ConjSpinor (x ¢ x)

| Majorana (x x *)

| Maj_Ghost (x SUSY ghosts *)

| Vector

| Massive_ Vector

| Vectorspinor (* supersymmetric currents and gravitinos x)
| Tensor_1

|

|

Tensor_2 (x massive gravitons (large extra dimensions) )
BRS of lorentz

If there were no vectors or auxiliary fields, we could deduce the propagator
from the Lorentz representation. While we’re at it, we can introduce “propa-
gators” for the contact interactions of auxiliary fields as well. Prop_Gauge and
Prop_Feynman are redundant as special cases of Prop_Ruxi.

The special case Only_Insertion corresponds to operator insertions that do
not correspond to a propagating field all. These are used for checking Slavnov-
Taylor identities

Oy (out|WH(x)|in) = mw (out|¢(z)|in) (9.1)
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only Dirac fermions incl. Majorana fermions
Prop_Scalar | ¢(p) < qup)
Prop_spinor | ()« =L yp) | wip) e LI )
Prop_ConjSpinor 1/;(}?) — w(p)% ¥(p) %1&@)
Prop_Majorana N/A x(p) < %X(?)
Prop_Unitarity | €,(p) m (—g;w + prlg;y) €’(p)
Prop_Feynman | €”(p) + . “(p)

1 14 17
Prop_GaUge eu(p) <— E (_guu + (1 - E)p;‘f; ) € (p)
. i Pubv v
Prop_Rzi | €,(p) + <_g“” +(1- OPQ—W) e

Table 9.1: Propagators. NB: The sign of the momenta in the spinor propagators
comes about because O’'Mega treats all momenta as outgoing and the charge
flow for Spinor is therefore opposite to the momentum, while the charge flow
for ConjSpinor is parallel to the momentum.

Auz_Scalar | ¢(p) + ip(p)
Auz_Spinor | (p) <+ i(p)
Auz_ConjSpinor | 1(p) < i (p)

Auz_Vector | €(p) + ie*(p)

Auz_Tensor_1

TH (p) < iTH (p)

Only_Insertion

N/A

Table 9.2: Auxiliary and non propagating fields
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of gauge theories in unitarity gauge where the Goldstone bosons are not prop-
agating. Numerically, it would suffice to use a vanishing propagator, but then
superflous fusions would be calculated in production code in which the Slavnov-
Taylor identities are not tested.

type a propagator =

Prop_Scalar | Prop_Ghost

Prop_Spinor | Prop_ConjSpinor | Prop_Majorana

Prop_Unitarity | Prop_Feynman | Prop_Gauge of o | Prop_Ruxi of «
Prop_Tensor_2 | Prop_Vectorspinor

Prop_Col_Scalar | Prop_Col_Feynman | Prop_Col_Majorana
Prop_Col_ Unitarity

Auz_Scalar | Auz_Vector | Auz_Tensor_1

Auz_Spinor | Aux_ConjSpinor | Aux_Majorana

Only_Insertion

JR sez’ (regarding the Majorana Feynman rules): We don’t need differ-
ent fermionic propagators as supposed by the variable names Prop_Spinor,
Prop_ConjSpinor or Prop_Majorana. The propagator in all cases has to be
multiplied on the left hand side of the spinor out of which a new one should
be built. All momenta are treated as outgoing, so for the propagation of
the different fermions the following table arises, in which the momentum
direction is always downwards and the arrows show whether the momentum
and the fermion line, respectively are parallel or antiparallel to the direction
of calculation:

’ Fermion type \ fermion arrow \ mom. \ calc. \ sign ‘
Dirac fermion 0 T 1 | T 1T | negative
Dirac antifermion 4 1L | 1 | | negative
Majorana fermion - Tl - negative

So the sign of the momentum is always negative and no further distinction
is needed. (JR'’s probably right, but I need to check myself ...)

type width =

Vanishing
Constant
Timelike
Running

Fudged

Custom of string

9.1.2 Vertices

The combined S — P and V — A couplings (see tables 9.5, 9.6, 9.8 and 9.12)
are redundant, of course, but they allow some targets to create more efficient
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numerical code.’ Choosing VA2 over VA will cause the FORTRAN backend to
pass the coupling as a whole array

type fermion = Psi | Chi | Grav
type fermionbar = Psibar | Chibar | Gravbar
type boson =
| SP | S|P | SL| SR | SLR| VA |V | A| VL | VR | VLR
| POT | MOM | MOM5 | MOML | MOMR | LMOM | RMOM |
VMOM | VA2
type boson2 = 82 | P2 | S2P | S2L | S2R | S2LR
| SV | PV | SLV | SRV | SLRV | V2 | V2LR

The integer is an additional coefficient that multiplies the respective coupling
constant. This allows to reduce the number of required coupling constants in
manifestly symmetrc cases. Most of times it will be equal unity, though.

The two vertex types PBP and BBB for the couplings of two fermions or two
antifermions (”clashing arrows”) is unavoidable in supersymmetric theories.

g% ... tho doesn’t like the names and has promised to find a better mnemonics!

type « vertexd =
| FBF of int x fermionbar X boson x fermion
| PBP of int x fermion X boson x fermion
| BBB of int x fermionbar X boson x fermionbar
| GBG of int x fermionbar x boson x fermion (x gravitino-boson-fermion

| Gauge_Gauge_Gauge of int | Auz_Gauge_Gauge of int
| Scalar_Vector_ Vector of int
| Auz_Vector_Vector of int | Auxz_Scalar_ Vector of int
| Scalar_Scalar_Scalar of int | Auxz_Scalar_Scalar of int
| Vector_Scalar_Scalar of int
| Graviton_Scalar_Scalar of int
| Graviton_ Vector_ Vector of int
| Graviton_Spinor_Spinor of int
| Dim4 - Vector_ Vector_ Vector_T of int
| Dim4 - Vector_Vector_ Vector_L of int
| Dim4 - Vector_ Vector_ Vector_T5 of int
| Dim4 - Vector_ Vector_ Vector _L5 of int
| Dim6_Gauge_Gauge_Gauge of int
| Dim6_Gauge_Gauge_Gauge_5 of int
| Aux_DScalar_DScalar of int | Aux_Vector_DScalar of int
| Dim5_Scalar_Gauge2 of int (x 3¢Fy ,, F5" = —%qﬁ(ia[H,Vl,y])(i&'[”’V;]) *)
| Dim5 _Scalar - Gauge2 _Skew of int

(5 L6F) u FYY = —4(10,V1,,)(10, Vi )77 )
| Dimb _Scalar_ Vector_Vector_T of int (x $(19,V}")(i0,V3") *)
| Dim6 _ Vector_Vector_ Vector - T of int (x Vl“((i&,%p)igj(iap%”)) *)
| Tensor_2_Vector_Vector of int (x TH (Vi Vo, + Vi, Vo) *)
|

Dim5 _Tensor_2_Vector_ Vector_1 of int (x T*P(VI'1'0 4i 0 gVa,, *)

1 An additional benefit is that the counting of Feynman diagrams is not upset by a splitting
of the vectorial and axial pieces of gauge bosons.
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| Dimb_Tensor_2_Vector_Vector_2 of int
(e T VIET 5((0uVaa) + VI ali0,V20)) #)
| Dim7_Tensor_2_Vector_Vector_ T of int (x T‘X'B((iaﬂVl”)i?ai?B (10, Va,1))
%)
As long as we stick to renormalizable couplings, there are only three types of
quartic couplings: Scalary, Scalar2_Vector2 and Vector/. However, there are

three inequivalent contractions for the latter and the general vertex will be a
linear combination with integer coefficients:

Scalarf 1:  ¢192¢304 (9.2a)
Scalar2_Vector21:  ¢,¢,V3'V, , (9.2b)
Vector) [1,C-12-84): VIV, ViV, (9.2¢)
Vectory [1,C-13-42] . VI'Vy'Vy V., (9.2d)
Vectory [1,C-14-25]:  VIVyV, V, (9.2¢)

type contracty = C_12_34 | C_158_42 | C_14_23

type a vertex4 =
| Scalar4 of int
| Scalar2_Vector2 of int
| Vector4 of (int x contracty) list
| DScalary of (int x contracty) list
| DScalar2_Vector2 of (int x contracts) list
| GBBG of int x fermionbar x boson2 x fermion

In some applications, we have to allow for contributions outside of perturbation
theory. The most prominent example is heavy gauge boson scattering at very
high energies, where the perturbative expression violates unitarity.

One solution is the ‘K-matrix’ ansatz. Such unitarizations typically introduce
effective propagators and/or vertices that violate crossing symmetry and vanish
in the t-channel. This can be taken care of in Fusion by filtering out vertices
that have the wrong momenta.

In this case the ordering of the fields in a vertex of the Feynman rules becomes
significant. In particular, we assume that (V4, Va2, V3, V) implies

Vo V3 Va Vs

R (9.3)
O((p1 +p2)?)

\% Vy %1 Vi
The list of pairs of parameters denotes the location and strengths of the poles
in the K-matrix ansatz:

n

(c1,a1,¢2,a2, ... Cnyan) = f(s) = Z

i=1

&

(9.4)

S — a;
| Vectors K _Matriz_tho of int x (a x «) list
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| Vector4 _K _Matriz_jr of int x (int x contracts) list
type o vertexn = unit

An obvious candidate for addition to boson is T, of course.

g% This list is sufficient for the minimal standard model, but not comprehen-

sive enough for most of its extensions, supersymmetric or otherwise. In
particular, we need a general parameterization for all trilinear vertices. One
straightforward possibility are polynomials in the momenta for each combi-
nation of fields.

@ JR sez’ (regarding the Majorana Feynman rules): Here we use the rules

which can be found in [7] and are more properly described in Targets where
the performing of the fusion rules in analytical expressions is encoded. (JR’s
probably right, but I need to check myself ...)

Signify which two of three fields are fused:
type fuse2 = F23 | F32 | F31 | F13 | F12 | F21
Signify which three of four fields are fused:

type fused =
| F123 | F231 | F312 | F132 | F321 | F213
| F124 | F241 | F412 | F142 | F421 | F214
| F184 | F341 | F413 | F1438 | F431 | F314
| F234 | F342 | F4238 | F2438 | F432 | F324

Explicit enumeration types make no sense for higher degrees.
type fusen = int list
The third member of the triplet will contain the coupling constant:

typeat =
| V& of o vertex3 x fuse2 x «
| V4 of a vertex) x fuse3 X «
| Vn of o vertezn X fusen X «

9.1.3 Gauge Couplings
Dimension-4 trilinear vector boson couplings
fabcal‘A“’”AZAﬁ — ifabckaa’”(kl)AZ(kg)A,f(kg)
i
= —gfalazaaculuzus(k'l, kg, k3)Aﬁ11 (kﬁAzr‘; (kjg)Azg (kg) (95&)

with the totally antisymmetric tensor (under simultaneous permutations of all
quantum numbers p; and k;) and all momenta outgoing

C’NIMZMS (kl, k%kg) — (gmuz (kibS _ kgz) +gM2H3 (kéil _ kgﬂ) +gN3M1 (kgz _ klltz))
(9.5b)
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‘ only Dirac fermions ‘ incl. Majorana fermions
FBF (Psibar, S, Psi): L1 = gsi1S¢s
F12 | 9y +i-gsinS o =1 gsi S
F21 | 9o < 1i-gsSt Yo < 1-gsSin
F13 | S+ i-gsirihs S« i-gsf Ciy
F31 | S i-gsthaathia S i-gsvd Cyy
F23 | 1 < i-gsSiho Y1 <1 gsSPe
F32 | 11 < 1i-gs128 1 i+ gshaS
FBF (Psibar, P, Psi): L1 = gpi1 Pysie
F12 | thy < i- gptysP o < i-gpysr P
F21 | gy i-gpP17s o < i-gpPysi
F13 | P < i-gp1ysihs P i gpp] Crysiy
F31 | P i-gp[ys¥a)ati,a P« i-gpp3 Cyseh
F23 | i1 < i-gpPystn Y1 < 1-gpPys12
F32 | 1 < i-gpysaP 1 < i+ gpysa P
FBF (Psibar, V, Psi): L1 = gy Ve
F12 | hy < i-gvhiV V2,0 < i (—gv)¥1,8Vap
F21 | o ¢ i-gvVap¥ia Y2 1 (—gv)Vin
F13 | V<1 gvihiyuibs Vi 1 gv(1)T Cyuths
F31 | Vi, < i-gv[yuta]athsa Vi (—gv)(@2)T Cyuthr
F28 | apy < i-gyViba Y1 1 gv Vi
F32 | 1o <1 -gvip28Vas P10 < 1-gviegVag
FBF (Psibar, A, Psi): L1 = gath1vs A
F12 | o i gatiysA V2.0 < i-gaslvsdAlas
F21 | ¢op i-galysflaptia | ¢2 < i-gaysfy
F13 | Ay i ga1ivsyute Ay 1 gad] Cysyuibs
F31 | A, < i-galvsvubelatie | Ay <1 9ad Cysyuin
F28 | 4y < i-gaysfiba Y1 i gays Ao
F32 | Y10 ¢ i-gathopslsAlas | Y10 <1 gatssA]as

Table 9.3: Dimension-4 trilinear fermionic couplings. The momenta are unam-
biguous, because there are no derivative couplings and all participating fields
are different.
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‘ only Dirac fermions ‘ incl. Majorana fermions

FBF (Psibar, T, Psi): L5 = grT,01[v", 7] -1

F12 | Yo =i gri[v" 7] - T o —i-gr---

F21 | ahy i grTin [y, 7"]- Yo i-gr--

F13 | Ty < i grny wl-12 T < i-gr--

F31 | T i gr(lvw wl-velatra | Tw i gr--

F23 | 4y < i-grTu [y, 7] -2 Y1 <i-gr---

F32 | 4y < i-gr[y", 7" -oT Py <—i-gp---

Table 9.4: Dimension-5 trilinear fermionic couplings (NB: the coefficients and
signs are not fixed yet). The momenta are unambiguous, because there are no
derivative couplings and all participating fields are different.

Since fa,ana; CPH#2H3(k1, ka, k3) is totally symmetric (under simultaneous per-
mutations of all quantum numbers a;, u; and k;), it is easy to take the partial
derivative

ASH (kg + k3) = 75 FabeCH07 (—ka — kg, ko, kg) AL (k3) AS (ks) (9.62)
with
CHP7(—kg — ks, ko, k3) = (9°7 (k5 — k%) + g7 (2k5 + k5) — g7 (2k3 +k3)) (9.6Db)

i.e.

A% (kg + k) = _%fabc((kg — k) A (kg) - A°(k3)
+ (2]{53 + k‘g) . Ab(k/’g)AC’“(kg,) — Ab’“(k‘g)Ac(kg) . (2k2 + kg)) (960)

Investigate the rearrangements proposed in [5] for improved numerical sta-
bility.

Non-Gauge Vector Couplings

As a basis for the dimension-4 couplings of three vector bosons, we choose
“transversal” and “longitudinal” (with respect to the first vector field) tensors
that are odd and even under permutation of the second and third argument

Lo(Vi, Ve, V) = Vi (VauiO, V) = — Lo (Vi, Va, Va) (9.7a)
L1, (V1,Va,V3) = (10, VI)VWVa, Vg = L (V4, V3, Va) (9.7b)

Using partial integration in £y, we find the convenient combinations

L (V1,Va,V3) + L1,(V1, Vo, V3) = =2V{'10, V2, V5’ (9.8a)
Lr(Vi,Va,V3) — L1,(V1, Vo, V5) = 2V'V, ,i0, V5’ (9.8b)
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‘ only Dirac fermions ‘ incl. Majorana fermions
FBF (Psibar, SP, Psi): L1 = V1¢(gs + gpYs)i2
F12 | thy < i-¢1(gs + gp7s)9 PR R
F21 | g +i-¢t1(gs + gps) Py =1
F13 | ¢ < i-U1(gs + gp7s)ta Qi
F31 | ¢« i-[(gs+gps)Polathia | ¢ i
F25 | 1 <1 ¢(gs + gps)i2 S R
F32 | 91 < 1i-(gs + gpvs)¢29 (IR B R
FBF (Psibar, SL, Psi): L; = gri1d(1 — v5)ha
F12 | g +i-gri(1 —7s5)0 o =i+
F21 | g i grotn (1 —7s) Yo =i
F13 | ¢ i grin(1—s)s Qi
F31 | ¢+ i-go[(1 —s)¥o)athra | @i---
F23 | 1 i gro(l —v5)1e I R
F32 | 1 < 1i-gr(1 —75)129 (IR B R
FBF (Psibar, SR, Psi): L1 = gri1¢(1 + v5)12
F12 | 9y +i-grib1(1 +75)0 g =i
F21 | g +i-grothi(1475) o =i
F13 | ¢ i grip1(1475)ths Qi
F31 | ¢+ i-grl(1+v5)2)athia | @i
F23 | 1 i gro(l+75)12 (IR R
F32 | b1 < i gr(1+75)2e (IR B e
FBF (Psibar, SLR, Psi): L1 = gr1¢(1 — v5)th2 + grib1d(1 + 5)1e

Table 9.5: Combined dimension-4 trilinear fermionic couplings.
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‘ only Dirac fermions ‘ incl. Majorana fermions
FBF (Psibar, VA, Psi): L1 =1 Z(gv — ga7ys)2
F12 | Yo+ 1i-91Z(gv — gavs) Py =10
F21 | hop i-[Z(gv — gavs)]lapia | tho i----
F13 | Zy < i-1yu(gv — gavs)¥e Zy =i+
F31 | Zy i [u(gv — 9avs)¥elatia | Zu+i- -+
F23 | 1 < i-Z(gv — gays)v2 (IRl R
F32 | Y10 < 1-Y28[Z(9v —9avs)lap | 11
FBF (Psibar, VL, Psi): L1 = grin Z(1 —s)ib2
F12 | g i g1 Z(1 —s) o =i
F21 | o = i-grlZ(1 = )lapPia | o i -
F13 | Zy i gr17u(l = 75)00 Zy =i
F31 | Zy i g1l = y5)volathra | Zusi---
F23 | 1 <190 Z(1 —75)12 Py =i
F32 | 1o <1 gr2slZ(1 —75)las (D R
FBF (Psibar, VR, Psi): L1 = grt)1 Z(1 + v5)2
F12 | Yo +1i-grinZ(1+75) Py =1~
F21 | Yo+ 1-grlZ(1+795)]ap¥1,a | o i -+
F13 | Z, « i griryu(1+ v5)12 Zy—ie---
F31 | Zy =i grlyu(l+75)¢latie | Zusi---
F23 | 1« i-grZ(1+75)¢2 (IR T
F32 | 101 grtaplZ(1+75)]as R
FBF (Psibar, VLR, Psi): L1 = grinZ(1 —v5)a + grin Z (1 + 75)1b9

Table 9.6: Combined dimension-4 trilinear fermionic couplings continued.

142



Interface of Coupling

FBF (Psibar, S, Chi): 1¥Sx
F12: xS F21: x < SY
F13: S+ ¢TCy F31: S« xTCy
F23: < Sx F32: 1< xS
FBF (Psibar, P, Chi): Y PysX
F12: x <+ 9P Fei: x < Pysy
F13: P« 9¢TCysx F31: P <+ xTCysy
F23: o Pysx F32: )+ vsxP
FBF (Psibar, V, Chi): ¥V x
F12: Xa < —9Y3Vag F21: x <« -Vy
F13: V¢ TCyux | F31: V, « xTC(—y0)
F23: 1« Vyx F32: tha < X5V ap
FBF (Psibar, A, Chi): ¥y°Ax
F12: Xo < sV Alag | F21: X YA
F13: A, — TCyy,x | F31: A, — XTC(5y,)
F23: 9+ 5 Ax F32:  tha + xs[V°Alap

Table 9.7: Dimension-4 trilinear couplings including one Dirac and one Majo-

rana fermion

FBF (Psibar, SP, Chi): ¥d(gs + gpvys)X

F12: X« (95 +9p75)Y9 F21: X < ¢(gs +9p75)¥
F13: ¢+ 9T Clgs + gpys)X F31: ¢ < x"C(gs + gr7ys)x
F23: Y« ¢(gs + gpys)x F32: ¢« (95 + gp7s)Xxo
FBF (Psibar, VA, Chi): ¥vZ(gv — ga7s)X
F12: Xa < ¥lZ(—gv — gavs)lap | F21: X < Z(—gv — gays)]¥
F13: Z, <" Crulgy — gavs)x | F31: Z, + X" Cru(—gv — ga75)¢
F23: b Z(gv — gars)x F32: o < x8l2(9v — gavs)las
Table 9.8: Combined dimension-4 trilinear fermionic couplings including one

Dirac and one Majorana fermion.
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FBF (Chibar, S, Psi): xSy
F12: < xS F21: ¢ < Sx
F13: 8« XTCy F31: S« ¢TCx
F23: x+« Sy F32: xS
FBF (Chibar, P, Psi): YPyst)
F12: < vsxP F21: ¢+ Pysx
F13: P+« xTCys F31: P <+ ¢TCysx
F28: x < Prysip F32: x < ys¢P
FBF (Chibar, V, Psi): XV
F12: o < —xsVap F21: ¢ <+ —Vx
F13: V< xTCyu) F31: V, < T C(=,x)
F23: x < Vi F32: Xa < ¥aVas
FBF (Chibar, A, Psi): xv° A
F12: o ¢ X[V Alas | F21: 9 25 Ax
F13: A, XTC(yy) | F31: A, 9TCy0%,x
F23: X < 5 A F32:  xa < ¥s[y° Alas

Table 9.9: Dimension-4 trilinear couplings including one Dirac and one Majo-
rana fermion

FBF (Chibar, SP, Psi): x¢(gs + gps)¥

F12: ¢« (95 + gpys)x® F21: 4 < $(g9s + gpys)X
F13: ¢ < x"Clgs + gpys)¥ F31: ¢« " Clgs + gpys)x
F23: X < ¢(gs + gpys)¢ F32: X « (95 +gpvs)o
FBF (Chibar, VA, Psi): XZ(gv — gavys)¥
F12: tho < xalZ(—9v — ga¥s)lap | F21: ¥ < Z(—gv — gays)x
F18:  Zy + x"Cyulgy —gaws)¥ | F31: Z, < T Cru(—gv — gavs)x
F23: X+ Z(gv — gays)¥ F32: Xa < ¥slZ(gv — gays)]as

Table 9.10:
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FBF (Chibar, S, Chi): YaSXo

Fi2: xp < XaS F21: xp < Sxa

F13: S+ xICyy F31: S+ x{Cxa

F23: xo 4+ Sxp F32: x4 < xSp
FBF (Chibar, P, Chi): XqoPysty

Fi2: X < v5XaP F21:  xp <+ PysXa

F13: P+ xICyxs F31: P+ xICvyXa

F23:  Xa < Pysxp F32: Xa < vsx0P

FBF (Chibar, V, Chi): XaVxs
F12: Xpa < —XapVas | F2I: Xxo ¢ —VXa
F18: V, + xTCvyuxp F31: V, + —x{ CvuXa
F23: Xa < Vxo F32:  Xao < Xb8Vap

FBF (Chibar, A, Chi): Xav> Axs
F12: Xba < Xa8[VPAlasg | F21:  xp <+ Y AXa
F13: A, xEC¥vuxe | F81: Ay xF C(v"7uXa)
F23:  Ya < 7V Axs F32:  Xaa < Xb.87° Alas

Table 9.11: Dimension-4 trilinear couplings of two Majorana fermions

FBF (Chibar, SP, Chi): X¢a(gs + gp7Ys)Xs

F12: xp < (95 +9pP7V5)Xa® F21:  xp < ¢(9s + 9pPV5)Xa
F13: ¢ < x& Clgs + gp¥s)Xb F31: ¢« x3 Cgs + 9p75)Xa
F23: x4 <+ ¢(gs +9pr75)Xp F32:  xq < (9s+ 9p75) X690

FBF (Chibar, VA, Chi): XaZ(9v — 9a7s)Xb

F12: Xpo < XaplZ(—9v — gav5)]ap | F21:  xv < Z(—9v — 9a75)]Xa

F13:  Z, < xECyu(gv — 9a75)xb F31: Z, + Xt Cyu(—gv — 9a75)Xa

F23:  Xa < Z(9v — 9475)Xp F32:  Xaa < X082 (9v — 9a75)]ap

Table 9.12: Combined dimension-4 trilinear fermionic couplings of two Majo-
rana fermions.

145



Interface of Coupling

Gauge_Gauge_Gauge: L1 = gfapcAlLA} O A
o AR i (—ig/2) - ChPT (—ky — k3, ko, ks) AL A
Auz_Gauge_Gauge: L1 = gfapeXa v (k1)(A) (ka)AY(ks) — AY (ko) AF(k3))
F23VF32: X0 (ky + ks) < i- g fae(AL (ko) A (k) — Ay (ka) A% (k3))
F12VF13:  Ag (k1 + kay3) <1 gfapeXpou(ki) AL (ka)3)
FR1VE31:  Agu(koys + ki) < i gfavcAy(kay3) Xe (k1)

Table 9.13: Dimension-4 Vector Boson couplings with outgoing mo-
menta. See (9.5b) and (9.6b) for the definition of the antisymmetric tensor
CHipzps (]{;17 ]{?2, k3)

Scalar_ Vector_ Vector: L1 = gpVI'Va,

Fi3: <+i-g--- F81: «i-g---

Fi12: <+i-g--- F21: <«i-g---

F23: ¢« 1i-gVi'Va, | F32: ¢<«i-gVs,V{
Auz_Vector_Vector: L1 = gXV{'Va,,

Fi3: <+i-g--- F81: +i-g---

Fi2: <+i-g--- F21: «i-g---

F23: X <« 1-gV{'Vo, | F32: X «+1i-gV,, VI
Auz_Scalar_ Vector: L; = gX" oV,

Fi18: <«i-g--- F31: «i-g---

Fi2: +i-g--- F21: +i-g---

F23: <i-.g--- F32: «i.g---
Table 9.14:

Scalar_Scalar_Scalar: L; = gp1paps
F13: ¢a«1-gp1¢3 | F31: @2 < 1-gpsdn
F12: @3« 1i-gp1¢o | F21: 3 1i-goags
F23: @14 1-gdags | F32: ¢ 41 gd3o2
Auz_Scalar_Scalar: L1 = gX ¢1¢p2
Fi3: <+i.g--- F81: «i-g---
Fi12: <«i-g--- F21: «+i-g---
F23: X «i-gbids | F92: X < i-ghoth

Table 9.15:
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Vector_Scalar_Scalar: L = gV“gblig;ng

F28: VH(ko+ k3) < 1- g(kb — k&)1 (k2) o (k)
F32: Vi(ky+ k3) < i-g(k — kY)ga(k3) e (k)

F12:  ¢o(ky + ko) < 1- g(EY + 2K5)V, (k1)1 (k2)
F21:  ¢o(ky + ko) 1- g(k“ + 25 )1 (k2) Vi (k)

F13:  ¢1(ky + ks) 1 g(—kY — 2k5 )V, (k1) pa(ks)
F31: ¢1(k1+k3) «1-g(— k:“ — 2k ) po(k3) V(K1)

Table 9.16: ...

Auz_DScalar_DScalar: L1 = gx(i0,¢1)(10"¢2)

F23:  x(ko+ k3) < i-g(ka - k3)d1(ke)oa(ks)
F32: x(ka+ k3) < i-g(ks - ka)da(ks)d1(k2)
F12: ¢a(ky + k2) <1 g((—k1 — k2) - k2)x(k1)¢1(k2)
F21: §a(kr + ko) <=1 g(ka - (—k1 — k2)) 1 (k) x (k1)
F13: ¢1(ky + k3) <1 g((—k ) k3)x(k1)p2(ks3)
F31: ¢1(ky +ks) <1 g(ks ( ki — k3)) 2 (k3)x (k1)

Table 9.17: ...

Auz_Vector_DScalar: L1 = gxV,,(10"¢)
F23:  x(ka+ ks) < i-gkbV,(ka)p(ks)
F32: x(ka + k3) < i- gp(ks)ks Vyu(k2)
F12: ¢(ki + ko) < 1-gx(k1)(=F1 — k2)*V, (ko
F21: ¢k + ko) i g(—ki — k2)"V,,(k2)x (k1
F13: V,(ki+ks) < 1-g(—k1 —k3)x(k1)o(ks
F31: V,(ki+ks) < i-g(—ki —k3)uo(ks)x(k1

)
)
)
)

Table 9.18: ...
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As an important example, we can rewrite the dimension-4 “anomalous” triple
gauge couplings

iLrac(g, K, ga)/gvww = V(W WY —WEW™")
+ kW IW, VI 4+ g WEW, (0"VY +0"VH)  (9.9)
as

Lrac(gr, ki, 91) = pLo(V,W— W)

K+ 91— g4 K491+ g4

- B W v W)+ P v
_W‘CL(W_,KW—F)‘F%M'CL(W-&V,W_) (910)
CP Violation
57 W po
‘CT(Vvly VYQ; VS) = ‘/1,/,1,(‘/2,;)181/ ‘/3,0)El Pe = +‘CT(‘/17 ‘/3; sz) (9113)
L;(V1,Va,V3) = (10,V1,,)V2,V3,0""7 = =L (V1, V3, Va) (9.11Db)

Here the notations T and L are clearly abuse de langage, because L;(Vi,V2,V3)
is actually the transversal combination, due to the antisymmetry of e. Using
partial integration in £, we could again find combinations

‘CT(VM ‘/2a ‘/3) + [:L(Vl, ‘/27 ‘/3) = _ZVLM‘/Z,ViapV&UeuypG (9123)
ﬁT(V17 ‘/2, VE;) - Ei(V1> VQ, VE),) = —2V1,M18,,V'2,,JV}3,[,6“””" (912b)

but we don’t need them, since
ilrac(gs, k)/gvww = gSEPLVpU(W+7Mi<a7W_,V)VU
RV - vpo
-5 W Wiret PV, (9.13)
is immediately recognizable as

Lrcelgs, k) gvww = —igs Lz (V.W ™, W) + RLA(V, W™, WT) (9.14)

9.1.4 SU(2) Gauge Bosons

An important special case for table 9.13 are the two usual coordinates of SU(2)

Wy = % (W1 FilWs) (9.15)
Wy = % (W + W) (9.16a)
Wy = \% (W, —W_) (9.16b)
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Dimy _ Vector_ Vector_Vector_T: L = ng“Vg,l,izV?f’
F23: Vl“(kg +ks) i g(kh — K§)Va,, (ko) VY (ks)
F32: V{'(ky+ks) < i-g(kh — k§)VZ (k3)Va,, (k2)

F12: V{(ki + ko) < 1-g(2kY + kY)Vi ,(k1)VE (k2

( ) i-g(
( ) < i-g(—

)
F21: Vi(ki+ ko) < i-g(2kY + kY)VS (k2)V1 (K1)
F158: V§'(ki + k3) « kY — 2k5)VY (k1) V' (k)
F31: V§'(ki+ks)«1i- g(—k’l’ — 2k )V (k3) VY (k1)

Dim4 _ Vector_ Vector_Vector_L: L; = gi@lL%“V27y%”

F23: Vl"(kg—l—kg) —1-g(kh + k) Vo, (ko) VE (k3)
F32: VI(ko +ks) < 1-g(kh + k5)VY (k3)Va,, (k2)
F12: VI(ki + ko) 1+ g(=kV)Vi (k1) VS (k2)
F21: V§(ki+ko) <1 g( kY (ko) Vi (k1)
F13: Vi'(ky + k3) < i~ g(=kY)VY (k1) V3 (k3)
F31: V3'(ky + ks) < i~ g(=k])V5' (ks)V)" (K1)

+ k3) + 1

Table 9.19:

Dimy4 _ Vector_ Vector_ Vector _T5: L1 = gV1,, Vo, pi?% S EMYPT

F23: Vf(kzz +k3) i ge“”p"(kiz v —k3,)Va (ko) V3 o (K3)
F32: VI(ky+ k3) < 1-ge"P7 (ko — k3)Va,o(ks)Va,,(k2)
F12: VI(ki + ko) + ge””p0(2k2u+k1 )V, (k1) Va o (k2)
F21: V;(k1 k) i gerP (2hiny + k1) Voo (k2)Vi (k1)
F13: Vi'(k1 + ka) 1 90 (— k1 — 2k30)Vip(k1) Voo (ks)

F31: Vv;(kil + kig) —1- geuupa(_kl,y — 2](537,,>V3)g(k3)‘/1’p(]€1>

DimJ _ Vector_ Vector_Vector_L5: L = gi0, Vi, V2, V3 o€"P7

F23: Vlu(kig + k?g) —1- g€lw[m(k2 v+ ks y)‘/é7p(k2)% a(k‘ )

F32: VI'(ka + k3) <1 ge"P7 (ko + k3,0)V2,(k2) V3,0 (k3)
F12: VI(ky + ko) < 1- ge!r7(—ky, )VLp(kl)Vg,g(kg)
F21: V3M(/€1 + ko) < 1i-ge"Po(—ky,,)Va,0 (Ko)W1, o(k1)
F13: V' (k1 +ks) < 1- ge"P? (—kq,,)V1,p(k1) V3,0 (k3)
F31: V}' (ki +ks) < 1i-ge"P7(—ky,)V3,5(k3)Vh,p(k1)

Table 9.20:
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Dim6 - Gauge-Gauge-Gauge: L; = gF{" Fy ,,F3
- AT(kQ + k3) ——i- AMPO'(_k2 - k37 k27 k3)A2,pAc,o'

Table 9.21:

Dim6 _Gauge_Gauge_Gauge_5: L1 = g/2 - CHVATF17HDF277—I)F3)p)\
F25: Alf(kg + kg) — —i- Agpa(—k’g — k3, ko, kg)AQ,pA;g’o—
F32: Alf(kQ + kg) — —1 Agpa(fkg — kg, kQ, kg)AgﬁAgw
F12: AY(ky + ko) «+ —1-

F21: Ag(kl-f—kg)(——l
F13: Ag(/ﬂl—Fkg)(——l
F31:  Ab(ky + k3) «+ —i
Table 9.22:
and
WIWY — WEWY =i (WEWY — WEWY) (9.17)

Thus the symmtry remains after the change of basis:

Eachéﬂ Wém WCHS =i (W_l;z Wéts _ W;z Wit's)
T AW (W2 WH — W) 4 iWE (WHWES — WE2TH)  (9.18)

9.1.5 Quartic Couplings and Auziliary Fields

Quartic couplings can be replaced by cubic couplings to a non-propagating aux-
iliary field. The quartic term should get a negative sign so that it the energy is
bounded from below for identical fields. In the language of functional integrals

Ly = —g°P192030s =

Lyxgz = X*'X+gXp102£9X 34 = (X £gd102)(X £gd3s) —g° d1020304
(9.19a)

and in the language of Feynman diagrams

—ig? — g y +ig (9.19b)
1

The other choice of signs
o2 = — X" XtgXd102TFgX ¢y = —(X*£9¢102) (X Fgdsda)—g 1620304

(9.20)
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k,p a
p = +igy, T,  (9.22a)
p/
1
—- {
2 = 9farasa; CM1213 (k1 koy k3)  (9.22D)

)
—1g fa1a2bfa3a4b(gu1u3.gu4uz - gM1N4gM2M3)

2
—1g fa1a3bfa4azb(gu1#4glt2,u3 - gu1#2gll3,u4) (9'226)

2
—1g fa1a4bfa2a3b(guluzgusu4 - ngHSgH4M2)

Figure 9.1: Gauge couplings. See (9.5b) for the definition of the antisymmetric
tensor CH1H2H3 (K ko k3).

can not be extended easily to identical particles and is therefore not used. For
identical particles we have

92 4

7

_ 1y 9y 2,9y 0 1 g .2 9.2\ _
£X¢2*2Xi2X¢i2X¢*2(Xi2¢)<Xi2¢) 41

ot (9.21)

Explain the factor 1/3 in the functional setting and its relation to the three
diagrams in the graphical setting?
Quartic Gauge Couplings
The three crossed versions of figure 9.2 reproduces the quartic coupling in fig-

ure 9.1, because

)
—19 fa1azbfa3a4b(gu1u39u4uz - gm/mguzus)

= (igfalang,ul;Lg,uluQ) (

iglll V3 gl/2 V4

2 ) (igfa3a4bT,u3,u47y3y4) (924)

with T#1M2,#3#4 = GuipsYpape — JpipaJpaps-
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| = - igzfa1a2bfasa4b(g,ul#39#4,u2 - gu1#4g#2,u3) (9'23)

Figure 9.2: Gauge couplings.

9.1.6 Gravitinos and supersymmetric currents

In supergravity theories there is a fermionic partner of the graviton, the grav-
itino. Therefore we have introduced the Lorentz type Vectorspinor.

9.1.7 Perturbative Quantum Gravity and Kaluza-Klein
Interactions

The gravitational coupling constant and the relative strength of the dilaton
coupling are abbreviated as

Kk =1+/161GN (9.25a)

2 2
v \/3(n t2) \/B(d —2)’ (9.25b)

where n = d — 4 is the number of extra space dimensions.
In (9.27-9.34), we use the notation of [13]:

Cuv.po = JupGvo + Guo9vp — Guv9po (9.26a)

D,uu,pa(kla k2) = guukl,akQ,p
- (guokl,uk2,p + gupkl,ak2,l/ - gpokl,ukZu + (/J’ A V)) (926b)

E/,LV,pO'<k1) k2) = guu(kl,pkl,a + k2,pk2,0 + kl,ka,a)
— (Guok,pk1 p + gupko uko o + (n < v))  (9.26¢)

Fouvpox(ki, k2, ks) =
gupgox\(kQ —k3), + g;wg/\p(k'3 — k1), + gukgpo(kl —k2), + (p < v) (9.26d)

Guy,p(f)\& = gul/(gpag/\6 - gpég)\a)
+ (gp,pgu&g)\o' + JurGvo9ps — Gup9Gvo g s — Gur9vsYpo + (M And V)) (9269)
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GBG (Fermbar, MOM, Ferm): 1 (i) +m)g)s

F12: g+ —(F Fm)yY1 S F21: o+ —SEFm)yn

F13: S+ ¢ C(f £ m)yo F31: S+ 3 C(=(kF m)y)

F23: by < S(f £ m)iby F32: a1 < (F£m)yeS
GBG (Fermbar, MOM5, Ferm): 11 (i £ m)dy 1o

F12: ¢y« (FEm)y P F21: g < P(f £ m)y°¢r

F13: P+ pIC(F £ m)yoye F31: P+ IC(F £ m)y>

F23: apy < Pk £m)y o F32: = (F£m)y*hoP

GBG (Fermbar, MOML, Ferm): ¢1(id £ m)é(1 — v°)iy

F12: g+ —(1 =) FFm)red | F21: by —p(1 — ) (F Fm)yy

F13: ¢+ ] C(R£m)(1 —2%)hs | F31: ¢« I C(L = ") (=(k F m))

F23: 1+ d(F£m)(1 —4°)bo F32: apy + (FE£m)(1 —~5)beed

GBG (Fermbar, LMOM, Ferm): ¥1¢(1 —~°)(i@ + m)i,

F12: tho  =(kFm)Pi(1 —9°)¢ | F21: o —¢(FFm)(1 —7°)¢n

F13: ¢+ ] C(L=7°)(F£m)is | F31: ¢« 3 C(=(FFm)(1 —7°)¢n)

F23: ’l/)l < ¢(1 — ’75)(% + m)’l/}z F32: 1/)1 < (]. — ’YS)(}{I + m)'l/)Q(b

GBG (Fermbar, VMOM, Ferm): ¢1i@aVs[v*, 7?12

F12: by =[f, 7|1V F21: 4y < —[k, V]
F13: V4« 1/J1TC[%7%]¢2 F31: V, szC(*[kv'Ya]@[}l)
F23: wl <_Ué7 V]’(/)Q F52: ¢1 — [%a,}/a]wQVa

Table 9.23: Combined dimension-4 trilinear fermionic couplings including a
momentum. Ferm stands for Psi and Chi. The case of MOM R is identical to
MOML if one substitutes 1++° for 1 —~5, as well as for LMOM and RMOM.
The mass term forces us to keep the chiral projector always on the left after
”inverting the line” for M OM L while on the right for LM OM.
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GBBG (Fermbar, S2LR, Ferm): 1/715152(9LPL + grPr)Y2

F123 F213 F132 F231 F312 F321:

o < S182(9rPr + 9. Pr)1

F}23 F2/3 F}32 F23) F342 F32/:

Py <= 5182(9L. P + grPR)Y2

F13) F1}3 F31/:

Sy + ¢{ CSa(grPrL + grPr)Y2

F124 F1}2 F21):

So I CS1(grPL + grPr)Y2

F}13 F431 F3)1:

Fj12 FJ21 F2)1:

)
( )
S1 93 CSy(grPr + gL Pr)in
Sy« 3 CS1(grPrL + 9L Pr)Y1

GBBG (Fermbar, S2, Ferm): 1151S27°s

F123 F213 F132 F231 F312 F321:

Yo 5152’751/)1

F}23 F2/3 F}32 F23) F342 F32/:

1 < S155751)s

F13) F1}3 F31/:

Sp <+ ¢{CSQ’YS?/12

F12) F12 F21}:

Sy T CS17 s

F}13 F431 F341:

Sy« 3 CSoySihy

Fj12 FJ21 F2)1:

Sy« PIC Sy

GBBG (Fermbar, V2, Ferm): {1[V1, V2]

F123 F213 F132 F231 F312 F321: by « —[V1,Va|in

F}23 F243 F432 F234 F342 F324: 1 « [V1, Vs
F184 F143 F31}: Via < 0T Clya, Valibs
F124 F142 F214: Vao < YTC(=[ya, V1])b2
F413 F431 F341: Vig 93 C(—[va, Vo)1
Fj12 F421 F241: Vaa + 0XClya, Viltn

Table 9.24:

Vertices with two fermions (Ferm stands for Psi and Chi, but

not for Grav) and two bosons (two scalars, scalar/vector, two vectors) for the
BRST transformations. Part I
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GBBG (Fermbar, SV, Ferm): 11V Sty
F123 F213 F132 F231 F312 F321: by « —V Sth
F}23 F243 F}32 F23} F342 F324: 1 < VS,
F134 F143 F314: Va T CyaSths
F124 F142 F214: S <+ T CVhs
F413 F431 F841: Vi + YIC(—v4Sv1)
F412 F421 F241: S« I C(=V)
GBBG (Fermbar, PV, Ferm): 1 V~°Pis
F123 F213 F132 F231 F312 F321: 1y « V~°Piy
F}23 F243 F}32 F23} F342 F324: 11 + VP
F1384 F148 F3814: Vy + I Cyay®Pipo
F124 F142 F214: P « TCV~ ),
F418 F431 F341: V< I Cryan®Pipy
F{12 F421 F241: P « I CV~%;
GBBG (Fermbar, S(L/R)V, Ferm): 11V (1 F~°)éts
F123 F213 F132 F231 F312 F321: 1y « —V (1 £~%)dty
F423 F243 F432 F234 F342 F324: 11 « V(1 F7°)dths
F134 F143 F31}: Va + TCya(1F~5)dths
F124 F142 F214: ¢« pTCV (1 F 75 )by
F}18 F431 F341: Vi  YTCya(—(1£+5)d1y)
FJ12 FJ21 F241: ¢« vTCV(—(1 £4%))

Table 9.25: Vertices with two fermions (Ferm stands for Psi and Chi, but
not for Grav) and two bosons (two scalars, scalar/vector, two vectors) for the
BRST transformations. Part II
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GBG (Gravbar, POT, Psi): ,,Sv"1)
F12: 1) < —y#1),S F21: 4« —Syh,
F13: S« vTCyiy F31: S« ¢TC(—m),
F23: ), Sv 0 F32: 1, v, 08
GBG (Gravbar, S, Psi): ¥, fsSv"
F12: 4 < y"fsv,S F21: ) < Sy'ks,
F18: S« ¢l Chgyrep F31: S+ TCytfsip,
F23: 4, < Sksyut F32: b, < ksyupS
GBG (Gravbar, P, Psi): ¥, fp Py ys1)
F12: < y*kpysu P F21: o < Py*Epysiy
F13: P« wgC}{;p'y“’yg)d) F31: P+ pTCy pysy,
F23: , < Plkpy, s F32: , < kpyuysvP
GBG (Gravbar, V, Psi): ¢, [kv, VIv*y°¢
F12: ¥« P9 kv Va | F210 o < 9 kv, Vv
F18: V,  OICllv, v v* 7 | F31: V= T Cy¥ P [fy, vl
F23: < [Fv, Vv F32: < v, v 11 Ve

