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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).



Ancestors

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 F, p. 565)

Product : effcient tensor products for lists and sets (section K, p. 606)

Combinatorics : combinatorical formulae, sets of subsets, etc. (section N,

p. 617)

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

DAG : Directed Acyclical Graphs (section 4, p. 35)

Topology : unusual enumerations of unflavored tree diagrams (section 3,
p. 18)

Momentum : finite sums of external momenta (section 5, p. 50)
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Figure 1.1: Module dependencies in O’Mega.

Fusion : off shell wave functions