Table 9.26: Dimension-5 trilinear couplings including one Dirac, one Grav-
itino fermion and one additional particle.The option POT is for the coupling
of the supersymmetric current to the derivative of the quadratic terms in the

superpotential.
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GBG (Psibar, POT, Grav): 1/;7/‘51,&”
F12: o, +— —v4S F21: oy < =Sy 0
F18: S+ 9T CyHep, F31: Sl C(—y")p
F23: < Sy*y, F32: o & ~*,S
GBG (Psibar, S, Grav): vy*sSv,
F12: 4, < ksvuS F21: < Sksyuv
F13: S+ T Cy fsep, F31: S« ¢ Chsy'y
F23: < Svytksy, F382: < y"fg,S
GBG (Psibar, P, Grav): Yy*y°Pfpi,
F12: 4, < —kpy,Y°yP F21: o, « —Pkpy,¥°¢
Fis: P $TOV ket | F31: P+ —gECkey 0
F23: 4+ Py"ySkpi, F32: 4+ "y kpt), P
GBG (Psibar, V, Grav): vy5v* kv, V],
F12: Yu < [Bv, 2y’ vVa | F21 Y [Fv, V]
F18: V= 0TCyyP [y, yul, | F31: Vi T Clkv, vy ¢
F25: ¥ < " [kv, VI F32: ¢ < " [fv, v Ve

Table 9.27: Dimension-5 trilinear couplings including one conjugated Dirac,
one Gravitino fermion and one additional particle.
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GBG (Gravbar, POT, Chi): 1, Sy"x
F12: x <+ —*,S F21: x <+ =Svy"y,
F13: S+ wZC’y“X F31: S« xTC(—y")y,
F23: 4, < Svux F32: ), vuxS
GBG (Gravbar, S, Chi): 1, JsSy"x
F12: X < ks, S F21: X+ Sv*kst,
F13: S« ¢ Clsyix F31: S+ xTCy sy,
F23: b, < Sksvux F32: b, < FsvuxS
GBG (Gravbar, P, Chi): ¥, kpPy"vsx
F12: X < +"fpystul F21: X < Py"fpysiy
F13: P« ¢ Ckpytvysx F31: P+ xTCy"¥pysiby
F23: 4, < Pkpyuvsx F32: ), < kpyvsx P
GBG (Gravbar, V, Chi): ¥, [kv, VIv*v°x
F12: x < "y kv, 1V | F21: x < 9" kv, Vi,
F13: VT Clhkv, vy x | F81: V< XTCy kv, vl
F23: = [Fv, VI x F32: dhu  [bv, 7197 X Va

Table 9.28: Dimension-5 trilinear couplings including one Majorana, one Grav-
itino fermion and one additional particle. The table is essentially the same as
the one with the Dirac fermion and only written for the sake of completeness.
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GBG (Chibar, POT, Grav): Xv*Sv,
Fi2: 4, < —yuxS F21: 4, <+ —=Svux
F18: S+ xTCyrp, F31: S+ ¢§C(—7”)X
F23: x <+ Sy, F32: x <+ ~*y,S
GBG (Chibar, S, Grav): Xv*ksSi,
F12: 4,  FsvuxS F21: b, < Sksvux
F13: S« xTCy ks, F81: S« T Chsyix
F23:  x < Sy'ksy, F32: x <« y"ksv,S
GBG (Chibar, P, Grav): Xy*v°Pkpi,
F12: = —Fpy 7y xP F21: 4y < —Pkpy,7°x
F13: P« XTCy'y kpipy, F31: P =] Ckpy'ysx
F23: X + Py kpi, F32: X+ "y°kpi P
GBG (Chibar, V, Grav): xv"v"[kv, Vv,
F12: hu  [Fv, 710y’ XVa | F210 Y < [Fv, VI ’x
F13: V= xXTCy¥yP [y, v, | F31: V= T Clkv, 777X
F23: X ¥ kv, V]vu F32: X Yy [kv, 7Y Va

Table 9.29: Dimension-5 trilinear couplings including one conjugated Majorana,
one Gravitino fermion and one additional particle. This table is not only the
same as the one with the conjugated Dirac fermion but also the same part of
the Lagrangian density as the one with the Majorana particle on the right of
the gravitino.
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GBBG (Gravbar, S2, Psi): 1,51 Soy"4

F123 F213 F132 F231 F312 F321:

Y = =515y

FJ23 F2/3 F}32 F23) F3}2 F32/:

¢;L < %5152¢

F13) F143 F31}:

Sy T C Sy

F12) F1/2 F21}:

Sa ¢ 1, CS1y"y

F/13 F}31 F341:

S1 = =T CSay"yy

FJ12 FJ21 F241:

SQ < ft/JTCSW“?/fu

GBBG (Gravbar, SV, Psi): 1, SVy*v%¢

F123 F213 F132 F231 F312 F321:

Y VSV Y,

FJ23 F243 F}32 F23) F32 F32):

% < VS/-Y,KL’YE)’l/)

F134 F1438 F31):

S P CY a5y

F12) F1/2 F21}:

Vi = I CSynP 5

FJ13 FJ31 F3/1:

S < YT Cyy Vi

Fj12 F21 F241:

Vi« ¢T05757p%ﬂ/}p

GBBG (Gravbar, PV, Psi): 1, PY~y*

F123 F213 F132 F231 F312 F321:

RS 'YHPV'(/JM

FJ23 F243 F}32 F23) F342 F32/:

% — VP'Y,LL'l/}

F13) F1/3 F31}:

P — L CYrtap

F12) F1/2 F21}:

Vi ¢ ¢E CPy, "¢

FJ13 F/31 F3/1:

P Oy Yy,

F/12 F}21 F241:

Vi z/JTCPW"'ywa

GBBG (Gravbar, V2, Psi): ¥, fae[V®, VoI 7>

F123 F213 F132 F231 F312 F321:

w < fabcry5’7'u [Vav Vb}wu

F}23 F2/3 F}32 F23) F342 F32/:

¢u — fabc[vaa Vb]'yu'y5¢

F13 F1/3 F31) F12} F1}2 F21}:

Ve L C fapelvu, VIV

F/13 F31 F341 F}12 Fj21 F2/1:

V;f «— chfab075’7p[’7u7 Vb]z/}p

Interface of Coupling

Table 9.30: Dimension-5 trilinear couplings including one Dirac, one Gravitino
fermion and two additional bosons. In each lines we list the fusion possibilities
with the same order of the fermions, but the order of the bosons is arbitrary (of
course, one has to take care of this order in the mapping of the wave functions

in fusion).
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GBBG (Psibar, 52, Grav): 1.S1Sav"),

F123 F213 F132 F231 F312 F321:

wy — *’Y;LSlSQw

FJ23 F2/3 F}32 F23) F3}2 F32/:

Y = "515¢,

F13) F143 F31}:

S1 = YT CSayyy

F12) F1/2 F21}:

Sa = T CS 1y,

F/13 F}31 F341:

S1 4 =1 Oy

FJ12 FJ21 F241:

Sa 4= =1 CSiy*y

GBBG (Psibar, SV, Grav): Sy Vi,

F123 F213 F132 F231 F312 F321:

Yu < VSyAHy

FJ23 F243 F}32 F23) F32 F32):

Y SV Y,

F134 F143 F31/:

S« YT Cy Yy

F12) F1/2 F21}:

Vi wTC’Yp’YS SYup

F/13 F}31 F341:

S Pl CY APyt

Fj12 F21 F241:

Vi < U5 CSuy*yPy

GBBG (Psibar, PV, Grav): wPy"V i,

F123 F213 F132 F231 F312 F321: <, <+ Vv,Py
F423 F243 F432 F23) F3/2 F32f: 1+ vV P,
F13) F148 F314: P« TCyV,

F12) F1/2 F21}:

Vi wTCPﬂypwuwp

FJ13 F/31 F3/1:

P« I CY "

F12 F21 F241:

Vi ’(/J;;F CPy, "¢

GBBG (Psibar, V2, Grav): ¥ fape Y’ YV, VO],

F123 F213 F132 F231 F312 F321:

,(/)M — fabc[vav Vb]7u75'(/)

FJ23 F243 F}32 F23) F3/2 F32):

¢ — fabc'VS'YM [Va) Vb}wu

F13) F1/3 F31) F12} F1}2 F21}:

V,il <~ ¢chabc")/57p['7ua Vb]z/}p

F/13 F431 F341 F}12 Fj21 F2/1:

V; — wchabc ['Y/u Vb},yp'y5¢

Table 9.31: Dimension-5 trilinear couplings including one conjugated Dirac,
one Gravitino fermion and two additional bosons. The couplings of Majorana
fermions to the gravitino and two bosons are essentially the same as for Dirac

fermions and they are omitted here.

161



———

huy 0000000

hluy 0000000

huy 0000000

Figure 9.3:

Interface of Coupling

KR
—i—

2

K
2 : IGRN)
Gum +1§Cw,muzk1 ks

(9.27a)

K

K
. 2 .
- 1§m Cuvpps — 1§<klk’2cw7muz

+ D/W«,Mluz (kla k2)
+ gilE#VylLllm (kla k2))

(9.27b)

K K
—i=mgu, — lg(%(p +9)y + e+

2
= 29u/(P+ 1))

(9.27¢)

Three-point graviton couplings.
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Graviton_Scalar_Scalar: hy,, C§" (k1, k)12

Fi2 | F21: ¢2 —i- hWC’é“'(kl, —k — k’1>d)1

F18 | F31: ¢y < i huCl" (—k — ka, k)2

F23 | F32: WM i C¥ (ky, ko) b1o

Graviton_ Vector_ Vector: hy,, C{"""? (ky, ko, §)Vyu, Vi,

F12 | F21: VI i ho\OP (—k — ki, ki©)Vi,

F13 | F31: VI i hopyCE Y (—k — ko, kg, €)Va,,

F23 | F32: R <=1 CM 92 (ky ko, )V Voo,

Graviton_Spinor_Spinor: hy, 10" (ky, k2)ibo

F12: g i+ hyth1 CY (k1, —k — ki)
2

F21: apg+—1i-...
F13: by < 1-huCY (—k — ko, ko)tbo
F31: apy i-...
F23: WY« i- ;z?lcg”(kl, k2o
F32: W' «+i-...
Table 9.32:
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1
— {
ok) oo = —iwk2m? — iwkk ko (9.30a)
\
2
1
- { . 2 . _1
Gk) - = —lwkgu, pom” —iwrE (k1 ks + k2 k) (9.30b)
\
2
p
. .3 /
Gk) - = —lwk2m + 1w/<51(75 + ) (9.30c)
p/

Figure 9.4: Three-point dilaton couplings.

Derivation of (9.27a)

2

1
L = 5(0,0)(9"6) — 56 (9.280)
(040) 5o = (040) (30) (9.250)
"Dorg) ~ |
T = — L+(8¢)78L + (9.28¢)
py — guu yn 8(8%)) .20C
C(l)“/(kla k2) = CHrrnz kl,,ul kZ,ug (929&)
Ciw,#lﬂz (kh k2,£) = kykoCHVol1l2 o DLz (kh kz) 4 gflEAw,Mltz (kh kz)
(9.29b)

Cy s P) =5+ 0) + 985 +0)" = 20" (h+ P )ap (9:29¢)

2

9.1.8 Dependent Parameters

This is a simple abstract syntax for parameter dependencies. Later, there will
be a parser for a convenient concrete syntax as a part of a concrete syntax for
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Dilaton_Scalar_Scalar: ¢ ... kikod1po

F12 | F21: ¢o <+ i-ki(—k —k1)p¢:
F18 | F81: ¢y < i-(—k — ka)kacdo
F23 | F32: ¢+« i-kikaoioha
Dilaton_ Vector_ Vector: ¢ ...

Fi12: Vo, +i-...

F21: Vo, «i-...

Fi13: Vi, +i-...

F31: Vi, +i-...

F23: ¢+i-...

F32: ¢+i-...

Dilaton_Spinor_Spinor: ¢. ..

F12: g i-...
F21: g <1i-...
F13: o +1i-...
F31: < i-...
F23: ¢p—i-...
F32: ¢p+i-...
Table 9.33:
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(9.31a)

(9.31b)

(9.31c¢)

(9.31d)

(9.31e)

(9.31f)

Figure 9.5: Four-point graviton couplings. (9.31a), (9.31c), and (?? are missing

in [

gaugeboson couplings, and Yukawa couplings.
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(9.32a)

(9.32b)

(9.32¢)

(9.32d)

(9.32¢)

3
= —i§wg/~@'y#3Tﬁfn2 (9.32f)

3
Figure 9.6: Four-point dilaton couplings. (9.32a), (9.32c) and (9.32¢) are miss-

ing in [13], but could be generated by standard model Higgs selfcouplings, Higgs-
gaugeboson couplings, and Yukawa couplings.
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777
(9.33a)

. R Qa: a. Q. a
- 192§CMV7M3M4(T ST+ TMT 3)"2“1

(9.33b)

K
. 2 baias pbasay
-9 §(f f le,uwzusm

baias pbasay
+f f GHV7H1H3#2#4

b b
+f a1a4f 2t Gul«muzmua)

(9.33¢)

Figure 9.7: Five-point graviton couplings. (9.33a) is missing in [13], but should
be generated by standard model Higgs selfcouplings.
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(9.34a)

= 1wg? K Gy pus (T T + TT), 0, (9.34b)

(9.34¢)

Figure 9.8: Five-point dilaton couplings. (9.34a) is missing in [13], but could

be generated by standard model Higgs selfcouplings.

models. There is no intention to do any symbolic manipulation with this. The
expressions will be translated directly by Targets to the target language.

type o expr =
| I | Const of int
| Atom of «
| Sum of o expr list
| Diff of a expr x « expr
| Neg of a expr
| Prod of « expr list
| Quot of o expr X « expr
| Rec of a expr
| Pow of a expr x int
| Sgrt of a expr
| Sin of « expr
| Cos of a expr
| Tan of « expr
| Cot of a expr
| Atan2 of o expr x « expr
| Conj of a expr

type « variable = Real of o | Complex of «
type « wvariable_array = Real_Array of a | Complex_Array of «

type « parameters =
{ input : (o x float) list;
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Dim5 _Scalar_ Vector_ Vector - T: L; = g¢(i0,V}") (19, V4")

F23: ¢(/€2 + kg) —1- gké‘VL#(kg)k’Q’Vg’,,(kg)
F32: ¢(ko+k3) «1i- gkg‘/gvu(kg)kgvl,y(kg)
F12: Vi'(ky + ko) < 1- gk §(ka) (—KY — k5)Viw (k2)
F21: V3'(ky + ko) 1~ gk (=K — k§)V1,, (k)¢ (k1)
F13: VI'(ki + ks) < i- gk ¢(k1)(—kY — K5) V2, (K3)
F31: V/'(ki+ks) < i-gkh(—kY — k¥)Va,,(ks)p(k1)
Table 9.34:
Dimé6 _ Vector - Vector_ Vector - T: L = gi‘((i&,VQp)iz(iapVg"))
F23: Vl'u(kg + ]413) —1i- g(kﬁg — k)g)kg‘/g’y(kg)k‘g‘/g’p(k}?,)
F32: VI(ka + k) < i g(kb — KEYkS Vs, (ks)kEVap (ko)
F12: Vi(ky + ko)  i- gk (BY + 2k5) Vi, (k) (=K — KS)Va
F21: VI(ky + ko) i - gkl (— k] — k5)Va.p (ko) (kY + 2k5) Vi,
F13: Vi'(ky + ks)  i- gkt (kY + 2K5) Vo, (k1) (—KD — K2V
F31: V; ki + ]423) —1i- gk}g(—k‘f — k‘g)‘/g’p(kg)(k‘i/ + 2k§’)V1 (k1
Table 9.35:
derived : (a variable x « expr) list;

derived —arrays :

module type T

sig

flavor encodes all quantum numbers, but sometimes we need to ignore unbroken
internal symmetries, which are encoded by Color.t. Iff the color representation
is trivial, the projector flavor_sans_color is the identity. This is typically the
case in user defined models before they have been processed by Colorize.It.

(a variable_array x « expr list) list }

9.1.9 More Exotic Couplings
9.2  Interface of Model

9.2.1 General Quantum Field Theories

type flavor
type flavor_sans_color

val color :

flavor — Color.t

val flavor_sans_color : flavor — flavor_sans_color
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Tensor_2_Vector_Vector: L1 = gT" (V1,,Va,, + V1, V)
F28: T (kg + ks) < i- g(Vi (ko) Va (k) + Vi (k2)Va,,u(ks))
F32: TH (ko + k3) <1~ g(Vau(k3)Va u(k2) + Vo, (k3) Vi (k2))

)

F12: Vi (b + ko) — i g(T" (ky) + T (k1)) Vi.o (k)
F21: VJ'(ky + ko) < i- gV, (ko) (TH (k) + T (k1))
F18: V{'(ki + k) < i- g(T* (k1) + T""(k1))Va, (ks3)
F31: V{'(ki +ks) < i-gVo,(ks)(TH (k1) + T"" (k1))

Table 9.36:

Dimb _Tensor_2_Vector_Vector_1: L = gT‘w(V“i(g)aiﬁng )
F23: T (kg4 ks) < i- g(ks — k§) (kS — K3V (k) Va,u(ks)
F32: TP (ky + k3) i g(k§ — k§) (k5 — k5) Vo u(ka) VY (ko)
F12: VI(ky + ko) < i- g(k% + 2k3) (kP + 26T 5 (k1 )V (k2)
F21: Vi(ky + k) i g(k§ + 2k$) (KD 4 2k5 )V} (ko) T (k1)
F13: VF(ky + ks) < i- g(kS + 2k$) (kP + 2k2) T 5 (k1 )V (k3)
F81: VI(ky + ks) < i- g(k® + 2k) (K + 2k5) VI (k) Tup (k1)

Table 9.37:

Dim5 _Tensor_2_Vector_Vector_2: L; = gTQB(V“i? (i0uV2,a) + V{‘i?a(iaﬂ‘éyg))

F23:  TP(ky 4 ks) « i-g(k§ — k5)kEVA (ko) Vi (ks) + (o < B)

k3)
F32: TP(ky+ks) < i-g(k§ — k) (ks)kh Vi u(ka) + (a > B)

F12: Vi (ky + ko) i~ g(kY 4+ 2K5) (T (k1) 4+ TP (ky)) (K 4 k5) Vi (k2)
F21: Vgi(ki + ko) < i g(KY + K§)Vi (ko) (R + 2K5) (T (k1) + TP (k1))
F13: VE(ky + kg) i~ g(k? + 2k2) (T (k1) 4+ TP (ky)) (K 4 k) Va,u(ks)
F31: Vi(k + k) < i- (k] + K5)Va,u(ks) (k7 + 2k5) (T (k1) + TP (k1))

Table 9.38:
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Dim7_Tensor_2_Vector_Vector_T: L1 = gTaﬁ((ia“Vl”)iWain (10, Va,u))

F23: TP (kg4 ks) < i- g(ks — k§) (k) — k) EAVA . (ko)ks Va,,, (ks)

(ks
F32: TP(ko+ ks) < i- g(ks — k) (k) — k5 )k Va,, (ka)kh Vi i (ko)

F12: VI(ky + k) < i- gk;g(ka + 2k9) (K2 4 2k5) T (k1) (kY — kX)Vi, (ks)

F21: Vi (ky + ko) i+ gkt (=Y — E5)Va, (ko) (K + 2k5) (kY + 2k5) Top (k1)

F13: Vi(ky +ks) i kg(ka + 2k:0‘)(k:ﬁ + 26N T g (kr ) (=Y — k%)Va, (ks)

FS1: Vi (k1 + ka) < i- gkl (=KY — k§)Va, (ka) (kS + 2k§) (] + 2k5) Tus (k1)
Table 9.39:

The PDG particle code for interfacing with Monte Carlos.
val pdg : flavor — int

The Lorentz representation of the particle.
val lorentz : flavor — Coupling.lorentz

The propagator for the particle, which can depend on a gauge parameter.

type gauge
val propagator : flavor — gauge Coupling.propagator

Not the symbol for the numerical value, but the scheme or strategy.
val width : flavor — Coupling.width

Charge conjugation, with and without color. NB: conjugate_sans_color is only
needed because in general flavor_sans_color has not inverse.

val conjugate : flavor — flavor
val conjugate_sans_color : flavor_sans_color — flavor_sans_color

Returns 1 for fermions, —1 for anti-fermions and 0 otherwise.
val fermion : flavor — int

The Feynman rules. vertices and (fuse2, fuse3, fusen) are redundant, of course.
However, vertices is required for building functors for models and wvertices can
be recovered from (fuse2, fuse3, fusen) only at great cost.

Nevertheless: vertices is a candidate for removal, b/c we can build a smarter
Colorize functor acting on (fuse2, fuse3, fusen). It can support an arbitrary
numer of color lines. But we have to test whether it is efficient enough.

type constant
val max_degree : unit — int
val vertices : unit —
((((flavor x flavor x flavor) x constant Coupling.vertex3 x constant) list)
X (((flavor x flavor x flavor x flavor) x constant Coupling.vertexs X
constant) list)
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x (((flavor list) x constant Coupling.vertexn x constant) list))
val fuse2 : flavor — flavor — (flavor x constant Coupling.t) list
val fuse3 : flavor — flavor — flavor — (flavor x constant Coupling.t) list
val fuse : flavor list — (flavor x constant Coupling.t) list

The list of all known flavors.
val flavors : unit — flavor list

The flavors that can appear in incoming or outgoing states, grouped in a way
that is useful for user interfaces.

val external_flavors : unit — (string X flavor list) list
The Goldstone bosons corresponding to a gauge field, if any.

val goldstone : flavor — (flavor x constant Coupling.expr) option
The dependent parameters.

val parameters : unit — constant Coupling.parameters

Translate from and to convenient textual representations of flavors, with and
without color. Again the missing inverse of flavor_sans_color forces us to define
special functions for flavor_sans_color.

val flavor_of _string : string — flavor
val flavor_to_string : flavor — string
val flavor_sans_color_of _string : string — flavor_sans_color
val flavor_sans_color_to_string : flavor_sans_color — string

TEX and BTEX

val flavor_to_TeX : flavor — string
val flavor_sans_color_to_TeX : flavor_sans_color — string

The following must return unique symbols that are acceptable as symbols in all
programming languages under consideration as targets. Strings of alphanumeric
characters (starting with a letter) should be safe. Underscores are also usable,
but would violate strict Fortran77.

val flavor_symbol : flavor — string

val flavor_sans_color_symbol : flavor_sans_color — string
val gauge_symbol : gauge — string

val mass_symbol : flavor — string

val width_symbol : flavor — string

val constant_symbol : constant — string

Model specific options.
val options : Options.t
Revision control information.

val res : RCS.t
end

In addition to hardcoded models, we can have models that are initialized at run
time.
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9.2.2  Mutable Quantum Field Theories

module type Mutable =

sig
include T

Export only one big initialization function to discourage partial initializations.
Labels make this usable.

val setup :
color : (flavor — Color.t) —
pdg : (flavor — int) —
lorentz : (flavor — Coupling.lorentz) —
propagator : (flavor — gauge Coupling.propagator) —
width : (flavor —  Coupling.width) —
goldstone : (flavor — (flavor x constant Coupling.expr) option) —
conjugate : (flavor —  flavor) —
fermion : (flavor — int) —
mazx-degree :int —
vertices : (unit —
((((flavor x  flavor x flavor) x constant Coupling.vertex3 X
constant) list)
X (((flavor x flavor x flavor x flavor) x constant Coupling.vertexs X
constant) list)
X (((flavor list) x constant Coupling.vertexn X constant) list))) —

fuse : ((flavor — flavor — (flavor x constant Coupling.t) list)
X (flavor — flavor — flavor —
(flavor x constant Coupling.t) list)
x (flavor list — (flavor x constant Coupling.t) list)) —
flavors : ((string x flavor list) list) —
parameters : (unit — constant Coupling.parameters) —
flavor_of _string : (string — flavor) —
flavor_to_string : (flavor — string) —
flavor _to_TeX : (flavor — string) —
flavor_symbol : (flavor — string) —
gauge_symbol : (gauge — string) —
mass_symbol : (flavor — string) —
width_symbol : (flavor — string) —
constant_symbol : (constant — string) —
unit
end

9.2.3 Gauge Field Theories

The following signatures are used only for model building. The diagrammatics
and numerics is supposed to be completely ignorant about the detail of the
models and expected to rely on the interface T exclusively.
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In the end, we might have functors (M : T) — Gauge, but we will need
to add the quantum numbers to T.

module type Gauge =
sig
include T

Matter field carry conserved quantum numbers and can be replicated in gener-
ations without changing the gauge sector.

type matter_field

Gauge bosons proper.
type gauge_boson

Higgses, Goldstones and all the rest:
type other

We can query the kind of field

type field =
| Matter of matter_field
| Gauge of gauge_boson
| Other of other

val field : flavor — field

and we can build new fields of a given kind:

val matter_field : matter_field — flavor
val gauge_boson : gauge_boson — flavor
val other : other — flavor

end

9.2.4 Gauge Field Theories with Broken Gauge Symmetries

Both are carefully crafted as subtypes of Gauge so that they can be used in
place of Gauge and T everywhere:

module type Broken_Gauge =

sig
include Gauge

type massless
type massive
type goldstone

type kind =
| Massless of massless
| Massive of massive
| Goldstone of goldstone
val kind : gauge_boson — kind

val massless : massive — gauge_boson
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val massive : massive — gauge_boson
val goldstone : goldstone — gauge_boson

end

module type Unitarity_Gauge =

sig
include Gauge

type massless
type massive

type kind =
| Massless of massless
| Massive of massive
val kind : gauge_boson — kind

val massless : massive — gauge_boson
val massive : massive — gauge_boson

end

module type Colorized =

sig
module M : T (x We need access to the uncolored flavor for printing etc.
*)

include T with type flavor_sans_color = M.flavor
val amplitude : M .flavor list — M .flavor list — (flavor list X flavor list) list
val flow : flavor list — flavor list — Color.Flow.t

end

module type Colorized_Gauge =

sig
module M : Gauge (x We need access to the uncolored flavor for printing
etc. *)
include Gauge with type flavor_sans_color = M .flavor

val amplitude : M .flavor list — M .flavor list — (flavor list X flavor list) list
val flow : flavor list — flavor list — Color.Flow.t
end

9.8 Interface of Target

module type T =

sig
type amplitudes

val options : Options.t
type diagnostic = All | Arguments | Momenta | Gauge

Format the amplitudes as a sequence of strings.

val amplitudes_to_channel : string — out_channel —
(diagnostic x bool) list — amplitudes — unit

val parameters_to_channel : out_channel — wunit
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val res_list : RCS.t list
end

module type Maker =
functor (F : Fusion.Maker) —
functor (P : Momentum.T) — functor (CM : Model.Colorized) —
T with type amplitudes = Fusion.Colored(F')(P)(CM).amplitudes
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10

COLORIZATION

10.1 Interface of Colorize
10.1.1

module type Flows =

sig
val max_lines : int
end

module It (F : Flows) (M : Model.T) :
Model.Colorized with module M = M

module Gauge (F : Flows) (M : Model.Gauge) :
Model.Colorized - Gauge with module M = M

module Dynamical (M : Model.T) :
Model.Colorized with module M = M

Also implement module Trivial (M : Model.T) : Model.Colorized with mod-
ule M = M for handling completely colorless models more efficiently.

10.2  Implementation of Colorize

10.2.1  (Statically) Colorizing a Monochrome Model

module type Flows =

sig
val maz_lines :int
end
module It (F : Flows) (M : Model.T) =
struct

module M = M
open Coupling
module C = Color
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let incomplete s =
failwith ("Colorize.It()." " s~ " not done yet!")

let incomplete s =
Printf.eprintf "WARNING: Colorize.It().%s_not done_yet!\n" s;

(]

let su0 s =
invalid_arg ("Colorize.It()." ~ s~ ": found, SUC0)!")

let colored_verter s =
invalid_arg ("Colorize.It()." " s " ": colored vertex!")

let color_flow_ambiguous s =
invalid_arg ("Colorize.It()." "~ s * ": ambiguous,color flow!")

let color_flow_of _string s =

let ¢ = int_of _string s in
if ¢ < 1 then
invalid_arg ("Colorize.It()." "~ s ~ ": color flow #,<,1!")
else if ¢ > F.max_lines then
invalid_arg ("Colorize.It()." " s " ":,color,flow #, too large")
else
c
type flavor =

| White of M.flavor

| CF_in of M.flavor x int

| CF_out of M.flavor x int

| CF_io of M.flavor x int x int
| CF_auzx of M.flavor

type flavor_sans_color = M .flavor
let flavor_sans_color = function

| White f — f

| CF_in (f, =) — f

| CF_out (f, -) — f

| CF_io (f, -, -) = f

|

CF_aux f — f

let pullback f argl =
f (flavor_sans_color argl)

type gauge = M .gauge
type constant = M .constant
let options = M .options

let color = pullback M .color
let pdg = pullback M .pdg
let lorentz = pullback M .lorentz

For the propagator we cannot use pullback because we have to add the case of
the color singlet propagator by hand.

let colorize_propagator = function
| Prop_Scalar — Prop_Col_Scalar (* Spin 0 octets. x)
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| Prop_Majorana — Prop_Col_Majorana (x Spin 1/2 octets. %)
| Prop_Feynman — Prop_Col_Feynman (% Spin 1 states, massless. )
| Prop_Unitarity — Prop_Col_Unitarity (* Spin 1 states, massive. )
| Prop-Col_Scalar | Prop_Col_Feynman | Prop_Col_Majorana |
Prop_Col_ Unitarity
— failwith ("Colorize.It().colorize_propagator: already colored particle!")
| - — failwith ("Colorize.It().colorize_propagator: impossible!")

let propagator = function
| CF_auz f — colorize_propagator (M .propagator f)
| White f — M .propagator f
| CF_in (f, -) — M.propagator f
| CF_out (f, -) — M.propagator f
| CF_io (f, -, -) — M.propagator f

let width = pullback M .width

let goldstone = function

| White f —
begin match M .goldstone f with
| None — None
| Some (', g) — Some (White ', g)
end

| CF_in (f, ¢) —
begin match M.goldstone f with
| None — None
| Some (f', g) — Some (CF_in (f', ¢), g)
end

| CF_out (f, ¢) —
begin match M.goldstone f with
| None — None
| Some (f', g) — Some (CF_out (f', ¢), g)
end

| CF_io (f, c1, ¢2) —
begin match M.goldstone f with
| None — None
| Some (f', g) — Some (CF_io (f', c1, ¢2), g)
end

| CF_auz f —
begin match M.goldstone f with
| None — None
| Some (f', g) — Some (CF_auz f', g)
end

let conjugate = function
| White f — White (M.conjugate f)
| CF_in (f, ¢) — CF_out (M.conjugate f, c)
| CF_out (f, ¢) — CF_in (M.conjugate f, c)
| CF_io (f, c1, ¢2) — CF_io (M.conjugate f, c2, cl)
| CF_auz f — CF_aux (M.conjugate f)

let conjugate_sans_color = M .conjugate
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let fermion = pullback M.fermion

let permute_triple (a, b, c)

List.map
(function
| [ 5 ) = (@, ¥, <)
| - — failwith "Colorize.It() .permute_triple: internal error")

(Combinatorics.permute [a; b; c])

let permute_quadruple (a, b, ¢, d)

List.map
(function
| [a'; 05 5 d] — (o, V', ¢, d)

| - — failwith "Colorize.It() .permute_quadruple: internal error")

(Combinatorics.permute [a; b; ¢; d])

let mazx_degree = M .max_degree

let color_flows =
ThoList.range 1 F.max _lines

let color_flow_pairs =
ThoList.flatmap
(function

| [el; ¢2] = [(cl, ¢2); (c2, cl)]
| - — failwith "Colorize.It().color_flow_pairs: internal error")

(Combinatorics.choose 2 color_flows)

let color_flow_triples =

List.map
(function

| [el; ¢2; ¢8] — (cl, c2, ¢3)
| - — failwith "Colorize.It().color_flow_triples: internal error")

(Combinatorics.choose 3 color_flows)

let color_flow_quadruples =

List.map
(function

[el; ¢2; ¢35 ¢4] — (cl, c2, ¢3, ¢f)

| - — failwith "Colorize.It().color_flow_quadruples: internal error")

(Combinatorics.choose 4 color_flows)

let colorize_flavor f =
match M .color f with
| C.Singlet — [White f]

| C.SUN nc —

if nc > 0 then
List.map (fun ¢ — CF_in (f, ¢)) color_flows

else if nc < 0 then
List.map (fun ¢ — CF_out (f, ¢)) color_flows

else
sul) "colorize_flavor"

| C.AdjSUN _ —
CF_auz f :: (List.map (fun (c1, ¢2) — CF_io (f, c1, ¢2)) color_flow_pairs)
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let flavors () =
ThoList.flatmap colorize_flavor (M .flavors ())

let external_flavors () =
List.map

(fun (name, flist) — (name, ThoList.flatmap colorize_flavor flist))
(M .external _flavors ())

let parameters = M .parameters
module Fusion = Modeltools.Fusions (struct
type f = flavor
type ¢ = constant
let compare = compare
let conjugate = conjugate
end)

Auziliary functions

let mult_vertex3 fac = function

FBF (¢, fb, coup,f) — FBF ((fac x ¢), fb, coup, f)

PBP (¢, fb, coup,f) — PBP ((fac x ¢), fb, coup, f)

BBB (c, fb, coup,f) — BBB ((fac x c), fb, coup, f)

GBG (¢, fb, coup,f) — GBG ((fac x ¢), fb, coup, f)
Gauge_Gauge_Gauge ¢ — Gauge_Gauge_Gauge (fac X ¢)
Auz_Gauge_Gauge ¢ — Auz_Gauge_Gauge (fac x c)

Scalar - Vector_ Vector ¢ — Scalar_ Vector_Vector (fac x c)
Auz_Vector_Vector ¢ — Auz_Vector_ Vector (fac x ¢)
Auz_Scalar _Vector ¢ — Aux_Scalar_Vector (fac X c)
Scalar_Scalar_Scalar ¢ — Scalar_Scalar_Scalar (fac x c)

Auz _Scalar_Scalar ¢ — Auz_Scalar_Scalar (fac x c)
Vector_Scalar_Scalar ¢ — Vector_Scalar_Scalar (fac x c)
Graviton_Scalar_Scalar ¢ — Graviton_Scalar_Scalar (fac x ¢)
Graviton_ Vector _ Vector ¢ — Graviton_ Vector_ Vector (fac x ¢)
Graviton_Spinor_Spinor ¢ — Graviton_Spinor_Spinor (fac x ¢)
Dim/ _ Vector_ Vector_Vector - T ¢ — Dim4 _ Vector_ Vector_ Vector_T (facx

Dim4 _ Vector_ Vector_Vector_L ¢ — DimJ _ Vector_ Vector_ Vector_L (facx

DimJ _ Vector_ Vector - Vector_T5 ¢ — Dimj _Vector_Vector_Vector_T5 (facx

Dim/, - Vector_ Vector_ Vector _L5 ¢ — Dim4 _ Vector_ Vector_ Vector L5 (facx

Dim6 _Gauge_Gauge_Gauge ¢ — Dim6_Gauge_Gauge_Gauge (fac x
Dim6 _Gauge_Gauge_Gauge_5 ¢ — Dimb6_Gauge_Gauge_Gauge_5 (facx
Auz_DScalar_DScalar ¢ — Aux_DScalar-DScalar (fac x c)

Auz_Vector_DScalar ¢ — Auz_Vector_DScalar (fac x c)
Dimb _Scalar_Gauge2 ¢ — Dimb_Scalar_Gauge2 (fac X c)
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| Dimb_Scalar - Gauge2 _Skew ¢ — Dimb _Scalar - Gauge2 _Skew (fac x
| Dim5 _Scalar_Vector_Vector_T ¢ — Dimb _Scalar_Vector_Vector_T (facx
| Dim6 - Vector_ Vector_Vector_T ¢ — Dim6 _Vector_ Vector_Vector_T (facx

| Tensor_2_Vector_Vector ¢ — Tensor_2_Vector_Vector (fac X c)
| Dimb_Tensor_2_Vector_Vector_1 ¢ — Dimb_Tensor_2_Vector_Vector_1 (facx

| Dimb_-Tensor-2_Vector_Vector_2 ¢ — Dim&_Tensor_2_Vector_Vector_2 (facx

| Dim7_Tensor_2_Vector_Vector_.T ¢ — Dim7_Tensor_2_Vector_Vector_T (facx

let mult_vertex4 fac = function

| Scalary ¢ — Scalary (fac x c)

| Scalar2_Vector2 ¢ — Scalar2_Vector2 (fac x c)

|  Vector4 ic4_list — Vectors (List.map (fun (c,icl) — ((fac x
¢),icl)) ic4 _list)

| DScalary icf-list — DScalar (List.map (fun (c,icl) — ((fac x
¢),icl)) icq _list)

| DScalar2_Vector2 ic4 _list — DScalar2_Vector2 (List.map (fun (¢, icl) —
((fac x ¢),icl)) ic4 _list)

| GBBG (c,fb,b2,f) — GBBG ((fac x ¢),fb,b2,f)

| Vector4 -K _Matriz_tho (¢, ch2_list) — Vector4 -K -Matriz_tho ((facx
¢), ch2_list)

| Vector4 _K _Matriz_jr (c,ch2_list) — Vector4 K _Matriz_jr ((fac x
c), ch2_list)

Cubic Vertices

let vertices3, wvertices4, verticesn = M .vertices ()

Important: In the following, we don’t test that the SU(N) groups match and
that N > 0, since we can assume that colorize_flavor would have thrown an
exception.

let colorize_vertex3 ((f1, f2, [3), v, g) =
match M .color f1, M.color f2, M.color f3 with

The trivial case.
| C.Singlet, C.Singlet, C.Singlet —
[(White f1, White f2, White f3), v, g|

Coupling a quark, an anti-quark and a colorless particle: all particles are guar-
anteed to be different and no nontrivial symmetry can arise.

| C.SUN nct, C.SUN nc2, C.Singlet —
if nc1 # — nc2 then
colored _verter "colored_vertex3"
else if nc1 > 0 then
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List.map
(fun ¢ — ((CF-in (f1, ¢), CF_out ({2, ¢), White f3), v, g))
color_flows
else
List.map
(fun ¢ — ((CF-out (f1, ¢), CF_in (f2, c), White f3), v, g))
color_flows

| C.SUN nct, C.Singlet, C.SUN nc3 —
if nc1 # — nc3 then
colored —vertex “colored_vertex3"
else if nc1 > 0 then
List.map
(fun ¢ — ((CF_in (f1, c¢), White f2, CF_out (f3, ¢)), v, g))
color_flows
else
List.map
(fun ¢ — ((CF-out (f1, c¢), White f2, CF_in (f3, ¢)), v, g))
color_flows

| C.Singlet, C.SUN nc2, C.SUN nc8 —
if nc2 # — nc3 then
colored _verter "colored_vertex3"
else if nc2 > 0 then
List.map
(fun ¢ — ((White f1, CF_in (f2, c¢), CF_out (f3, ¢)), v, g))
color_flows
else
List.map
(fun ¢ — ((White f1, CF_out (f2, ¢), CF_in (f3, ¢)), v, g))
color_flows

Coupling a quark, an anti-quark and a gluon: all particles are again guaranteed
to be different and no nontrivial symmetry can arise.

| C.SUN nct, C.SUN nc2, C.AdjSUN _ —
if nc1 # — nc2 then
colored -vertex "colored_vertex3"
else if nc1 > 0 then
List.map
(fun (c1, ¢2) —
((CF_in (f1, c1), CF_out (f2, ¢2), CF_io ({3, c2, c1)), v, g))
color_flow_pairs
@ (List.map
(func — ((CF-in (f1, ¢), CF_out (f2, ¢), CF_aux f3), v, g))
color_flows)
else
List.map
(fun (c1, ¢2) —
((CF-out (f1, ¢2), CF_in (2, c1), CF_io (3, c2, cl1)), v, g))
color_flow_pairs
@ (List.map
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(func — ((CF-out (f1, ¢), CF_in (f2, ¢), CF_aux f3), v, g))
color_flows)

| C.SUN nct, C.AdjSUN -, C.SUN nc3 —
if nc1 # — nc3 then
colored _vertex "colored_vertex3"
else if nc1 > 0 then
List.map
(fun (c1, ¢8) —
((CF-in (f1, c1), CF_io (f2, ¢3, c1), CF_out (f3, ¢3)), v, g))
color_flow_pairs
@ (List.map
(func — ((CF-in (f1, ¢), CF_auz f2, CF_out ({3, ¢)), v, g))
color_flows)
else
List.map
(fun (c1, ¢8) —
((CF_out (f1, c1), CF_io (f2, c1, ¢8), CF_in ({3, ¢3)), v, g))
color_flow_pairs
@ (List.map
(funec — ((CF-out (f1, ¢), CF_aux f2, CF_in (f3, ¢)), v, g))
color_flows)

| C.AdjSUN _, C.SUN nc2, C.SUN nc3 —
if nc2 # — ncd then
colored_verter "colored_vertex3"
else if nc2 > 0 then
List.map
(fun (¢2, ¢8) —
((CF_io (f1, ¢3, ¢2), CF_in (f2, ¢2), CF_out (f3, ¢3)), v, g))
color_flow_pairs
@ (List.map
(fun ¢ — ((CF-aux f1, CF_in (f2, ¢), CF_out (f3, ¢)), v, g))
color _flows)
else
List.map
(fun (¢2, ¢3) —
((CFZio (f1, c2, ¢3), CF_out (f2, c2), CF_in (f3, ¢3)), v, g))
color_flow_pairs
@ (List.map
(fun ¢ — ((CF-aux f1, CF_out (f2, ¢), CF_in ({3, ¢)), v, g))
color_flows)

Coupling two gluons with a colorless particle:

To make the color algebra correct, we need to introduce the vertex with the
two ghost gluons with a relative factor of -3.

| C.AdjSUN _, C.AdjSUN _, C.Singlet —
List.map (fun (c¢1, ¢2) — ((CF-io (f1, c1, ¢2), CF_io (f2, c2, c1), White f3), v, g))

color_flow _pairs

Q@
[((CF-auz f1, CF_aux f2, White f3), (mult_vertex3 (—3) v), g)]
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| C.AdjSUN _, C.Singlet, C.AdjSUN _ —
List.map (fun (c1, ¢8) — ((CF_io (f1, c1, ¢3), White f2, CF_io (f3, ¢3, cl)), v, g))
color_flow _pairs
Q
[((CF-aux f1, White f2, CF_auz f3), (mult_vertex3 (—3) v), g)]

| C.Singlet, C.AdjSUN _, C.AdjSUN _ —
List.map (fun (c2, ¢8) — ((White f1, CF_io ({2, c¢2, ¢3), CF_io (f3, ¢3, c2)), v, g))
color_flow_pairs
@
[((White f1, CF_auz f2, CF_auz f3), (mult_vertex3 (—3) v), g)]

Coupling three gluons:

| C.AdjSUN _, C.AdjSUN _, C.AdjSUN _ —
if fI = f2 A f2 = f3 then
ThoList.flatmap
(fun (cI, ¢2, ¢8) —
[((CF_io (f1, cl, ¢8), CF_io (f2, c2, c1), CF_io (f3, ¢3, c2)), v, g);
((CF-io (f1, cl1, c2), CF_io (f2, ¢3, c1), CF_io ({3, c2, ¢3)), v, g)])
color_flow_triples
else
ThoList.flatmap
(fun (c1, c2, ¢8) —
(List.map (fun (c1’, ¢2', ¢8') —
((CF_io (f1, c1’, ¢8"), CF_io (2, c2’, c1"), CF_io ({3, ¢3', c2')), v, g))
(permute_triple (c1, c2, ¢3))))
color_flow _triples

The rest is verboten!

JR mildly protests, because in principle a diquark coupling like in the baryon-
number violating superpotential of three (s)quarks might be allowed. Might be
an interesting task to work out the color flow combinations.

Tho concedes that he forgot the special case of a SU(3)-baryon-like coupling

| C.SUN _, (C.Singlet | C.AdjSUN _), (C.Singlet | C.AdjSUN _)

| (C.Singlet | C.AdjSUN _), C.SUN _, (C.Singlet | C.AdjSUN _)

| (C.Singlet | C.AdjSUN _), (C.Singlet | C.AdjSUN _), C.SUN - —
colored _vertexr "colored_vertex3: single quark/anti-quark"

| C.SUN _, C.SUN _, C.SUN _ —

colored _verter "colored_vertex3: jthree quarks/anti-quarks"

| C.Singlet, C.Singlet, C.AdjSUN _
| C.Singlet, C.AdjSUN _, C.Singlet
| C.AdjSUN _, C.Singlet, C.Singlet —

colored —vertex "colored_vertex3: single gluon"

Quartic Vertices

let colorize_vertexs ((f1, f2, 13, f4), v, g) =
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match M .color f1, M.color f2, M.color f3, M.color fi with
The trivial case.

| C.Singlet, C.Singlet, C.Singlet, C.Singlet —
[(White f1, White f2, White f3, White f4), v, ¢

Coupling a quark, an anti-quark and two colorless particles:

| C.SUN nct, C.SUN nc2, C.Singlet, C.Singlet —
if nc1 # — nc2 then
colored _vertex "colorize_vertex4"
else if nc1 > 0 then
List.map
(func — ((CF-in (f1, ¢), CF_out (f2, c), White f3, White f4),
color_flows
else
List.map
(fun ¢ — ((CF-out (f1, ¢), CF_in (f2, ¢), White f3, White f4),
color_flows

| C.SUN nci, C.Singlet, C.SUN nc3, C.Singlet —
if nc1 # — ncd then
colored _verter "colorize_vertex4"
else if nc1 > 0 then
List.map
(func¢ — ((CF-in (f1, ¢), White f2, CF _out ({3, ¢), White f4),
color_flows
else
List.map
(func — ((CF_-out (f1, ¢), White f2, CF_in (f3, ¢), White f4),
color_flows

| C.SUN nct, C.Singlet, C.Singlet, C.SUN ncj —
if ncl # — mnc4 then
colored _vertex "colorize_vertex4"
else if nc1 > 0 then
List.map
(fun ¢ — ((CF_-in (f1, ¢), White f2, White f3, CF_out (f4, c)),
color_flows
else
List.map
(fun ¢ — ((CF-out (f1, ¢), White f2, White f3, CF_in (f4, ¢)),
color_flows

| C.Singlet, C.SUN nc2, C.SUN nc3, C.Singlet —
if nc2 # — nc3 then
colored _vertex "colorize_vertex4"
else if nc2 > 0 then
List.map
(fun ¢ — ((White f1, CF_in (f2, ¢), CF_out (f3, ¢), White f4),
color_flows
else
List.map
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(fun ¢ — ((White f1, CF_out (f2, ¢), CF_in (f{, ¢), White f4),
color_flows

| C.Singlet, C.SUN nc2, C.Singlet, C.SUN nc4 —
if nc2 # — nc4 then
colored —vertex "colorize_vertex4"
else if nc2 > 0 then
List.map
(fun ¢ — ((White f1, CF_in (f2, ¢), White {3, CF _out (f4, c)), v, g))
color_flows
else
List.map
(fun ¢ — ((White f1, CF_out (f2, ¢), White f3, CF_in ({4, ¢)), v, g))
color_flows

| C.Singlet, C.Singlet, C.SUN nc3, C.SUN ncj —
if nc3 # — nc4 then
colored _vertex "colorize_vertex4"
else if nc3 > 0 then
List.map
(fun ¢ — ((White f1, White f2, CF_in (f3, ¢), CF_-out ({4, ¢)), v, g))
color_flows
else
List.map
(fun ¢ — ((White f1, White f2, CF_out (f3, ¢), CF_in (f{, ¢)), v, g))
color_flows

=
)
~
=

Coupling two quarks and two anti-quarks requires additional colorflow specifi-
cation: better use an auxiliary field here!:

| C.SUN _, C.SUN _, C.SUN _, C.SUN _ —
color_flow_ambiguous "colorize_vertex4: four quarks/anti-quarks"

Coupling a quark, an anti-quark, a gluon and a colorless particle: all particles
are again guaranteed to be different and no nontrivial symmetry can arise.

| C.SUN nct, C.SUN nc2, C.AdjSUN _, C.Singlet —
if nc1 # — nc2 then
colored —vertex "colorize_vertex4"
else if nc1 > 0 then
List.map
(fun (c1, ¢2) — ((CF_in (f1, c1), CF_out (f2, c2), CF_io (f3, ¢2, c1), White f4), v, g))
color_flow_pairs
@ (List.map
(func — ((CF-in (f1, ¢), CF_out (f2, ¢), CF_auzx f3, White f1), v, g))
color_flows)
else
List.map
(fun (c1, ¢2) — ((CF_out (f1, c2), CF_in (f2, c1), CF_io ({3, c2, c1), White f4), v, g))
color_flow_pairs
@ (List.map
(func¢ — ((CF-out (f1, ¢), CF_in (2, ¢), CF_aux f3, White f{), v, g))
color _flows)
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| C.SUN nct, C.SUN nc2, C.Singlet, C.AdjSUN _ —
if ncl # — mnc2 then
colored _vertex "colorize_vertex4"
else if nc1 > 0 then
List.map
(fun (c1, ¢2) — ((CF_in (f1, c1), CF_out (f2, c2), White f3, CF_io (f4, c2, c1)), v, g))
color_flow_pairs
@ (List.map
(func — ((CF-in (f1, ¢), CF_out (f2, ¢), White f3, CF_aux f4), v, g))
color_flows)
else
List.map
(fun (c1, c2) — ((CF_out (f1, c2), CF_in (f2, c1), White f3, CF _io (f4, c2, c1)), v, g))
color_flow_pairs
@ (List.map
(func — ((CF_-out (f1, ¢), CF_in (f2, ¢), White f8, CF_aux f4), v, g))
color_flows)

| C.SUN nc1, C.AdjSUN _, C.SUN nc3, C.Singlet —
if nc1 # — ncd then
colored _verter "colorize_vertex4"
else if nc1 > 0 then
List.map
(fun (c¢I, ¢8) — ((CF_in (f1, c1), CF_io (f2, ¢3, c1), CF_out (f3, ¢8), White f4), v, g))
color_flow_pairs
@ (List.map
(funec — ((CF-in (f1, ¢), CF_auz f2, CF_out (f3, ¢), White f4), v, g))
color_flows)
else
List.map
(fun (c1, ¢8) — ((CF-out (f1, ¢3), CF_io (f2, ¢3, c1), CF_in (f3, c1), White f}), v, g))
color_flow_pairs
@ (List.map
(func¢ — ((CF-out (f1, ¢), CF_auzx f2, CF_in (f3, ¢), White f{), v, g))
color_flows)

| C.SUN nct, C.Singlet, C.SUN nc3, C.AdjSUN _ —
if nc1 # — nc3 then
colored _verter "colorize_vertex4"
else if ncl > 0 then
List.map
(fun (c1, ¢3) — ((CF_in (f1, c1), White f2, CF_out (f3, ¢3), CF_io (f4, ¢3, c1)), v, g))
color_flow_pairs
@ (List.map
(func — ((CF.in (f1, ¢), White f2, CF_out (f3, ¢), CF_aux f{), v, g))
color_flows)
else
List.map
(fun (c1, ¢8) — ((CF-out (f1, ¢3), White f2, CF_in (f3, c1), CF_io (f{, ¢3, c1)), v, g))
color_flow_pairs
@ (List.map
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(fun ¢ — ((CF-out (f1, ¢), White f2, CF_in (f3, ¢), CF_aux f{), v, g))
color _flows)

| C.SUN nct, C.AdjSUN _, C.Singlet, C.SUN nc4 —
if nc1 # — nc4 then
colored _verter "colorize_vertex4"
else if nc1 > 0 then
List.map
(fun (c1, ¢4) — ((CF_-in (f1, c1), CF_io (f2, ¢4, c1), White 3, CF_out (f{, c4)), v, g))
color_flow_pairs
@ (List.map
(func — ((CF_in (f1, ¢), CF_auz f2, White f3, CF _out (f{, ¢)), v, g))
color_flows)
else
List.map
(fun (c1, ¢4) — ((CF_-out (f1, ¢4), CF_io (f2, ¢4, c1), White f3, CF_in (f4, c1)), v, g))
color_flow_pairs
@ (List.map
(func — ((CF_-out (f1, ¢), CF_aux f2, White f3, CF_in ({4, ¢)), v, g))

color_flows)

| C.SUN nct, C.Singlet, C.AdjSUN _, C.SUN nc4 —
if nc1 # — nc4 then
colored —vertex "colorize_vertex4"
else if nc1 > 0 then
List.map
(fun (cI, ¢4) — ((CF_in (f1, c1), White f2, CF_io (f3, ¢4, c1), CF_out (f4, c4)), v, g))
color_flow_pairs
@ (List.map
(func — ((CF_-in (f1, ¢), White f2, CF _auz {8, CF_out ({4, ¢)), v, g))
color_flows)
else
List.map
(fun (c1, ¢4) — ((CF-out (f1, ¢4), White f2, CF _io (f3, ¢4, c1), CF_in (f{, c1)), v, g))
color_flow_pairs
@ (List.map
(func — ((CF-out (f1, ¢), White f2, CF_auz {3, CF_in (f{, ¢)), v, g))
color_flows)

| C.AdjSUN nc1, C.SUN nc2, C.SUN nc3, C.Singlet —
if nc2 # — ncd then
colored _verter "colorize_vertex4"
else if nc2 > 0 then
List.map
(fun (¢2, ¢8) — ((CF_io (f1, ¢3, ¢2), CF_in (2, c2), CF_out (f3, ¢8), White f4), v, g))
color_flow_pairs
@ (List.map
(func¢ — ((CF-aux f1, CF_in (f2, ¢), CF_out ({3, ¢), White f{), v, g))
color_flows)
else
List.map
(fun (¢2, ¢8) — ((CF_io (f1, ¢3, ¢2), CF_out (f2, ¢3), CF_in (f3, c2), White f4), v, g))
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color_flow_pairs
@ (List.map
(fun ¢ — ((CF-aux f1, CF_out (f2, ¢), CF_in ({3, c), White f{), v, g))
color_flows)

| C.Singlet, C.SUN nc2, C.SUN nc3, C.AdjSUN _ —
if nc2 # — ncd then
colored _verter "colorize_vertex4"
else if nc2 > 0 then
List.map
(fun (¢2, ¢8) — ((White f1, CF_in (f2, ¢2), CF_out (f3, ¢8), CF_io (f4, ¢3, ¢2)), v, g))
color_flow_pairs
@ (List.map
(fun ¢ — ((White f1, CF_in (f2, ¢), CF_out (f3, ¢), CF_auzx f4), v, g))
color_flows)
else
List.map
(fun (¢2, ¢3) — ((White f1, CF _out (f2, c3), CF_in (f3, c2), CF_io (f{, ¢3, c2)), v, g))
color_flow_pairs
@ (List.map
(fun ¢ — ((White f1, CF_out (f2, ¢), CF_in (f3, ¢), CF_auzx f4), v, g))
color _flows)

| C.AdJSUN _, C.SUN nc2, C.Singlet, C.SUN nc4 —
if nc2 # — nc4 then
colored _verter "colorize_vertex4"
else if nc2 > 0 then
List.map
(fun (2, ¢4) — ((CF_io (f1, ¢4, ¢2), CF_in (f2, c2), White 3, CF_out (f{, ¢4)), v, g))
color_flow_pairs
@ (List.map
(func — ((CF-aux f1, CF_in (f2, ¢), White f3, CF_out (f4, ¢)), v, g))
color_flows)
else
List.map
(fun (¢2, ¢4) — ((CF_io (f1, ¢4, c2), CF_out (f2, c4), White f3, CF_in (f}, c2)), v, g))
color_flow_pairs
@ (List.map
(func¢ — ((CF-aux f1, CF_out (f2, ¢), White f3, CF_in ({4, ¢)), v, g))

color _flows)

| C.Singlet, C.SUN nc2, C.AdjSUN _, C.SUN nc4 —
if nc2 # — mnc4 then
colored _verter "colorize_vertex4"
else if nc2 > 0 then
List.map
(fun (¢2, ¢4) — ((White f1, CF_in ({2, ¢2), CF_io (f3, ¢4, ¢2), CF_out (f4, c4)), v, g))
color_flow_pairs
@ (List.map
(fun ¢ — ((White f1, CF_in (f2, ¢), CF_auz {8, CF_out ({4, ¢)), v, g))
color_flows)
else
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List.map
(fun (¢2, ¢4) — ((White f1, CF_out (f2, ¢4), CF_io (f3, ¢4, ¢2), CF_in (f4, ¢2)), v, g))
color_flow_pairs
@ (List.map
(fun ¢ — ((White f1, CF_out (f2, ¢), CF_aux f3, CF_in ({4, ¢)), v, g))
color _flows)

| C.AdjSUN _, C.Singlet, C.SUN nc3, C.SUN nc4i —
if nc8 # — mnc4 then
colored _verter "colorize_vertex4"
else if nc3 > 0 then
List.map
(fun (¢3, ¢4) — ((CF_io (f1, ¢4, c3), White f2, CF_in (3, ¢3), CF_out (f4, c4)), v, g))
color_flow_pairs
@ (List.map
(fun ¢ — ((CF_-aux f1, White f2, CF_in (3, ¢), CF_out ({4, ¢)), v, g))
color_flows)
else
List.map
(fun (¢3, ¢4) — ((CF_io (f1, ¢4, c3), White f2, CF_out (f2, c4), CF_in (f4, ¢3)), v, g))
color_flow_pairs
@ (List.map
(fun ¢ — ((CF_-aux f1, White f2, CF_out (f2, ¢), CF_in (f4, ¢)), v, g))
color _flows)

| C.Singlet, C.AdjSUN _, C.SUN nc3, C.SUN nc4 —
if nc3 # — nc4 then
colored _verter "colorize_vertex4"
else if ncs > 0 then
List.map
(fun (¢3, ¢4) — ((White f1, CF_io (f2, ¢4, ¢3), CF_in (f3, ¢3), CF_out (f4, c4)), v, g))
color_flow_pairs
@ (List.map
(fun ¢ — ((White f1, CF_aux f2, CF_in (f3, ¢), CF_out (f4, ¢)), v, g))
color _flows)
else
List.map
(fun (¢3, c4) — ((White f1, CF_io (f2, ¢4, ¢3), CF_out ({2, ¢4), CF_in (f{, ¢3)), v, g))
color_flow_pairs
@ (List.map
(fun ¢ — ((White f1, CF_auz 2, CF _out (f2, ¢), CF_in ({4, c)), v, g))
color_flows)

Coupling a quark, an anti-quark and two gluons. For two different octets (is
there a realistic situation for this we need twelve combinations as well as two
combinations for the rest.

| C.SUN nct, C.SUN nc2, C.AdjSUN _, C.AdjSUN _ —
if (compare f3 f4) # 0 then
incomplete "colorize_vertex4"
else
if ncl # — nc2 then
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colored _vertexr "colorize_vertex4"
else if ncl > 0 then
ThoList.flatmap
(fun (c1,¢2,¢3) — List.map (fun (c1’, ¢2', ¢3') —
((CF-in (f1, c1"), CF_out (f2, c2"), CF_io (f3, c2', ¢3"), CF_io (f4, ¢3', c1')), v,
(permute_triple (c1,c2,c3))) color_flow_triples
@ List.map (fun (c1, ¢2) —
((CF_in (f1, c1), CF_out (f2, ¢2), CF_io (f3, ¢2, c1), CF_auzx f}),
(mult_vertex4 2 v), g)) color_flow_pairs
@ (List.map (fun ¢ —
((CF_in (f1, ¢), CF_out (2, ¢), CF_auz {3, CF_aux f}), (mult_vertexs 2 v), g))
color _flows)
else
ThoList.flatmap
(fun (c1,¢2,¢3) — List.map (fun (c1’, ¢2', ¢3') —
((CF-out (f1, ¢2'), CF_in (2, c1'), CF_io (f3, c2', ¢3"), CF_io (f4, ¢3', c1')), v,
(permute_triple (c1,c2,c3))) color_flow_triples
Q@ (List.map (fun (c1, c2) —
((CF_out (f1, ¢2), CF_in (f2, c1), CF_io (f3, ¢2, c1), CF_auz f}),
(mult_vertex4 2 v), g)) color_flow_pairs)
@ (List.map (fun ¢ —
((CF-out (f1, ¢), CF_in (2, ¢), CF_auz 3, CF_aux f}), (mult_vertexs 2 v), g))
color _flows)

| C.SUN nct, C.AdjSUN _, C.SUN nc3, C.AdjSUN _ —
if (compare f2 f4) # 0 then
incomplete "colorize_vertex4"
else
if ncl # — nc8 then
colored_vertexr "colorize_vertex4"
else if nc1 > 0 then
ThoList.flatmap
(fun (c1,c¢2,¢8) — List.map (fun (c1’, ¢2’, ¢3') —
((CF_in (f1, c1’), CF_io (2, c2’, ¢8"), CF_out (f3, c2'), CF_io (f{, ¢3', c1')), v, ¢
(permute_triple (c1,c2,c3))) color_flow_triples
Q@ List.map (fun (c1, ¢2) —
((CF-in (f1, c1), CF_io (2, c2, c1), CF_out (3, ¢2), CF_auz f4),
(mult_vertex4 2 v), g)) color_flow_pairs
@ (List.map (fun ¢ —
((CF_in (f1, ¢), CF_aux f2, CF_out ({3, ¢), CF_auz f}), (mult_vertexf 2 v), g))
color _flows)
else
ThoList.flatmap
(fun (c1,c¢2,¢8) — List.map (fun (c1’, ¢2’, ¢3') —
((CF_out (f1, ¢2'), CF_io (f2, ¢2’, ¢3"), CF_in (f3, c1'), CF_io (f{, ¢3', c1')), v, ¢
(permute_triple (c1,c2,c3))) color_flow_triples
@ (List.map (fun (c1, ¢2) —
((CF-out (f1, ¢2), CF_io (f2, c2, c1), CF_in (f3, c1), CF_auz f4),
(mult_vertex4 2 v), g)) color_flow_pairs)
@ (List.map (fun ¢ —
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((CF_out (f1, ¢), CF_auz f2, CF_in (f3, c¢), CF_auz f}), (mult_vertex4 2 v), g))
color _flows)

| C.SUN nc1, C.AdjSUN _, C.AdjSUN -, C.SUN ncj —
if (compare 2 f3) # 0 then
incomplete "colorize_vertex4"
else
if ncl # — nc4 then
colored_vertexr "colorize_vertex4"
else if nc1 > 0 then
ThoList.flatmap
(fun (c1,c¢2,¢8) — List.map (fun (c1’, ¢2’, ¢3') —
((CF_in (f1, c1’), CF_io (f2, ¢2’, ¢3"), CF_io (f3, ¢8', c1’), CF_out ({4, ¢2")), v, ¢
(permute_triple (c1,c2,c3))) color_flow_triples
@ List.map (fun (c1, ¢2) —
((CF-in (f1, c1), CF_io (f2, c2, c1), CF_aux 3, CF_out (f4, c2)),
(mult_vertex4 2 v), g)) color_flow_pairs
@ (List.map (fun ¢ —
((CF_in (f1, ¢), CF_aux f2, CF_auz f3, CF _out (f{, c)), (mult_vertez4 2 v), g))
color _flows)
else
ThoList.flatmap
(fun (c1,¢2,¢8) — List.map (fun (c1’, ¢2’, ¢3') —
((CF-out (f1, ¢2"), CF_io (f2, c2’, ¢3), CF_io (f3, ¢3’, c1’), CF_in ({4, c1')), v, ¢
(permute_triple (c1,c2,c3))) color_flow_triples
@ (List.map (fun (c1, ¢2) —
((CF-out (f1, ¢2), CF_io (f2, c2, c1), CF_auzx {3, CF_in (f4, cl1)),
(mult_vertex4 2 v), g)) color_flow_pairs)
@ (List.map (fun ¢ —
((CF_out (f1, ¢), CF_aux f2, CF_auz f3, CF_in (f{, c)), (mult_vertez4 2 v), g))
color _flows)

| C.AdjSUN _, C.SUN nc2, C.SUN nc3, C.AdjSUN _ —
if (compare f1 f4) # 0 then
incomplete "colorize_vertex4"
else
if nc2 # — ncd then
colored —vertex "colorize_vertex4"
else if nc2 > 0 then
ThoList.flatmap
(fun (c1,¢2,¢3) — List.map (fun (c1’, ¢2’, ¢3') —
((CFZio (f1, ¢2', ¢3"), CF_in (f2, c1’), CF_out (f3, c2"), CF_io (f4, ¢3’, c1')), v, ¢
(permute_triple (c1,c2,c3))) color_flow_triples
Q@ List.map (fun (c1, ¢2) —
((CFZio (f1, 2, c1), CF_in (f2, c1), CF_out (f3, ¢2), CF_auz f}),
(mult_vertex4 2 v), g)) color_flow_pairs
@ (List.map (fun ¢ —
((CF-auz f1, CF_in ({2, ¢), CF_out ({3, ¢), CF_aux f}), (mult_vertexs 2 v), g))
color _flows)
else
ThoList.flatmap
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(fun (c1,¢2,¢8) — List.map (fun (c1’, ¢2’, ¢3') —
((CFZio (f1, ¢2', ¢3"), CF_out (f2, ¢2'), CF_in (f3, c1'), CF_io (f4, ¢3’, c1')), v, ¢
(permute_triple (c1,c2,c3))) color_flow_triples
@ (List.map (fun (c1, ¢2) —
((CF-io (f1, c2, c1), CF_out (f2, ¢2), CF_in (f3, c1), CF_auzx f4),
(mult_vertex4 2 v), g)) color_flow_pairs)
@ (List.map (fun ¢ —
((CF_aux f1, CF_out (2, ¢), CF_in (f3, ¢), CF_auz f}), (mult_vertex4 2 v), g))
color _flows)

| C.AdjSUN _, C.SUN nc2, C.AdjSUN _, C.SUN ncj —
if (compare f1 f3) # 0 then
incomplete "colorize_vertex4"
else
if nc2 # — mnc4 then
colored _verter "colorize_vertex4"
else if nc2 > 0 then
ThoList.flatmap
(fun (c1,¢2,¢3) — List.map (fun (c1’, ¢2’, ¢3') —
((CFZio (f1, ¢2', ¢3"), CF_in (f2, c1’), CF_io (f3, ¢3', c1’), CF_out ({4, c2')), v, ¢
(permute_triple (c1,c2,c3))) color_flow_triples
@ List.map (fun (c1, ¢2) —
((CF_io (f1, c2, c1), CF_in (f2, c1), CF_auz 3, CF_out (f4, c2)),
(mult _vertex4 2 v), g)) color_flow_pairs
@ (List.map (fun ¢ —
((CF-auz f1, CF_in ({2, ¢), CF_aux f3, CF_out (f4, ¢)), (mult_vertexs 2 v), g))
color _flows)
else
ThoList.flatmap
(fun (c1,¢2,¢3) — List.map (fun (c1’, ¢2’, ¢3') —
((CF_io (f1, c2’, ¢38"), CF_out (f2, ¢2'), CF_io (f3, ¢8’, c1’), CF_in (f4, c1’)), v,
(permute_triple (c1,c2,c3))) color_flow_triples
@ (List.map (fun (c1, c2) —
((CFZio (f1, ¢2, c1), CF_out (f2, c2), CF_auz f3, CF_in (f{, c1)),
(mult_vertex4 2 v), g)) color_flow_pairs)
@ (List.map (fun ¢ —
((CF-auz f1, CF_out (f2, ¢), CF_auz {3, CF_in (f4, ¢)), (mult_vertexs 2 v), g))
color _flows)

| C.AdjSUN _, C.AdjSUN _, C.SUN nc3, C.SUN nc) —
if (compare f1 f2) # 0 then
incomplete "colorize_vertex4"
else
if nc3 # — nc4 then
colored _vertexr "colorize_vertex4"
else if ncs > 0 then
ThoList.flatmap
(fun (c1,¢2,¢3) — List.map (fun (c1’, ¢2', ¢3') —
((CF_io (f1, c2’, ¢38"), CF_io (f2, ¢8’, c1’), CF_in (f3, c1'), CF_out (f4, c2')), v,
(permute_triple (c1,c2,c3))) color_flow_triples
Q@ List.map (fun (c1, ¢2) —
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((CF_io (f1, ¢2, c1), CF_auz f2, CF_in ({3, c1), CF_out (f4, c2)),
(mult_vertex4 2 v), g)) color_flow_pairs
@ (List.map (fun ¢ —
((CF-auz f1, CF_auz f2, CF_in (f3, ¢), CF_out (f4, ¢)), (mult_vertexs 2 v), g))
color _flows)
else
ThoList.flatmap
(fun (c1,¢2,¢3) — List.map (fun (c1’, ¢2’, ¢3') —
((CF-io (f1, c2', ¢3"), CF_io (f2, ¢3’', c1’), CF_out (3, ¢2’), CF_in (f4, c1’)), v,
(permute_triple (c1,c2,c3))) color_flow_triples
@ (List.map (fun (c1, c2) —
((CFZio (f1, ¢2, c1), CF_aux f2, CF_out (f3, c2), CF_in (f{, c1)),
(mult_vertex4 2 v), g)) color_flow_pairs)
@ (List.map (fun ¢ —
((CF-auz f1, CF_aux f2, CF_out ({3, ¢), CF_in (f4, ¢)), (mult_vertexs 2 v), g))
color _flows)

Coupling two gluons and two colorless particles.

| C.AdjSUN _, C.AdjSUN _, C.Singlet, C.Singlet —
List.map (fun (c1, ¢2) — ((CF_io (f1, c1, ¢2), CF_io (f2, ¢2, c1), White f3, White f}), v, g)
color _flow _pairs
@
[((CF-aux f1, CF_aux f2, White f3, White f4), (mult_vertez) (—3) v), g)]

| C.AdjSUN _, C.Singlet, C.AdjSUN _, C.Singlet —
List.map (fun (c1, ¢8) — ((CF_io (f1, c1, ¢3), White f2, CF_io (f3, ¢3, c1), White f}), v, g)
color_flow_pairs
@
[(((CF_aux f1, White 2, CF_aux f3, White f}), (mult_vertex4 (—3) v), g)]

| C.AdJSUN _, C.Singlet, C.Singlet, C.AdjSUN - —
List.map (fun (c1, ¢4) — ((CF_io (f1, c1, ¢4), White f2, White f3, CF _io (f4, ¢4, cl1)), v, g)
color_flow _pairs
@
[((CF_-aux f1, White f2, White f3, CF_aux f4), (mult_vertexf (—3) v), g)]

| C.Singlet, C.AdjSUN _, C.AdjSUN _, C.Singlet —
List.map (fun (c2, ¢3) — ((White f1, CF_io ({2, c2, ¢3), CF_io (f3, ¢3, c2), White f}), v, g)
color_flow_pairs
(@
[((White f1, CF_auz 2, CF_aux f3, White f{), (mult_vertez4 (—3) v), g)]

| C.Singlet, C.AdjSUN _, C.Singlet, C.AdjSUN - —
List.map (fun (c2, ¢4) — ((White f1, CF_io (f2, ¢2, ¢4), White f3, CF _io (f4, ¢4, c2)), v, g)
color_flow _pairs
@
[((White f1, CF_auz f2, White f3, CF_aux f4), (mult_vertexf (—3) v), g)]

| C.Singlet, C.Singlet, C.AdjSUN _, C.AdjSUN _ —
List.map (fun (¢3, ¢4) — ((White f1, White f2, CF _io (f3, ¢3, ¢4), CF_io (f4, ¢4, ¢3)), v, g)
color _flow _pairs
@
[((White f1, White f2, CF _auz f3, CF_aux f4), (mult_vertex) (—3) v), g)]
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Coupling tree gluons and a colorless particle.

| C.AdjSUN _, C.AdjSUN _, C.AdjSUN _, C.Singlet —
ThoList.flatmap
(fun (c1, ¢2, ¢3) —
[(((CF_io (f1, c1, ¢8), CF_io (f2, c2, c1), CF_io (f3, ¢3, c2), White f}), v, g);
((CFZio (f1, c1, c2), CF_io (f2, ¢3, c1), CF_io ({3, c2, ¢3), White f}), v, g)])

color_flow _triples

| C.AdjSUN _, C.AdjSUN _, C.Singlet, C.AdjSUN - —
ThoList.flatmap
(fun (c1, ¢2, ¢4) —
[((CF_io (f1, c1, ¢4), CF_io (f2, ¢2, c1), White f3, CF_io (f4, ¢4, ¢2)), v, g);
((CFZio (f1, c1, c2), CF_io (f2, ¢4, cl), White {38, CF _io (f4, c2, ¢4)), v, g9)])
color_flow_triples

| C.AdjSUN _, C.Singlet, C.AdjSUN _, C.AdjSUN _ —
ThoList.flatmap
(fun (c1, ¢3, ¢4) —
[((CF_io (f1, c1, c4), White f2, CF_io (f3, ¢8, c1), CF_io ({4, ¢4, ¢3)), v, g);
((CF_io (f1, cl, ¢83), White f2, CF_io (f3, ¢4, c1), CF_io (f4, c3, ¢4)), v, g9)])
color_flow _triples

| C.Singlet, C.AdjSUN _, C.AdjSUN _, C.AdjSUN _ —
ThoList.flatmap
(fun (c2, ¢3, ¢4) —
[(( White f1, CF_io (f2, c2, ¢4), CF_io (f3, ¢3, ¢2), CF_io (f4, c4, ¢3)), v, g);
((White f1, CF_io (f2, c2, ¢3), CF_io (f3, ¢4, ¢2), CF_io (f4, ¢3, ¢4)), v, 9)])
color_flow _triples

Coupling four gluons. Tho still has concerns about symmetry factors for KK

gluons. It’s the same problem that already appears for the gluino-gluon-gluino
vertex.

2 2
—1g fa1a2bfa3a4b(gulﬂsgu4#2 - 9#1#49M2#3)
_ingalaabfa4azb(gulu4guzll«3 - gltlu29usu4) (101)

2 2
—1g fa1a4bfa2a3b(gu1ltzgu3u4 - gH«lMSgIJAHZ)

| C.AdjSUN _, C.AdjSUN _, C.AdjSUN _, C.AdjSUN _ —
if f1 = f2 N f2 = f3 AN f8 = f/ then
ThoList.flatmap
(fun (c1, ¢2, ¢8, ¢4) —
let ¢’ = ¢l in
List.map (fun (c2', ¢8', ¢4') —
((CF-io (f1, c1’, ¢2"), CF_io ({2, ¢3', cl'),
CF_io (f3, c4', ¢8"), CF_io (f4, c2', ¢4')), v, g))
(permute_triple (c2, ¢3, c4)))
color_flow_quadruples
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else
ThoList.flatmap
(fun (c1, ¢2, ¢83, ¢4) —
List.map (fun (c1’,¢2', ¢3', ¢4') —
((CF-io (f1, c1’, ¢2"), CF_io (f2, ¢3', cl’),
CF_io (f3, ¢/, c3'), CF_io (ff, ¢2, ¢/)), v, g))
(permute_quadruple (cl1, c2, ¢8, c¢4)))
color_flow_quadruples

The rest is verboten!

| C.SUN _, (C.Singlet | C.AdgSUN _), (C.Singlet | C.AdjSUN _), (C.Singlet |
C.AdjSUN _)

| (C.Singlet | C.AdjSUN _), C.SUN _, (C.Singlet | C.AdjSUN _), (C.Singlet |
C.AdjSUN _)

| (C.Singlet | C.AdjSUN _), (C.Singlet | C.AdjSUN _), C.SUN _, (C.Singlet |
C.AdjSUN _)

| (C.Singlet | C.AdjSUN _), (C.Singlet | C.AdjSUN _), (C.Singlet |
C.AdjSUN _), C.SUN _ —

colored_vertex "colorize_vertex4: single quark/anti-quark"

C.SUN _, C.SUN _, C.SUN _, (C.Singlet | C.AdjSUN _)

C.SUN _, C.SUN _, (C.Singlet | C.AdjSUN _), C.SUN _

C.SUN _, (C.Singlet | C.AdjSUN _), C.SUN _, C.SUN _

(C.Singlet | C.AdjSUN _), C.SUN _, C.SUN _, C.SUN _ —
colored_vertex "colorize_vertex4: jthree quarks/anti-quarks"

C.Singlet, C.Singlet, C.Singlet, C.AdjSUN _
C.Singlet, C.Singlet, C.AdjSUN _, C.Singlet
C.Singlet, C.AdjSUN _, C.Singlet, C.Singlet
C.AdjSUN _, C.Singlet, C.Singlet, C.Singlet —
colored_vertex "colorize_vertex4: single gluon"

Higher Vertices

let colorize_vertexn (flist, v, g) =
if List.for_all

(fun f — match M.color f with C.Singlet — true | - — false)
flist
then
[(List.map (fun f — White f) flist, v, g)]
else

incomplete "colorize_vertexn"

Discuss with tho: Is there possibly a functor that could take a vertex structure
and add a singlet 777

let vertices () =
(ThoList.flatmap colorize_vertex3 vertices3,
ThoList.flatmap colorize_vertex) verticess,
ThoList.flatmap colorize_vertexn verticesn)
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let table = Fusion.of _vertices (vertices ())
let fuse2 = Fusion.fuse2 table

let fuse3 = Fusion.fuse3 table

let fuse = Fusion.fuse table

let max_degree = M .mazx_degree

let split_color_string s =
try

let i1 = String.index s */° in
let i2 = String.index_from s (succ il) >/’ in
let sf = String.sub s 0 il
and sc1 = String.sub s (succ il) (i2 — il — 1)
and sc2 = String.sub s (succ i2) (String.length s — i2 — 1) in
(sf, scl, sc2)

with
| Not_found — (s, "","")
let flavor_of _string s =
try
let sf, scl, sc2 = split_color_string s in

let f = M.flavor_of _string sf in
match M.color f with
| C.Singlet — White f
| C.SUN nc —
if nc > 0 then
CF_in (f, color_flow_of _string scl)
else
CF _out (f, color_flow_of _string sc2)
| C.AdjSUN _ —
begin match sc!, sc2 with
| ", " — CF_auz f
| -, - = CF_io (f, color_flow_of _string scl, color_flow_of _string sc2)
end
with
| Failure "int_of _string" —
invalid_arg "Colorize() .flavor_of _string: expecting integer"

let flavor_sans_color_of _string = M .flavor_-of _string
let flavor_to_string = function
| White f —

M .flavor_to_string f
| CF_in (f, ¢) —
M .flavor_to_string f =~ "/" " string_of _int ¢ = "/"
| CF_out (f, ¢) —
M .flavor_to_string f = "//" " string_of _int c
| CF_io (f, cl1, ¢2) —
M .flavor_to_string f =~ "/" " string_of —int ¢c1 "~ "/" " string_of —int c2
| CF_auz f —
M .flavor_to_string f = "//"

let flavor_sans_color_to_string = M .flavor_to_string
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let flavor_to_TeX = function

| White f —

M .flavor_to_TeX f
| CF_in (f, ¢) —

" M.flavor_to_TeX f = "}_c" * string_of _int ¢
| CF_out (f, ¢) —

w{v " M.flavor_to_TeX f ~ "}_a" " string_of _int ¢
| CF_io (f, cl1, ¢2) —

"{" " M.flavor_to_TeX f "~ "}_{c" " string_of —int ¢1 ~ "_a" " string-of —int c2 " "}"
| CF_auz f —

w{" * M.flavor_to_TeX f =~ "}_0"

let flavor_sans_color_to_TeX = M .flavor_to_TeX
let flavor_symbol = function
| White f —
M .flavor _symbol f
| CF_in (f, ¢) —

M .flavor_symbol f = "_" " string_of _int ¢ = "_"
| CF_out (f, ¢) —

M .flavor_symbol f = "__" " string_of —_int ¢
| CF_io (f, c1, ¢2) —

M .flavor _symbol f ~ "_" " string_of _int ¢c1 " "_" " string_of _int c2
| CF_auz f —

M .flavor_symbol f = "__"
let flavor_sans_color_symbol = M .flavor_symbol

let gauge_symbol = M .gauge_symbol

Masses and widths must not depend on the colors anyway!

let mass_symbol = pullback M.mass_symbol
let width_symbol = pullback M .width_symbol

let constant_symbol = M .constant_symbol

Adding Color to External Particles

let count_color_strings f_list =
let rec count_color_strings’ n_in n_out n_glue = function
| f o rest —
begin match M.color f with
| C.Singlet — count_color_strings’ n_in n_out n_glue rest
| C.SUN nc —
if nc > 0 then
count _color _strings’ (succ n_in) n_out n_glue rest
else if nc < 0 then
count _color_strings’ n_in (succ n_out) n_glue rest

else
sul "count_color_strings"
| C.AdjSUN _ —
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count_color _strings’ (succ n_in) (succ n_out) (succ n_glue) rest
end

| [] = (n-in, n_out, n_glue)
in
count_color_strings’ 0 0 0 f_list
let external_color_flows f_list =
let n_in, n_out, n_glue = count_color_strings f_list in
if n_in # n_out then
[]
else if n_in > F.maz_lines then
tmoalid _arg
"Colorize.It().external_color_flows: too_few,color lines!"
else
let color_strings = ThoList.range 1 n_in in
List.map
(fun permutation — (color_strings, permutation))
(Combinatorics.permute color_strings)

let rec colorize_crossed_amplitudel f_list (ecf-in, ecf_out) =
match f_list with
| f o rest —
begin match M.color f with
| C.Singlet —
White f :: colorize_crossed _amplitudel rest (ecf —in, ecf _out)
| C.SUN nc —
if nc > 0 then
CF_in (f, List.hd ecf —in) ::
colorize_crossed —amplitudel rest (List.tl ecf _in, ecf _out)
else if nc < 0 then
CF_out (f, List.hd ecf _out) :
colorize_crossed _amplitudel rest (ecf _in, List.tl ecf _out)

else
sul) "colorize_flavor"
| C.AdjSUN _ —

let ecf_in' = List.hd ecf_in
and ecf _out’ = List.hd ecf_out in

if ecf_in’ = ecf_out’ then

CF_auz f =

colorize_crossed —amplitudel rest (List.tl ecf _in, List.tl ecf —out)
else

CF_io (f, ecf-in', ecf_out’) =
colorize_crossed _amplitudel rest (List.tl ecf _in, List.tl ecf _out)

end
1] =
begin match ecf_in, ecf_out with
|0 =1
| - — invalid_arg "colorize_crossed_amplitudel"
end

let colorize_crossed_amplitude p_list =
List.map (colorize_crossed _amplitudel p_list) (external_color_flows p_list)
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let cross_uncolored p_in p_out =
(List.map M .conjugate p_in) Q p_out

let uncross_colored n_in p_lists_colorized =
let p_in_out_colorized = List.map (ThoList.splitn n_in) p_lists_colorized in
List.map
(fun (p—in_colored, p_out_colored) —
(List.map conjugate p_in_colored, p_out_colored))
p-in_out_colorized

let amplitude p_in p_out =
uncross_colored
(List.length p_in)
(colorize_crossed_amplitude (cross_uncolored p_in p_out))

The —-sign in the second component is redundant, but a Whizard conven-

tion.
let indices = function
| White - — Color.Flow.of _list [0; 0]
| CF_in (-, ¢) — Color.Flow.of _list [¢; 0]
| CF_out (-, ¢) — Color.Flow.of _list [0; — c]
| CF_io (_, cl1, ¢2) — Color.Flow.of _list [c1; — c2]
| CF_aux f — Color.Flow.ghost ()
let flow p_in p_out =
(List.map indices p_in, List.map indices p_out)
let res =
RCS.rename M .rcs
("Colorize.It(" " string_of _int F.max_lines " "," ~ RCS.name M.rcs " ")")
[String.concat "," (RCS.description M.rcs Q [" (staticallycolorized)"])]
end

10.2.2  (Statically) Colorizing a Monochrome Gauge Model

module Gauge (F : Flows) (M : Model.Gauge) =
struct

module M = M
module CM = It (F) (M)

type flavor = CM.flavor

type flavor_sans_color = CM .flavor_sans_color
type gauge = CM .gauge

type constant = CDM .constant

let flavor_sans_color = CM .flavor_sans_color
let color = CM .color

let pdg = CM.pdg

let lorentz = CM .lorentz

let propagator = CM .propagator
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let width = CM .width

let conjugate = CM .conjugate

let conjugate_sans_color = CM .conjugate_sans_color
let fermion = CM.fermion

let mazx_degree = CM.maz_degree

let vertices = CM .vertices

let fuse2 = CM.fuse2

let fuse3 = CM.fuse3

let fuse = CM.fuse

let flavors = CM.flavors

let external_flavors = CM .external_flavors
let goldstone = CM .goldstone
let parameters = CM .parameters

let flavor_of _string = CM .flavor_of _string
let flavor_to_string = CM .flavor_to_string
let flavor_to_TeX = CM.flavor_to_TeX
let flavor_symbol = CM .flavor_symbol

let flavor_sans_color_of _string = CM .flavor_sans_color_of _string
let flavor_sans_color_to_string = CM .flavor_sans_color_to_string
let flavor_sans_color_to_-TeX = CM .flavor_sans_color_to_TeX
let flavor_sans_color_symbol = CM .flavor_sans_color_symbol

let gauge_symbol = CM .gauge_symbol

let mass_symbol = CM .mass_symbol

let width_symbol = CM .width_symbol

let constant_symbol = CM .constant_symbol

let options = CM .options
let incomplete s =

failwith ("Colorize.Gauge()." " s ~ "_not_done_ yet!")

type matter_field = M .matter_field
type gauge_boson = M .gauge_boson
type other = M .other

type field =
| Matter of matter_field
| Gauge of gauge_boson
| Other of other

let field f =
incomplete "field"

let matter_field f =
incomplete "matter_field"

let gauge_boson f =
incomplete "gauge_boson"

let other f =
incomplete "other"

let amplitude = CM .amplitude
let flow = CM.flow
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let res =
RCS.rename M .rcs
("Colorize.Gauge (" " string_of _int F.mazx_lines " "," ~ RCS.name M.rcs " ")")
[String.concat "," (RCS.description M.rcs Q [ (staticallycolorized)"])]

end

10.2.3  (Dynamically) Colorizing a Monochrome Model

module Dynamical (M : Model.T) =
struct

module M = M
open Coupling
module C = Color

let incomplete s =
failwith ("Colorize.It()." "~ s * "_not_done yet!")

let incomplete s =
Printf.eprintf "WARNING: Colorize.It().%s_not done_yet!\n" s;

(]

let suf s =
invalid_arg ("Colorize.It()." "~ s ~ ": found,SUCO)!")

let colored_verter s =
invalid_arg ("Colorize.It()." " s~ ": colored vertex!")

let color_flow_ambiguous s =
invalid_arg ("Colorize.It()." "~ s * ": ambiguous,color flow!")

let color_flow_of _string s =
let ¢ = int_of _string s in
if ¢ < 1 then
invalid_arg ("Colorize.It().
else
c

s "~ ":color flow #,<u1'")

type flavor =
| White of M.flavor
| CF_in of M.flavor x int
| CF_out of M.flavor x int
| CF_io of M.flavor x int x int
| CF_auz of M.flavor

type flavor_sans_color = M .flavor
let flavor_sans_color = function
White f — f

|

| CP_in (f, ) — f

| CF_out (f, -) — f
| CPlio (f, -, ) — f
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| CF_auz f — f

let pullback f argl =
f (flavor_sans_color argl)

type gauge = M .gauge
type constant = M .constant
let options = M .options

let color = pullback M.color
let pdg = pullback M .pdg
let lorentz = pullback M .lorentz

For the propagator we cannot use pullback because we have to add the case of
the color singlet propagator by hand.

let colorize_propagator = function
| Prop_Scalar — Prop_Col_Scalar (* Spin 0 octets. *)
| Prop_Majorana — Prop_Col_Majorana (x Spin 1/2 octets. %)
| Prop_Feynman — Prop_Col_Feynman (x Spin 1 states, massless. x)
| Prop_Unitarity — Prop_Col_Unitarity (* Spin 1 states, massive. )
| Prop-Col_Scalar | Prop-Col_-Feynman | Prop-Col_Majorana |
Prop_Col_Unitarity
— failwith ("Colorize.It().colorize_propagator: already colored particle!")
| - — failwith ("Colorize.It().colorize_propagator: impossible!")

let propagator = function
| CF_auzx f — colorize_propagator (M .propagator f)
| White f — M .propagator f
| CF_in (f, -) — M.propagator f
| CF_out (f, -) — M.propagator f
| CF_io (f, -, ) — M.propagator f

let width = pullback M .width

let goldstone = function

| White f —
begin match M.goldstone f with
| None — None
| Some (f', g) — Some (White [, g)
end

| CF_in (f, ¢) —
begin match M.goldstone f with
| None — None
| Some (f', g) — Some (CF_in (', ¢), g)
end

| CF_out (f, ¢) —
begin match M.goldstone f with
| None — None
| Some (f', g) — Some (CF_out (f', ¢), g)
end

| CF_io (f, c1, ¢2) —
begin match M.goldstone f with
| None — None
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| Some (f', g) — Some (CF_io (f', c1, ¢2), g)
end
| CF_auz f —
begin match M .goldstone f with
| None — None

| Some (f', g) — Some (CF_auz f’, g)
end

let conjugate = function
| White f — White (M .conjugate f)
| CF_in (f, ¢) — CF_out (M.conjugate f, c)
| CF_out (f, ¢c) — CF_in (M.conjugate f, c)
| CF_io (f, c¢1, ¢2) — CF_io (M.conjugate f, c2, cl)
| CF_auxr f — CF_aux (M.conjugate f)

let conjugate_sans_color = M .conjugate
let fermion = pullback M .fermion

let max_degree = M .mazx_degree

That’s the tricky part: the current implementation of Fusion.Tagged needs
a list of all flavors. For this we need the list of all color lines ...

let flavors () =
incomplete "flavors"

let external_flavors () =
incomplete "external_flavors"

let parameters = M .parameters
module Fusion = Modeltools.Fusions (struct
type f = flavor
type ¢ = constant
let compare = compare
let conjugate = conjugate
end)
Vertices

@ vertices are only used by functor applications and for indexing a cache of
precomputed fusion rules.

let vertices () =
failwith "Colorize.Dynamical() .vertices: no,longer supported";

({1 11, )
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Cubic Vertices

The following pattern matches will eventually become quite long. The
O’Caml compiler will hopefully optimize them aggressively (http://pauillac.
inria.fr/~maranget/papers/opat/). If this doesn’t turn out to be the
case, there might be an intermediate way using hashtables of functions map-
ping color flow lines.

let colorize_fusion2 f1 f2 (f, v) =
match M .color f, fI, f2 with
| C.Singlet, White -, White - — [(White f, v)]
| C.Singlet, CF_in (-, ), White _
| C.Singlet, White -, CF_in (-, =) — []
| C.Singlet, CF_in (-, cl), CF_out (-, ¢2) —
if c1 = c2 then [(White f, v)] else []
| C.SUN _, White f1, White f2 — []
| C.SUN _, CF_in (-, cl), White _
| C.SUN _, White -, CF_in (-, ¢1) — [(CF_in (f, c1), v)]
| C.SUN _, CF_out (-, c1), White _
| C.SUN _, White _, CF_out (-, ¢1) — [(CF_out (f, cl1), v)]
| - — incomplete "colorize_fusion2"

Quartic Vertices

let colorize_fusion3 f1 f2 3 (f, v) =
match M.color f, fI, f2, f3 with
| C.Singlet, White f1, White f2, White f3 — [(White f, v)]
| C.SUN _, White f1, White f2, White f3 — []
| - — idncomplete "colorize_fusion3"

Quintic and Higher Vertices

let ¢s_white = function
| White - — true
| - — false

let colorize_fusionn flist (f, v) =
match M .color f, List.for_all is_white flist with
| C.Singlet, true — [(White f, v)]
| C.SUN _, true — []
| - — incomplete "colorize_fusionn"

let fuse2 f1 f2 =
ThoList.flatmap
(colorize_fusion2 f1 f2)
(M .fuse2 (flavor_sans_color f1) (flavor_sans_color f2))
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let fuse3 f1 f2 f3 =
ThoList.flatmap
(colorize_fusion3 f1 f2 f3)
(M .fuse3 (flavor_sans_color f1) (flavor_sans_color f2) (flavor_sans_color f3))

let fuse_list flist =
ThoList.flatmap
(colorize_fusionn flist)
(M .fuse (List.map flavor_sans_color flist))

let fuse = function
| [] ] [-] = invalid_arg "Colorize.Dynamical() .fuse"
| [f15 f2] — fuse2 f1 f2
U1 125 f3]) > fused f1 2 f3
| flist — fuse_list flist

let mazx_degree = M .max_degree

let split_color_string s =
try

let i1 = String.index s */’ in
let i2 = String.index_from s (succ il) */’ in
let sf = String.sub s 0 il
and sc1 = String.sub s (succ il) (12 — il — 1)
and sc2 = String.sub s (succ i2) (String.length s — i2 — 1) in
(sf, scl, sc2)

with
| Not_found — (s, "","")
let flavor_of _string s =
try
let sf, scl, sc2 = split_color_string s in

let f = M.flavor_of _string sf in
match M.color f with
| C.Singlet — White f
| C.SUN nc —
if nc > 0 then
CF_in (f, color_flow_of _string scl)
else
CF _out (f, color_flow_of _string sc2)
| C.AdjSUN _ —
begin match scI, sc2 with
| v, — CF_auzx f
| -, - = CF_io (f, color_flow_of _string scl, color_flow_of _string sc2)
end
with
| Failure "int_of _string" —
invalid_arg "Colorize() .flavor_of _string: expecting integer"

let flavor_sans_color_of _string = M .flavor_of _string
let flavor_to_string = function
| White f —

M .flavor_to_string f
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| CF_in (f, ¢) —
M .flavor_to_string f = "/" ~ string_of _int ¢ =~ "/"
| CF_out (f, ¢) —
M .flavor_to_string f ~ "//" " string_of _int c
| CF_io (f, c1, ¢2) —
M .flavor_to_string f ~ "/" " string_of _int c1 = " /" " string_of _int c2
| CF_auz f —
M .flavor_to_string f = "//"

let flavor_sans_color_to_string = M .flavor_to_string

let flavor_to-TeX = function

| White f —

M .flavor_to_TeX f
| CF_in (f, ¢) —

“{v " M.flavor_to_TeX f = "}_c"  string_of _int ¢
| CF_out (f, ¢) —

w{n * M.flavor_to_TeX f = "}_a" ~ string_of —int c
| CF_io (f, c1, c2) —

v M.flavor_to_TeX f ~ "}_c" " string_of _int cI * string_of _int c2
| CF_auz f —

"{" " M.flavor_to_TeX f ~ "}_0"

let flavor_sans_color_to_-TeX = M .flavor_to_TeX
let flavor_symbol = function
| White f —
M .flavor _symbol f
| CF_in (f, ¢) —

M .flavor_symbol f = "_" " string_of _int ¢ ~ "_"
| CF_out (f, ¢) —

M .flavor_symbol f = "__" " string_of _int c
| CF_io (f, c1, ¢2) —

M .flavor_symbol f = "_" " string_of _int c1 " "_" " string_of _int c2
| CF_auz f —

M .flavor _symbol f ~ "__"
let flavor_sans_color_symbol = M .flavor_symbol
let gauge_symbol = M .gauge_symbol
Masses and widths must not depend on the colors anyway!

let mass_symbol = pullback M .mass_symbol
let width_symbol = pullback M .width_symbol

let constant_symbol = M .constant_symbol

Adding Color to External Particles
let count_color_strings f_list =

let rec count_color_strings’ n_in n_out n_glue = function
| [ o rest —
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begin match M .color f with

| C.Singlet — count_color_strings’ n_in n_out n_glue rest
| C.SUN nc —

if nc > 0 then
count_color_strings’ (succ n_in) n_out n_glue rest
else if nc < 0 then

count _color _strings’ n_in (succ n_out) n_glue rest
else

sul "count_color_strings"
| C.AdjSUN _ —
count_color _strings’ (succ n_in) (succ n_out) (succ n_glue) rest
end
| [] = (n-in, n_out, n_glue)
in
count_color_strings’ 00 0 f_list
let external_color_flows f_list =
let n_in, n_out, n_glue = count_color_strings f_list in
if n_in # mn_out then
invalid_arg
"Colorize.Dynamical() .external_color_flows: crossed amplitude not a singlet!"
else
let color_strings = ThoList.range 1 n_in in
List.map
(fun permutation — (color_strings, permutation))
(Combinatorics.permute color_strings)

let rec colorize_crossed_amplitudel f_list (ecf-in, ecf_out) =
match f_list with
| f o rest —
begin match M .color f with
| C.Singlet —
White f :: colorize_crossed _amplitudel rest (ecf —in, ecf _out)
| C.SUN nc —
if nc > 0 then
CF_in (f, List.hd ecf _in) ::
colorize_crossed —amplitudel rest (List.tl ecf _in, ecf —out)
else if nc < 0 then
CF_out (f, List.hd ecf _out) :

colorize_crossed _amplitudel rest (ecf _in, List.tl ecf _out)
else

sul) "colorize_flavor"
| C.AdjSUN _ —
let ecf _in’ = List.hd ecf_in
and ecf _out’ = List.hd ecf_out in

if ecf_in’ = ecf_out’ then

CF_auz f =

colorize_crossed —amplitudel rest (List.tl ecf _in, List.tl ecf —out)
else

CF_io (f, ecf-in', ecf_out’) =
colorize_crossed _amplitudel rest (List.tl ecf _in, List.tl ecf _out)
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end
=
begin match ecf _in, ecf_out with
|00 =1
| - — dnvalid_arg "colorize_crossed_amplitudel"
end

let colorize_crossed_amplitude p_list =
List.map (colorize_crossed _amplitudel p_list) (external_color_flows p_list)

let cross_uncolored p_in p_out =
(List.map M .conjugate p_in) @ p_out

let uncross_colored n_in p_lists_colorized =
let p_in_out_colorized = List.map (ThoList.splitn n_in) p_lists_colorized in
List.map
(fun (p_in_colored, p_out_colored) —
(List.map conjugate p_in_colored, p_out_colored))
p-in_out_colorized

let amplitude p_in p_out =
uncross_colored
(List.length p_in)
(colorize_crossed_amplitude (cross_uncolored p_in p_out))

The —-sign in the second component is redundant, but a Whizard conven-
tion.

let indices = function
| White - — Color.Flow.of _list [0; 0]
| CF_in (-, ¢) — Color.Flow.of _list [¢; 0]
| CF_out (-, ¢) — Color.Flow.of _list [0; — (]
| CF_io (-, cl1, ¢2) — Color.Flow.of _list [c1; — c2]
| CF_auz f — Color.Flow.ghost ()

let flow p_in p_out =
(List.map indices p_in, List.map indices p_out)

let rcs =
RCS.rename M .rcs
("Colorize.Dynamical (" ~ RCS.name M.rcs = ")")
[String.concat "," (RCS.description M .rcs @ [" (dynamically,colorized)"])]

end
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11

VERTICES

gz} Temporarily disabled, until, we implement some conditional weaving. . .
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12

MODELS

gz} Temporarily disabled, until, we implement some conditional weaving. . .

213



O A

13

HARDCODED MODELS

Interface models.mli unavailable!
Implementation models.ml unavailable!

Interface models2.mli unavailable!

13.1 Implementation of Models2

Interface models2.mlt unavailable!

Implementation models2.ml unavailable!
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14

COMPHEP MODELS

14.1 Interface of Comphep_syntax

type raw =
| I | Integer of int | Symbol of string
| Application of string x raw
| Dotproduct of raw x raw
| Product of (raw X int) list
| Sum of (raw X int) list

val symbol : string — raw
val integer : int — raw
val imag : raw

val apply : string — raw — raw
val dot : raw — raw — raw

val multiply : raw — raw — raw
val divide : raw — raw — raw
val power : raw — int — raw
val add : raw — raw — raw

val subtract : raw — raw — raw
val neg : raw — raw

14.2  Implementation of Comphep_syntax

type raw =
| I | Integer of int | Symbol of string
| Application of string x raw
| Dotproduct of raw X raw
| Product of (raw X int) list
| Sum of (raw X int) list

let symbol name = Symbol name
let integer n = Integer n
let imag = I

let apply f * = Application (f, x)
let dot x y = Dotproduct (z, y)
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Implementation of Comphep_syntax

let negate = List.map (fun (z, ¢) — (z, —¢))

let scale n = List.map (fun (z, ¢) — (z, nxc))
let addl (z, ¢)y =
if ¢ = 0 then
Y
else
try
let ¢/ = List.assoc x y + cin
if ¢ = 0 then
List.remove_assoc z y
else
(z, ') = (List.remove_assoc = y)
with

| Not_found — (z, ¢) = y
let addn = List.fold_right addl

let multiply x y =
match z, y with
| Product x’, Product y' — Product (addn z’ y’)
| Integer n, Product y' — Product (scale n y')
| Product z’, Integer n — Product (scale n z')
| _, Product y' — Product (addl (z, 1) y’)
| Product ', - — Product (addl (y, 1) z’)
| —whenz = y — Product ([(z, 2)])
| - = Product ([(z, 1); (3 1))

let divide x y =
match y with
| Product y' — multiply © (Product (negate y'))
| —whenz = y — Product ([])
| - = Product ((z, 1); (5, — 1))

let power x n =
match z with
| Product ' — Product (scale n x’)
|  — Product ([(z, n)])

let add x y =
match z, y with
| Sum z', Sum y' — Sum (addn ' y')
| -, Sum y' — Sum (addl (z, 1) y')
| Sum z', - — Sum (add! (y, 1) z’)
| —whenz = y — Sum ([(z, 2)])
| - Sum (5 1) (g 1)

let subtract x y =

match y with
| Sum y' — add z (Sum (negate y'))
| —whenz = y — Sum ([])

| - = Sum ([(z, 1); (y, —1)])

let neg = function
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| Sum z — Sum (negate )
| = = Sum ([(z, —1)])

type vector =
| Momentum of int
| Index of int
| Index’ of int

let vector _keyword = function
| "p1" — Some (Momentum 1)
| "p2" — Some (Momentum 2)
| "p3" — Some (Momentum 3)
| "pa" — Some (Momentum 4)
| "m1" — Some (Index 1)
| "m2" — Some (Index 2)
| "m3" — Some (Index 3)
| "m4" — Some (Index 4)
| "M1" — Some (Index’ 1)
| "M2" — Some (Index’ 2)
| "M3" — Some (Index’ 3)
| "M4" — Some (Index’ 4)
| - — None

14.3 Lezer

{

open Comphep_parser

}

let digit = [70°—29’]

let upper = [PA>—Z7]

let lower = [*a’—’z’]

let alpha = wupper | lower

let alphanum = alpha | digit

let symbol

= alpha alphanum”™

let integer = digit™

rule token

[> 7 °\t’] { token lezbuf } (x skip blanks x)

Il)ll
llill

{
{
{
{

= parse

LPAREN }
RPAREN }
I}
DOT }

"xx" { POWER }

Il*ll

Il/ll

{
{

MULT }
DIV }

v £ PLUS }
n_w £ MINUS }

symbol { SYMBOL (Lexing.lexzeme lexbuf) }
integer { INT (int_of _string (Lexing.lezeme lezbuf)) }
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| - { failwith ("lexer fails @" ~ Lexing.lexeme lexbuf) }
| eof { END }

14.4 Parser

Header

module S = Comphep_syntax

Token declarations

%token < string > SYMBOL

%token < int > INT

%token I

%token LPAREN RPAREN

%token DOT MULT DIV POWER PLUS MINUS
%token END

%left PLUS MINUS
%left MULT DIV
%nonassoc UNARY
%nonassoc POWER
%nonassoc DOT

Y%start expr
%type < Comphep_syntazx.raw > expr

Grammar rules

erpr =
e END { $1}

e =
SYMBOL { S.symbol $1 }

| INT { S.integer $1 }

| I { S.imag }

| SYMBOL LPAREN ¢ RPAREN { S.apply $1 $3 }

| LPAREN ¢ RPAREN { $2}

| e DOT e { S.dot $1 $3 }

| e MULT e { S.multiply $1 $3 }

| e DIV e { S.divide $1 $3 }

| e PLUS e { S.add $1 $3 }

| e MINUS e { S.subtract $1 $3 }
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Interface of Comphep

| PLUS e %prec UNARY { $2 }
| MINUS e %prec UNARY { S.neg $2 }
| e POWER INT { S.power $1 $3 }

14.5 Interface of Comphep

Wolfgang’s idea: read Comphep’s model files:
module Model : Model. T

14.6  Implementation of Comphep

let res_file = RCS.parse "Comphep" ["Plagiarizing CompHEP, models,. . ."]

{ RCS.revision = "$Revision:,810,$";
RCS.date = "$Date: ,2009-06-13,,23:56:23, +0200.,(Sat,,13_,Jun,,2009) $";
RCS.author = "$Author: ohl $";
RCS.source

= "$URL:_svn+ssh://jr_reuter@login.hepforge.org/hepforge/svn/whizard/trunk/src/ome;

A friendlier String.sub that returns an empty string instead of raising an excep-
tion. Instead of the length, the second argument denotes the last position.

let substring buffer il i2 =
let imax = String.length buffer — 1 in
let i1 = max i1 0
and 2 = min i2 imaz in
let len = i2 — i1 + 1lin
if len > 0 then
String.sub buffer il len

else
nn

let first_non_white buffer =
let len = String.length buffer in
let rec skip_white i =
if i > len then
1
else if buffer.[i] # * > A buffer.[i] # ’>\t’ then
i
else
skip_white (succ 1) in
skip _white 0

let last_non_white buffer =
let len = String.length buffer in
let rec skip_white i =
if i < 0 then
1
else if buffer.[i] # * > A buffer.[i] # ’>\t’ then
i
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Implementation of Comphep

else
skip_white (pred i) in
skip_white (pred len)

let gobble_white buffer =
substring buffer (first_non_white buffer) (last_non_white buffer)

let gobble_arrows buffer =
let imax = String.length buffer — 1 in
if smaxz > 0 then
gobble_white
(substring buffer
(if buffer.[0] = ’>’ then 1 else 0)
(if buffer.[imaz] = ’<’ then pred imax else imax))
else

let fold_lines ic f init =
let rec fold_lines’ acc =
let continue =

try
let acc’ = f (input_line ic) acc in
fun () — fold_lines" acc’

with

| End_of _file — fun () — accin
continue () in
fold_lines’ init

let column_tabs line =
let len = String.length line in
let rec tabs’ acc i =
if i > len then
List.rev acc

else if line.[i] = ’|’ then
tabs’ (i :: acc) (succ i)
else
tabs’ acc (succ 1)
in
tabs’ [] 0
let columns tabs line =
let imax = String.length line — 1 in
let rec columns’ acc i = function
| [] — List.rev_map gobble_white (substring line i imax :: acc)

| tab :: rest —
if tab < ¢ then
invalid_arg "columns: ,clash"
else if (match rest with [] — false | = — true)
A line.[tab] # 1’ then
invalid_arg "columns: expecting,’|’"
else
columns’ (substring line i (pred tab) :: acc) (succ tab) rest
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Implementation of Comphep

columns’ [] 0 tabs

let input_table name =

let ic = open_in name in
let model = input_line ic in
let table = input_line ic in
let line = input_line ic in
let tabs = column_tabs line in
let titles = columns tabs line in
let rows = fold_lines ic (fun line acc —
if String.length line > 0 A line.[0] = ’=’ then
acc
else
columns tabs line :: acc) []in
close_in ic;

(gobble_white model, gobble_white table, List.map gobble_arrows titles, rows)

let substitute_char (cold, cnew) s =
for i = 0 to String.length s — 1 do
if s.[i] = cold then
s.[i] + cnew
done;
s

let sanitize_symbol s =
List.fold_right substitute_char [(>+, ’p’); (’=’, ’m?)] (String.copy s)

@ Fodder for a future Coupling module . ..

let rec fermion_of _lorentz = function
| Coupling.Spinor — 1
| Coupling.ConjSpinor — —1
| Coupling. Majorana — 1
| Coupling.Maj_Ghost — 1
| Coupling. Vectorspinor — 1
| Coupling. Vector | Coupling. Massive_ Vector — 0
| Coupling.Scalar | Coupling. Tensor_1 | Coupling. Tensor_2 — 0
| Coupling.BRS f — fermion_of _lorentz f

let rec conjugate_lorentz = function
| Coupling.Spinor — Coupling. ConjSpinor
| Coupling.ConjSpinor — Coupling.Spinor
| Coupling. BRS f — Coupling. BRS (conjugate_lorentz f)
| f = f

@ Currently, this operates on the sanitized symbol names.

let pdg_heuristic name =
match name with
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| "ei" —» 11 | "E1" — —11 | "ni" — 12 | "N1" — —12
| "e2" - 13 | "E2" — —13 | "m2" — 14 | "N2" - — 14
| "e3" — 15 | "E3" — —15 | "m3" — 16 | "N3" - — 16
| " - 2 | "U" > -2 ] "d"—- 1| "D" - -1

[ "e" - 4 | "¢C"—> —4 ] "s"— 3] "S"— -3

| e 6| "T"— —6| "b"— 5| "B"—> —5

| nGh > 21 | "A" - 22 | "Z0 — 23

| "Wp" — 24 | "Wm" — —24 | "H" — 25

| - — dnvalid_arg ("pdg-heuristic failed: " ~ name)

module Model =
struct

type flavor = int

type flavor_sans_color = flavor
let flavor_sans_color f = f
type constant = string

type gauge = wunit

module M = Modeltools. Mutable
(struct type f = flavor type ¢ = gauge type ¢ = constant end)

let flavors = M .flavors

let external_flavors = M .external_flavors
let lorentz = M .lorentz
let color = M.color

let propagator = M .propagator
let width = M .width
let goldstone = M .goldstone

let conjugate = M .conjugate

let conjugate_sans_color = conjugate
let fermion = M.fermion

let vertices = M .vertices

let fuse2 = M.fuse2

let fuse3 = M .fuse3

let fuse = M.fuse

let max_degree = M .max_degree

let parameters = M .parameters

let flavor_of _string = M .flavor_of _string
let flavor_to_string = M .flavor_to_string
let flavor_to_TeX = M.flavor_to_TeX
let flavor_symbol = M .flavor_symbol

let flavor_sans_color_of _string = flavor_of _string
let flavor_sans_color_to_string = flavor_to_string
let flavor_sans_color_to_TeX = flavor_to_TeX
let flavor_sans_color_symbol = flavor_symbol

let gauge_symbol = M .gauge_symbol
let pdg = M .pdg

let mass_symbol = M .mass_symbol
let width_symbol = M .width_symbol
let constant_symbol = M .constant_symbol
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let res = res_file

type symbol =
| Selfconjugate of string
| Conjugates of string x string

type particle =
{ p-name : string;

p_symbol : symbol;
p-spin : Coupling.lorentz;
p-mass : Comphep_syntaz.raw;
p-width : Comphep_syntaz.raw;
p-color : Color.t;
p_auz : string option }

let count_flavors particles =
List.fold_left (funnp — n +
match p.p_symbol with
| Selfconjugate - — 1
| Conjugates - — 2) 0 particles

type particle_flavor
{ f-name : string;
f-conjugate : int;
f-symbol : string;
f-pdg : int;
f-spin : Coupling.lorentz;
f-propagator : gauge Coupling.propagator;
f-fermion : int;
f-mass : string;
f-width : string;
f-color : Color.t;
f-auz : string option }

let real_variable = function
| Comphep_syntazx.Integer 0 — "zero"
| Comphep_syntaz.Symbol s — s
| - — invalid_arg "real_variable"

let dummy_flavor =
{ f-name = "";
f-conjugate = —1;
f-symbol = "";
f-pdg = 0;
f-spin = Coupling.Scalar;
f-propagator = Coupling.Prop_Scalar;
f-fermion = 0;
f-mass = real_variable (Comphep_syntax.integer 0);
f-width = real_variable (Comphep_syntaz.integer 0);
f-color = Color.Singlet;
f-auz = None }

let propagator_of _lorentz = function
| Coupling.Scalar — Coupling.Prop_Scalar
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| Coupling.Spinor — Coupling.Prop_Spinor
| Coupling.ConjSpinor — Coupling. Prop_ConjSpinor
| Coupling. Majorana — Coupling. Prop_Majorana
| Coupling. Maj_Ghost — invalid_arg
"propagator_of_lorentz: ,SUSY ghosts do not propagate"

| Coupling. Vector — Coupling.Prop_Feynman
| Coupling. Massive_Vector — Coupling.Prop_ Unitarity
| Coupling. Vectorspinor —

invalid_arg “"propagator_of _lorentz: Vectorspinor"
| Coupling.Tensor_1 — invalid_arg "propagator_of_lorentz: Tensor_1"
| Coupling. Tensor_2 — invalid_arg "propagator_of_lorentz: Tensor_2"
| Coupling. BRS - — invalid_arg "propagator_of_lorentz: no BRST"

let flavor_of _particle symbol conjg particle =

let spin = particle.p_spin in
{ f-name = particle.p_name;
f-conjugate = conjg;

f-symbol = symbol;
f-pdg = pdg_heuristic symbol;
f-spin = spin;

f-propagator = propagator_of _lorentz spin;
f-fermion = fermion_of _lorentz spin;
f-mass = real_variable particle.p_mass;
f-width = real_variable particle.p_width;
f-color = particle.p_color;
f-aur = particle.p-auz }
let flavor_of _antiparticle symbol conjg particle =
let spin = conjugate_lorentz particle.p_spin in
{ f-name = "anti-" " particle.p_name;
f-conjugate = conjg;

f-symbol = symbol;
f-pdg = pdg_heuristic symbol;
f-spin = spin;

f-propagator = propagator_of _lorentz spin;
f-fermion = fermion_of _lorentz spin;
f-mass = real_variable particle.p_mass;
f-width = real_variable particle.p_width;
f-color = Color.conjugate particle.p_color;
f-auz = particle.p_auzx }

let parse_expr text =
try
Comphep _parser.expr Comphep_lexer.token (Lexing.from_string text)
with
| Parsing.Parse_error — invalid_arg ("parse error: " " text)

let parse_function_row = function
| name :: fet i@ comment :: - — (name, parse_expr fct, comment)
| - — idnvalid_arg "parse_function_row"

let parse_lagragian_row = function
| pI = p2 = p8 =pl et - —
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((p1, p2, p3, p4), parse_expr c, parse_expr t)
- — invalid_arg "parse_lagragian_row"
p grag

let parse_symbol s1 s2 =
if s1 = s2 then
Selfconjugate (sanitize_symbol s1)
else

Conjugates (sanitize_symbol s1, sanitize_symbol s2)

let parse_spin spin =
match int_of _string spin with
| 0 — Coupling.Scalar
| 1 — Coupling.Spinor
| 2 = Coupling. Vector
| - — invalid_arg ("parse_spin:_spin =" " spin)

let parse_color color =
match int_of _string color with
| 1 — Color.Singlet
| 3 = Color.SUN 3
| 8 = Color.AdjSUN 3

| - — invalid_arg ("parse_color: color, =" "~ color)

let parse_particle_row = function
| name :: symbol :: symbol_cc :: spin :: mass :: width :: color ::
aur i - —
{ p-name = name;
p-symbol = parse_symbol symbol symbol_cc;
P_Spin = parse_spin Spin;
pP_mass = parse_erpr mass;
p-width = parse_expr width;
p_color = parse_color color;
p-aux = match auz with "" — None | - — Some auz }
| - — dnvalid_arg "parse_particle_row"
let parse_variable_row = function
| name :: value :: comment :: _ —

(name, float_of _string value, comment)
| - — dnvalid_arg "parse_variable_row"

let parse_table parse_row name =
let model, table, titles, rows = input_table name in
(model, table, titles, List.rev_map parse_row rows)

let input_functions = parse_table parse_function_row
let input_lagrangian = parse_table parse_lagragian_row
let input_particles = parse_table parse_particle_row

let input_variables = parse_table parse_variable_row

let input_model dir idx =
let ide = string_of _int idz in
(input_particles (dir = "/prtcls" ~ idz = ".mdl"),
input_variables (dir ~ "/vars" " idz ~ ".mdl"),
input_functions (dir ~ "/func" " idx "~ ".mdl"),
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input_lagrangian (dir ~ "/lgrng" ~ idx ~ ".md1l"))

let flavors_of _particles particles =
let flavors = Array.create (count-flavors particles) dummy-flavor in
ignore (List.fold_left (fun n p —
match p.p_symbol with
| Selfconjugate f —
flavors.(n) <+ flavor_of _particle f n p;
n + 1
| Conjugates (f1, f2) —
flavors.(n) < flavor_of _particle f1 (n + 1) p;
flavors.(n+ 1) «+ flavor_of _antiparticle f2 n p;
n + 2) 0 particles);

flavors
module ' = Modeltools. Fusions (struct
type f = flavor
type ¢ = constant
let compare = compare
let conjugate = conjugate
end)
let translate_tensor3 - = Coupling.Scalar_Scalar_Scalar 1
let translate_tensor4 - = Coupling.Scalarj 1

let translate_constant - = ""

let init flavors variables functions vertices =
let fmaxr = Array.length flavors — 1 in
let flist = ThoList.range 0 fmax in
let clamp_flavor msg f =
if f > 0V f < fmaz then
S
else
invalid_arg (msg ~ ":uinvalid, flavor: " ~ string_of _int f) in
let flavor_hash = Hashtbl.create 37 in
let flavor_of _string s =
try
Hashtbl.find flavor_hash s
with
| Not_found — invalid_arg ("flavor_of_string: " ~ s) in
for f = 0 to fmaz do
Hashtbl.add flavor_hash flavors.(f).f —symbol f
done;
let vertices3, vertices4 =
List.fold _left (fun (v3, v4) ((p1, p2, p3, p4), ¢, t) —

if p4 = "" then
(((flavor_of _string p1, flavor_of _string p2, flavor_of _string p3),
translate_tensor3 t, translate_constant ¢) = v3, v4)
else

(v3, ((flavor_of _string p1, flavor_of _string p2,
flavor_of _string p3, flavor_of _string p4),
translate_tensors t, translate_constant ¢) :: vf))
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([1, []) vertices in
let maz_degree = match vertices4 with [| — 3 | - — 4in
let all_vertices () = (vertices3, vertices4, []) in
let table = F.of _vertices (all_vertices ()) in

let input_parameters =
(real _variable (Comphep _syntazx.integer 0), 0.0) ::
(List.map (fun (n, v, -) — (n, v)) variables) in
let derived_parameters =
List.map (fun (n, f, -) — (Coupling.Real n, Coupling.Const 0))
functions in
M .setup
“color : (fun f — flavors.(clamp_flavor "color" f).f_color)
“pdg : (fun f — flavors.(clamp_flavor "pdg" f).f -pdg)
“lorentz : (fun f — flavors.(clamp_flavor "spin" f).f_spin)
“propagator : (fun f —
flavors.(clamp _flavor "propagator" f).f_propagator)
“width : (fun f —  Coupling. Constant)
“goldstone : (fun f — None)
“conjugate : (fun f — flavors.(clamp_flavor "conjugate" f).f _conjugate)
“fermion : (fun f — flavors.(clamp_flavor "fermion" f).f_fermion)
“max_degree
“wertices : all_vertices
“fuse : (F.fuse2 table, F.fuse3 table, F.fuse table)
“flavors : ([("All Flavors", flist)])
“parameters : (fun () —
{ Coupling.input = inpul_parameters;
Coupling.derived derived -parameters;
Coupling.derived _arrays = [] })
“flavor _of _string
~“flavor _to_string : (fun f —
flavors.(clamp_flavor "flavor_to_string" f).f_name)
“flavor_to_TeX : (fun f —
flavors.(clamp_flavor "flavor_to_TeX" f).f_name)
“flavor _symbol : (fun f —
flavors.(clamp_flavor "flavor_symbol" f).f_symbol)
“gauge_symbol : (fun () — "")
“mass_symbol : (fun f —
flavors.(clamp_flavor "mass_symbol" f).f_mass)
“width_symbol : (fun f —
flavors.(clamp_flavor "width_symbol" f).f_width)
“constant_symbol : (fun ¢ — failwith "constant_symbol")

let particles_file = ref "prtclsl.mdl"
let variables_file = ref "varsl.mdl"
let functions_file = ref "funcl.mdl"
let lagrangian_file = ref "lgrngl.mdl"

let load () =

let (—7 ) p)7 v, fa I =
(input_particles particles_file, input_variables lvariables_file,
input _functions | functions_file, input_lagrangian lagrangian_file) in
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init (flavors_of _particles p) [] [] []

let options = Options.create

[ ("p", Arg.String (fun name — particles_file := name),
"CompHEP jparticles file,(default: " " !particles_file = ")");
("v", Arg.String (fun name — wvariables_file := name),
"CompHEP variables file,(default: " ~ lvariables_file = ")");
("£", Arg.String (fun name — functions_file := name),
"CompHEP, ,functions file (default: " ~ |functions_file = ")");
("1", Arg.String (fun name — lagrangian_file := name),

"CompHEP lagrangian file (default: " " !llagrangian_file " ")");
("exec", Arg.Unit load,

"load,the model files,(required,,_before_any particle)");

("help", Arg.Unit (fun () —
print_endline

("[" ~ String.concat " |"

(List.map M.flavor _to_string (M .flavors ())) " "1")),

"printuinformation._lon\_,theumodel")]

end
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HARDCODED TARGETS

15.1 Interface of Targets

module Dummy : Target.Maker

15.1.1 Supported Targets

module Fortran : Target.Maker
module Fortran_Majorana : Target.Maker

15.1.2 Potential Targets

module VM : Target. Maker
module Fortran77 : Target.Maker
module C' : Target.Maker
module Cpp : Target. Maker
module Java : Target.Maker
module Ocaml : Target. Maker
module LaTeX : Target.Maker

15.2  Implementation of Targets

let res_file = RCS.parse "Targets" ["Code Generation"]

{ RCS.revision = "$Revision: 1710,$";
RCS.date = "$Date: ,2010-02-05,14:21:44_ +0100,(Fri, 05 Feb 2010)_ $"
RCS.author = "$Author: ohl $";
RCS.source

= "$URL:svn+ssh://jr_reuter@login.hepforge.org/hepforge/svn/whizard/trunk/src/ome;

module Dummy (F : Fusion.Maker) (P : Momentum.T) (CM : Model.Colorized) =
struct
let res_list = []
type amplitudes = Fusion.Colored(F)(P)(CM).amplitudes
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type diagnostic = All | Arguments | Momenta | Gauge
let options = Options.empty
let amplitudes_to_channel cmdline oc amplitudes = failwith "Targets.Dummy"
let parameters_to_channel oc = failwith "Targets.Dummy"
end

15.2.1 Fortran90/95

Dirac Fermions

We factor out the code for fermions so that we can use the simpler implemen-
tation for Dirac fermions if the model contains no Majorana fermions.

module type Fermions =
sig

open Coupling
val psi_type : string
val psibar_type : string
val chi_type : string
val grav_type : string
val psi_incoming : string
val brs_psi_incoming : string
val psibar_incoming : string
val brs_psibar_incoming : string
val chi_incoming : string
val brs_chi_incoming : string
val grav_incoming : string
val psi_outgoing : string
val brs_psi_outgoing : string
val psibar_outgoing : string
val brs_psibar_outgoing : string
val chi_outgoing : string
val brs_chi_outgoing : string
val grav_outgoing : string
val psi_propagator : string
val psibar_propagator : string
val chi_propagator : string
val grav_propagator : string
val psi_projector : string
val psibar_projector : string
val chi_projector : string
val grav_projector : string
val psi_gauss : string
val psibar_gauss : string
val chi_gauss : string
val grav_gauss : string
val print_current : int X fermionbar X boson X fermion —»
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string — string — string — fuse2 — unit

val print_current_p : int X fermion X boson X fermion —
string — string — string — fuse2 — unit

val print_current_b : int X fermionbar X boson X fermionbar —
string — string — string — fuse2 — unit

val print_current_g : int X fermionbar X boson X fermion —
string — string — string — string — string — string
— fuse2 — unit

val print_current_g4 : int X fermionbar X boson2 x fermion —
string — string — string — string — fuse3 — unit

val reverse_braket : lorentz — bool

val use_module : string

val require_library : string list

val res : RCS.t

end

module Fortran_Fermions : Fermions =
struct
let rcs = RCS.rename rcs_file "Targets.Fortran_Fermions()"
[ "generates Fortran95 ,code for Dirac fermions";
"using revision;;2000_10_A 0f module omega95" ]

open Coupling
open Format

let psi_type = "spinor"

let psibar_type = "conjspinor"

let chi_type = "?77"

let grav_type = "777"

let psi_tncoming = "u"

let brs_psi_incoming = "brs_u"

let psibar_incoming = "vbar"

let brs_psibar_incoming = "brs_vbar"
let chi_incoming = "777"

let brs_chi_incoming = "777"

let grav_incoming = "777"

let psi_outgoing = "v"

let brs_psi_outgoing = "brs_v"

let psibar_outgoing = "ubar"

let brs_psibar_outgoing = "brs_ubar"
let chi_outgoing = "777"

let brs_chi-outgoing = "777"

let grav_outgoing = "777?"

let psi_propagator = "pr_psi"

let psibar_propagator = "pr_psibar"
let chi_propagator = "777"

let grav_propagator = "77?"

let psi_projector = "pj_psi"

let psibar_projector = "pj_psibar"
let chi_projector = "777"
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let grav_projector = "777"

let psi_gauss = "pg-_psi"

let psibar_gauss = "pg-psibar"
let chi_gauss = "?77"

let grav_gauss = "777"

let format_coupling coeff ¢ =
match coeff with
| 1 — ¢
| =1 = "(="" ¢ ")
| coeff — string_of _int coeff ~ "*" " ¢

let format_coupling_2 coeff ¢ =
match coeff with
| 1 = ¢
| =1 = "=" "¢
| coeff — string_of _int coeff = "x" " ¢

@ JR’s coupling constant HACK, necessitated by tho’s bad design descition.

let fastener s i =
try
let offset = (String.index s > (?) in
if ((String.get s (String.length s — 1)) # ’)?) then
failwith "fastener: jwrong usage of parentheses"
else
let func_name = (String.sub s 0 offset) and
tail =
(String.sub s (succ offset) (String.length s — offset — 2)) in
if (String.contains func_name °)’) V
(String.contains tail > (°) V
(String.contains tail *)?) then
failwith "fastener: wrong usage of parentheses"
else
func_name = " (" " string_of —int i ~ "," " tail "~ ")"
with
| Not_found —
if (String.contains s *)°) then
failwith "fastener: wrong usage of parentheses"
else
s~ "(" " string_of —int i~ ")"

let print_fermion_current coeff f ¢ wfl wf2 fusion =
let ¢ = format_coupling coeff c in
match fusion with

| F18 — printf "%s_££(Chs,%s,%)" [ ¢ wfl wf2
| F81 — printf "%s_££(%s,%s,%s)" [ ¢ wf2 wfl
| F23 — printf "£_%st(%s,%s,%s)" [ ¢ wfl wf2
| F82 — printf "£_Y%st (%s,%s,%s)" [ ¢ wf2 wfl
| F12 — printf "£_£hsChs,%s,%)" [ ¢ wfl wf2
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| F21 — printf "£_f%s(%s,%s,%s)" f ¢ wf2 wfl

Using a two element array for the combined vector-axial and scalar-pseudo
couplings helps to support HELAS as well. Since we will probably never
support general boson couplings with HELAS, it might be retired in favor
of two separate variables. For this Model.constant_symbol has to be gener-
alized.

NB: passing the array instead of two separate constants would be a bad idea,
because the support for Majorana spinors below will have to flip signs!

let print_fermion_current2 coeff f ¢ wfl wf2 fusion =

let ¢ = format_coupling_2 coeff c in
let c1 = fastener ¢ 1
and ¢2 = fastener c 2 in

match fusion with

| F18 — printf “%s-££(hs,%s,%hs,%s)" f cl c2 wfl wf2
| F81 — printf "hs_-££(%s,%s,%s,%s)" f ¢l c2 wf2 wfl
| F23 — printf "£_%sf(hs,%s,%s,%s)" f c1 c2 wfl wf2
| F32 — printf "£_%st(%s,%s,%s,%s)" f ¢l 2 wf2 wfl
| F12 — printf "f_£4s(hs,%s,%s,%s)" f c1 c¢2 wfl wf?2
| F21 — printf "f_£%s(hs,%hs,%s,%s)" f ¢l c2 wf2 wfl

let print_current = function
| coeff, Psibar, VA, Psi — print_fermion_current2 coeff "va"

| coeff, Psibar, VA2, Psi — print_fermion_current coeff "va2"

| coeff, Psibar, V, Psi — print_fermion_current coeff "v

| coeff, Psibar, A, Psi — print_fermion_current coeff "a"

| coeff, Psibar, VL, Psi — print_fermion_current coeff "v1"

| coeff, Psibar, VR, Psi — print_fermion_current coeff "vr"

| coeff, Psibar, VLR, Psi — print_fermion_current2 coeff "vlr"

| coeff, Psibar, SP, Psi — print_fermion_current2 coeff "sp"

| coeff, Psibar, S, Psi — print_fermion_current coeff "s"

| coeff, Psibar, P, Psi — print_fermion_current coeff "p"

| coeff, Psibar, SL, Psi — print_fermion_current coeff "s1"

| coeff, Psibar, SR, Psi — print_fermion_current coeff "sr"

| coeff, Psibar, SLR, Psi — print_fermion_current? coeff "slr"

| coeff, Psibar, _, Psi — invalid_arg
"Targets.Fortran_Fermions: nogsuperpotential here"

| —, Chibar, _, _ | -, -, -, Chi — invalid_arg
"Targets.Fortran_Fermions: Majorana spinors not handled"

| -, Gravbar, -, - | -, —, -, Grav — invalid_arg
"Targets.Fortran_Fermions: Gravitinos not handled"

let print_current_p = function
| -, -, -, = — invalid_arg
"Targets.Fortran_Fermions: Noyclashing arrows here"

let print_current_b = function
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| -, -, -, = — invalid_arg
"Targets.Fortran_Fermions: Noyclashing arrows here"

let print_current_g = function
| -, -, -, = — invalid_arg
"Targets.Fortran_Fermions: Noygravitinos here"

let print_current_g4 = function
| -, -, -, - — invalid_arg
"Targets.Fortran_Fermions: Noygravitinos here"

let reverse_braket = function
| Spinor — true
| - — false

let use_module = "omega95"
let require _library =
["omega_spinors_2010_01_A"; "omega_spinor_cpls_2010_01_A"]
end

Main Functor

module Make_Fortran (Fermions : Fermions)

(Fusion_-Maker : Fusion.Maker) (P : Momentum.T) (CM : Model.Colorized) =

struct
let res_list =
[ RCS.rename rcs_file "Targets.Make_Fortran()"
[ "Interface, for Whizard, 2.X";
"NB:_non-gauge vector couplings are not available yet" ];
Fermions.rcs |

let require _library =
Fermions.require_library @
[ "omega_vectors_2010_01_A"; "omega_polarizations_2010_01_A";
"omega_couplings_2010_01_A"; "omega_utils_2010_01_A" ]

module F' = Fusion_Maker(P)(CM)
type amplitude = F.amplitude

module CF = Fusion.Colored(Fusion_Maker)(P)(CM)
type amplitudes = CF.amplitudes

open Coupling
open Format

let line_length = ref 80

let kind = ref "default"

let fortran95 = ref true

let module_name = ref "omega_amplitude"
let use_-modules = ref []

let whizard = ref false

let parameter _module = ref ""

let mdssum = ref None
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let no_write = ref false
let km_write = ref false
let km_pure = ref false
let options = Options.create

[ "90", Arg.Clear fortran95,
"don’t use Fortran95 features that are not_in Fortran90";
"kind", Arg.String (fun s — kind = s),
"real and complex_kind, (default: " ~ lkind ~ ")";
"width", Arg.Int (fun w — line_length := w), "approx. line length";

"module", Arg.String (fun s — module_name := s), "module name";
"use", Arg.String (fun s — wuse_modules = s : luse_modules),
"use module";

"parameter_module", Arg.String (fun s — parameter_module := s),
"parameter_module";

"md5sum", Arg.String (fun s — mdisum = Some s),

"transfer MD5 checksum";

"whizard", Arg.Set whizard, "include WHIZARD interface",

"no_write", Arg.Set no_write, "no ’write’ statements";

"kmatrix_write", Arg.Set km_write, "write K matrix functions";
"kmatrix_write_pure", Arg.Set km_pure, "writeuKumatrixupureufunctions"]

Fortran style line continuation:

let continuing = ref true
let nl () =
continuing := false;
print_newline ();
continuing = true

let wrap_newline () =
let out, flush, newline, space = get_all_formatter_output_functions () in
let newline’ () = if lcontinuing then out "L&" 0 2; newline () in
set_all_formatter _output_functions out flush newline’ space

let print_list = function
L= 0
| a :: rest —
print_string a;
List.iter (fun s — printf ",0,%s" s) rest

Variables and Declarations

let flavors_symbol flavors =
String.concat """ (List.map CM .flavor_symbol flavors)

let p2s p =
ifp > 0A p < 9then
string-of —int p
else if p < 36 then
String.make 1 (Char.chr (Char.code A’ + p — 10))
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else

let format_momentum p =
"p" " String.concat "" (List.map p2s p)

let format_p wf =
String.concat "" (List.map p2s (F.momentum_list wf))

let ext_momentum wf =
match F.momentum_list wf with
| - — idnvalid_arg "Targets.Fortran.ext_momentum"

module PSet = Set.Make (struct type t = int list let compare = compare end)

module WFSet = Set.Make (struct typet = F.wf let compare = compare end)

module WFESet2 = Set.Make (structtype t = F.wf x F.wf Tree2.t let compare = compare end)
module WEMap = Map.Make (struct type t = F.wf let compare = compare end)

module WEMap2 = Map.Make (structtype t = F.wf x F.wf Tree2.t let compare = compare end)
module WETSet = Set.Make (struct type t = F.wf Tree2.t let compare = compare end)

let add_-tag wf name =
match F.wf_tag wf with
| None — name
| Some tag — name "~ "_" " tlag

let variable wf =

add_tag wf (CM .flavor_symbol (F.flavor wf) = "_" " format_p wf)
let momentum wf = "p" ~ format_p wf
let spin wf = "s(" ~ string_of _int (ext_momentum wf) =~ ")"

let format_multiple_variable wf i =
variable wf ~ "_X" " string_of _int 1

let multiple_variable amplitude dictionary wf =
try
format_multiple _variable wf (WFMap?2.find (wf, F.dependencies amplitude wf) dictionary)
with
| Not_found — wvariable wf

let multiple_variables multiplicities wf =
try
List.map
(format_multiple_variable wf)
(ThoList.range 1 (WFMap.find wf multiplicities))
with
| Not_found — [variable wf]

let declare_list multiplicities t = function

=0
| wfs —
printf "Louu@[<2>%sy: tu" ¢
print_list (ThoList.flatmap (multiple _variables multiplicities) wfs); nl ()

type declarations =
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{ scalars : F.wf list;
spinors : F.wf list;
congspinors : F.wf list;
realspinors : F.wf list;
ghostspinors . F.wf list;
vectorspinors : F.wf list;
vectors : F.wf list;
ward _vectors : F.wf list;
massive_vectors : F.wf list;
tensors_1 : F.wf list;
tensors_2 : F.wf list;
brs_scalars : F.wf list;
brs_spinors : F.wf list;
brs_congjspinors : F.wf list;
brs_realspinors : F.wf list;
brs_vectorspinors : F.wf list;
brs_vectors : F.wf list;
brs_massive _vectors : F.wf list }

let rec classify-wfs’ acc = function
| [] = acc
| wf = rest —
classify _wfs’

Maj_Ghost — {acc with ghostspinors = wf :: acc.ghostspinors}
Vectorspinor —

(match CM .lorentz (F.flavor wf) with

| Scalar — {acc with scalars = wf :: acc.scalars}

| Spinor — {acc with spinors = wf :: acc.spinors}

| ConjSpinor — {acc with congspinors = wf :: acc.conjspinors}
| Majorana — {acc with realspinors = wf :: acc.realspinors}
|

|

{acc with vectorspinors = wf :: acc.vectorspinors}

| Vector — {acc with vectors = wf :: acc.vectors}
| Massive_ Vector —

{acc with massive_vectors = wf :: acc.massive_vectors}
Tensor-1 — {acc with tensors_1 = wf :: acc.tensors_1}
Tensor_2 — {acc with tensors_2 = wf :: acc.tensors_2}
BRS Scalar — {acc with brs_scalars = wf :: acc.brs_scalars}

BRS Spinor — {acc with brs_spinors = wf :: acc.brs_spinors}
BRS ConjSpinor — {acc with brs_conjspinors =
wf :: ace.brs_congspinors}
BRS Magjorana — {acc with brs_realspinors =
wf i acc.brs_realspinors}
BRS Vectorspinor — {acc with brs_vectorspinors =
wf : acc.brs_vectorspinors}
BRS Vector — {acc with brs_vectors = wf :: acc.brs_vectors}
| BRS Massive_Vector — {acc with brs_massive_vectors =
wf 1 acc.brs_massive_vectors}
| BRS - — invalid_arg "Targets.wfs_classify’: not_needed here")
rest

let classify_wfs wfs = classify_wfs’'
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{ scalars = []; spinors = [|; conjspinors = []; realspinors = [];
ghostspinors = []; vectorspinors = []; vectors = [];
ward _vectors = [];
massive_vectors = [|; tensors_1 = []; tensors_-2 = [];
brs_scalars = []; brs_spinors = []; brs_conjspinors = [];
brs_realspinors = []; brs_vectorspinors = [];
brs_vectors = [|; brs_massive_vectors = []}

wfs

Parameters

type a parameters =
{ real_singles : « list;
real_arrays : (a X int) list;
complex _singles : « list;
complex_arrays : (o X int) list }

let rec classify_singles acc = function
| [] = acc
| Real p :: rest — classify-singles
{ acc with real_singles = p :: acc.real_singles } rest
| Complex p :: rest — classify_singles
{ acc with complex_singles = p :: acc.complex_singles } rest
let rec classify_arrays acc = function
[] — acc

|
| (Real_Array p, rhs) :: rest — classify_arrays
{ acc with real_arrays =
(p, List.length rhs) :: acc.real_arrays } rest
| (Complex_Array p, rhs) :: rest — classify_arrays
{ acc with complex_arrays =
(p, List.length ths) :: acc.complex_arrays } rest

let classify_parameters params =
classify_arrays
(classify_singles
{ real_singles = [];
real_arrays = [J;
complex_singles = [];
complex_arrays = [] }
(List.map fst params.derived)) params.derived _arrays
let rec schisma n | =
if List.length I < n then
[7]
else
let a, b = ThoList.splitn n [ in
[a] @ (schisma n b)

let rec schisma_num i nl =
if List.length I < n then
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[(4, )]

else
let a, b = TholList.splitn n [ in
[(i,a)] @ (schisma_num (i +1) n b)

let declare_parameters’ t = function
Il =0
| plist —
printf ",,@[<2>%s (kind=%s) , public, save::," ¢ lkind;
print_list (List.map CM .constant_symbol plist); nl ()

let declare_parameters t plist =
List.iter (declare_parameters’ t) plist

let declare_parameter_array t (p, n) =
printf ",,@[<2>Y%s (kind=%s) , dimension(%d) , public, save,: : %s"
t 'kind n (CM .constant_symbol p); nl ()

let default_parameter (z, v) =
printf "Q %hs =u%hg-%s" (CM.constant_symbol z) v kind

let declare_default _parameters t = function
| ] = 0
| p : plist —
printf ",,0[<2>%s (kind=%s) , public, save,::" t |kind;
default _parameter p;

List.iter (fun p’ — printf ","; default_parameter p') plist;
nl ()
let rec format_constant = function

| I — sprintf "cmplx,(0.0_%s,,1.0_%s)" lkind kind
| Const ¢ when ¢ < 0 — sprintf "(%d.0_%s)" ¢ 'kind
| Const ¢ — sprintf "%d.0_%s" ¢ kind

| - — idnvalid_arg "format_constant"

let rec eval_parameter’ = function
— printf "cmplx (0.0_%s,,1.0_%s)" kind kin
1 intf "cmplx,(0.0_%s,1.0_%s)" lkind kind
onst ¢ when ¢ < 0 — prin 4d.0_%s)" ¢ lkin
Const h 0 printf " (%d.0_%s)" ¢ lkind
| Const ¢ — printf "%d.0_%s" ¢ kind
om T — prin A .constant_symbol x
At intf "%s" (CM tant bol
um [] — prin .0_%s" kin
| Sum [] printf "0.0_%s" kind
| Sum [z] — eval_parameter’ z
| Sum (z = zs) —
printf "@, ("; eval_parameter’ x;
List.iter (fun z — printf "@, +."; eval_parameter’ x) xs;
prmtf nyn
| Diff (z, y) —
printf "@, ("; eval_parameter’ x;
printf "Lu-u"; eval_parameter’ y; printf ")"
| Neg x — printf "@, (u-."; eval_parameter’ z; printf ")"
Prod || — printf "1.0_%s" 'kind
|
| Prod [x] — eval_parameter’ x
| Prod (z :: zs) —
printf "@, ("; eval_parameter’ x;
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List.iter (fun 2 — pringf "_*,"; eval_parameter’ ) xs;
printf ")"
| Quot (z, y) —
printf "@, ("; eval_parameter’ x;
printf "L/0"; eval_parameter’ y; printf ")"
| Recz —
printf "Q,,(1.0_%s./" 'kind; eval_parameter’ z; printf ")"
| Pow (z, n) —
printf "@, ("; eval_parameter’ z; printf "**%d" n; printf ")"
| Sqrt x — printf "Q,sqrty("; eval_parameter’ x; printf ")"
| Sin x — printf "@,sin,("; eval_parameter’ x; printf ")"
| Cos z — printf "@,cos,("; eval_parameter’ x; printf ")"
| Tan © — printf "@,tan,("; eval_parameter’ x; printf ")"
| Cot x — printf "@,coty("; eval_parameter’ x; printf ")"
| Atan2 (y, z) — printf "@,atan2,,("; eval_parameter’ y;
printf ",Q."; eval_parameter’ z; printf ")"
| Conj x — printf "@,conjg, ("; eval_parameter’ z; printf ")"

let strip_single_tag = function
| Real z — =z
| Complex x — =z

let strip_array_tag = function
| Real_Array z — x
| Complex_Array x — =«

let eval_parameter (lhs, rhs) =
let z = CM.constant_symbol (strip_single_tag lhs) in
printf "LLLu@<2>%su=." x; eval_parameter’ rhs; nl ()

let eval_para_list n 1l =
printf ", subroutine setup_parameters¥s ()" (string_of _int n); ni();
List.iter eval_parameter [;
printf "_end subroutine setup_parameters¥s" (string_of _int n); nl()

let eval_parameter_pair (lhs, rhs) =
let z = CM.constant_symbol (strip_array_tag lhs) in
let - = List.fold_left (fun i rhs’ —
printf "uouu@l<2>%s (hd) L=u" = i; eval_parameter’ rhs’; nl ();
succ i) 1 rhs in

0

let eval_para_pair_list n | =
printf " subroutine setup-_parametersis ()" (string-of —int n); ni();
List.iter eval_parameter_pair I;
printf "_end subroutine setup_parameters¥s" (string_of _int n); nl()

let print_echo fmt p =
let s = CM.constant_symbol p in
printf "Louuwritey (unit = *, fmt = fmt_%s) \"%s\", %s"

fmt s s; nl ()

let print_echo_array fmt (p, n) =
let s = CM.constant_symbol p in
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fori = 1tondo
printf "Louowritey (unity=*, fmt = fmt_Ys_array) " fmt ;
printf "\"%s\", %d, hs(%d)" s i s i; nl ()

done

let parameters_to_fortran oc params =
set_formatter _out_channel oc;
set_margin !line_length;
wrap_newline ();
let declarations = classify-parameters params in
printf "module %s" !parameter_module; nl ();
printf ", use kinds"; nl ();
printf " use constants"; nl ();
printf " Limplicit none"; nl ();
printf ", private"; nl ();
printf ",,@[<2>publicy: : Setup_parameters";
if lno_write then begin
printf "' No_print_parameters"; nl();
end else begin
printf "@,, print_parameters"; nl ();
end;
declare_default _parameters "real" params.input;
declare_parameters "real" (schisma 69 declarations.real_singles);
List.iter (declare_parameter_array "real") declarations.real _arrays;
declare_parameters "complex" (schisma 69 declarations.complex _singles);
List.iter (declare_parameter _array "complex") declarations.complex _arrays;
printf "contains"; nl ();
printf "Luouu!uderived, parameters:"; nl ();
let shredded = schisma_num 1 120 params.derived in
let shredded_arrays = schisma_num 1 120 params.derived _arrays in
let num_sub = List.length shredded in
let num_sub_arrays = List.length shredded_arrays in
printf "Luouuo ! length: %s" (string_of —int (List.length params.derived));
ni();
printf "Luuou ! Num_Sub: | %s" (string-of —int num_sub); ni()
List.iter (fun (i,1) — eval_para_list i 1) shredded;
List.iter (fun (i,1) — eval_para_pair_list (num_sub + ) 1)
shredded - arrays;
printf ", subroutine setup_parameters,()"; nl();
let sum_sub = num_sub + num_sub_arrays in
for i = 1 to sum_sub do
printf "uouucall setup-_parameters¥s" (string_of —int i); nl()
done;
printf ", end, subroutine setup_parameters"; nl();
if lno_write then begin
printf "! No_print_parameters"; nl();
end else begin
printf ",_subroutine_ print_parameters,()"; ni();
printf "Louu@[<2>character(len=*), jparameter;::";
printf "@_fmt_real = \"(A12,4X,’_ =’ ,E25.18)\","
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printf "e_fmt_complex = \"(A12,4X,’ =’ ,E25.18, s+ i*’ ,E25.18)\",";
printf "@ fmt_real _array, = \"(A12,°(’,12.2,%)°,° =, ,E25.18)\",";
printf "@_fmt_complex_array, =,";
printf "\"(A12,°(*,12.2,%)’,’ =, ,E25.18,’ + i*’ ,E25.18)\""; nl ();
printf "LooL@[<2>write (unit =%, fmt_= \" (A)\"),@Q,";
printf "\"default values for the_ input_ parameters:\""; nl ();
List.iter (fun (p, =) — print_echo "real" p) params.input;
printf "Loouu@[<2>write (unit = *, fmt = \" (A)\")_0,";
printf "\"derived parameters:\""; nl ();
List.iter (print_echo "real") declarations.real -singles;
List.iter (print_echo "complex") declarations.complex _singles;
List.iter (print_echo_array "real") declarations.real_arrays;
List.iter (print_echo_array "complex") declarations.complex _arrays;
printf "Luend subroutine print_parameters"; nl();

end;

printf "end module  %s" !parameter_module; nl ();

printf "' ,0’Mega revision control information:"; nl ();

List.iter (fun s — printf "'Luuo%s" s; nl ()
(ThoList.flatmap RCS.summary (CM.rcs :: res_list));

printf "1 program test_parameters"; nl();
printf "' use %s" \parameter ~module; nl();
printf "111,,,call setup_parameters,()"; nl();
printf "', ,,call print_parameters,()"; nl();
pringf "1 end program test_parameters"; nl()

Run-Time Diagnostics

type diagnostic = All | Arguments | Momenta | Gauge
type diagnostic.mode = Off | Warn | Panic

let warn mode =
match !mode with
| Off — false
| Warn — true
| Panic — true

let panic mode =
match !mode with
| Off — false
| Warn — false
| Panic — true

let suffiz mode =
if panic mode then

||panic||
else
"warn"
let diagnose_arguments = ref Off
let diagnose_momenta = ref Off
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let diagnose_gauge = ref Off

let rec parse_diagnostic = function
| All, panic —
parse_diagnostic (Arguments, panic);
parse_diagnostic (Momenta, panic);
parse_diagnostic (Gauge, panic)
| Arguments, panic —

diagnose_arguments := if panic then Panic else Warn
| Momenta, panic —

diagnose_momenta := if panic then Panic else Warn
| Gauge, panic —

diagnose_gauge := if panic then Panic else Warn

If diagnostics are required, we have to switch off Fortran95 features like pure
functions.

let parse_diagnostics = function
[ =0
| diagnostics —
fortran95 = false;

List.iter parse_diagnostic diagnostics

Amplitude

let declare_momenta = function
L= 0
| momenta —
printf "LouL@[<2>type (momentum) : :,";
print_list (List.map format_momentum momenta); nl ()

let declare_wavefunctions multiplicities wfs =
let wfs’ = classify-wfs wfs in
declare_list multiplicities ("complex(kind=" " lkind ~ ")")
(wfs’.scalars @Q wfs’.brs_scalars);
declare_list multiplicities ("type(" ~ Fermions.psi_type ~ ")")
(wfs'.spinors @ wfs’.brs_spinors);
declare_list multiplicities ("type (" ~ Fermions.psibar_type =~ ")")
(wfs’.conjspinors @ wfs’.brs_conjspinors);
declare_list multiplicities ("type (" ~ Fermions.chi_type =~ ")")
(wfs’.realspinors @ wfs’.brs_realspinors @ wfs’.ghostspinors);
declare _list multiplicities ("type (" ~ Fermions.grav_type ~ ")") wfs’.vectorspinors;
declare_list multiplicities "type (vector)" (wfs’.vectors @ wfs’.massive_vectors Q
wfs’.brs_vectors @ wfs’.brs_massive_vectors @ wfs’.ward_vectors);
declare_list multiplicities "type (tensor20dd)" wfs’.tensors_1;
declare_list multiplicities "type (tensor)" wfs’.tensors_2

let flavors a = F.incoming a @Q F.outgoing a

let declare_brakets = function

11 =0
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| amplitudes —
printf "Louu@[<2>complex (kind=Y%s): " kind;
print_list (List.map (fun a — flavors_symbol (flavors a)) amplitudes); nl ()

let print_declarations multiplicities dictionary amplitudes =
declare_momenta
(PSet.elements
(List.fold _left
(fun set a —
PSet.union set (List.fold_right
(fun wf — PSet.add (F.momentum_list wf))
(F.externals a) PSet.empty))
PSet.empty amplitudes));
declare —wavefunctions multiplicities
(WFSet.elements
(List.fold_left
(fun set a —
WESet.union set (List.fold _right WESet.add (F.externals a) WFSet.empty))
WFSet.empty amplitudes));
declare_momenta
(PSet.elements
(List.fold _left
(fun set a —
PSet.union set (List.fold _right
(fun wf — PSet.add (F.momentum_list wf))
(F.variables a) PSet.empty))
PSet.empty amplitudes));
declare _wavefunctions multiplicities
(WESet.elements
(List.fold _left
(fun set a —
WESet.union set (List.fold -right WESet.add (F.variables a) WFSet.empty))
WFSet.empty amplitudes));
declare_brakets amplitudes

print_current is the most important function that has to match the functions in
omega9b (see appendix U). It offers plentiful opportunities for making mistakes,
in particular those related to signs. We start with a few auxiliary functions:

let children2 rhs =
match F'.children rhs with
| [wfts wf2] — (wfl, wf2)
| - — failwith "Targets.children2: can’t_ happen"

let children3 rhs =
match F'.children rhs with
| [wfl; wf2; wf3] — (wfl, wf2, wf3)
| - — invalid_arg "Targets.children3: can’t_ happen"

Note that it is (marginally) faster to multiply the two scalar products with the
coupling constant than the four vector components.

@ This could be part of omegalib as well ...
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let format_coeff = function
| 1 — o
| —1 — n=m
| coeff — "(" " string_of —int coeff = ")*"

let format_coupling coeff ¢ =
match coeff with
|1 = ¢
| -1 = "(—"ACAH)"
| COeﬁ — String_of_int coeﬂ‘ S ongn ¢

gz} The following is error prone and should be generated automagically.

let print_vector4 ¢ wfl wf2 wf3d fusion (coeff, contraction) =
match contraction, fusion with
| C_12_34, (F341 | F431 | F342 | F452 | F125 | F213 | F124 | F214)
| C_13_42, (F241 | F421 | F243 | F425 | F152 | F312 | F134 | F314)
| C_14_23, (F251 | F321 | F23) | F324 | F142 | F412 | F1/3 |
Fj13) —
printf " ((%hshs)* (%hs*%s) ) *%s" (format_coeff coeff) ¢ wfl wf2 wf3
| C_12_34, (F134 | F143 | F23/ | F243 | F312 | F321 | F412 | F421)
| C_13_42, (F12} | F142 | F52/ | F342 | F213 | F231 | F413 | F431)
| C_1/_23, (F123 | F132 | F423 | F432 | F21} | F2/1 | F31} |
F341) —
printf " ((hshs) * (%hs*%s) ) *%s" (format_coeff coeff) ¢ wf2 wf3 wfl
| C_12_34, (F314 | F413 | F52/ | F423 | F152 | F231 | F142 | F241)
| C_13_42, (F21/ | F412 | F23/ | F452 | F125 | F321 | F143 | F341)
| C_14_23, (F215 | F312 | F243 | F342 | F12} | F421 | F13} |
FJ31) —
printf " ((%hshs) * (%hs*%s) ) *%s" (format_coeff coeff) ¢ wfl wf3 wf2

let print_add_vector4 ¢ wfl wf2 wf3 fusion (coeff, contraction) =
printf "Q_+,";
print_vector ¢ wfl wf2 wf3 fusion (coeff, contraction)

let print_vector4 _km ¢ pa pb wfl wf2 wf8 fusion (coeff, contraction) =
match contraction, fusion with
| C_12_34, (F341 | F431 | F842 | F432 | F123 | F213 | F124 | F21/)
| C_15_42, (F241 | F421 | F248 | F423 | F152 | F312 | F134 | F314)
| C_14-23, (F231 | F321 | F234 | F32/ | F142 | F{12 | F143 |
Fj13) —
printf " (Chshshs+hs) ) * (hs*xls) ) *)s"
(format_coeff coeff) ¢ pa pb wfl wf2 wfs
| C_12_34, (F134 | F143 | F2534 | F243 | F312 | F321 | F412 | F421)
| C_153_42, (F124 | F142 | F324 | F342 | F213 | F231 | F413 | F431)
| C_14-23, (F123 | F132 | F423 | F482 | F214 | F241 | F31/ |
F341) —
printf " (Chshshsths) ) * (hs*xls) ) *)s"
(format_coeff coeff) ¢ pa pb wf2 wf3 wfl
| C_12_34, (F314 | F413 | F324 | F423 | F152 | F231 | F142 | F241)
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| C_13_42, (F214 | F412 | F234 | F432 | F123 | F321 | F143 | F8/1)
| C_14_23, (F213 | F312 | F243 | F242 | F124 | Fj21 | F13} |
F481) —
printf " (Chshshs+hs) ) * (hs*lhs) ) xhs"
(format_coeff coeff) ¢ pa pb wfl wfd wf2

let print_add_vector _km c pa pb wfl wf2 wf3 fusion (coeff, contraction)
printf "Q +,";
print_vectorf _km ¢ pa pb wfl wf2 wfd fusion (coeff, contraction)

let print_dscalar4 c wfl wf2 wf3 pl p2 p3 p123
fusion (coeff, contraction) =
match contraction, fusion with
| C_12_84, (F341 | F431 | F342 | F452 | F123 | F2153 | F124 | F21})
| C_13_42, (F241 | F421 | F243 | F423 | F152 | F312 | F134 | F314)
| C_14_23, (F251 | F321 | F23) | F324 | F142 | F412 | F1/3 |
F/13) —
printf " (Chshs)* Chsxhs)* (hs*hs) *)s*hs*%s) "
(format_coeff coeff) ¢ pl p2 p8 p1238 wfl wf2 wf3
| C_12_34, (F134 | F143 | F23/ | F243 | F312 | F321 | F412 | F421)
| C_13_42, (F12} | F142 | F52/ | F342 | F213 | F231 | F413 | F431)
| C_1/.23, (F123 | F132 | F423 | F432 | F21} | F2/1 | F31} |

F341) —
printf " (Chshs) * (hsxlhs) * (hs*ls) ¥fs*s*Ys) "
(format_coeff coeff) ¢ p2 p3 pl p1238 wfl wf2 wf3
| C_12_34, (F31 | F413 | F324 | F423 | F132 | F231 | F142 | F241)
| C_13_42, (F21) | F412 | F23) | F432 | F123 | F321 | F143 | F341)
| C_14_23, (F213 | F312 | F243 | F342 | F124 | Fj21 | F13} |
F431) —
printf " (Chshs) * (hsxlhs) * (hs*ls) xhs*s*)s) "
(format_coeff coeff) ¢ pI p3 p2 p123 wfl wf2 wf3

let print_add_dscalar4 c wfl wf2 wf3 pl p2 p3 pl123
fusion (coeff, contraction) =
printf "Q +,";
print_dscalard ¢ wfl wf2 wf3 pl p2 p3 p123 fusion (coeff, contraction)

let print_dscalar2 _vector2 ¢ wfl wf2 wfs pl p2 p3 p123
fusion (coeff, contraction) =
failwith "Targets.Fortran.print_dscalar2_vector2: incomplete!";
match contraction, fusion with
| C_12_34, (F134 | F143 | F23 | F243) —
printf " (Chshs) * (hsx¥%s) * (hs*s) *%s) "
(format_coeff coeff) ¢ p123 p1 wf2 wf3 wfl
| C_12_34, (F312 | F321 | F412 | F421) —
printf " (Chshs)* ((hs*%s) *hs*ls) *x%s) "
(format_coeff coeff) ¢ p2 p3 wf2 wfs wfl
| C_12_34, (F841 | F431 | F3842 | F432 | F123 | F213 | F124 | F214)
| C_13_42, (F241 | F421 | F248 | F423 | F182 | F812 | F134 | F31})
| C_14-23, (F2381 | F321 | F23} | F32/ | F142 | F/12 | F143 |
Fj13) —
printf " (Chshs) * (hsxlhs) * (hs*ls) xhs*Ys*)s) "
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(format_coeff coeff) ¢ p1 p2 p3 p123 wfl wf2 wf3
| C_13_42, (F12} | F1/2 | F52/ | F342 | F213 | F231 | F413 | F431)
| C_14.23, (F123 | F132 | FJ23 | F432 | F214 | F241 | F31/ |
F341) —
printf " (Chshs) * Chsx¥s) * (%s*s) */s*ls*%s) "
(format_coeff coeff) ¢ p2 p3 pl p123 wfl wf2 wf3
| C_12_84, (F314 | F413 | F324 | F423 | F132 | F231 | F142 | F241)
| C_15_42, (F21 | F412 | F23) | F432 | F123 | F321 | F143 | F341)
| C_14.23, (F213 | F312 | F243 | F342 | F124 | F421 | F13/ |
FJ31) —
printf " (Chshs) * Chsx¥%s) * (%s*hs) */s*ls*s) "
(format_coeff coeff) ¢ p1 p3 p2 p123 wfl wf2 wf3

let print_add_dscalar2 _vector?2 c¢ wfl wf2 wf3 pl p2 p3 p123
fusion (coeff, contraction) =
printf "Qu+,";
print_dscalar2 _vector?2 ¢ wfl wf2 wf3 pl p2 p3 p123
fusion (coeff, contraction)

let print_current amplitude dictionary rhs =
match F.coupling rhs with
| V& (vertex, fusion, constant) —

let chl, ch2 = children2 rhs in

let wfl = multiple_variable amplitude dictionary chl
and wf2 = multiple_variable amplitude dictionary ch2
and pI = momentum chl

and p2 = momentum ch?2

and m1 = CM.mass_symbol (F.flavor chl)

and m2 = CM.mass_symbol (F.flavor ch2) in

let ¢ = CM.constant_symbol constant in

printf "@, k%sy" (if (F.sign rhs) < 0 then "=" else "+");
begin match vertez with

Fermionic currents ¢Aw and )¢y are handled by the Fermions module, since
they depend on the choice of Feynman rules: Dirac or Majorana.

| FBF (coeff, fb, b, f) —
Fermions.print_current (coeff, fb, b, ) ¢ wfl wf2 fusion
| PBP (coeff, f1, b, f2) —
Fermions.print_current_p (coeff, f1, b, 2) ¢ wfl wf2 fusion
| BBB (coeff, fol, b, fb2) —
Fermions.print_current_b (coeff, fb1, b, fb2) ¢ wfl wf2 fusion
| GBG (coeff, fb, b, f) — let p12 =
Printf .sprintf " (=%s=%s)" pl p2 in
Fermions.print_current_g (coeff, fbo, b, f) ¢ wfl wf2 pl p2
p12 fusion

Table 9.13 is a bit misleading, since if includes totally antisymmetric structure
constants. The space-time part alone is also totally antisymmetric:

| Gauge_Gauge_Gauge coeff —
let ¢ = format_coupling coeff ¢ in
begin match fusion with
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| (F23 | F31 | F12) —

printf "g_ggChs,%s,%s,%s,%s)" ¢ wfl pl wf2 p2

| (Fs2 | F13 | F21) —

printf "g-ggChs,%s,%s,%s,hs)" ¢ wf2 p2 wfl pl

end

Implementation of Targets

In Aux_Gauge_Gauge, we can not rely on antisymmetry alone, because of the
different Lorentz representations of the auxialiary and the gauge field. Instead
we have to provide the sign in

(%AVg)le{

Vg'(VQ'Tl):*V:;'

Vo (Th-Va)=—=Va-(V3-TY)
(T - V)

ourselves. Alternatively, one could provide g_xg mirroring g_gx.

| Auz_Gauge_Gauge coeff —
let ¢ = format_coupling coeff c in
begin match fusion with

| F23
| F32
| F12
| F21
| F13
| F31
end

Lilldid

printf "x_ggChs,%s,%hs)"
printf "x_gg(hs,%s,hs)"
printf "g_gx(hs,%s,%hs)"
printf "g_gx(Chs,%s,%hs)"

printf " (-1 *g_gx(%s,%s,%s)" ¢ wf2 wfl
printf " (-1)*g_gx(hs,%s,%s)" ¢ wfl wf2

¢ wfl wf2
¢ wf2 wfl
¢ wf2 wfl
¢ wfl wf2

(15.1)

These cases are symmetric and we just have to juxtapose the correct fields and
provide parentheses to minimize the number of multiplications.

| Scalar_- Vector_Vector coeff —
let ¢ = format_coupling coeff ¢ in
begin match fusion with
| (F23| F32) — printf "%hsx(%s*%hs)" ¢ wfl wf2
| (F12| F18) — printf " Chs*x%s)*%s" ¢ wfl wf2
| (F21|F31) — printf "Chs*x%s)*%s" ¢ wf2 wfl

end

| Auz_Vector_Vector coeff —
let ¢ = format_coupling coeff c in
begin match fusion with
| (F23| F32) — printf "%hsx(%sxhs)" ¢ wfl wf2
| (F12| F18) — printf " Cis*x%s)*%s" ¢ wfl wf2
| (F21 | F81) — printf "(Chs*%s)*%s" ¢ wf2 wfl

end

Even simpler:

| Scalar_Scalar_Scalar coeff —

printf " (hs*%hs*%s) " (format_coupling coeff ¢) wfl wf2

| Auz_Scalar_Scalar coeff —

printf " (hs*%s*%s)" (format_coupling coeff ¢) wfl wf2

| Auz_Scalar_Vector coeff —
let ¢ = format_coupling coeff c in

248



Implementation of Targets

begin match fusion with

| (F13| F81) — printf "%hs*x (%s*%s)" ¢ wfl wf2
| (F23| F21) — printf "Chs*%s)*%s" ¢ wfl wf2
| (F82 | F12) — printf " (%s*x%s)*%s" ¢ wf2 wfl
end

| Vector_Scalar_Scalar coeff —

let ¢ = format_coupling coeff c in

begin match fusion with

| F23 — printf "v_ss(hs,%s,%s,%hs,%hs)" ¢ wfl pl wf2 p2

| F82 — printf "v_ss(s,%s,%hs,%hs,hs)" ¢ wf2 p2 wfl pl

| F12 — printf "s_vs(Us,%s,%s,%hs,%hs)" ¢ wfl pl wf2 p2

| F21 — printf "s_vs(%s,%s,%s,%s,%)" ¢ wf2 p2 wfl pi
| F13 — printf "(-1)*s_vs(%s,%s,%s,%s,%hs)" c wfl pl wf2 p2
| F81 — printf "(-1)*s_vs(%s,%s,%s,%s,%s)" ¢ wf2 p2 wfl pl
e

nd
| Graviton_Scalar_Scalar coeff —
let ¢ = format_coupling coeff c in

begin match fusion with
| F12 — printf "s_gravs(%s,%s,-Chs+%s) ,%s,%s,%hs)" ¢ m2 pl p2 p2 wfl wf2

| F21 — printf "s_gravs (s, %s,-Chs+%s) ,%s,%hs,%hs)" ¢ ml pl p2 pl wf2 wfl
| F13 — printf "s_gravs (s, %s,%s, - (hs+hs) ,%s,%hs)" ¢ m2 p2 pl p2 wfl wf2
| F31 — printf "s_gravs(%s,%s,%s,-Chs+%s) ,%s,%s)" ¢ ml pl pl p2 wf2 wfl
| F23 — printf "grav_ss(s,%s,%s,%s,%s,%s)" ¢ m1 pl p2 wfl wf2

| F32 — printf "grav_ss(%s,%s,%s,%s,%s,%s)" ¢ m1 p2 pl wf2 wfl

end

In producing a vector in the fusion we always contract the rightmost index with
the vector wavefunction from rhs. So the first momentum is always the one
of the vector boson produced in the fusion, while the second one is that from
the rhs. This makes the cases F12 and F13 as well as F21 and F31 equal. In
principle, we could have already done this for the Graviton_Scalar_Scalar case.

| Graviton_ Vector_Vector coeff —
let ¢ = format_coupling coeff c in
begin match fusion with
| (F12| F18) — printf "v_gravv(4s,%s,-Chs+%s) ,%s,%s,%hs)" ¢ m2 pl p2 p2 wfl wf2
| (F21 | F31) — printf "v_gravv(%s,%s,-(hs+hs) ,%s,%s,%s)" ¢ ml pl p2 pl wf2 wfl
| F23 — printf "grav_vv(%s,%s,%s,%s,%s,%s)" ¢ ml pl p2 wfl wf2
| F82 — printf "grav_vv(%s,%s,%s,%s,%s,%s)" cml p2 pl wf2 wfl
end

| Graviton_Spinor_Spinor coeff —
let ¢ = format_-coupling coeff ¢ in
begin match fusion with
| F23 — printf "f_gravf (%s,%s,-(hs+hs), (=%s) ,%s,%s)" ¢ m2 pl p2 p2 wfl wf2

| F32 — printf "f_gravt (%s,%hs,-hs+hs), (=%s) ,%s,%s)" e ml pl p2 pl wf2 wfl
| F12 — printf "f_fgrav(ls,%s,%s,%hs+hs,%s,%s)" ¢ ml pl pl p2 wfl wf2

| F21 — printf "f_fgrav(%s,%s,%s,%s+%s,%s,%s)" ¢ m2 p2 pl p2 wf2 wfl

| F13 — printf "grav_£f(%s,%s,%s, (=%s),%s,%s)" ¢ m1 pl p2 wfl wf?2

| 31 — printf "grav_£f(4s,%s,%s, (=%s),%s,%s)" ¢ m1 p2 pl wf2 wfl

end
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| Dimj _ Vector_Vector_Vector_T coeff —
let ¢ = format_coupling coeff c in
begin match fusion with
| F23 — printf "tkv_vv(%s,%s,%s,%s,%s)" c wfl pl wf2 p2
| F32 — printf "tkv_vv(%s,%s,%s,%s,%s)" ¢ wf2 p2 wfl pl
| F12 — printf "tv_kvv(%s,%s,%s,%s,%s)" c wfl pl wf2 p2
| F21 — printf "tv_kvv(%s,%s,%s,%hs,%hs)" c wf2 p2 wfl pl
| F13 — printf "(-1)*tv_kvv(}%s,%s,%s,%s,%s)" c wfl pl wf2 p2
| F31 — printf "(-1)*tv_kvv(}s,%s,%s,%hs,%s)" c wf2 p2 wfl pl

end
| Dimj _ Vector_Vector_ Vector_L coeff —
let ¢ = format_coupling coeff c in

begin match fusion with

| F28 — printf "Lkv_vv(%s,%s,%s,%s,%hs)" c wfl pl wf2 p2
| F32 — printf "1kv_vv(%s,%s,%s,%s,%s)" ¢ wf2 p2 wfl pl
| F12 | F18 — printf "lv_kvv(%s,%s,%s,%s)" c wfl pl wf2
| F21 | F31 — printf "1v_kvv(%s,%s,%s,%s)" ¢ wf2 p2 wfl
end

| Dim6_Gauge-Gauge_Gauge coeff —
let ¢ = format_coupling coeff c in
begin match fusion with
| F28 | F31 | F12 —
printf "kg_kgkg(hs,hs,hs,hs,hs)" ¢ wfl pl wf2 p2
| F32 | F13 | F21 —
printf "kg_kgkg(hs,hs,hs,hs,hs)" ¢ wf2 p2 wfl pl

end
| Dim4 _Vector_Vector_ Vector _T5 coeff —
let ¢ = format_coupling coeff c in

begin match fusion with

| F23 — printf "t5kv_vv(%s,%s,%S,%s,%8)" c wfl pl wf2 p2

| F82 — printf "t5kv_vv(%s,%s,%s,%s,%s)" c wf2 p2 wfl pl

| F12 | F13 — printf "t5v_kvv(%s,%s,%s,%hs,%hs)" c wfl pl wf2 p2
| F21 | F31 — printf "t5v_kvv(%s,%s,%s,%s,%s)" ¢ wf2 p2 wfl pl

end
| Dimj _ Vector_Vector_ Vector_L5 coeff —
let ¢ = format_coupling coeff c in

begin match fusion with

| F23 — printf "15kv_vv(%s,%s,%s,%s,%s)" c wfl pl wf2 p2
| F32 — printf "15kv_vv(%s,%s,%s,%s,%s)" c wf2 p2 wfl pl
| F12 — printf "1ov_kvv(%s,%s,%s,%hs)" ¢ wfl pl wf2

| F21 — printf "16v_kvv()s,%s,%s,%hs)" ¢ wf2 p2 wfl

| F13 — printf "(-1)*15v_kvv(%s,%s,%s,%s)" c wfl pl wf2
| F31 — printf "(-1)*15v_kvv(%s,%s,%s,%s)" ¢ wf2 p2 wfl
e

nd
| Dim6_Gauge_Gauge_Gauge_5 coeff —
let ¢ = format_coupling coeff c in

begin match fusion with
| F23 — printf "kgb_kgkg(hs,%s,%s,%s,%s)" ¢ wfl pl wf2 p2
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| F82 — printf "kgb_kgkg(%s,%s,%s,%hs,%hs)" c wf2 p2 wfl pl
| F12 — printf "kg-kgbkg(%s,%s,%s,%hs,%s)" ¢ wfl pl wf2 p2
| F21 — printf "kg_kgbkg(hs,%s,%s,%s,%hs)" c wf2 p2 wfl pl
| F13 — printf "(-1)*kg_kgbkg(%s,%s,%s,%s,%s)" c wfl pl wf2 p2
| F31 — printf "(-1)xkg_kgbkg (%s,%s,%s,%s,%s)" ¢ wf2 p2 wfl pl
end
| Auz_DScalar_DScalar coeff —
let ¢ = format_coupling coeff c in
begin match fusion with
| (F23|F32) —
printf "hsx (hs*%s)* (hs*%s)" ¢ p1 p2 wfl wf2
| (F12 | F13) —
printf "hsx (- (Chs+%s) *%s) ) * Chs*%s) " ¢ pI1 p2 p2 wfl wf2
| (F21 | F31) —
printf "hsx (= (Chs+%s) *%s) ) * (hs*%s) " ¢ p1 p2 pl wfl wf2
end

| Auzx_Vector_DScalar coeff —
let ¢ = format_coupling coeff c in
begin match fusion with
| F23 — printf "%hsx(%s*%s)*)s" ¢ wfl p2 wf2
| F82 — printf "%hsx(hs*%s)*)s" ¢ wf2 pl wfl
| F12 — printf "%hsx (- ((hs+%hs)*%s) ) *%s" ¢ pl p2 wf2 wfl
| F21 — printf "%hs* (- ((hs+%s)*%s))*%s" ¢ pl p2 wfl wf2
| (F13 | F31) — printf " (- (hs+%s))* (hsx%s*%s)" pl p2 c wfl wf?
end

| Dim&_Scalar_Gauge2 coeff —

let ¢ = format_coupling coeff c in

begin match fusion with

| (F23 | F32) — printf " (%hs)*(Chsxlhs) * Chsxhs) u—u (hs*%s) * (hs*%s) )"
c pl wf2 p2 wfl pl p2 wf2 wfl

| (F12 | F18) — printf " Chs) *%s* ((= ((hs+hs) *%s) ) ks~ ((= (hs+hs) xU%s) ) *s) "
c wfl p1 p2 wf2 p2 pl p2 p2 wf2

| (F21|F31) — printf " (4s)*%hs* ((- (Ghs+%s) *%s) ) *hsu—u (- (hs+ls) *%s) ) *%s) "
c wf2 p2 pl1 wfl pl pl p2 pl wfl

end
| Dim&_Scalar-Gauge2_Skew coeff —
let ¢ = format_coupling coeff ¢ in

begin match fusion with

| (F28 | F382) — printf " (~uphi_vvy(%s,uhs,u%s,uhs,u%s))" ¢ pl p2 wfl wf?2
| (F12| F18) — printf " (-uv_phivy,(%s, %hs,%hs,uhs,u%s))" c wfl pl p2 wf?
| (F21|F31) — printf "v_phiv,,(4s,uks,u%s,uhs,uhs)" ¢ wf2 pl p2 wfl

end
| Dim5_Scalar_ Vector_Vector_T coeff —
let ¢ = format_coupling coeff c in

begin match fusion with

| (F23 | F32) — printf "(hs)* (hs*%s)* (hs*%s)" ¢ pl wf2 p2 wfl

| (F12 | F18) — printf " (%hs) *hs* (- ((hs+%s)*%s) ) *%s" ¢ wfl pl p2 wf2 p2
| (F21 | F31) — printf " (hs)*%hs* (- ((hs+hs) *%s) ) *%hs" c wf2 p2 pl wfl pl
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end

| Dim6 _ Vector_ Vector_ Vector_ T coeff —
let ¢ = format_coupling coeff c in
begin match fusion with
| F23 — printf " (hs)* hs*%s)* (%hs*%s) * (hs-%s) " ¢ p2 wfl pl wf2 pl p2
| F32 — printf " (%s)* (hs*%s)* (hs*%s) * (hs=%s)" ¢ p1 wf2 p2 wfl p2 pl
| (F12| F18) — printf " (%s)* ((hs+2*%s) *%s) * (= ((%hs+%s) *%s) ) ¥%s"
c pl p2 wfl p1 p2 wf2 p2
| (F21 | F31) — printf " (%s)*((= (Chsths) *x%s) ) * (hs+2%%s) *%s) *%s"
c p2 pl wfl p2 pl wf2 pl
end

| Tensor_2_Vector_Vector coeff —
let ¢ = format_coupling coeff c in
begin match fusion with
| (F23| F32) — printf "t2_vv(%s,%s,%s)" ¢ wfl wf2
| (F12| F13) — printf "v_t2v(}s,%s,%s)" ¢ wfl wf2
| (F21 | F81) — printf "v_t2v(s,%s,%s)" ¢ wf2 wfl
end

| Dim5_Tensor_2_Vector_Vector_1 coeff —
let ¢ = format_coupling coeff c in
begin match fusion with
| (F23 | F82) — printf "t2_vv_d5_1(%s,%s,%s,%s,%s)" c wfl pl wf2 p2
| (F12| F18) — printf "v_t2v_d5_1(%s,%s,%s,%s,%s)" c wfl pl wf2 p2
| (F21 | F31) — printf "v_t2v_d5_1(%s,%s,%s,%s,%3)" c wf2 p2 wfl pl
end

| Dim5_Tensor_2_Vector_Vector_2 coeff —
let ¢ = format_coupling coeff c in
begin match fusion with
| F23 — printf "t2_vv_d5_2(%s,%s,%s,%hs,%hs)" c wfl pIl wf2 p2
| F82 — printf "t2_vv_d5_2(%s,%s,%s,%s,%hs)" ¢ wf2 p2 wfl pl
| (F12 | F18) — printf "v_t2v_d5_2(%s,%s,%s,%s,%s)" c wfl p1 wf2 p2
| (F21 | F81) — printf "v_t2v_d5_2(%s,%s,%s,%s,%hs)" ¢ wf2 p2 wfl pl
end

| Dim7_Tensor_2_Vector_Vector_T coeff —
let ¢ = format_coupling coeff c in
begin match fusion with
| F23 — printf "t2_vv_d7 (%s,%s,%s,%s,%s)" c wfl pl wf2 p2
| F32 — printf "t2_vv_d7 (%s,%s,%s,%s,%hs)" c wf2 p2 wfl pl
| (F12 | F18) — printf "v_t2v_d7(%s,%s,%hs,hs,hs)" ¢ wfl pl wf2 p2
| (F21 | F31) — printf "v_t2v_d7(%s,%s,%hs,%hs,hs)" ¢ wf2 p2 wfl pl
end

end
Flip the sign to account for the i? relative to diagrams with only cubic couplings.

| V4 (vertex, fusion, constant) —
let ¢ = CM.constant_symbol constant
and chi, ch2, ch8 = children3 rhs in

252



Implementation of Targets

let wfl = multiple_variable amplitude dictionary chl
and wf2 = multiple_variable amplitude dictionary ch2
and wf8 = multiple_variable amplitude dictionary ch3
and pI = momentum chl

and p2 = momentum ch?2

and p3 = momentum ch3 in

printf "@, hsy" (if (F.sign rhs) < 0 then "+" else "-");
begin match verter with
| Scalar4 coeff —
printf " (%sx%hs*%s*%s) " (format_coupling coeff ¢) wfl wf2 wf3
| Scalar2_Vector2 coeff —
let ¢ = format_coupling coeff c in
begin match fusion with
| F134 | F145 | F23) | F243 —
printf "“hs*ls* (%hsx%s)" ¢ wfl wf2 wf3
| F314 | F415 | F32f | F423 —
printf "hsx%hs* (%hs*%s)" ¢ wf2 wfl wfs
| F341 | F481 | F342 | F432 —
printf "“hs*lhs* (%hsx%s)" ¢ wfd wfl wf2
| F312 | F521 | Fj12 | Ff21 —
printf " (hsxhsx%s)*%s" ¢ wf2 wfs wfl
| F231 | F152 | F2{1 | F142 —
printf " (hsxhs*%s) *hs" ¢ wfl wf3 wf2
| F123 | F215 | F12) | F21} —
printf " (hsx%sx%s)*%s" ¢ wfl wf2 wf3
end
| Vector4 contractions —
begin match contractions with
| [] — invalid_arg "Targets.print_current: Vector4,[]1"
| head :: tail —
printf " (";
print_vectors ¢ wfl wf2 wf3 fusion head;
List.iter (print_add_vector ¢ wfl wf2 wf3 fusion) tail;
printf ")"
end
| Vector4 - K _Matriz_tho (disc, poles) —
let pa, pb =
begin match fusion with
| (F841 | F431 | F342 | F432 | F123 | F213 | F12} |
F214) — (pl, p2)
| (F184 | F143 | F234 | F243 | F312 | F321 | F412 |
F421) — (p2, p3)
| (FS14 | F413 | F324 | FJ23 | F132 | F231 | F1/2 |
F241) — (p1, p3)
end in
printf " (hsx (hsxhs)* (hs*s)* (fhs*s) @, ("
c pl wfl p2 wf2 p3 wf3;
List.iter (fun (coeff, pole) —
printf "+%s/ ((hs+%s) * (hs+%s) -%s) "
(CM .constant_symbol coeff) pa pb pa pb
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(CM .constant_symbol pole))
poles;
printf ")*(=%s-%hs=%s))" pl p2 p3
| Vector4 K _Matriz_jr (disc, contractions) —
let pa, pb =
begin match disc, fusion with
| 3, (F143 | F413 | F142 | F{12 | F321 | F231 | F32/ |
F234) — (pl, p2)
|3, (F31 | F341 | F214 | F241 | F132 | F123 | F}32 |
F423) — (p2, p3)
|3, (F134 | F431 | F124 | F421 | F312 | F213 | F32 |
F243) — (p1, p3)
=
F214) — (pl, p2)
=
Fj21) = (p2, p3)
| _, (F314 | F413 | F324 | F423 | F132 | F231 | F142 |
F241) — (pl, p3)
end in
begin match contractions with
| [] — invalid_arg "Targets.print_current: Vector4_K_Matrix_jr,[]"
| head :: tail —
pringf " (";
print_vector _km ¢ pa pb wfl wf2 wf3 fusion head;
List.iter (print_add _vector _km ¢ pa pb wfl wf2 wf3 fusion)
tail;
printf ")"
end
| GBBG (coeff, fb, b, f) —
Fermions.print_current_g4 (coeff, fb, b, f) ¢ wfl wf2 wf3
fusion

(F341 | F481 | F342 | F432 | F123 | F213 | F12/ |

(F134 | F143 | F234 | F243 | F312 | F321 | F412 |

gz} In principle, p4 could be obtained from the left hand side ...

| DScalary contractions —
let p128 = Printf.sprintf " (-%hs-%s=%s)" pl p2 p3 in
begin match contractions with
| [] — dnvalid-arg "Targets.print_current: DScalar4, []"
| head :: tail —
pringf " (";
print_dscalary ¢ wfl wf2 wf3 pl p2 p3 p123 fusion head;
List.iter (print_add_dscalar)
¢ wfl wf2 wf3 pl p2 p3 p123 fusion) tail;
printf ")"
end

| DScalar2_Vector2 contractions —
let p123 = Printf.sprintf " (-%s-%s-%s)" pl p2 p3 in
begin match contractions with
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| [] = 4nvalid_arg "Targets.print_current: DScalar4 []"
| head :: tail —
prmtf n(n;
print_dscalar2 _vector2
c wfl wf2 wf3 p1 p2 p3 p123 fusion head;
List.iter (print_-add_-dscalar2 _vector2
c wfl wf2 wf3 pl p2 p3 p123 fusion) tail;
printf ")"
end
end

I e
invalid_arg "Targets.print_current: n-ary_ fusion"

let print_propagator f p m gamma =
let minus_third = "(-1.0-" " lkind ~ "/3.0_" " lkind ~ ")" in
let w =
begin match CM .width f with
| Vanishing | Fudged — "0.0_" " lkind
| Constant — gamma
| Timelike — "wd_t1(" " p "~ "," " gamma "~ ")"
| Running —
failwith "Targets.Fortran: jrunning width not, yet available"
| Custom f — f~"(" " p~","" gamma "~ ")"
end in
match CM .propagator f with
| Prop_Scalar —
printf "pr_phi(hs,%s,%hs," p m w
| Prop-Col_Scalar —
printf "“Yhsu*upr-phi (%s,%s,%s," minus_third p m w
| Prop_Ghost — printf "(0,1) * pr_phi(%s, %s,u%s," p m w
| Prop_Spinor —
printf "hs(hs,%s,hs," Fermions.psi_propagator p m w
| Prop_ConjSpinor —
printf "“%s(hs,%hs,hs," Fermions.psibar_propagator p m w
| Prop_Majorana —
printf “%s(s,%s,hs," Fermions.chi_propagator p m w
| Prop_Col_Majorana —
printf "hsox ks Chs,%hs,hs, " minus_third Fermions.chi_propagator p m w
| Prop_Unitarity —
printf "pr_unitarity(%s,%s,%s," p m w
| Prop-Col_Unitarity —
printf "%hsu* pr-unitarity (s, %s,%s,
| Prop_Feynman —
printf "pr_feynman(%s," p
| Prop_Col_Feynman —
printf "Y%su*upr-feynman (%s," minus_third p
| Prop_Gauge zi —
printf "pr_gauge (%s,%s," p (CM.gauge_symbol xi)
| Prop_-Rxi i —
printf "pr_rxi(hs,%s,%s,%s," p m w (CM.gauge_symbol xi)

" minus_third p m w
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| Prop_Tensor_2 —
printf "pr_tensor(%s,%s,%s," p m w
| Prop_Vectorspinor —
printf "pr_grav(hs,%s,%s," p m w
| Auz_Scalar | Auz_Spinor | Auz_-ConjSpinor | Auz_Majorana
| Auz_Vector | Aux_Tensor_1 — printf "("
| Only_Insertion — printf " ("

let print_projector f p m gamma =
let minus_third = "(-1.0-" " lkind ~ "/3.0_" " lkind ~ ")" in
match CM .propagator f with
| Prop_Scalar —
printf "pj_phi(%s,%s," m gamma
| Prop_Col_Scalar —
printf "hsu*upj-phi (%s,%s," minus_third m gamma
| Prop-Ghost —
printf "(0,1) *,pj-phi(%s,%s," m gamma
| Prop_Spinor —
printf "“%s(hs,%s,hs," Fermions.psi_projector p m gamma
| Prop-ConjSpinor —
printf "“%s(hs,%s,hs," Fermions.psibar_projector p m gamma
| Prop_Majorana —
printf "“%s (s, %hs,hs," Fermions.chi_projector p m gamma
| Prop_-Col_Majorana —
printf "hsu*x ks (hs,%hs,hs, " minus_third Fermions.chi_projector p m gamma
| Prop_Unitarity —
printf "pj-unitarity(¥%s,%s,%s," p m gamma
| Prop_Col_Unitarity —
printf “Y%su*upj-unitarity(%s,%s,%s," minus_third p m gamma
| Prop_Feynman | Prop_Col_Feynman —
invalid-arg "noon-shell Feynman propagator!"
| Prop-Gauge zi —
invalid_arg "no_on-shell massless gauge propagator!"
| Prop_Rwxi i —
invalid_arg "no,on-shell Rxi propagator!"
| Prop-Vectorspinor —
printf "pj-grav(%s,%s,%s," p m gamma
| Prop_Tensor_-2 —
printf "pj-tensor (%s,%s,%s," p m gamma
| Auz_Scalar | Auz_Spinor | Aux_ConjSpinor | Auz_Majorana
| Auz_Vector | Aux_Tensor_1 — printf "("
| Only_Insertion — printf " ("

let print_gauss f p m gamma =
let minus_third = "(-1.0_-" " lkind ~ "/3.0_" " lkind ~ ")" in
match CM .propagator f with
| Prop_Scalar —
printf "pg-phi(%s,%s,%s," p m gamma
| Prop-Ghost —
printf "(0,1) * pg-phi(%s,%s,%s," p m gamma
| Prop_Spinor —
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printf "“%s (s, %hs,hs," Fermions.psi_projector p m gamma
| Prop_ConjSpinor —
printf "“%s(hs,%hs,hs," Fermions.psibar_projector p m gamma
| Prop_Majorana —
printf "%s(hs,%s,%hs," Fermions.chi_projector p m gamma
| Prop_Col_Majorana —
printf "hsux ks (hs,hs,hs, " minus_third Fermions.chi_projector p m gamma
| Prop_Unitarity —
printf "pg-unitarity(%s,%s,%s," p m gamma
| Prop_Feynman | Prop_Col_Feynman —
invalid_arg "no_on-shell Feynman, propagator!"
| Prop_Gauge zi —
invalid_arg "no,on-shell massless gauge propagator!"
| Prop-Rxi i —
invalid_arg "noon-shell Rxi propagator!"
| Prop_Tensor_-2 —
printf "pg-tensor (%s,%s,%s," p m gamma
| Auz_Scalar | Auz_Spinor | Auz_ConjSpinor | Auz_Majorana
| Auz_Vector | Aux_Tensor_1 — printf "("
| Only_Insertion — printf " ("
| - — dnvalid_arg "targets:print_gauss: not available"

let print_fusion_diagnostics amplitude dictionary fusion =
if warn diagnose_gauge then begin
let lhs = F.lhs fusion in
let f = F.flavor lhs

and v = wariable lhs
and p = momentum lhs in
let mass = CM.mass_symbol f in

match CM .propagator f with
| Prop_Gauge _ | Prop_Feynman
| Prop_Rxzi - | Prop-Unitarity —
printf "Lououu@[<2>%s =" v;
List.iter (print_current amplitude dictionary) (F.rhs fusion); nl();
begin match CM .goldstone f with
| None —
printf "Lououucall omega_ward_%s (\"%s\",%s,%s,%s)"
(suffiz diagnose_gauge) v mass p v; nl ()
| Some (g, phase) —
let gv = add_tag lhs (CM .flavor_symbol g ~ "_" * format_p lhs) in
printf "Lououucall omega_slavnov_%s"
(suffiz diagnose_gauge);
printf "(@[\"%s\",%s,%s,%s,0,%s*)s)"
v mass p v (format_constant phase) gv; nl ()
end

|- =0

end

let print_fusion amplitude dictionary fusion =
let [hs = F.lhs fusion in
let dependencies = F.dependencies amplitude lhs in
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let f = F.flavor lhs in
printf "Lououun@[<2>%s =" (multiple _variable amplitude dictionary lhs);
if F.on_shell amplitude lhs then
print_projector f (momentum lhs)
(CM .mass_symbol f) (CM .width_symbol f)
else
if F.is_gauss amplitude lhs then
print_gauss f (momentum [hs)
(CM .mass_symbol f) (CM .width_symbol f)
else
print_propagator f (momentum lhs)
(CM .mass_symbol f) (CM .width_symbol f);
List.iter (print_current amplitude dictionary) (F.rhs fusion);
printf ")"; nl ()
let print_momenta seen_momenta amplitude =
List.fold _left (fun seen f —
let wf = F.lhs f in
let p = F.momentum_list wf in
if = (PSet.mem p seen) then begin
let rhs! = List.hd (F.rhs f) in
printf "Luuuhsu=uhs" (momentum wf)
(String.concat " +,"
(List.map momentum (F.children rhsl))); nl ()
end;
PSet.add p seen)
seen_momenta (F.fusions amplitude)

All wavefunctions are unique per amplitude. So we can use per-amplitude de-
pendency trees without additional internal tags to identify identical wave func-
tions.

NB: we miss potential optimizations, because we assume all coupling to be
different, while in fact we have horizontal/family symmetries and non abelian
gauge couplings are universal anyway.

let disambiguate _fusions amplitudes =
let fusions =
ThoList.flatmap (fun amplitude —
List.map
(fun fusion — (fusion, F.dependencies amplitude (F.lhs fusion)))
(F.fusions amplitude))
amplitudes in
let duplicates =
List.fold _left
(fun map (fusion, dependencies) —
let wf = F.lhs fusion in

let set = try WEMap.find wf map with Not_found — WFTSet.empty in

WFMap.add wf (WFTSet.add dependencies set) map)
WFMap.empty fusions in
let multiplicities =
WFMap.fold (fun wf dependencies acc —
let cardinal = WFTSet.cardinal dependencies in
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if cardinal < 1 then
acc
else
WFMap.add wf cardinal acc)
duplicates WFMap.empty
and dictionary =
WFMap.fold (fun wf dependencies acc —
let cardinal = WFTSet.cardinal dependencies in
if cardinal < 1 then
acc
else
snd (WFTSet.fold
(fun dependency (i', acc’) —
(succ i', WFMap2.add (wf, dependency) i’ acc'))
dependencies (1, acc)))
duplicates WFMap?2.empty
in
(multiplicities, dictionary)
let print_fusions dictionary seen_wfs amplitude =
List.fold _left (fun seen f —
let wf = F.lhs f in
let dependencies = F.dependencies amplitude wf in
let p = F.momentum_list wf in
if = (WFSet2.mem (wf, dependencies) seen) then begin
print_fusion_diagnostics amplitude dictionary f;
print_fusion amplitude dictionary f;
end;
WFESet2.add (wf, dependencies) seen)
seen_wfs (F.fusions amplitude)

let print_braket amplitude dictionary name braket =

let bra = F.bra braket

and ket = F.ket braket in

printf "Loouou@[<2>%su=U%s ty" name name;

begin match Fermions.reverse_braket (CM .lorentz (F.flavor bra)) with

| false —
printf "%hs*(@," (multiple_variable amplitude dictionary bra);
List.iter (print_current amplitude dictionary) ket;

prmtf n) n
| true —
printf "(@,";

List.iter (print_current amplitude dictionary) ket;
printf ")*%s" (multiple_variable amplitude dictionary bra)
end; nl ()

iT = i#vertlcesi#propagators - in72in73 .

C= (1) (15.2)

tho : we write some brakets twice using different names. Is it useful to cache
them?
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let print_brakets dictionary amplitude =

let name = flavors_symbol (flavors amplitude) in
printf "Luuoouhsu=u0" name; nl ();
List.iter (print_braket amplitude dictionary name) (F.brakets amplitude);
let n = List.length (F.externals amplitude) in
if » mod 2 = 0 then begin

printf "Lououohsu=u—uksu ! Ukduvertices, khd propagators"

name name (n — 2) (n — 3); nl ()

end else begin

printf "Lououo!uhksu=uksu ! Ukduvertices, | khd propagators"

name name (n — 2) (n — 3); nl ()
end;
let s = F.symmetry amplitude in
if s > 1 then

printf "Luuuouksu=uhsu/usqrt (4d.0-%s) ! usymmetry factor" name name s \kind
else
pmntf " [N ! uunitusymm.etrnyactor" 3

nl ()

let print_incoming wf =
let p = momentum wf
and s = spin wf
and f = F.flavor wf in
let m = CM.mass_symbol f in
match CM .lorentz f with
| Scalar — printf "1"
| BRS Scalar — printf "(0,-1) u*u (hsu*uhsu—uhs**2)" p p m
| Spinor —
printf "“%hsu(hs,—u%s,u%hs)" Fermions.psi_incoming m p s
| BRS Spinor —
printf "“hsu(hs,—u%hs,u%hs)" Fermions.brs_psi_incoming m p s
| ConjSpinor —
printf "hsuChs,u—uhs,ukhs)" Fermions.psibar_incoming m p s
| BRS ConjSpinor —
printf "hsu(hs,u—uhs,uhs) " Fermions.brs_psibar_incoming m p s
| Majorana —
printf "hsuChs,u—uhs,uhs) " Fermions.chi_incoming m p $
| Maj_Ghost — printf "ghost, (s, —uhs,u%hs)" m p s
| BRS Majorana —
printf "hsuChs,u—u%s,uhs) " Fermions.brs_chi_incoming m p s
| Vector | Massive_ Vector —
printf "epsy(hs,u—uhs,uhS)" m p s
| BRS Vector | BRS Massive_Vector — printf
"0, 1) ik Chsu*uhsu—uhs*x2) Lkepsy (s, u—hs,uhs)"ppmmp s
| Vectorspinor | BRS Vectorspinor —
printf "hsuChs,u—u%hs, hs)" Fermions.grav_incoming m p S
| Tensor-1 — invalid-arg "Tensor_1,0only, internal"
| Tensor_2 — printf "eps2y,(hs,u—uhsS,uhS)" m p s
| - — dnvalid_arg "noysuch BRST transformations"

let print_outgoing wf =
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let p = momentum wf
and s = spin wf
and f = F.flavor wf in

let m = CM.mass_symbol f in
match CM .lorentz f with
| Scalar — printf "1"
| BRS Scalar — printf "(0,-1) %, Chsu*uhsu—uhs**2)" p p m
| Spinor —

printf "%hsu(hs,u%hs,u%hs)" Fermions.psi_outgoing m p §
| BRS Spinor —

printf "“lhsu(hs,uhs,uhs)" Fermions.brs_psi_outgoing m p s
| ConjSpinor —

printf "hsuChs,u%hs,ukhs) " Fermions.psibar_outgoing m p 8
| BRS ConjSpinor —

printf "hsu(Chs,uhs,u%hs)" Fermions.brs_psibar_outgoing m p s
| Majorana —

printf "hsu(hs, ks, hs)" Fermions.chi_outgoing m p s
| BRS Majorana —

printf "hsu(hs,u%s,u%hs)" Fermions.brs_chi_outgoing m p s
| Maj_Ghost — printf "ghost,(%hs,uhs,u%s)" m p s
| Vector | Massive- Vector —

printf "conjg,(epsy,(%s, hs,uhs))" m p s
| BRS Vector | BRS Massive_ Vector — printf

"0, 1)k Chs*Ys—%s**2) k (conjg(epsy(hs, uhs,u%s))) " ppmmp s

| Vectorspinor | BRS Vectorspinor —

printf "“Yhsu(hs, ks, hs)" Fermions.grav_incoming m p s
| Tensor_1 — invalid_arg "Tensor_1 only internal"
| Tensor_2 — printf "conjgu(eps2y,(%s, hs,uhs))" m p s
| BRS _ — invalid_arg "no such BRST transformations"

let twice_spin wf =

match CM .lorentz (F.flavor wf) with

| Scalar | BRS Scalar — "0"

| Spinor | CongSpinor | Majorana | Maj_Ghost | Vectorspinor

| BRS Spinor | BRS ConjSpinor | BRS Majorana | BRS Vectorspinor —
||1||

| Vector | BRS Vector | Massive_Vector | BRS Massive_ Vector —
||2|l

| Tensor_1 — "2"

| Tensor_2 — "4"

| BRS _ — invalid_arg "Targets.twice_spin: no such BRST transformation"

let print_argument_diagnostics amplitude =
let externals = (F.externals amplitude) in
let n = List.length externals
and masses =
List.map (fun wf — CM.mass_symbol (F.flavor wf)) externals
and spins = List.map twice_spin externals in
if warn diagnose_arguments then begin
printf "Louucall omega_check_arguments_Y%s, (%d, k)"
(suffiz diagnose_arguments) n; nl ()
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end;
if warn diagnose_momenta then begin
printf "LuuL@[<2>call omega_check_momenta_%s,((/,"
(suffiz diagnose_momenta);
print_list masses;
printf "u/), k)" nl ()
end

let print_external_momenta amplitude =
let externals =
List.combine
(F.externals amplitude)
(List.map (fun - — true) (F.incoming amplitude) @
List.map (fun _ — false) (F.outgoing amplitude)) in
List.iter (fun (wf, incoming) —
if incoming then
printf "Louohsu=u—uk(:,%d) L! yincoming”
(momentum wf) (ext_momentum wf)
else
printf "Louohsu=uuok C:, %d) L outgoing”
(momentum wf) (ext_momentum wf); nl ()) externals

let print_externals seen_wfs amplitude =
let externals =
List.combine
(F.externals amplitude)
(List.map (fun - — true) (F.incoming amplitude) @
List.map (fun _ — false) (F.outgoing amplitude)) in
List.fold _left (fun seen (wf, incoming) —
if = (WFSet.mem wf seen) then begin
printf "Louoouhsu=u" (variable wf);
(if incoming then print_incoming else print_outgoing) wf; nl ()
end;
WEFSet.add wf seen) seen_wfs externals

let flavors_to_string flavors =
String.concat "," (List.map CM .flavor_to_string flavors)
let process_to_string amplitude =

flavors_to_string (F.incoming amplitude) ~ " ~> " "
flavors_to_string (F.outgoing amplitude)

let flavors_sans_color_to_string flavors =
String.concat " " (List.map CM.M.flavor_to_string flavors)

let process_sans_color_to_string (fin, fout) =
flavors_sans_color_to_string fin = ",->." ~
flavors_sans_color_to_string fout

let print_fudge_factor amplitude =

let name = flavors_symbol (flavors amplitude) in
List.iter (fun wf —
let p = momentum wf

and f = F.flavor wf in
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match CM .width f with
| Fudged —
let m = CM.mass_symbol f
and w = CM .width_symbol f in
printf "uouoouifu (%su>00.0-%s) uthen" w kind; nl ();
pf”imff "Loououuu@[<2>%s = %s@ux (hsxls—Lhs**2) "
name name p p m;
printf "0,/ cmplx, (hs*hs - %s**2, %s*khs, kind=%s)"
pp mm w kind; nl();
printf "uouuouend it nl ()
| - — () (F.s_channel amplitude)

let num_helicities amplitudes =
List.length (CF .helicities amplitudes)

let print_amplitudes amplitudes =
printf "L @[<5>"; if Ifortran95 then printf "pure ";
printf "subroutine calculate_amplitudes,(amp, k, mask)"; nl ();
printf "uouucomplex (kind=default) , dimension(:,:,:), intent (out): : amp"; nl ();
printf "Louureal (kind=default) , dimension(0:3,*), intent (in):: k"; nl ();
printf "uouulogical, dimension(:), intent(in),: : mask"; nl ();
printf "uouuinteger, dimension(n_prt)y::us"; nl ();
printf "uouuintegery: :uh"; nl ();
let multiplicities, dictionary = disambiguate_fusions (CF .processes amplitudes) in
print_declarations multiplicities dictionary (CF.processes amplitudes);
List.iter print_argument_diagnostics (CF .processes amplitudes);
begin match CF.processes amplitudes with
| p :: - — print_external_momenta p
- 50
end;
ignore (List.fold_left print_momenta PSet.empty (CF .processes amplitudes));
printf "Luuuamp,=0,0"; nl ();
if num_helicities amplitudes > 0 then begin
printf "Louudouh =11, n_hel"; nl ();
printf "Louuuifu(mask(h))then; nl ();
printf "LouuuuSu=Utable_spin_states(:,h)"; nl ();
ignore (List.fold _left print_externals WFSet.empty (CF .processes amplitudes));
ignore (List.fold _left (print_fusions dictionary) WFSet2.empty (CF .processes amplitudes));
List.iter (print_brakets dictionary) (CF .processes amplitudes);
List.iter print_fudge_factor (CF .processes amplitudes);
Array.iteri (fun f c_list —
Array.iteri (fun ¢ — function
| Some a —
pﬂntf "uuuuuuaﬂlp(%d,h,%d)u=u%s"
(succ f) (succ ¢) (flavors_symbol (flavors a)); nl ()
| None — ())
c_list)
(CF.process_table amplitudes);
printf "uouuuend,if"; nl ();
printf "uouuend do"; nl ();
end;

263



Implementation of Targets

printf ", end subroutine calculate_amplitudes"; nl ();

nl ()

Spin, Flavor € Color Tables

The following abomination is required to keep the number of continuation lines
as low as possible. FORTRAN77-style DATA statements are actually a bit nicer
here, but they are nor available for constant arrays.

We used to have a more elegent design with a sentinel 0 added to each
initializer, but some revisions of the Compaq/Digital Compiler have a bug
that causes it to reject this variant.

@ The actual table writing code using reshape should be factored, since it’s
thrice the same algorithm.

let print_integer _parameter name value =
printf ",@[<2>integer, parameter, private,:: ks =_%d" name value; nl ()

let print_logical -parameter name value =
printf ",,@[<2>logical, parameter, private,:: %su=y.%s."
name (if value then "true" else "false"); nl ()

let num_particles_in amplitudes =
match CF.flavors amplitudes with
|l =0
| (fin, =) = - — List.length fin

let num_particles_out amplitudes =
match CF.flavors amplitudes with
| ] =0
| (=, fout) :: - — List.length fout

let num_particles amplitudes =
match CF.flavors amplitudes with
| ] =0
| (fin, fout) :: - — List.length fin + List.length fout

module CFlow = Color.Flow

let num_color_flows cflows =
List.length cflows

let num_color_indices_default = 2 (% Standard model *)

let num_color_indices cflows =
try CFlow.rank (List.hd cflows) with = — num_color_indices_default

let color_to_string ¢ =
"(" ° (String.concat ", " (List.map (Printf.sprintf "%3d") c¢)) = ")"

let cflow_to_string cflow =
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String.concat """ (List.map color_to_string (CFlow.in_to_lists cflow)) = ",=>," "
String.concat " " (List.map color_to_string (CFlow.out_to_lists cflow))

let print_spin_table abbrev name = function
| =
printf ",,@[<2>integer, dimension(n_prt,0), private,::";
printf "@ table_spin_%s" name; nl ()
| _ i tuples’ as tuples —
ignore (List.fold_left (fun i (tuplel, tuple2) —
printf ",u@[<2>integer, dimension(n_prt), parameter, private,::";
printf "@_%s%h04d =, (/ %su/)" abbrev i
(String.concat ", " (List.map (Printf.sprintf "%2d") (tuplel Q tuple2)));
nl (); succ i) 1 tuples);
printf
"uu@[<2>integer, dimension(n_prt,n_hel), jparameter, private,::";
printf "@_table_spin_%s_ =@ reshape (,(/" name;
printf "@_%s%044d" abbrev 1;
ignore (List.fold_left (fun i tuple —
printf ",@,%s%04d" abbrev i; succ i) 2 tuples’);
printf "@,/) ,u(/un-_prt, n_-hel /) )"; nl ()

let print_spin_tables amplitudes =
print_spin_table "s" "states" (CF.helicities amplitudes);

nl ()

let print_flavor _table n abbrev name = function
] =
printf ",,@[<2>integer, dimension(n_prt,0), private,::";
printf "@ table_flavor_%s" name; nl ()
| _ i tuples’ as tuples —
ignore (List.fold_left (fun ¢ tuple —
printf
"uu@[<2>integer, dimension(n_prt), parameter, private;::";
printf "@L%sh04d =,/ hsu/dutL%hs" abbrev i
(String.concat ", "
(List.map (fun f — Printf.sprintf "%3d" (CM .M .pdg f)) tuple))
(String.concat """ (List.map CM .M .flavor_to_string tuple));
nl (); succ i) 1 tuples);
printf
"u@[<2>integer, dimension(n_prt,n_flv), jparameter, private,::";
printf "@Q table_flavor_%s =0 reshape,( (/" name;
printf "@_%s%044d" abbrev 1;
ignore (List.fold_left (fun i tuple —
printf ",0,%s%04d" abbrev i; succ i) 2 tuples’);
printf "@./) ,u(/un-_prt, . n_£flv,/))"; nl ()

let print_flavor _tables amplitudes =
let n = num_particles amplitudes in
print_flavor_table n "f" "states"
(List.map (fun (fin, fout) — fin @ fout) (CF.flavors amplitudes));
ni ()
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let num_flavors amplitudes =
List.length (CF .flavors amplitudes)

let print_color_flows_table abbrev = function
I =
printf ",,@[<2>integer, dimension(n_cindex, n_prt, n_cflow), private,::";
printf "@ table_color_flows"; nl ()
| _ i tuples’ as tuples —
ignore (List.fold_left (fun i tuple —
printf
"uu@[<2>integer, dimension(n_cindex, n_prt), parameter, private,::";
printf "@_%s%04d, = reshape (/" abbrev i;
begin match CFlow.to_lists tuple with
| [ = 0
| ¢ft = ¢fn —
printf "0 %s" (String.concat " ," (List.map string_of —int cf1));
List.iter (function ¢f —
printf ", QL %s" (String.concat " ," (List.map string_of _int cf))) cfn
end;
printf "@./),0,(/un_cindex, n_prt /).)";
nl (); succ i) 1 tuples);
printf

"Luu@[<2>integer, dimension(n_cindex, n_prt, n_cflow), parameter, private;::";

printf "@_table_color_flows =@ reshape(,(/";
printf "@_%s%044d" abbrev 1;
ignore (List.fold_left (fun i tuple —
printf ",0,%s%04d" abbrev i; succ i) 2 tuples’);
printf "@,/) ,0,(/un_cindex, n_prt, n_cflow,/))"; nl ()

let print_ghost_flags_table abbrev = function
I =
printf ",,@[<2>1logical, dimension(n_prt, n_cflow), private ::";
printf "@ table_ghost_flags"; nl ()
| _ : tuples’ as tuples —
ignore (List.fold_left (fun i tuple —
printf
"u,@[<2>logical, dimension(n_prt), parameter, private,::";
printf "@_%sh04d =, (/" abbrev i;
begin match CFlow.ghost_flags tuple with
| 1= 0
| off = gfn —
printf "@_%s" (if gff then "T" else "F");
List.iter (function gf — printf ",@u %s" (if gf then "T" else "F")) gfn
end;
printf "@L/)";
nl (); succ i) 1 tuples);
printf
"uu@[<2>logical, dimension(n_prt, n-_cflow), parameter, privatej::
printf "@_table_ghost_flags =@ reshape (,(/";
printf "@_%s%044d" abbrev 1;
ignore (List.fold_left (fun i tuple —
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printf ",@,%s%04d" abbrev i; succ i) 2 tuples’);
printf "@./),0,(/Ln_prt, n_cflow,/))"; nl ()

let print_color_tables cflows =
print_color_flows_table "c" cflows;
print_ghost_flags_table "g" cflows;

nl ()

let option_to_logical = function
| Some - — "T"
| None — "F"

let print_flavor _color_table abbrev n_flv n_cflow table =
if n_flv < 0 V n_cflow < 0 then begin
printf "Lu@[<2>1ogical, dimension(n_flv, n_cflow), private,::";
printf "@ flv_col_is_allowed"; nl ()
end else begin
for ¢ = 0 to pred n_cflow do
printf
"Luu@[<2>logical, dimension(n_f1lv), parameter, private,::";
printf "0 %s%h04d =, (/0 %s" abbrev (succ c¢) (option_to_logical table.(0).(c));
for f = 1 to pred n_flv do
printf ",@,%s" (option_to_logical table.(f).(c))
done;
printf "@./)"; nl ()
done;
printf
"u,@[<2>logical, dimension(n_flv, n_cflow), parameter, private;::";
printf "0 flv_col_is_allowed =@ reshape  (, (/@ %s%04d" abbrev 1;
for ¢ = 1 to pred n_cflow do
printf ",0,%s%04d" abbrev (succ c)
done;
printf "0,/),0,(/un_flv, n_cflow, /) )"; nl ()
end

let print_amplitude_table a =
print_flavor_color _table "a"
(num-flavors a) (List.length (CF .color_flows a)) (CF .process_table a);
nl ();
printf
"Lu@[<2>complex (kind=default), dimension(n_flv, n_hel, n_cflow), private, save,::
nl ();
nl ()

let print_helicity_selection_table () =
printf ", ,@[<2>1logical, dimension(n_hel), private, save,:: ";
printf "hel_is_allowed, =,T"; nl();
printf ",,@[<2>real (kind=default), dimension(n_hel), private, save,::,";
printf "hel_max_abs_ =,0"; nl ();
printf ", ,@[<2>real (kind=default), private, save,::,";
printf "hel_sum_abs =0,.";
printf "hel_threshold, = 1E10"; nl ();
printf "0 [<2>integer, private, save,::,";

267



Implementation of Targets

printf "hel_count_=_0,.";
printf "hel_cutoff ,=,100"; nl ();

nl ()

Optional MD5 sum function

let print_md5sum_functions () =
match !md5sum with
| Some s —
begin
printf "L ,@[<5>"; if Ifortran95 then printf "pure,";
printf "function mdSsum O"; nl ();
printf "Louucharacter (len=32),: : md5sun"; nl ();
printf "Luou ! UDON? T EVEN, THINK of modifying the_ following line!"; nl ();
printf "youumdSsum = \"%s\"" s; nl ();
printf ", end function mdSsum"; nl ();
l ()
end
| None — ()

Maintenance & Inquiry Functions

let print_maintenance_functions amplitudes =
if lwhizard then begin
printf ",_subroutine init, (par)"; nl ();
printf "uuuureal (default) , dimension(*), intent (in),: : par"; nl ();
printf "Louucall,import_from_whizard,,(par)"; nl ();
printf "_end subroutine,init"; nl ();
nl ();
printf ", subroutine final O)"; nl ();
printf "uouuifu(Chel_threshold,.gt.,0) then"; nl ();
printf "Uuuuuucallomega_report_helicity_selectiony";
printf "(hel_is_allowed, table_spin_states, hel_threshold)"; nl ();
printf "uouuend if"; nl ();
printf ", end subroutine final"; nl ();
nl ();
printf ", subroutine update_alpha_s,(alpha_s)"; nl ();
printf "youureal (default) , intent (in): :,alpha_s"; nl ();
printf "Louucall model_update_alpha_s;(alpha_s)"; nl ();
printf ",_end subroutine update_alpha_s"; nl ();

nl ()

end

let print_inquiry _function_declarations name =
printf ", ,@[<2>public,: : number_%s,@ %s" name name;

nl ()
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let print_numeric_inquiry - functions () =
printf "L @[<5>"; if Ifortran95 then printf "pure ";
printf "function number_particles_in,, () result,(n)"; nl ();
printf "uouuintegery::un"; nl ();
printf "uouunu=on-in"; nl ();
printf ", end function number_particles_in"; nl ();
nl ();
printf "L @[<E>"; if Ifortran95 then printf "pure,";
printf "function number_particles_out, () result, (n)"; nl ();
printf "uouuintegery::un"; nl ();
printf "ouung=on-out"; nl ();
printf ", end function number_particles_out"; nl ();
nl ()

let print_inquiry-functions name =
printf "L @[<5>"; if |fortran95 then printf "pure ";
printf "function number_%s () result,(n)" name; nl ();
printf "Luuuintegery: i n"; nl ();
printf "uouunu=usizey (table_Y%s, ,dim=2)" name; nl ();
printf ", end function number_%s" name; nl ();
nl ();
printf "L @[<5>"; if Ifortran95 then printf "pure ";
printf "subroutine ks, (a)" name; nl ();
printf "Louuinteger, dimension(:,:), intent(out)::,a"; nl ();
printf "uouuau=utable_%s" name; nl ();
printf ", end subroutine %s" name; nl ();

nl ()

let print_color_flows () =
printf "L @[<5>"; if Ifortran95 then printf "pure ";
printf "function number_color_indices, () result, (n)"; nl ();
printf "Luuuintegery: i n"; nl ();
printf "Luuun=usize (table_color_flows, dim=1)"; nl ();
printf ", end_ function number_color_indices"; nl (),
nl ();
printf "L @[<5>"; if Ifortran95 then printf "pure ";
printf "function number_color_flows () result,(n)"; nl ();
printf "Luuuintegery: i n"; nl ();
printf "Louun,=Usize (table_color_flows, dim=3)"; nl ();
printf ", end, function number_color_flows"; nl ();
nl ();
printf "L @[<5>"; if Ifortran95 then printf "pure,";
printf "subroutine color_flowsy,(a, g)"; nl ();
printf "Luouinteger, dimension(:,:,:), intent (out)::a"; nl ();
printf "uouulogical, dimension(:,:), intent (out)::ug"; nl ();
printf "Luouuau=utable_color_flows"; nl ();
printf "Louugu=Uutable_ghost_flags"; nl ();
printf ", end_ subroutine color_flows"; nl (),

nl ()

let print_dispatch_functions () =
printf ",,Q[<5>";
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printf "subroutine mnew_event,(p)"; nl ();

printf "ouureal (kind=default) , dimension(0:3,*), intent (in):: p"; nl ();
printf "Luuucallcalculate_amplitudesy(amp, p, hel_is_allowed)"; nl (),
printf "uouuifu((hel_threshold,,.gt. 0).and. (hel_count,,.le. hel_cutoff)) then"; nl ();
printf "Luuuuucall omega_update_helicity_selection;,(hel_count, amp, ";
printf "hel_max_abs,_hel_sum_abs,_hel_is_allowed,_hel_threshold, hel_cutoff)";nl (),
printf "Louuend if"; nl();

printf " end subroutine new_event"; nl ();

nl ();

printf ",,@[<5>";

printf "subroutine reset_helicity_selection(threshold, cutoff)"; nl ();
printf "Ly ureal (kind=default), intent(in): : threshold"; nl ();

printf "LLuuinteger, intent (in)y: :cutoff"; nl ();

printf "uouuhel_is_allowed, = T"; nl ();

printf "Louuhel_max_abs =,0"; nl ();

printf "ouuhel_sum_abs =,0"; nl ();

printf "Louuhel_count=,0"; nl ();

printf ",uuuhel_threshold = threshold"; nl ();

printf "Luuuhel_cutoff = cutoff"; nl ();

printf ", end subroutine reset_helicity_selection"; nl (),

nl ();

printf "L, @[<5>"; if |fortran95 then printf "pure ";

printf "function is_allowed, ,(f1v, hel, col) result,(yorn)"; nl ();

printf "Luuulogicaly: :uyorn"; nl ();

printf "Louuinteger, intent (in): :uflv, hel, col"; nl ();

printf "Louuyorn = hel_is_allowed(hel) .and. ";

printf "flv_col_is_allowed(flv,col)"; nl ();

printf " end function is_allowed"; nl ();

nl ();

printf "L,@[<E>"; if fortran95 then printf "pure,";

printf "function get_amplitude  (flv, hel, col) result,(amp_result)"; nl ();
printf "Luucomplex (kind=default),,: :amp_result"; nl ();

printf "uouuinteger, intent (in)y: :uflv, hel, col"; nl ();

printf ",Luuamp_resulty=,amp (f1v, hel, col)"; nl ();

printf " end function get_amplitude"; nl ();

nl ()

Main Function

let print_description cmdline amplitudes =
printf "1 File generated automatically by,0’Mega"; nl();

printf "1 nl();

printf "'ouu%hs" emdline; nl();

printf "1"; nl();

printf "' with all scattering amplitudes for the process(es)";nl ();
printf "1 nl ();

printf "' uuflavor combinations:"; nl ();

printf "1 nl ();
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ThoList.itert
(fun @ process —
printf " LLoouoh3d:uhs" @ (process_sans_color_to_string process); nl ())
1 (CF .flavors amplitudes);
printf "1 nl ();
printf "' uucolor flows:"; nl ();
pringf "1"; nl ();
ThoList.iteri
(fun i cflow —
printf "' Loououh3d:uhs" @ (cflow_to_string cflow); nl ()
1 (CF .color_flows amplitudes);
printf "1 nl ();
printf "' Luu NB: i g. notall color flows contribute to all flavor"; nl ();
printf " ! Luuucombinations.Consult the array FLV_COL_IS_ALLOWED"; nl ();
printf "' Luoubelow for the allowed combinations."; nl ();
printf "1 nl ();
printf "' ,uforbidden, flavor combinations:"; nl ();
pringf "1"; nl ();
List.iter (fun process —
printf "' Lououoououuhs" (process—sans —color _to_string process); nl ())
(CF.vanishing _flavors amplitudes);
printf "1 nl ();
begin
match CF'.constraints amplitudes with
| None — ()
| Some s —
printf
"1 diagram selection, (MIGHT BREAK GAUGE INVARIANCE! ! 1) : "; nl ();
printf "1 nl ();
printf "'ooouohs" s nl ();
printf "1 nl ()
end;
begin match RCS.description CM .rcs with
| linel :: lines —
printf "1 in %s" linel; nl ();
List.iter (fun s — printf "'ouuo%hs" s; nl () lines
| [] = printf "'uin %s" (RCS.name CM.rcs); nl ()
end;
printf "1 nl ()

let print_version () =
printf "!,0°Mega, revision control information:"; nl (),
List.iter (fun s — printf "'ouuo%hs" s; nl ()
(ThoList.flatmap RCS.summary (CM.res = res_list @ F.res_list))

let print_public = function
| namel :: names —
printf ", ,@[<2>publicy: : %s" namel;
List.iter (fun n — printf ",0.%s" n) names; nl ()

11 =0
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let print_public_interface generic procedures =

printf "Lopublicy::uhs" generic; nl ();

begin match procedures with

| namel :: names —
printf ",interface,%s" generic; nl ();
printf "Louou@[<2>module procedure %s" namel;
List.iter (fun n — printf ",0_ %s" n) names; nl ();
printf " end interface"; nl ();
print_public procedures

1] =0

end

let print_module_header amplitudes =
let cflows = CF.color_flows amplitudes in
printf "module %s" !module_name; nl (); nl ();
List.iter (fun s — printf "youse hs" s; nl ()
(["kinds"; Fermions.use_module] @
luse_modules); nl ();
if ((String.length !parameter_module) > 0) then
printf "uouseuhs" !parameter _module; nl (); nl ();
printf ",,implicit none"; nl ();
printf "oprivate"; nl (); nl ();
begin match !'md5sum with
| Some - — print_public ["md5sum"]
| None — ()
end;
print_public ["number_particles_in"; "number_particles_out"];
List.iter print_inquiry_function_declarations
['spin_states"; "flavor_states"; "color_flows"];
print_public ["number_color_indices"|;
if lwhizard then
print_public ["init"; "final"; "update_alpha_s"];
print_public ["reset_helicity_selection"]; nl ();
print_public ["new_event"; "is_allowed"; "get_amplitude"]; nl ();
printf ", DON’ T EVEN_THINK of removing the,following!"; nl ();
printf "' yIf the compiler ,complains,about jundeclared"; nl (),
printf ", 'uor undefined, variables, you,are compiling"; nl ();
printf ", 'Lagainstan incompatible omega95 module!"; nl ();
printf ",@[<2>integer, dimension(%d), parameter, private,:: "
(List.length require_library);
printf “"require =0,(/ Q[";
print_list require_library;
printf /3" ni(): ni ()

Using these parameters makes sense for documentation, but in practice,
there is no need to ever change them.
List.iter
(function name, value — print_integer_parameter name value)
[ ("n_prt", num_particles amplitudes);
("n_in", num_particles_in amplitudes);
("n_out", num_particles_out amplitudes);
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("n_cflow", num-color_flows cflows); (* Number of different color
amplitudes. *)

("n_cindex", num_color_indices cflows); (* Maximum rank of color
tensors. x)

("n_£1v", num_flavors amplitudes); (* Number of different flavor
amplitudes. *)

("n_hel", num_helicities amplitudes) (* Number of different helicty
amplitudes. *) |;

nl ();

Abbreviations.

List.iter
(function name, value — print_logical -parameter name value)
[ ("F", false); ("T", true) |; nl ();

print_spin_tables amplitudes;
print_flavor_tables amplitudes;
print_color_tables cflows;
print_amplitude_table amplitudes;
print _helicity _selection_table ();
printf "contains"; nl (); nl ();
print_mddsum _functions ();
print_maintenance_functions amplitudes;
print_numeric_inquiry - functions ();
List.iter print_inquiry_functions
["spin_states"; "flavor_states"];
print_color_flows ();
print_dispatch_functions ()

let print_module_footer () =
printf "end module %s" !module_name; ni ()

let amplitudes_to_channel cmdline oc diagnostics amplitudes =
set_formatter _out_channel oc;
set_margin !line_length;
wrap_newline ();
parse_diagnostics diagnostics;
print_description cmdline amplitudes;
print_module_header amplitudes;
if 1km_write V lkm_pure then

Targets_ Kmatrix. Fortran.print 'km_pure;

print_amplitudes amplitudes;
print_module_footer ();
print_version ();
print_flush ()

let parameters_to_channel oc =
parameters_to_fortran oc (CM .parameters ())

end

module Fortran = Make_Fortran(Fortran_Fermions)
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Majorana Fermions

@ JR sez’ (regarding the Majorana Feynman rules): For this function we need

a different approach due to our aim of implementing the fermion vertices
with the right line as ingoing (in a calculational sense) and the left line in a
fusion as outgoing. In defining all external lines and the fermionic wavefunc-
tions built out of them as ingoing we have to invert the left lines to make
them outgoing. This happens by multiplying them with the inverse charge
conjugation matrix in an appropriate representation and then transposing
it. We must distinguish whether the direction of calculation and the physi-
cal direction of the fermion number flow are parallel or antiparallel. In the
first case we can use the "normal” Feynman rules for Dirac particles, while
in the second, according to the paper of Denner et al., we have to reverse
the sign of the vector and antisymmetric bilinears of the Dirac spinors, cf.
the Coupling module.

Note the subtlety for the left- and righthanded couplings: Only the vector
part of these couplings changes in the appropriate cases its sign, changing
the chirality to the negative of the opposite. (JR’s probably right, but I need
to check myself ...)

module Fortran_Majorana_Fermions : Fermions =
struct
let rcs = RCS.rename rcs_file "Targets.Fortran_Majorana_Fermions()"
[ "generates Fortran95 ,code for Dirac and, Majorana fermions";
"Lusing revision;2003_03_A_ o0f module omega95_bispinors" ]

open Coupling
open Format

let psi_type = "bispinor"

let psibar_type = "bispinor"
let chi_type = "bispinor"

let grav_type = "vectorspinor"

JR sez’ (regarding the Majorana Feynman rules): Because of our rules for
fermions we are going to give all incoming fermions a u spinor and all out-
going fermions a v spinor, no matter whether they are Dirac fermions, an-
tifermions or Majorana fermions. (JR’s probably right, but I need to check

myself ...)

let psi_incoming = "u"

let brs_psi_incoming = "brs_u"
let psibar_incoming = "u"

let brs_psibar_incoming = "brs_u"
let chi_incoming = "u"

let brs_chi_incoming = "brs_u"
let grav_incoming = "ueps"
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let psi_outgoing = "v"

let brs_psi_outgoing = "brs_v"
let psibar_outgoing = "v"

let brs_psibar_outgoing = "brs_v"
let chi_outgoing = "v"

let brs_chi_outgoing = "brs_v"
let grav_outgoing = "veps"

let psi_propagator = "pr_psi"
let psibar_propagator = "pr_psi"
let chi_propagator = "pr_psi"
let grav_propagator = "pr_grav"
let psi_projector = "pj_psi"

let psibar_projector = "pj_psi"
let chi_projector = "pj_psi"

let grav_projector = "pj-_grav"
let psi_gauss = "pg_psi"

let psibar_gauss = "pg-psi"

let chi_gauss = "pg-psi"

let grav_gauss = "pg_grav"

let format_coupling coeff ¢ =
match coeff with
|1 = ¢
| _1 — n(_n ~ ¢ An)u
| coeff — string_of —int coeff =~ "x" " ¢

let format_coupling_2 coeff ¢ =
match coeff with
|1 — ¢
| —1 — "m0
| coeff — string-of —int coeff = "x" " ¢

@ JR’s coupling constant HACK, necessitated by tho’s bad design descition.

let fastener s i =
try
let offset = (String.index s > (’) in
if ((String.get s (String.length s — 1)) # ?)?) then
failwith "fastener: wrong usage of parentheses"
else
let func_name = (String.sub s 0 offset) and
tail =
(String.sub s (succ offset) (String.length s — offset — 2)) in
if (String.contains func_name °)’) V
(String.contains tail > (°) V
(String.contains tail ) ) then
failwith "fastener: uwrong usage of parentheses"
else
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func_name = " (" " string_of _int ¢ ~ "," " tail ~ ")"
with
| Not_found —
if (String.contains s *)’) then
failwith "fastener: wrong usage of parentheses"
else
s~ "(" " string_of _int i~ ")"

let print_fermion_current coeff f ¢ wfl wf2 fusion =
let ¢ = format_coupling coeff c in
match fusion with
| F13 | F31 — printf "%hs_££(hs,%s,hs)" [ ¢ wfl wf2
| F25 | F21 — printf "£_%st(hs,%s,%)" [ ¢ wfl wf2
| F32 | F12 — printf “£_%st(hs,%s,%)" [ ¢ wf2 wfl

let print_fermion_current2 coeff f ¢ wfl wf2 fusion =

let ¢ = format_coupling_2 coeff c in
let c1 = fastener ¢ 1 and
c¢2 = fastener ¢ 2 in

match fusion with

| F13 | F31 — printf “%s_-££(Chs,%s,%s,%hs)" f ¢l 2 wfl wf2

| F23 | F21 — printf "£_%st(is,%s,%s,hs)" f ¢l c2 wfl wf2

| F82 | F12 — printf "£_%st (s, %s,%s,hs)" f ¢l c2 wf2 wfl
let print_fermion_current_vector coeff f ¢ wfl wf2 fusion =

let ¢ = format_coupling coeff c in
match fusion with

| F13 — printf "hs_££(%s,%s,%s)" [ ¢ wfl wf2
| F81 — printf "hs_££(-%s,%s,%s)" [ ¢ wfl wf2
| F28 — printf "£_%stfChs,%s,%)" [ ¢ wfl wf2
| F32 — printf "£_%stfChs,%s,%)" [ ¢ wf2 wfl
| F12 — printf "£_%stf(-%s,%s,%s)" f ¢ wf2 wfl
| F21 — printf "£_%st(-%s,%s,%)" [ ¢ wfl wf2
let print_fermion_current2 _vector coeff f ¢ wfl wf2 fusion =
let ¢ = format_coupling_2 coeff c in
let c1 = fastener ¢ 1 and
c2 = fastener ¢ 2 in

match fusion with
Fi18 — printf "hs_££ s, hs,%s,hs)" f c1 c2 wfl wf2

|

| F31 — printf "hs_££(-(4s),%s,%s,%s)" f cl c2 wfl wf2
| F28 — printf "£_Y%sf(hs,%s,%hs,%s)" f cl c2 wfl wf2

| F32 — printf "f_%sf(%s,%s,%s,%s)" f cl c2 wf2 wfl

| F12 — printf "£_%st(-(%hs) ,%s,%s,%s)" [ ¢l ¢2 wf2 wfl
|

F21 — printf "£_%st(-(4s) ,%hs,hs,hs)" [ ¢l c2 wfl wf2

let print_fermion_current_chiral coeff f1 f2 c wfl wf2 fusion =
let ¢ = format_coupling coeff c in
match fusion with
| F13 — printf "hs_££(%s,%s,%s)" fI ¢ wfl wf2
| F81 — printf "hs_££(-%s,%s,%s)" f2 ¢ wfl wf?
| F23 — printf "£_%st(hs,%s,%s)" f1 ¢ wfl wf2
| F32 — printf "£_%stfChs,%s,%)" f1 ¢ wf2 wfl
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| F12 — printf "£_%st(=%s,%s,%s)" f2 ¢ wf2 wfl
| F21 — printf "£_%sf(-%s,%s,%s)" f2 ¢ wfl wf2

let print_fermion_current2_chiral coeff f ¢ wfl wf2 fusion =

let ¢ = format-coupling-2 coeff c in
let c1 = fastener ¢ 1 and
c2 = fastener ¢ 2 in

match fusion with

| F18 — printf "%s_££Chs,%s,%s,%hs)" f ¢l ¢2 wfl wf2

| F31 — printf "%s_££(-(%s),—(hs) ,%s, %) " f ¢2 cl wfl wf2

| F23 — printf "£_%st(%s,%s,%s,%s)" f ¢l c2 wfl wf2

| F82 — printf "£_Yst(hs,%s,%s,%s)" f ¢l c2 wf2 wfl

| F12 — printf "£_%sf(-(hs) ,-(%s) ,%s,%s)" [ ¢2 cl wf2 wfl

| F21 — printf "£_%sf(-(hs) ,—hs) ,%s,%s)" [ ¢2 cl wfl wf2
let print_current = function

| coeff, -, VA, _ — print_fermion_current2 _vector coeff "va"

| coeff, -, V, - — print_fermion_current_vector coeff "v"

| coeff, -, A, - — print_fermion_current coeff "a"

| coeff, -, VL, - — print_fermion_current_chiral coeff "v1" "vr"

| coeff, -, VR, - — print_fermion_current_chiral coeff "vr" "v1"

| coeff, -, VLR, - — print_fermion_current2_chiral coeff "v1lr"

| coeff, _, SP, - — print_fermion_current2 coeff "sp"

| coeff, -, S, - — print_fermion_current coeff "s"

| coeff, -, P, - — print_fermion_current coeff "p"

| coeff, -, SL, - — print_fermion_current coeff "s1"

| coeff, -, SR, - — print_fermion_current coeff "sr"

| coeff, -, SLR, - — print_fermion_current? coeff "slr"

| coeff, -, POT, _ — print_fermion_current_vector coeff "pot"

| coeff, -, -, - — invalid_arg

"Targets.Fortran_Majorana_Fermions: Not, needed,in  the models"

let print_current_p = function

| coeff, Psi, SL, Psi — print_fermion_current coeff "s1"
| coeff, Psi, SR, Psi — print_fermion_current coeff "sr"
| coeff, Psi, SLR, Psi — print_fermion_current2 coeff "slr"
| coeff, -, -, - — invalid_aryg
"Targets.Fortran_Majorana_Fermions: Not, needed,in the jused models"

let print_current_b = function
| coeff, Psibar, SL, Psibar — print_fermion_current coeff "s1"
| coeff, Psibar, SR, Psibar — print_fermion_current coeff "sr"
| coeff, Psibar, SLR, Psibar — print_fermion_current2 coeff "slr"
| coeff, -, -, - — invalid_aryg
"Targets.Fortran_Majorana_Fermions: Not needed in, ,the used models"

This function is for the vertices with three particles including two fermions but
also a momentum, therefore with a dimensionful coupling constant, e.g. the
gravitino vertices. One has to dinstinguish between the two kinds of canonical
orders in the string of gamma matrices. Of course, the direction of the string
of gamma matrices is reversed if one goes from the Gravbar, -, Psi to the
Psibar, _, Grav vertices, and the same is true for the couplings of the gravitino
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to the Majorana fermions. For more details see the tables in the coupling
implementation.

We now have to fix the directions of the momenta. For making the compiler
happy and because we don’t want to make constructions of infinite complexity
we list the momentum including vertices without gravitinos here; the pattern
matching says that’s better. Perhaps we have to find a better name now.

For the cases of MOM, MOMS5, MOML and MOM R which arise only in
BRST transformations we take the mass as a coupling constant. For VMOM
we don’t need a mass either. These vertices are like kinetic terms and so need
not have a coupling constant. By this we avoid a strange and awful construction
with a new variable. But be careful with a generalization if you want to use
these vertices for other purposes.

let format_coupling_mom coeff ¢ =
match coeff with
| 1 — ¢
| =1 = "(=""¢c" """
| coeff — string_of _int coeff ~ "x" " ¢

let commute_proj f =
match f with
| "moml" — "lmom"
| "momr" — "rmom"
| "lmom" — "moml"
| "rmom" — "momr"
| "svl" — "svr"
| "svr" — "svl"
| "sl" — "sr"
| "sr" — "sl"
| "s" — m"s"
| npu — npn

| - — invalid_arg "Targets:Fortran_Majorana_Fermions: wrong case"

let print_fermion_current_mom coeff f ¢ wfl wf2 pl p2 pl12 fusion =

let ¢ = format_coupling_mom coeff c in
let c1 = fastener ¢ 1 and
c2 = fastener ¢ 2 in

match fusion with

| F13 — printf "%s_££(%s,%s,%s,%s,%8)" [ ¢l ¢2 wfl wf2 p12
| F81 — printf "hs_££ (s, %s,%s,%s,%s)" f ¢l ¢2 wfl wf2 p12
| F23 — printf "£_%st(hs,%s,%s,%hs,%s)" [ cl c2 wfl wf2 pl
| F32 — printf "£_%st (s, %s,%s,%s,%s)" f ¢l c2 wf2 wfl p2
| F12 — printf "£_Y%st (%s,%s,%s,%s,%8)" [ ¢l ¢2 wf2 wfl p2
| F21 — printf "£_%st (%s,%s,%s,%s,%8)" [ ¢l ¢2 wfl wf2 pl
let print _fermion _current_mom_sign coeff f ¢ wfl wf2 p1 p2 p12 fusion =
let ¢ = format_coupling_mom coeff c in
let c1 = fastener ¢ 1 and
c2 = fastener ¢ 2 in

match fusion with
| F13 — printf "hs_££(%s,%s,%s,%s,%s)" f ¢l ¢2 wfl wf2 p12
| F31 — printf "%s_££Chs,%s,%s,%s,-(hs))" f ¢l 2 wfl wf2 p12
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| F23 — printf "£_Y%st(hs,%s,%s,%s,%s)" f ¢l c2 wfl wf2 pl

| F32 — printf "£_%sf(%s,%s,%s,%s,%s)" [ cl c2 wf? wfl p2

| F12 — printf "£_%sf(hs,%s,%s,%s,~(hs))" f ¢l c2 wf2 wfl p2
|

F21 — printf "£_Y%sf(%s,%hs,%hs,%s,-(hs))" f ¢l c2 wfl wf2 pl

let print_fermion_current_mom_sign_1 coeff f ¢ wfl wf2 p1 p2 p12 fusion =
let ¢ = format_coupling coeff ¢ in
match fusion with
| F13 — printf "hs_££(%s,%hs,%s,%s)" [ ¢ wfl wf2 p12

| F31 — printf "hs_££ (s, %hs,%s,~(hs))" f ¢ wfl wf2 p12

| F23 — printf "£_%st(%s,%s,%s,%s)" [ ¢ wfl wf2 pl

| F82 — printf "£_Y%st(%s,%s,%s,%s)" f ¢ wf2 wfl p2

| F12 — printf "£_%st(hs,%s,%s,-(hs))" f ¢ wf2 wfl p2

| F21 — printf "£_%sf s, %s,%s,~(hs))" [ ¢ wfl wf2 pl1

let print_fermion_ current_mom_chiral coeff f ¢ wfl wf2 p1 p2 p12 fusion =

let ¢ = format_coupling_-mom coeff ¢ and
cf = commute_proj f in

let c1 = fastener ¢ 1 and
c2 = fastener ¢ 2 in

match fusion with

| F13 — printf "%s_££(%s,%s,%s,%s,%8)" [ ¢l ¢2 wfl wf2 p12

| F81 — printf "fs_£f (s, %s,%hs,uhs,-(hs))" cf cl c2 wfl wf2 p12
| F23 — printf "£_%sf (s, %s,%s,%s,%s)" [ ¢l ¢2 wfl wf2 pl

| F32 — printf "£_Y%sf(hs,%s,%s,%s,%s)" f ¢l ¢2 wf2 wfl p2

| F12 — printf "£_%st(hs,%s,%s,%s,~(hs))" cf cl c2 wf2 wfl p2
| F21 — printf "£_%sf(hs,%s,%s,%s,~(hs))" cf cl c2 wfl wf2 pl

let print_fermion_g_current coeff f ¢ wfl wf2 pl p2 p12 fusion =
let ¢ = format_coupling coeff c in
match fusion with

| F18 — printf "%s_grf(%s,%s,%s,%s)" f ¢ wfl wf2 p12
| F81 — printf "%hs_fgr(s,%s,%s,%hs)" [ ¢ wfl wf2 p12
| F23 — printf "gr_%st(hs,%s,%s,%s)" [ ¢ wfl wf2 pl
| F82 — printf "gr_%st (%s,%s,%hs,%s)" [ ¢ wf2 wfl p2
| F12 — printf "£_%sgr(%s,%s,%s,%s)" f ¢ wf2 wfl p2
| F21 — printf "£_%sgr(hs,%s,%s,%s)" f ¢ wfl wf2 pl

let print_fermion_g_2_current coeff f ¢ wfl wf2 pl p2 p12 fusion =

let ¢ = format_coupling coeff c in

match fusion with

| F13 — printf "hs_grt (hs(1),%s(2),%s,%s,%s)" f ¢ c wfl wf2 p12
| F81 — printf “%s_fgr(%s(1),%s(2),%s,%s,%s)" f ¢ c wfl wf2 p12
| F23 — printf "gr_%hstf (hs(1),%s(2),%s,%s,%)" f ¢ ¢ wfl wf2 pl
| F32 — printf "gr_%sf (hs(1),%s(2),%s,%s,%hs)" [ ¢ ¢ wf2 wfl p2
| F12 — printf "f_Y%sgr(hs(1),%s(2),%s,%s,%s)" f ¢ ¢ wf2 wfl p2
| F21 — printf "f_%sgr(hs(1),%s(2),%s,%s,%8)" f ¢ ¢ wfl wf2 pl

let print_fermion_g_current_rev coeff f ¢ wfl wf2 p1 p2 pl12 fusion =
let ¢ = format_coupling coeff c in
match fusion with
| F13 — printf "%s_fgr(s,%s,%s,%hs)" [ c wfl wf2 p12
| F31 — printf "Y%s_grf (s, %s,%s,hs)" f ¢ wfl wf2 p12
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| F23 — printf "f_%sgr(%s,%s,%s,%s)" [ ¢ wfl wf2 pl
| F32 — printf "f_Y%sgr(%s,%s,%s,%s)" f ¢ wf2 wfl p2
| F12 — printf "gr_%sf(hs,%s,%s,%hs)" [ ¢ wf2 wfl p2
| F21 — printf "gr_%st(hs,%s,%s,%s)" [ ¢ wfl wf2 pl

let print_fermion_g_2_current_rev coeff f ¢ wfl wf2 pl p2 p12 fusion =
let ¢ = format_coupling coeff ¢ in
match fusion with
| F13 — printf "%s_fgr(%s(1),%s(2) ,%s,%s,%s)" f ¢ c wfl wf2 p12
| F31 — printf "%s-grf (hs(1),%s(2),%s,%s,%s)" f ¢ c wfl wf2 p12
| F23 — printf "f_Y%sgr(hs(1),%s(2),%s,%s,%)" f ¢ ¢ wfl wf2 pl
| F32 — printf "f_Y%sgr(hs(1),%s(2),%s,%s,%hs)" [ ¢ ¢ wf2 wfl p2
| F12 — printf "gr_%sf(%hs(1),%s(2),%s,%s,%)" f ¢ c wf2 wfl p2
| F21 — printf "gr_%sf(%s(1),%s(2),%s,%s,%s)" f ¢ ¢ wfl wf2 pl

let print_fermion_g_current_vector coeff f ¢ wfl wf2 p1 p2 p12 fusion =
let ¢ = format_coupling coeff c in
match fusion with

| F13 — printf "hs_grf (hs,%s,%s)" [ ¢ wfl wf2
| F31 — printf "%s_fgr(-%s,%s,%s)" f ¢ wfl wf2
| F23 — printf "gr_%st (%s,%s,%s)" [ ¢ wfl wf2
| F32 — printf "gr_%st(%s,%hs,%s)" f ¢ wf2 wfl
| F12 — printf "£_%sgr(-%s,%s,%s)" [ ¢ wf2 wf
| F21 — printf "£_%sgr(-%s,%s,%s)" f ¢ wfl wf?

let print_fermion_g_current_vector _rev coeff f ¢ wfl wf2 pl p2 pl12 fusion =
let ¢ = format_coupling coeff c in
match fusion with

coeff, Gravbar, SLR, - — print_fermion_g_2_current coeff "slr"
coeff, Gravbar, P, - — print_fermion_g_current coeff "p"

coeff, Gravbar, V, - — print_fermion_g_current coeff "v"

coeff, Gravbar, VLR, - — print_fermion_g_2_current coeff "vlr"
coeff, Gravbar, POT, _ — print_fermion_g_current_vector coeff "pot"
coeff, _, S, Grav — print_fermion_g_current_rev coeff "s"

| F13 — printf "hs_fgr(%s,%s,%s)" [ ¢ wfl wf2
| F31 — printf "%s_grf(-%s,%s,%s)" f ¢ wfl wf2
| F23 — printf "f_Ysgr(hs,%s,%s)" f ¢ wfl wf?
| F32 — printf "f_Ysgr(hs,%s,%s)" f ¢ wf2 wfl
| F12 — printf "gr_%st(-%s,%s,%hs)" [ ¢ wf2 wfl
| F21 — printf "gr_%st(-%s,%s,hs)" [ ¢ wfl wf2
let print_current_g = function
| coeff, -, MOM, _ — print_fermion_current_mom_sign coeff "mom"
| coeff, -, MOMS5, - — print_fermion_current_mom coeff "mom5"
| coeff, -, MOML, - — print_fermion_current_mom_chiral coeff "moml"
| coeff, -, MOMR, _ — print_fermion_current_mom_chiral coeff "momr"
| coeff, -, LMOM, _ — print_fermion_current_mom_chiral coeff "lmom"
| coeff, -, RMOM, _ — print_fermion_current_mom_chiral coeff "rmom"
| coeff, -, VMOM, - — print_fermion_current_mom_sign_1 coeff "vmom"
| coeff, Gravbar, S, - — print_fermion_g_current coeff "s"
| coeff, Gravbar, SL, - — print_fermion_g_current coeff "s1"
| coeff, Gravbar, SR, - — print_fermion_g_current coeff "sr"
|
|
|
|
|
|
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coeff, -, SL, Grav — print_fermion_g_current_rev coeff "s1"

coeff, -, SR, Grav — print_fermion_g_current_rev coeff "sr"

coeff, _, SLR, Grav — print_fermion_g_2_current_rev coeff "slr"
coeff, _, P, Grav — print_fermion_g_current_rev (—coeff) "p"

coeff, -, V, Grav — print_fermion_g_current_rev coeff "v"

coeff, -, VLR, Grav — print_fermion_g_2_current_rev coeff "vlr"
coeff, -, POT, Grav — print_fermion_g_current_vector_rev coeff "pot"
coeff, _, _, - — invalid_arg

"Targets.Fortran_Majorana_Fermions: not used;in the models"

We need support for dimension-5 vertices with two fermions and two bosons,
appearing in theories of supergravity and also together with in insertions of
the supersymmetric current. There is a canonical order fermionbar, boson_1,
boson_2, fermion, so what one has to do is a mapping from the fusions F123
etc. to the order of the three wave functions wf1, wf2 and wf3.

The function d_p (for distinct the particle) distinguishes which particle (scalar
or vector) must be fused to in the special functions.

let

d_p = function

1 (llsvll upvnl "SVl"| "gyr" "SlI‘V") —y g
17 _ oy nn

27 ("SV" ||pvu| "SV1"| "gyr" "SlI‘V") —y non
2, s nn

—, - — tnvalid_arg "Targets.Fortran_Majorana_Fermions: not used"

let wf_of _f wfl wf2 wfs f =

match f with
| (F123 | F423) — [wf2; wf3; wfl]

(F213 | F243 | F143 | F142 | F413 | F412) — |wfl; wf3; wf?]
(F132 | F432) — [wf?; wf2; wfl]
(F231 | F234 | F134 | F124 | F431 | F421) — [wfl; wf2; wf3]
(F312 | F342) — [wf3; wfl; wf2]
(F321 | F324 | F314 | F214 | F341 | F241) — [wf2: wfl; wf9]

let print_fermion_g4 _brs_vector_current coeff f ¢ wfl wf2 wf3 fusion =

let ¢f = commute_proj f and

cp = format_coupling coeff ¢ and
cm = if f = "pv" then

format _coupling coeff ¢
else

format_coupling (—coeff) ¢

and

dl = d-p (1,f) and
d2 = d_p (2,f) and
f1 = (List.nth (wf -of -f wfl wf2 wf3 fusion) 0) and
2 = (List.nth (wf —of -f wfl wf2 wf3 fusion) 1) and
3 = (List.nth (wf—of -f wfl wf2 wf3 fusion) 2) in
match fusion with
| (F123 | F213 | F132 | F231 | F312 | F321) —
printf "f_%sf(hs,%s,%hs,%s)" cf cm f1 f2 f3
| (F423 | F243 | F432 | F234 | F342 | F324) —
printf "£_%st (s, %hs,hs,%s)" [ cp f1 f2 f3

281



Implementation of Targets

| (F134 | F143 | F314) — printf "%shs_££(%s,%s,%hs,%hs)" f dl cp f1 f2 f3
| (F124 | F142 | F214) — printf "%shs_££Chs,%s,%s,%hs)" f d2 cp f1 f2 f3
| (F413 | F481 | F341) — printf "%shs_££(%s,%s,%s,%s)" ¢f d1 em f1 f2 f3
| (F241 | F412 | F421) — printf "hshs_££ s, %s,%s,%hs)" ¢f d2 cm f1 f2 f3
let print_fermion_g4 _svlr_current coeff f ¢ wfl wf2 wf3 fusion =

let ¢ = format_coupling_2 coeff c and

f1 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 0) and

2 = (List.nth (wf —of -f wfl wf2 wf3 fusion) 1) and

13 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 2) in
let c1 = fastener ¢ 1 and

c2 = fastener ¢ 2 in

match fusion with
| (F123 | F213 | F132 | F2531 | F312 | F321) —
printf "f_svlrf (-(%s),-(%s),%s,%s,%s)" c2 cl f1 f2 f3
| (F423 | F243 | F432 | F234 | F342 | F324) —
printf "f_svlrf (4s,%s,%s,%s,hs)" c1 c2 f1 2 f3
| (F134 | F143 | F314) —
printf "svlr2_£f(%s,%s,hs,hs,hs)" ¢l c2 fI f2 f3
| (F124 | F142 | F21}) —
printf "svlrl_f£f(Ys,%s,%s,hs,%hs)" ¢l c2 f1 f2 f3
| (F413 | F431 | F341) —
printf "svlr2_ff(-(%s),-(hs),%s,%hs,%s)" c¢2 c1 f1 f2 f3
| (F241| F412 | F421) —
printf "svlri_£f(-(%s),-(%s),%s,%s,%s)" c2 cl f1 f2 f3

let print_fermion_s2_current coeff f ¢ wfl wf2 wf3 fusion =
let cp = format_coupling coeff c and
em = if f = "p" then
format_coupling (—coeff) c
else
format_coupling coeff ¢

and
c¢f = commute_proj f and
f1 = (List.nth (wf—of _-f wfl wf2 wf3 fusion) 0) and
2 = (List.nth (wf —of -f wfl wf2 wf3 fusion) 1) and
13 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 2) in

match fusion with
| (F123 | F213 | F132 | F231 | F312 | F321) —
printf "“hsux f_%sf(%s,%s,%s)" fI c¢f ecm f2 f3
| (F423 | F243 | F432 | F2534 | F3/2 | F324) —
printf "hsuxuf_hst (hs,%s,%s)" f1 f cp f2 f3
| (F134 | F143| F314) —
printf "hsuxuhs_££ (s, %hs,%s)" 2 f cp f1 f3
| (F124 | F142| F214) —
printf "“hsux hs_££(%s,%s,%s)" f2 f cp fI f3
| (F413 | F431 | F341) —
printf “hsux hs_£f(hs,%s,%s)" f2 c¢f em f1 f3
| (F241|F412| F421) —
printf “hsuxohs-££(hs,%s,%s)" f2 cf em fI f3
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let print_fermion_s2p_current coeff f ¢ wfl wf2 wfs fusion =
let ¢ = format_coupling_2 coeff ¢ and
f1 = (List.nth (wf—of -f wfl wf2 wf3 fusion) 0) and
12 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 1) and
13 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 2) in
let c1 = fastener ¢ 1 and
c¢2 = fastener ¢ 2 in
match fusion with
| (F123 | F213 | F132 | F2531 | F312 | F321) —
printf "“hsux f_%st (hs,-hs) ,%s,%s)" f1 f cl c2 f2 f3
| (F423 | F243 | F432 | F234 | F342 | F324) —
printf “hsux f_%sf(hs,%s,%s,%s)" fI f cl c2 f2 f3
| (F134 | F143 | F31}) —
printf "hsuxuhs_££Chs,%s,%hs,hs)" f2 f ¢l c2 f1 f3
| (F124 | F142| F214) —
printf "hsuxuhs_£f (s, %hs,%s,%hs)" f2 f c1 c2 f1 f3
| (F413 | F431 | F341) —
printf "hsuxuhs £ Chs,—(hs) ,%s,%hs)" f2 f c1 c2 f1 f3
| (F241 | F412 | F421) —
printf "“hsux hs_£f(hs,—-(hs) ,%s,%s)" f2 f ¢l c2 f1 f3

let print_fermion_s2lr_current coeff f ¢ wfl wf2 wf3 fusion =
let ¢ = format_coupling_2 coeff ¢ and

f1 = (List.nth (wf —of -f wfl wf2 wf3 fusion) 0) and

2 = (List.nth (wf —of —-f wfl wf2 wf3 fusion) 1) and

13 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 2) in
let c1 = fastener ¢ 1 and

c2 = fastener ¢ 2 in

match fusion with
| (F123 | F215 | F132 | F231 | F312 | F321) —

printf “hsux f_%st (%hs,%s,%s,%s)" fI f c2 cl f2 f3
| (F423 | F243 | F432 | F234 | F342 | F324) —

printf "“hsux f_%sf(%s,%s,%s,%s)" fI f cl c2 f2 f3
| (F134 | F143 | F314) —

printf “hsux hs_£f(hs,%s,%s,%s)" f2 f cl c2 f1 f3
| (F124 | F142 | F21}) —

printf “hsux hs_f£f(hs,%s,%s,%s)" f2 f ¢l c2 f1 f3
| (F413 | F481 | F341) —

printf "hsox hs_££(hs,%hs,%s,hs)" f2 f ¢2 ¢l f1 f3
| (F241 | F412 | F421) —

printf "hsu* hs-££ (hs,%s,%hs,hs)" f2 f ¢2 ¢l f1 f3

let print_fermion_g4 —current coeff f ¢ wfl wf2 wf3 fusion =
let ¢ = format_coupling coeff ¢ and
f1 = (List.nth (wf —of -f wfl wf2 wf3 fusion) 0) and
2 = (List.nth (wf —of —-f wfl wf2 wf$ fusion) 1) and
3 = (List.nth (wf_of -f wfl wf2 wf3 fusion) 2) in
match fusion with
| (F123 | F213 | F132 | F231 | F312 | F321) —
printf "f_hsgr(-%s,%s,hs,hs)" f ¢ f1 f2 f3
| (F423 | F243 | F432 | F234 | F342 | F324) —
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printf "gr_hsf (hs,%s,%s,%s)" f ¢ f1 f2 f3
| (F134 | F1}3 | F314 | F124 | F142| F214) —

printf "hs_grf (hs,%s,%s,%s)" f ¢ f1 f2 f3
| (F413 | F431 | F341 | F241 | F{12| F421) =

printf "hs_fgr(-%s,hs,%s,hs)" f ¢ f1 f2 f3

let print_fermion_2_g/4 _current coeff f ¢ wfl wf2 wfs fusion =
let f1 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 0) and

12 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 1) and
13 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 2) in
let ¢ = format_coupling_2 coeff c in
let c1 = fastener ¢ 1 and
c2 = fastener ¢ 2 in

match fusion with
| (F123 | F213 | F132 | F231 | F312 | F321) —

printf "f_Ysgr(-(%s) ,-(hs) ,%s,%s,%s)" [ ¢2 cl f1 f2 f3
| (F423 | F243 | F432 | F2534 | F3/2 | F324) —

printf "gr_%st (hs,%s,%hs,hs,hs)" f ¢l c2 f1 f2 f3
| (F134 | F143 | F314 | F124 | F142 | F214) —

printf “Vhs_grf(%s,%s,hs,hs,hs)" f cl c2 f1 f2 f3
| (F413 | F431 | F841 | F241 | F{12 | F421) —

printf "hs_fgr(-(%s) ,—(hs) ,%s,%s,%s)" f ¢2 c1 f1 f2 f3

let print_fermion_2_g4 _current coeff f ¢ wfl wf2 wf3 fusion =

let f1 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 0) and

2 = (List.nth (wf —of -f wfl wf2 wf3 fusion) 1) and

3 = (List.nth (wf—of -f wfl wf2 wf3 fusion) 2) in

let ¢ = format_coupling_2 coeff c in
let c1 = fastener ¢ 1 and
c2 = fastener ¢ 2 in

match fusion with
| (F123 | F213 | F132 | F231 | F312 | F321) —
printf "f_thsgr(-(hs) ,—(hs) ,%s,%s,%s)" f c2 ¢l f1 f2 f3
| (F423 | F243 | F432 | F234 | F342 | F324) —
printf "gr_%st (hs,%s,%s,%hs,%hs)" f cl ¢2 f1 f2 f3
| (F134 | F143 | F31 | F12 | F12 | F214) —
printf "hs_grt Chs,%s,%s,hs,hs)" f cl ¢2 f1 f2 f3
| (F413 | F431 | F341 | F241 | F412 | F421) —
printf "hs_fgr(-(hs) ,—(hs) ,%s,%s,%s)" f c2 ¢l f1 f2 f3

let print_fermion_g4 _current_rev coeff f ¢ wfl wf2 wfs fusion =
let ¢ = format_coupling coeff ¢ and

f1 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 0) and
12 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 1) and
13 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 2) in

match fusion with

| (F123 | F213 | F132 | F231 | F312 | F321) —
printf "f_Ysgr(Chs,%s,%s,hs)" f ¢ f1 f2 f3

| (F423 | F243 | F432 | F234 | F342 | F324) —
printf "gr_%sft (-%s,%s,%hs,hs)" f c f1 f2 f3

| (F134 | F143 | F314 | F124 | F142 | F21}) —
printf "hs_gri(-hs,%hs,%s,%s)" f c f1 f2 f3

284



Implementation of Targets

| (F413 | F431 | F341 | F241 | F{12 | F421) —
printf “hs_fgr s, %s,%s,hs)" f c f1 f2 f3

Here we have to distinguish which of the two bosons is produced in the fusion
of three particles which include both fermions.

let print_fermion_g4 _vector_current coeff f ¢ wfl wf2 wfs fusion =
let ¢ = format_coupling coeff ¢ and
di = d_p (1,f) and
d2 = d_p (2,f) and
f1 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 0) and
2 = (List.nth (wf —of -f wfl wf2 wf3 fusion) 1) and
13 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 2) in
match fusion with
| (F123 | F215 | F132 | F231 | F312 | F321) —
printf "f_hsgrChs,hs,%s,hs)" f ¢ f1 f2 f3
| (F423 | F243 | F432 | F234 | F342 | F324) —
printf "gr_hsf (hs,%s,%s,%s)" f ¢ f1 f2 f3
| (F134 | F143 | F314) — printf "%shs_grt (s, %s,%s,%s)" f di ¢ f1 2 f3
| (F124 | F142 | F214) — printf "Y%shs_grf Chs,%s,%s,hs)" f d2 c f1 f2 13
| (F418 | F481 | F341) — printf "Yhshs_fgr Chs,%s,%s,%hs)" f d1 c f1 f2 f3
| (F241 | F412 | F421) — printf "%shs_fgr(hs,hs,hs,hs)" f d2 c f1 f2 f3
let print_fermion_2_g4 _vector_current coeff f ¢ wfl wf2 wf3 fusion =
let di = d_p (1,f) and
d2 = d_p (2,f) and
f1 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 0) and
2 = (List.nth (wf—of -f wfl wf2 wf3 fusion) 1) and
13 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 2) in
let ¢ = format_coupling_2 coeff c in
let c1 = fastener ¢ 1 and
c2 = fastener ¢ 2 in
match fusion with
| (F123 | F213 | F132 | F231 | F312 | F321) —
printf "f_hsgrChs,hs,%s,hs,hs)" f cl c2 f1 f2 f3
| (F423 | F243 | F432 | F234 | F342 | F324) —
printf "gr_%st (hs,%s,%hs,hs,hs)" f ¢l c2 f1 f2 f3
| (F184 | F143 | F814) — printf "hshs_grf (hs,%s,hs,hs,hs)" f dl ¢l c2 f1 f2 f3
| (F124 | F142 | F214) — printf "%s%s_grt (hs,%s,%s,%s,%s)" f d2 c1 ¢2 f1 f2 f3
| (F413 | F431 | F841) — printf "hshs_fgr(hs,hs,hs,hs,hs)" f dI c1 c2 f1 f2 f3
| (F241| F412 | F421) — printf "Y%shs_fgr(hs,%s,%s,%s,%hs)" f d2 c1 c2 f1 f2 13
let print_fermion_g4 —vector_current_rev coeff f ¢ wfl wf2 wf8 fusion =
let ¢ = format_coupling coeff ¢ and
dl1 = d_p (1,f) and
d2 = d_p (2,f) and
f1 = (List.nth (wf-of -f wfl wf2 wf$ fusion) 0) and
2 = (List.nth (wf —of -f wfl wf2 wf3 fusion) 1) and
13 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 2) in
match fusion with
| (F123 | F213 | F132 | F231 | F312 | F321) —
printf "gr_hsf (hs,%s,%s,%s)" f ¢ f1 f2 f3
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| (F423 | F243 | F432 | F234 | F242 | F32)) —

printf "£_%sgr(4s,%hs,hs,hs)" [ ¢ f1 f2 f3
| (F134 | F148 | F314) — printf "Y%shs_fgr(hs,%s,%s,hs)" f dl ¢ f1 f2 13
| (F124 | F142 | F214) — printf "hshs_fgr Chs,%s,%s,%hs)" f d2 c f1 f2 f3
| (F413 | F431 | F841) — printf "%shs_grf (hs,%hs,hs,hs)" f d1 c f1 f2 f3
| (F241 | F412 | F421) — printf "%shs_grf (hs,hs,hs,hs)" f d2 c f1 f2 f3

let print_fermion_2_g4 _current_rev coeff f ¢ wfl wf2 wf3 fusion =

let ¢ = format_coupling-2 coeff c in
let c1 = fastener ¢ 1 and
c2 = fastener ¢ 2 and

di = d_p (1,f) and
d2 = d-p (2,f)in
let f1 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 0) and
12 (List.nth (wf-of -f wfl wf2 wf3 fusion) 1) and
13 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 2) in
match fusion with
| (F125 | F213 | F132 | F231 | F312 | F321) —
printf "gr_%st (hs,%s,%s,hs,%hs)" f cl c2 f1 f2 f3
| (F423 | F243 | F432 | F234 | F342 | F324) —
printf "f_Ysgr(-(%hs) ,—(%s) ,%s,%s,%hs)" f ¢l c2 f1 f2 f3
| (F134 | F143 | F314) —
printf "hshs_fgr(-(%s),-(hs) ,%s,%s,%s)" f dI c1 c2 fI f2 f3
| (F124 | F142 | F214) —
printf "hshs_fgr(-(hs) ,-(%s) ,%s,%s,hs)" f d2 cl c2 f1 f2 f3
| (F413 | F481 | F341) —
printf "hshs_grt Chs,hs,%hs,hs,%s)" f dl c1 c2 f1 2 f3
| (F241 | F412 | F421) —
printf “hshs_grt (hs,%s,%s,hs,%hs)" f d2 cl c2 fI f2 f3

let print_fermion_2_g4 _vector_current_rev coeff f ¢ wfl wf2 wf3 fusion =
(* Here we put in the extra minus sign from the coeff. x)

let ¢ = format_coupling coeff c in
let c1 = fastener ¢ 1 and

c¢2 = fastener ¢ 2 in
let d1 = d_p (1,f) and

a2 d-p (2,f) and

f1 = (List.nth (wf—of -f wfl wf2 wf3 fusion) 0) and
12 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 1) and

13 = (List.nth (wf-of -f wfl wf2 wf3 fusion) 2) in
match fusion with
| (F123 | F213 | F132 | F231 | F312 | F321) —

printf "gr_%st (hs,%s,%hs,hs,hs)" f cl c2 f1 f2 f3
| (F423 | F243 | F432 | F23 | F342 | F324) —

printf "£_Y%sgr(hs,%s,hs,hs,%hs)" f cl c2 f1 f2 f3

(F134 | F143 | F314) — printf "hshs_fgr (hs,%s,%s,%s,%s)" f d1 ¢l c2 f1 f2 f3
(F124 | F142 | F214) — printf "hshs_fgr(hs,%s,%s,%s,%s)" f d2 c1 c2 f1 f2 f3
(F413 | F431 | F341) — printf "isls_grf (s %s . %s.%s.%s) " f d1 ¢l ¢2 f1 f2 f3
(F241 | F412 | F421) — printf "%shs_grt (hs,%s,%s,%s,%s)" f d2 c1 c2 f1 f2 f3

let print_current_g4 = function
| coeff, Gravbar, S2, - — print_fermion_g/j _current coeff "s2"
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coeff, Gravbar, SV, - — print_fermion_g4 _vector_current coeff "sv"

coeff, Gravbar, SLV, _ — print_fermion_g4 _vector _current coeff "slv"
coeff, Gravbar, SRV, _ — print_fermion_g4 _vector _current coeff "srv"
coeff, Gravbar, SLRV , - — print_fermion_2_g4 _vector_current coeff "slrv"
coeff, Gravbar, PV, _ — print_fermion_g4 _vector_current coeff "pv"

coeff, -, SLRV, _ — print_fermion_g4 _svlr_current coeff "svlr"
coeff, -, V2LR, _ — invalid_arg "Targets.print_current: not_available"

|

|

|

|

|

| coeff, Gravbar, V2, _ — print_fermion_g4 _current coeff "v2"

| coeff, Gravbar, V2LR, _ — print_fermion_2_gj _current coeff "v21lr"

| coeff, Gravbar, _, - — invalid_arg "print_current_g4: not_ implemented"
| coeff, -, S2, Grav — print_fermion_g4 -current_rev coeff "s2"

| coeff, -, SV, Grav — print_fermion_g4 _vector_current_rev (—coeff) "sv"

| coeff, -, SLV, Grav — print_fermion_g4 _vector_current_rev (—coeff ) "s1lv"
| coeff, -, SRV, Grav — print_fermion_g4 _vector_current_rev (—coeff ) "srv"
| coeff, -, SLRV, Grav — print_fermion_2_g4 _vector_current_rev coeff "slrv"
| coeff, -, PV, Grav — print_fermion_g4 _vector_current_rev coeff "pv"

| coeff, -, V2, Grav — print_fermion_g4 _vector_current_rev coeff "v2"

| coeff, -, V2LR, Grav — print_fermion_2_gj _current_rev coeff "v21r"

| coeff, -, -, Grav — invalid_arg "print_current_g4: not,implemented"

| coeff, -, S2, - — print_fermion_s2_current coeff "s"

| coeff, -, P2, - — print_fermion_s2_current coeff "p"

| coeff, -, S2P, _ — print_fermion_s2p_current coeff "sp"

| coeff, -, S2L, - — print_fermion_s2_current coeff "s1"

| coeff, _, S2R, - — print_fermion_s2_current coeff "sr"

| coeff, -, S2LR, _ — print_fermion_s2lr_current coeff "slr"

| coeff, _, V2, - — print_fermion_g4 _brs_vector_current coeff "v2"

| coeff, -, SV, - — print_fermion_g4 _brs_vector_current coeff "sv"

| coeff, -, PV, - — print_fermion_g4 _brs_vector_current coeff "pv"

| coeff, -, SLV, _ — print_fermion_g4 _brs_vector_current coeff "svl"

| coeff, -, SRV, _ — print_fermion_g4 _brs_vector_current coeff "svr"

|

|

let reverse_braket - = false

let use-module = "omega95_bispinors"
let require_library =
["omega_bispinors_2010_01_A"; "omega_bispinor_cpls_2010_01_A"]

end
module Fortran_Majorana = Make_Fortran(Fortran_-Majorana_ Fermions)
FORTRAN 77
module Fortran77 = Dummy

15.2.2  O’Mega Virtual Machine

module VM = Dummy
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15.2.3 C
module C = Dummy
C++
module Cpp = Dummy
Java
module Java = Dummy
15.2.4 O’Caml
module Ocaml = Dummy
15.2.5 BTgX

module LaTeX = Dummy

List.iter print_current (F.rhs fusion);
let propagate code =
printi { code = code; sign = 0; coupl = 0;
lhs = int_of _string (format_p lhs);
rhsl = abs (M.pdg f); rhs2 = abs (M.pdg f) } in
match M .propagator f with
| Prop_Scalar — propagate ovm_PROPAGATE_SCALAR
| Prop-Col_Scalar —
failwith "print_fusion: Prop_Col_Scalar not ,implemented yet!"
| Prop_Ghost —
failwith "print_fusion: Prop_Ghost not, implemented yet!'"
| Prop_Spinor — propagate ovm_PROPAGATE_SPINOR
| Prop_ConjSpinor — propagate ovm_PROPAGATE_CONJSPINOR
| Prop_Majorana | Prop_Col_Majorana —
failwith "print_fusion: Prop_Majorana not,implemented yet!"
| Prop_Unitarity — propagate ovm_PROPAGATE_UNITARITY
| Prop_Col_Unitarity —

failwith "print_fusion: Prop_Col_Unitarity not, implemented, yet!"

| Prop_Feynman — propagate ovm_PROPAGATE_FEYNMAN
| Prop_Col_Feynman —

failwith "print_fusion: Prop_Col_Feynman not,implemented, yet!"
| Prop-Gauge zi —

failwith "print_fusion: Prop-_Gauge not, implemented yet!"
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| Prop_-Rxi i —
failwith "print_fusion: Prop_Rxi not,implemented yet!"
| Prop_Vectorspinor —
failwith "print_fusion: Prop_Vectorspinor not, implemented yet!"
| Prop_Tensor_2 — propagate ovm_PROPAGATE_TENSOR2
| Auz_Scalar | Auz_Spinor | Auz_ConjSpinor | Auz_Majorana
| Auz_Vector | Aux_Tensor_1 — ()
| Only_Insertion — ()

module P = Set.Make (struct type ¢ = int list let compare = compare end)

let rec add_momenta lhs = function
| [1 ] [-] = invalid_arg "add_momenta"
| [rhsl; rhs2] —
printi { code = ovm_ADD_MOMENTA; sign = 0; coupl = 0;
lhs = int_of _string (format_p lhs);
rhsl = int_of _string (format_p rhsl);
rhs2 = int_of _string (format_p rhs2) }
| rhsl :: rhs —
add_momenta lhs rhs;
add_-momenta lhs [lhs; rhsl]

let print_fusions amplitude =
printf "@\n@[<2>BEGIN_FUSIONS";
let momenta =
List.fold _left (fun seen f —
let wf = F.lhs f in
let p = F.momentum_list wf in
let momentum = format_p wf in
if = (P.mem p seen) then
add_momenta wf (F.children (List.hd (F.rhs f)));
print_fusion f;
P.add p seen) P.empty (F.fusions amplitude)
in
printf "@]@\nEND_FUSIONS"
let print_brakets amplitude =
printf "@\n@[<2>BEGIN_BRAKETS";
printf "@\n!!! not implemented jyet,!!!";
printf "@]@\nEND_BRAKETS"

let print_fudge_factor amplitude =
printf "@\n@[<2>BEGIN_FUDGE";
printf "@\n!!! not implemented_ yet, !!'!";
printf "@]@\nEND_FUDGE"

let amplitude_to_channel oc diagnostics amplitude =
set_formatter _out_channel oc;
printf "@\n@[<2>BEGIN_AMPLITUDE %s" (format_process amplitude);
print_externals amplitude;
print_fusions amplitude;
print_brakets amplitude;
print_fudge _factor amplitude;
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printf "@]@\nEND_AMPLITUDE"

let amplitudes_to_channel oc diagnostics amplitudes =
List.iter (amplitude_to_channel oc diagnostics) (MF .allowed amplitudes)

let parameters_to_channel oc =
set_formatter _out_channel oc;
printf "@[<2>BEGIN_ PARAMETERS@\n";
printf "1 not implemented yet,!!!@]@\n";
printf "END PARAMETERS@\n"

end

ix)
15.8 Interface of Targets_ Kmatriz

module Fortran : sig val print : bool — wunit end

15.4 Implementation of Targets_ Kmatriz

let res_file = RCS.parse "Targets_Kmatrix" ["K-Matrix, Supportroutines"|

{ RCS.revision = "$Revision:, 774,$";
RCS.date = "$Date: ,2009-06-11,,19:42:04,+0200,,(Thu, ,11,,Jun.,2009) $";
RCS.author = "$Author: ohl $";
RCS.source

= "$URL: svn+ssh://jr_reuter@login.hepforge.org/hepforge/svn/whizard/trunk/src/ome;

module Fortran =
struct

open Printf
let nl = print_newline

Special functions for the K matrix approach. This might be generalized to other
functions that have to have access to the parameters and coupling constants.
At the moment, this is hardcoded.

let print pure_functions =

let pure =
if pure_functions then
"pure"
else
""in
print "uu!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!";’rLl();
printf ", Special K matrix functions"; nl ();
print "uu!”!!”!!!”!!!”!!””!”!!!!"'nl();

nl();

printf "y %sfunction width_res (z,res,w_wkm,m,g) result, (w)" pure; nl ();
printf "uouuoureal (kind=default), intent(in): : z, w-wkm, m,,g"; nl ();
printf "uouuouinteger,intent (in)::res”; nl ();

printf "Luuuuoreal (kind=default)::uw"; nl ();
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printf "uouuouifu(z.eq.0)ythen"; nl ();

printf " LououuuuWu=u0"; nl ()7

printf "Luuuuuelse"; nl ();

printf "uouuouuuif, (wowkm. eq. 0) ythen"; nl ();

printf "Louuouuouuselect casey (res)™; nl ();

printf "uouuouuoouuncase (1) ! Scalarisosinglet"; nl ();
metf " uLoLLLLLLLLLUWLELS *g**2/32 . /PI\_,*._lm**B/vev**Q"; nl ()’
printf "Lououuuuuuoucase (2) ! Scalarisoquintet"; nl ();
printf " LouuuuuuuLLLLUWLELE**2/64 . /PI k m**3/vevkx2"; nl (),
printf "Louuuuuuuuuucase (3) ! ! Vectorisotriplet"; nl ();

p'l“l'fltf " LLLLLLLUULLLLL |W|_|=ug**2/48 . /PII_I*I_Im"; nl ()a
printf "Louuouuooouucase (4) ! ! Tensorisosinglet"; nl ();
prmtf " LLLLLLLOULLLLL |W|_|=ug**2/320 L/PI k m**3/vev**x2"; nl ()7

printf "Louuououooouucase (5) 4! ! Tensorisoquintet"; nl ();
printf " LouuouuuuLLLLLWLELS - *g**2/1920 . /P x mx*3/vev**2"; nl ();
printf "Luuuuuuuuuuucasedefault™; nl ();

prmtf " DuuouuuooouoouWo=00"; nl (),

printf "Luuuuououoend select™; nl ();

printf "Luuooouuelse™; nl ();

printf "LuuuuuuouuWu=uw-wkmn"; nl ();

printf "uouuououendyif"; nl ();

printf "uouuouend it nl ();

printf ", end function width_res"; nl ();

nl ();

printf ", %sfunction sOstu, (s, m) result,(s0)" pure; nl ();
printf "uouuoureal (kind=default), intent (in):: s, m"; nl ();
printf "uouuoureal (kind=default),: :,s0"; nl ();

printf "Louuouifu(m.ge.1.0e08) then"; nl ();

p?”mtf "Luuuuuuus0L=,0"; nl ()7

printf "Luuuuuelse"; nl ();

printf " LuLuoouuSOL=Lm**2 - s /2, + m**4 /s x Log (m**2/ (s+m**2) ) "; nl ();
printf "Louuouend it nl ();

printf ", end function sOstu"; ni();

nl ();

printf " hsfunction sistu, (s, m) result,(s1)" pure; nl ();
printf "uouuoureal (kind=default), intent (in):: s, m"; nl ();
printf "uouuoureal (kind=default)::s1"; nl ();

printf "uouuouifu(m.ge.1.0e08) then"; nl ();

printf "Luuoooous1,=00"; nl ()7

printf "Luuuuuelse"; nl ();

printf "UouuououS 1o=02xmk x4/ s+ s/ Bt mk x4/ sk 2% (2xmx*2+s) L&"; nl();
printf "uuuuuuuuuuuuu*ulog(m**Q/(S+m**2)) " nl ()7

printf "uouuouend it nl ();

printf ", end function sistu"; ni();

nl ();

printf ", %sfunction s2stu, (s, m) result,(s2)" pure; nl ();
printf "uouuoureal (kind=default), intent (in):: s, m"; nl ();
printf "uouuoureal (kind=default) ,: :,s2"; nl ();

printf "Louououifu(m.ge.1.0e08) then"; nl ();

printf " Luuouuous20=u0"; nl ()7

291



Implementation of Targets_ Kmatrix

prz:ntf "Luuuuuelse™; nl ();

pm.ntf :uuuuuuuu52u=um**4/5**2u*|_|(G*m**2u+u3*s)u+u&"' nl()
préntf "uuuuuuuuuuuuum**4/S**3|_|*|_:(s*m**4u+u6*m**2*s ‘:' S**72) &";
pm’ntf Luuuuuuuuuuuu*ulog (mx*2/ (s+m**2) ) ": nl (); o il
printf "uouuouend it nl (); ’ ’

printf ", end function s2stu"; ni();

ol ()7 ’ ’

prz.ntf " uhsfunction pOstu, (s, m) result, (p0)" pure; nl ();
pm.ntf "Luuuoureal (kind=default), intent(in)::_s o l7 ;
pm.ntf "Luuuuureal (kind=default) : :up0"; nl ()'—' oS il ()
prmtf "Souoouif(m.ge.1.0e08) then"; nl’()' 7

printf "LuuuuuuuP0L=u0"; nl ()7 , ’

pm’ntjc” "Luuuouelse"; nl ();

printf " LuuuouuuPOL=ulut *

g "uuuuuuen};uuif._':; unlu((f s+m**2) *log (m**2/ (s+m**2)) /s"; nl ();
printf ", end function pOstu"; ni();

nl (); o

pm.ntf "Luksfunction plstu, (s, m)result, (p1)" pure; nl ();

prz.ntf "uuuuureal (kind=default) , jintent (in):: s o l7

prmtf "Uouuoureal (kind=default) : :upl"; nl ()'—' s nl ()
pm.ntf "Sououuif(m.ge.1.0e08) then"; nl7()' 7

p"“l‘ntf "UuuuouuuPl=u0"; nl ()7 7 ’

printf "uouuouelse"; nl ();

p?”l'ntf "uuuuuuuuplu=u(m**2u+u2*s)/S**Qu*u(2*8+(2*m**2+s) &"; nl();
pm.ntf LuLuLLLLLULLULLL*Llog (mx 2/ (s+m**2) ) ) 5 nl () o (>7
printf "Louuouend if"; nl (); ’ 7

printf ", end function plstu"; nl();

ol ()’ ’ ’

pm.nt "uuAsfunctlonudOStu\_,(s,um)uresultu(do) " pure; nl ();

pm.ntf uuuuuureal (kind=default) , jintent (in):: s o l7 ;
pm.ntf "Luuouoreal (kind=default),: :,d0"; nl ()'—' sl ()
prz‘ntf "Suuouoify(m.ge.1.0e08) then"; nl’()' 7

prmtf "Luuuouuud0=,0"; nl (), , ’

printf "Luuuuuelse"; nl ();

y n
prmtf "|_,u|_,|_“_,|_,u|_,d0|_,=|_,(2*m**2+11*s)/2|_,+u(m**4+6*m**2*s+6*s**2) &"; ;
prmtf Luuuuuuuuuuuun/ su*ulog (mk*2/ (s+m**2) ) 5 nl ( ; . 7nl()’
printf "uouuouend it nl (); ’ )
printf ", end function ,dOstu"; ni();

! ()7 ’ ’

prz.ntf " hsfunction distu, (s, m) result,(d1)" pure; nl ();
pm.ntf "Luuuoureal (kind=default), intent(in)::_s o l7 ;
pm.ntf "Luuuuureal (kind=default),: :d1"; nl ()'—' oSt il ()
prmtf "Souoouif(m.ge.1.0e08) then"; nl’()' 7

p”ntf "Uuuuouuud1=,0"; nl (), , ’

printf "Luuuuuelse"; nl ();

y n
z:zzgz "|_,u|_||_“_,|_,u|_|d1|_,=|_|(S*(1Q*m**4|_,+|_|72*m**2*S|_|+u73*S**2)|_|&"' nl();

. "l_,uu\_“_,uuu\_,uuuﬁ_,s*(Q*m**2u+us)*(m**4|_,+|_,6*m**2*s + 6*’5**2; ".
pTZ‘ntf Luuuuuuuuuuu*ulog (m¥x2/ (s+m**2) ) ) /6/s**2"; nl “'."’ o 7nl();
pr%ntf "Luoouwend if"; nl (); b
printf " end function distu"; ni();
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nl ();

printf "L %sfunction; da00,(cc, s, m) result,, (amp_00) " pure; nl ();

printf "uouuoureal (kind=default), intent(in)::.s"; nl ();

printf "uouuoureal (kind=default), dimension(1:5), intent (in):: m, cc"; nl ();
printf "uouuoureal (kind=default),,::,200-0,,200_1"; nl ();

printf "uouuoucomplex (kind=default), dimension(1:6)::,a00"; nl ();

printf "uouuoucomplex (kind=default): :yii,njj,uamp-00"; nl ();

printf "Luuoouiio=Lemplx(0.0,1.0/32.0/Pi,default)"; nl ();

printf "Luououj jumus**2/vevkx4xii"; nl ();

printf "uoooou!! 'uScalar isosinglet"; nl ();

printf "uouuouifu(ce (1) .ne.0)then"; nl ();

printf "uouuouuuif, (fudge _km.ne. 0) ythen"; nl ();

printf "Luuuouououn@00 (1) L= vevs*4/s**2 k fudge _km * &"; nl ();

printf "Luuuuuuuuuuuuucnplx (0.0,32.0%Pi,default) * (1.0 +,&"; nl ()7

printf " uouuouoouuooos (8—m (1) #%2) / (Aixcc (1) ¥*2/vev**2+ (3. 0xs**2, + &"; nl ();
printf "Luuuouuouuouuu (S—m (1) **%2) %2 . 0*%s0stu(s,m(1)) )~ (s—m (1) *%2)) ) "; nl (),
printf "uouuouuuelse™; nl ();

printf "Lououuuuuu@00 (1) L= vev *2/s**2 ik cc (1) **2 x &"; nl ()»

printf ! LLLLLLLLLUULL |(3-O|_|*|_:S**2/Cmplx(s_m(1)**2 ,m(1)*width_res(w_res,1,&"; nl ()7
printf "Luuuoouuouuooowikm (1) ,m(1) ,cc (1)) y+,2. 0 % ,s0stu(s,m(1)))"; nl ();
printf "uouuououendyif"; nl ();

printf "uouuouelse™; nl ();

printf "Luuuuuuuua00 (1) =,0"; nl ()7

printf "Luuuouend it nl ();

printf "Loooon!! 'uScalar isoquintet"; nl ();

printf " Louuoua00 (2) L=1,5. 0%xcc (2) ¥*2/vev**2 * s0stu(s,m(2)),/,3.0"; nl ();
printf "LLuuwua00 (2) (= vev *4/sx*2xa00(2) L, /&"; nl();

p'f'lntf " Luouooooooooooooon (1 -0_defaIlltu‘ufUdge-km*ii*aOO(2) ) " nl ()a

printf "uoooon! ! 'uVectorisotriplet"; nl ();

printf " LLuuwna00 (3) u=ucc (3) ¥#2% (4. 0xpOstu(s,m(3) ) +,3. 0%s/m(3) **2) "'; nl ();
printf "LLuuwwa00 (3) L= vev *4/s*x*2xa00(3) /&"; nl ();

printf " Louuouuouoouuouoon (1. 0_default — fudge _km*1i*a00(3))"; nl ();

printf "uouoon! ! 'uTensor isosinglet"; nl ();

printf "LLLuwua00 (4) L= cc (4) ¥*2/vev**2 p*, (dOstu(s,m(4) ) &"; nl ();

printf " Luouooouooooon/ 3. 0utull. Oxs*x2/m(4) *%2/36.0) "5 nl ()7

printf "LLoooua00 (4) = vev**4/s*x*2xa00(4) /&"; nl ();

printf " Louuouuouooououou (1. 0—default - fudge _km*ii*a00(4))"; nl ();

printf "uouoon! ! 'uTensor isoquintet"; nl ();

printf " Luuuoua00 (8) =15 0%xcc (5) ¥*2/vev**2* (d0stu(s,m(5))&"; nl ();

printf " Lououuuouooouoon/ 3. Outus*x2/m(5) *x2/18.0) /6.0"; nl ()7

printf "Luuuwua00 (5) L= vev**4/s**2%a00(5) /&"; nl ();

printf " Louuouuouuoououou (1. 0—default - fudge _km*ii*a00(5))"; nl ();

printf "uouuon!! 'uLow energy theory alphas"; nl ();

printf "LoLuoua00-0,=2*fudge_higgs*vev**2/s +_ 8% (T*ad +,11%ab) /3"; nl ();
printf "LLLuwaa00-1,=25*1log (lam_reg**2/s) /9,+,11./54.0_default"; nl ();
printf "Luuou,a00(6) L=,a00_0,,! ! 1 +,a00_1/16/Pi%2";: nl ();

printf "Luuuwua00 (6) = fudge _km*jj*a00(6) **2,,/,,(1.0_default ~,jj*a00(6))"; nl ();
printf "LLuuouamp-00,=_sum(a00)"; nl ();

printf ", end function ,da00"; nl();

nl ();
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printf ", %sfunction da02,(cc, s, m) result,(amp_02)" pure; nl ();

printf "uouuoureal (kind=default) ,intent (in)::us"; nl ();

printf "uouuuoreal (kind=default) , dimension(5), intent (in)y: : m, cc"; nl ();
printf "uouuoureal (kind=default) ,::,202_0,,202_1"; nl ();

printf "Luouuoucomplex (kind=default), dimension(1:6)::,a02"; nl ();

printf "uouuoucomplex (kind=default): :yii,jj,uamp-02"; nl ();

printf "Louououiin=Lemplx(0.0,1.0/32.0/Pi,default)"; nl ();

printf "Luuuun]jusus**2/vevkxkd*xiit; nl ();

printf "uoooon! ! 'uScalar isosinglet"; nl ();

printf "Louoowa02 (1) u=1,2. 0%cc (1) #*2/vev**2 * s2stu(s,m(1))"; nl ();

printf "LLuuoua02 (1) = vev**4/s*x*2xa02 (1) /&"; nl ();

p'f'lntf "Luouooouooooooooo (L o—defaUJ-tl_l_ufUdge—km*ii*aOQ(1) ) " nl ()a

printf "Loooon! ! 'uScalar isoquintet"; nl ();

printf " Louooua02 (2) =15 0%xcc (2) ¥*%2/vev**2 x s2stu(s,m(2)),/,3.0"; nl ();
printf "Louuoua02 (2) = vev *d/sx*2xa02(2) /&"; nl ();

printf " Louuouuouuoououou (1. 0_default, - fudge _km*ii*a02(2))"; nl ();

printf "uoooon! ! 'uVectorisotriplet"; nl ();

printf "Luuuwna02(3) u=14 . 0%cc (3) *¥*2% (2+s+m (3) **2) *s2stu(s,m(3) ) /m(3) **4"; nl ();
printf "Luuuwna02(3) u=Lvevk*4d/s*x2+a02(3) /&"; nl ();

printf " Louuouuouuoouooou (1. 0—default - fudge _km*ii*a02(3))"; nl ();

printf "uouuou!! 'uTensor isosinglet"; nl ();

printf "uouuouifu(ce(4) .ne.0)then"; nl ();

printf "uouuououif, (fudge _km.ne. 0) ythen"; nl ();

printf " Louououuna02 (4) = vev* x4 /sxx2 ¢ fudge _km * &"; nl ();

printf " Louuouuouuououcmplx (0.0,32.0%Pi, default) * (1.0 +.&"; nl ();

printf " uouuouuouuoous (8—m(4) #%2) / (Aixcc (4) ¥¥2/vev**2+ (s¥*2/10. 0 +,&"; nl ();

printf |I| I |(s_m(4)**2)*((1'O+6'O*S/m(4)**2+6'0*|—‘&"; nl ();
printf |I| | e |S**2/m(4)**4) *US2Stu(s)m(4))/3'ol—l&"; nl ();
printf "LouuooouunoouutosS*x2/m (4) ¥%2/180.0) ) - (s—m(4) **2) ) ) "' nl (),

printf "Luouooouelse";s nl ();
printf " uouuouuouwa02 (4) = vevkx2/s¥x2 kcc (4) x*2 %, (Ls**2/.&"; nl ();
p’r‘intf "uuuuuuuuuuuuuuquPlX(S—m(4)**2 sm(4)*width_res(w_res,4,wkm(4) L nl ()’

printf " Louuouuoouoououm(4) ,cc(4))) /10. 0+ &"; nl ()’
p'f’lntf "Uuuuuuuuuuououn (1. +6 ks /m(4) ¥*2+6 . xs**2/m (4) x*4) xs2stu(s,m(4)) / &"; nl (),
printf "Luuuouuuoonuoon3 . utos*k2/m(4) *%2/180.) "5 nl ()7

printf "Louuououendyif"; nl ();

printf "uouuouelse™; nl ();

printf "Louououwna02 (4) (=,0"; nl ()7

printf "Louououend it nl ();

printf "uouoou! ' 'uTensor isoquintet"; nl ();

printf "Luuuuwa02 (5) y=ucc (B) **2/vev**2x (5.0% (1.0+6.0%.&"; nl ();

printf " LouuouuuuuouuuuS/m(5) #%2+6 . 0*s**2/m(5) ¥*4) *s2stu(s,m(5) ) /3.0.&"; nl ();

printf "Luuuuouououuooutus**2/m(5) *x2/216.0) /6.0"; nl ();
p"'lntf "|_||_||_||_||_“_|a02 (5)u=uvev**4/s**2*a02(5) /&"; nl (),
printf " Luouooouoooouooon (1. 0_default - fudge_km*ii*a02(5))"; nl ()a

printf "Luuoou! ! U Low energytheory alphas"; nl ();

printf "LLuouuua02-0,=,8% (2%ad +_,a5) /15"; nl ();

printf "Louuowa02-1,=log(lam_reg**2/s) /9, ,-,7./135.0_default"; nl ();

printf "Loouuwa02(6) =,a02_0,! ' +,a02_1/16/Pi**2"; n] (),

printf "LuLuwua02(6) u=_ fudge _km*jj*a02(6) **2,,/,,(1.0_default,—,jj*a02(6))"; nl ();
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printf "Luuuuuamp-02,,=_sum(a02)"; nl ();

printf ", end function ,da02"; nl();

nl ();

printf "y %sfunction dall,(cc, s, m) result, (amp_11)" pure; nl ();

printf "uouuoureal (kind=default), intent (in)::us"; nl ();

printf "uouuoureal (kind=default), dimension(5), intent (in)y: :um, cc"; nl ();
printf "uouououreal (kind=default)::,al1.0,,a11_1"; nl ();

printf "Louuuucomplex (kind=default) , dimension(1:6)::,a11"; nl ();

printf "Louuoucomplex (kind=default) ::ii,jj,uamp-11"; nl ();

printf "Louuouiiu=Lemplx(0.0,1.0/32.0/Pi,default)"; nl ();

printf "Louuon] jumsus**2/vevkxdxiit; nl ();

printf "uouoon! ! 'uScalar isosinglet"; nl ();

printf "Louuunall (1) =12, 0%cc (1) **2/vev**2 * slstu(s,m(1))"; nl ();

printf "Luuuunall (1) = vev*4/s*x2%al1 (1) /&"; nl ();

printf " Louuouuouuoououou (1. 0—default - fudge _km*ii*a1l(1))"; nl ();

printf "uoooou!! 'uScalar isoquintet"; nl ();

printf "Louoowall (2) u=u-U5 . 0xcc (2) ¥¥2/vev**2 * s1stu(s,m(2)),/6.0"; nl ();
printf "Luuounall(2) = vevk*4/s*x2%al1(2) /&"; nl ();

printf "Uuuuuuuuuuuuouoou (L. O_default - fudge_km*ii*all )" nl ()a

printf "Loooou!! 'uVector isotriplet"; nl ();

printf "uouuouifu(ce(3) .ne.0)then"; nl ();

printf "uouuouuuif, (fudge _km.ne.0) then"; nl ();

printf "Looouououuwall (3) L= vevk x4/ s¥*x2 x fudge _km * ,&"; nl ();

printf " LLLLLULLLLLLLL .Cmp1X(0 .0,32.0%Pi,default)* (1.0 +,(s—m(3)**2) &"; nl (),
printf "uuuuuuuuuuuuuu/(ii*CC(3)**2*(2-0*5/3-Ou+u(S‘m(3)**2)&"; nl (),

printf " Louuouuouuouoo* (8/m(3) #%242 . 0xplstu(s,m(3))) ) u—u(s—m(3) **2) ) "; nl ();
printf "uouuouuuelse™; nl ();

printf "Luuouoouunall (3) u=uvevxkd/sx*2 x e (3) x*2 %, (2. *s,/L&"; nl (),
printf "LouuuuououuoouCmplx (s—m(3) *x2,m(3) *width_res (w_res,3,wkm(3) ,m(3) ,&"; nl ();
printf "Luuuuouuuuouuncc (3))) /3. s /m(3) %2+ 2. *PlStu(S ,m(3)))"; nl (),
pr‘intf "Uouuououend it nl ()7

printf "uouuouelse™; nl ();

printf "Louououonall (3) y=,0"; nl ()7

printf "Louououend it nl ();

printf "Louoou! ! 'uTensorisosinglet"; nl (),

printf "Luouuuall (4) y=cc(4) *x2/vevx*2x (dlstu(s,m(4) ) L&"; nl ();

printf "Lououuuuouuouon/ 3. 0u—us**2/m(4) *x2/36.0) "; nl (),

printf "Louououall (4) = vevH*4/sx*2xall1(4) /&"; nl ();

metf "Loouooooooooooooo (L o—defaUJ-tl_l_\_lfUdge—km*ii*al1 (4)) " nl ()a

printf "Luouoou! P 'uTensor isoquintet"; nl ();

printf "Louuowall (5) =15. 0xcc (5) ¥*2/vev**2* (-d1stu(s,m(5)) ,&"; nl ();

printf " LouuuuuuuuuuuuutLS**2/m(5) ¥%x2/12.0) /36.0"; nl ();

printf "Louuouall (5) = vev**4/sx*2xall1(5) /&"; nl ();

p'f'lntf "Luouooooooooooooo (L o—defaUJ-tl_l_\_lfUdge—km*ii*al1 (5)) " nl ()a

printf "Luuooo! ! U Low energytheory alphas"; nl ();

printf "Louuouuall_Ou=_fudge_higgs*vev**2/3/s + 4* (a4 -,2*ab) /3"; nl ();
printf "uoooowall_1,=,-,1.0/54.0_default"; nl ();

printf "Louoowall (6) y=pall_0 ! +,al11_1/16/Pi**2"; nl ();

printf "Louuowall (6) =ufudge _km*jj*all(6)**2,,/,(1.0_default, - jj*al1(6))"; nl ();
printf "Luuuuwamp-11 = sum(al1)"; nl ();
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printf ", end function dall"; nl();

nl ();

printf ", %sfunction; da20,,(cc, s, m) result,, (amp_20) " pure; nl ();

printf "uouuoureal (kind=default), intent(in)::us"; nl ();

printf "uouuoureal (kind=default), dimension(1:5),,intent (in):: m, cc"; nl ();
printf "uouuoureal (kind=default),::,220-0,,a20_1"; nl ();

printf "Louuuucomplex (kind=default) , dimension(1:6)::,a20"; nl ();

printf "Luuuuucomplex (kind=default)::ii,ujj,uamp-20"; nl ();

printf "Louououiin=Lemplx(0.0,1.0/32.0/Pi,default)"; nl ();

printf "Louuon] jusus**2/vevkxdxiit; nl ();

printf "uouoon!! 'uScalar isosinglet"; nl ();

printf "Louuoua20 (1) =142 0%ce (1) #*%2/vev**2 * s0stu(s,m(1))"; nl ();

printf "Luuowna20 (1) u= vev*4/s*x2%a20 (1) /&"; nl ();

printf "Luuuuuuuuuououoou (L. 0—defau]-tl_l_ufUdge—km*ii*aQO(1) )" nl ()a

printf "uoouou!! 'uScalar isoquintet"; nl ();

printf "Louuouifu(ce(2) .ne.0)then"; nl ();

printf "uouuouuuif, (fudge _km.ne.0) then"; nl ();

printf "Luuuouououn@20 (2) L= ve vk /s*x 2k fudge _km* &"; nl ();

printf "Luuuuuuuouuuuuenplx (0.0,32.0%Pi,default) * (1.0 +,&"; nl ()7

printf " Louuouoouuooon (8—m(2) #%2) / (Aixcc (2) ¥*2/vev**2+ (s¥*2/2. 0 +.&"; nl ();
printf " Luuuuouuuoooon (8—m(2) ¥*2) *s0stu(s,m(2) ) /6.0) -, (s-m(2) *x2) ) ) "; nl (),
printf "uouuouuuelse™; nl ();

printf "Luuuuouuuna20 (2) j=uvevxk2/ sk 2 x cc (2) ¥*% 2, %, (Lus**2,,/,&"; nl ()7

printf "LouuuuuuouououCmplx (s—m(2) *x2 ,m(2) *width_res (w_res,2,wkm(2) ,&"; nl ();
printf " Louuouuouuoouom(2) ,¢cc(2))) /2. +,s0stu(s,m(2)) /6.)"; nl (),

printf "Uouuuuouend if"s nl ()7

printf "uouuouelse; nl ();

printf " Lououuuwna20(2) (=,0"; nl ()7

printf "Luuoouend it nl ();

printf "Loooou!! 'uVector isotriplet"; nl ();

printf " Louuuwa20 (3) u=u—ucc (3) #*2% (2. 0%pOstu(s,m(3) ) ,+,3.0xs/m(3) **2) "; nl ();
printf "LLuuwwa20 (3) =uvev *4/sx*2xa20(3) /&"; nl ();

p?“mtf "Loouooooooooooooo (L O—defaUItu_ufUdge—km*ii*aQO(3) ) " nl ()a

printf "uoooon! ! 'uTensor isosinglet"; nl ();

printf "Luouuwa20 (4) L=ucc (4) *x2/vev**2x (dlstu(s,m(4)) &"; nl ();

printf " Louuuuuuuuououu/ 3. 0t s*%2/m(4) ¥%2/18.0) ;s nl (),

printf "LLuuuwa20 (4) = vev *4/sx*2xa20(4) /&"; nl ();

p?“mtf "Loouooooooooooooo (L O_defaultu‘ufUdge-km*ii*aQO(4) ) " nl ()a

printf "uouoon! ! 'uTensor isoquintet"; nl ();

printf "Luuuuwa20 (6) y=ucc (B) **2/vev**2x (d0stu(s,m(5)) &"; nl ();

printf "Lououuuuuuououuutub - 0*s*%2/m(4) ¥%2/3.0) /36.0"; nl ()7

printf "LLuuwwa20 (5) = vev**4/s*x*2xa20(5) /&"; nl ();

p'f'l'fltf "Loooooooooooooooo (L O—defaUItu_ufudge—km*ii*aQO(5) ) "; nl ()a

printf "uouuon! ! 'uLow energy theory alphas"; nl ();

printf "LoLuwna20-_0,=_~fudge_higgs*vev**2/s +,16% (2%ad + a5)/3"; nl ();

printf "Luuuwea20-1,=,10%1log (lam_reg**2/s) /9,+,25/108.0_default"; nl ();
printf "Luouuua20 (8) =,a20_0,! 1! +,a20_1/16/Pi*x2"; nl ();

printf "Louuowa20 (6) = fudge _km*jj*a20(6) **2,,/,(1.0_default,,-jj*a20(6))"; nl ();
printf "Louuouamp-20,,=_sum(a20)"; nl ();

printf ", end function ,da20"; nl();
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nl ();

printf "L %sfunction da22 ,(cc, s, m) result,, (amp_22) " pure; nl ();

printf "uouuoureal (kind=default), intent(in)::.s"; nl ();

printf "uouuoureal (kind=default), dimension(1:5), intent (in):: m, cc"; nl ();
printf "uouuoureal (kind=default) ,::,222_0,,a22_1"; nl ();

printf "uouuoucomplex (kind=default), dimension(1:6)::,a22"; nl ();

printf "uouuoucomplex (kind=default): :yii,njj,uamp-_22"; nl ();

printf "Luuoouiio=Lemplx(0.0,1.0/32.0/Pi,default)"; nl ();

printf "Luououj jumus**2/vevkx4xii"; nl ();

printf "uoooou!! 'uScalar isosinglet"; nl ();

printf "Louuowa22 (1) =42 0%cc (1) #*%2/vev**2 x s2stu(s,m(1))"; nl ();

printf "Lououuwa22 (1) = vev *4/sx*2xa22 (1) /&"; nl ();

printf " uonuouuoouoouoooo (1. 0_default - fudge_km*ii*a22(1))"; nl ()a

printf "Loooon! ! 'uScalar isoquintet"; nl ();

printf "Louuowa22 (2) p=ucc (2) ¥*2/vev**2 ¢ s2stu(s,m(2)),/16.0"; nl ();

printf "Louuoua22 (2) = vevErd/sx*2xa22(2) /&"; nl ();

p?"mtf "Loouooooooooooooo (L O—defaUItu_ufUdge—km*ii*aQQ(2) ) " nl ()a

printf "Louoou! V! UVector triplet"; nl ();

printf "Luuuuna22 (3) u=u—u2. 0xcc (3) #%2x (2xs+m (3) #*2) *s2stu(s,m(3) ) /m(3) **4"; nl ();
printf "Loououa22 (3) =uvevE*xd/sx*2xa22(3) /&"; nl ();

printf " Louuouuouooououou (1. 0_default, - fudge _km*ii*a22(3))"; nl ();

printf "uouoon!! 'uTensor isosinglet"; nl ();

printf "Louuona22 (4) p=ucc (4) ¥%2/vev 2% (1.0 +,6 . 0%s/m(4) *x2+6. 0% ,&"; nl ();
printf "LouuuouuuuuuS**2/m(4) #*4) xs2stu(s,m(4)) /3. 0 +,s**2/m(4) **x2/180.0)"; nl ();
printf "Looooua22 (4) = vevkxd/sx*2xa22(4) /&"; nl ();

printf " Louuouuouoouuouou (1. 0—default - fudge _km*ii*a22(4))"; nl ();

printf "uouuon!! 'uTensor isoquintet"; nl ();

printf "uouuouifu(ce(5) .ne.0)then"; nl ();

printf "Luuuouuuify (fudge_km.ne.0) then"; nl ();

printf "Lououuuuuua22 (8) L=y vevkkdy/sx*k2 k& " nl ()7

printf " Louuouuouuououcmplx (0.0,32.0%Pi default) * (1.0 +.&"; nl ();

printf "Luuuuuuouuouun (S—m () **2) / (ii*xcc (B) **2/vev**2* (s*x2/60.0+_&"; nl (),

printf "Louououuuuouon (8—m(5) *%2) *x ((1.0+6. 0*s/m(5) *x2+6 . 0% &"; nl ()a
pT’mtf "LuouuuuuuouuuuS*%2/m(5) xx4) xs2stu(s,m(5) ) /36 -0L&"; nl ()7
printf "onuuoouuouuoutLs**2/m (5) #x2/2160.0) ) -, (s-m(5) ¥x2) ) ) " nl (),

printf "Luoooouuelse"; nl ();
printf "Louuouoouwa22 (5) = vevkx2/s¥x2 ke (B) ¥*2 %, (Ls**2,/,&"; nl ();

p"'lntf ! LLLLLLLLLLLLL |Cmp1X(S_m(5)**2,m(5)*Width—reS (w_res ,5,ka(5) ,&"; nl (),
p’f'Z’l’Ltf " Luouuuuuuooooom (5) ,CC(5)))/80~|_|+\_I(1~0+6'O*\J&"; nl ()7
printf "LunuuuouuoouuesS/m () ¥%2+6 . 0xsxx2/m (5) **4) *s2stu(s,m(5) ) /36. 0 +.&"; nl ()7

printf " LuuuuuuuuuuuuuS**2/m(5) *x2/2160.0) "; nl ()7

printf "Louuououendyif"; nl ();

printf "uouuouelse™; nl ();

p""intf "Luoouoouna22 (5) =u0"; nl (),

printf "Louuouend it nl ();

printf "Luuoou! ! U Low energytheory alphas"; nl ();

printf "Louuuwa22-0,=4% (a4 +,2*ab) /15"; nl ();

printf "Louuowa22-1,=2*1log(lam_reg**2/s) /45 -,247/5400.0_default"; nl ();

printf "Loooowa22(6) =,a22_0,! M +,a22_1/16/Pix*2"; nl (),

printf "Louuwna22(6) u= fudge _km*jj*a22(6) **2,,/,,(1.0_default —,jj*a22(6))"; nl ();
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printf "Louuouamp-22,=sum(a22)"; nl ();

printf ", end function ,da22"; nl();

nl ();

printf "y %sfunction dalzz0_s.,(cc,m,k) result, (alzz0_s)" pure; nl ();

printf "Louuoutype (momentum) ,intent (in)y: :uk"; nl ();

printf "uouuoureal (kind=default), dimension(1:5),,intent (in)::cc,um"; nl ();
printf "uouuoucomplex (kind=default): :,alzz0_s"; nl ();

printf "Luuuuoreal (kind=default)::us"; nl ();

printf "Loooousu=ok*k"; nl ();

printf "Louuoualzz0_s = 2*g**4/costhux*2x ((da00(cc,s,m) L&"; nl ();

p'l“l’fltf ! ULLLLLLUULULOULL I_udaQO(CC, S,m) )/24I_|&"; nl ()a

p'f'lntf "Loouooouuooououo—ud* (dad2 (ce, s ,m) -, da22(cc,s,m) ) /12) " nl ()7

printf " end function dalzz0_s"; nl ();

nl ();

printf "y %sfunction dalzz0_t.,(cc,m,k) result (alzz0_t)" pure; nl ();

printf "Louuoutype (momentum) ,intent (in)y: :uk"; nl ();

printf "uouuoureal (kind=default), dimension(1:5), ,intent (in)::cc,um"; nl ();
printf "Luuuuucomplex (kind=default),: :,alzz0_t"; nl ();

printf "Luuuuoreal (kind=default)::us"; nl ();

printf "Loooousu=ok*k"; nl ();

printf "Louuowalzz0-_t = 5*g**4/costhux*2*x (da02(cc,s,m) ,—-.&"; nl ();

p?“mtf ! LLLLLLLULULLLOULL |d3-22(CC,S ,m))/4"; nl ()7

printf ", end function dalzz0_t"; nl ();

nl ();

printf "y %sfunction dalzzl_s.,(cc,m,k) result, (alzzl_s)" pure; nl ();

printf "Louuoutype (momentum) ,intent (in)y: :uk"; nl ();

printf "uouuoureal (kind=default), dimension(1:5),,intent (in)::cc,um"; nl ();
printf "uouuoucomplex (kind=default): :alzzl_s"; nl ();

printf "Luuuuoreal (kind=default)::us"; nl ();

printf "Loooousu=ok*k"; nl ();

printf "Louuoualzzl_s = g**4/costhw**2+* (da20(cc,s,m) /8.,&"; nl ();

printf "Uuuuuuuuuuuuuuuu—ub*da22 (cc, s,m) /4) " nl (),

printf ", end function dalzzl_s"; nl ();

nl ();

printf "L %sfunction dalzzl_t.(cc,m,k) result,(alzzl_t)" pure; nl();

printf "Louuoutype (momentum) ,intent (in)::uk"; nl ();

printf "uouuoureal (kind=default), dimension(1:5),,intent (in)::cc,um"; nl ();
printf "uouuoucomplex (kind=default): :alzzl_t"; nl ();

printf "uouuoureal (kind=default)::s"; nl ();

printf "LououusSu=uk*k"; nl ();

printf "Luuuuualzzl_t = g**4/costhw*2* (- ,3*dall(cc,s,m) /8.,&"; nl ();

printf "Luuuuuuuuuuuoouutul5*da22 (ce,s,m) /8) " nl ();

printf ", end function dalzzl_t"; nl ();

nl ();

printf "L %sfunction dalzzl_u,(cc,m,k) result,(alzzl_w)" pure; nl ();

printf "Louuoutype (momentum) , intent (in)::uk"; nl ();

printf "uouuoureal (kind=default), dimension(1:5),,intent (in)::cc,um"; nl ();
printf "uouuoucomplex (kind=default): :alzzl_u"; nl ();

printf "uouuoureal (kind=default)::s"; nl ();

printf "Lououusu=uk*k"; nl ()7
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printf "Louuowalzzl _u = g**4/ costhw**2* (3*dall(cc,s,m) /8.&"; nl ();

p?"l’l’ltf "uuuoouuuooouuootul5*da22(ce, s,m) /8) " nl ()a

printf " end function dalzzl_u"; nl ();

nl ();

printf ", %sfunction dalwwO_s.,(cc,m,k) result (alwwO_s)" pure; nl ();

printf "Louuoutype (momentum) ,intent (in)y: :uk"; nl ();

printf "uouuoureal (kind=default), dimension(1:5),,intent (in)::cc,um"; nl ();
printf "Luuuuucomplex (kind=default),: :,alwwO_s"; nl ();

printf "uouuoureal (kind=default) ::s"; nl ();

printf "uouuousu=uk*k"; nl ();

printf "LouuoualwwO_s = g**4* ((2+%da00(cc,s,m) + ,da20(cc,s,m) ) /24,&"; nl ();
p'f'lntf "Luouoouuuuouuouoou—u5* (2*xda02 (cc, s,m) |+, da22(cc,s,m) ) /12) " nl ()a
printf " end function dalwwO_s"; nl ();

nl ();

printf "y %sfunction dalwwO_t.(cc,m,k) result, (alwwO_t)" pure; nl ();

printf "Louuoutype (momentum) ,intent (in)y: :uk"; nl ();

printf "uouuoureal (kind=default), dimension(1:5), ,intent (in)::cc,um"; nl ();
printf "Luuuuucomplex (kind=default),: :alwwO_t"; nl ();

printf "Luuuuoreal (kind=default)::us"; nl ();

printf "Lououusu=uk*k"; nl ()7

printf "LouuoualwwO_t = g**4* (10%da02(cc,s,m),-,3*dall(cc,s,m) &"; nl ();
prmtf ! LLLLLLLULULLLOULL .+u5*da22(cc,s,m))/8"; nl ()7

printf ", end function dalwwO_t"; nl ();

nl ();

printf "y %sfunction dalwwO_u,(cc,m,k) result, (alwwO_u)" pure; nl ();

printf "Louuoutype (momentum) ,intent (in)y: :uk"; nl ();

printf "uouuoureal (kind=default), dimension(1:5),,intent (in)::cc,um"; nl ();
printf "uouuoucomplex (kind=default): :alwwO_u"; nl ();

printf "Luuuuoreal (kind=default)::us"; nl ();

printf "Loooousu=ok*k"; nl ();

printf "uouuoualww0_u = g**4* (10%da02(cc,s,m) +,3*dall(cc,s,m) &"; nl ();
printf "Uuuuuuuuuuuuuuuutub*da22(cc, s ,m) ) /8"; nl (),

printf ", end function dalwwO_u"; nl ();

nl ();

printf "L %sfunction dalww2_s.,(cc,m,k) result,(alww2_s)" pure; nl ();

printf "Louuoutype (momentum) ,intent (in)::uk"; nl ();

printf "uouuoureal (kind=default), dimension(1:5),,intent (in)::cc,um"; nl ();
printf "uouuoucomplex (kind=default): :alww2_s"; nl ();

printf "uouuoureal (kind=default)::s"; nl ();

printf "LououusSu=uk*k"; nl ();

printf "uouuoualww2_s = g**4* (da20(cc,s,m),-,10%da22(cc,s,m) ) /4,"; nl ();
printf ", end function dalww2_s"; nl ();

nl ();

printf ", %sfunction dalww2_t.(cc,m,k) result, (alww2_t)" pure; nl ();

printf "Luououutype (momentum) , intent (in):: k"; nl ();

printf "uouuoureal (kind=default), dimension(1:5),,intent (in)::cc, m"; nl ();
printf "Louuoucomplex (kind=default): :alww2_t"; ni ();

printf "uouuoureal (kind=default) ::s"; nl ();

printf "LououusSu=uk*k"; nl ()a

printf "Louuuualww2_t =, 15%gx*4xda22(cc,s,m) /4"; nl ();
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printf ", end function dalww2_t"; nl ();

nl ();

printf " %sfunction dalz4_s,(cc,m,k) result,(alz4_s)" pure; nl ();
printf "Louuoutype (momentum) ,intent (in): :uk"; nl ();

printf "uouuoureal (kind=default), dimension(1:5),,intent (in)::cc,um"; nl ();
printf "uouuoucomplex (kind=default): :alzd_s"; nl ();

printf "Luuuuoreal (kind=default)::us"; nl ();

printf "LououusSu=uk*k"; nl ();

printf "Louuoualz4_s = g**4/costhux*4x ((da00(cc,s,m) &"; nl ();
printf " Louuouuuuuouuoutu2%da20 (cc, s,m) ) /12,&"; nl ();

p'l“l'fltf " uuuLULLLULDUUL— LD * (daOQ(CC, S,m) +2*d322(CC, S,IIl) )/6) "; nl (),
printf ", end function dalz4_s"; nl ();

nl ();

printf "y %sfunction dalzd_t,(cc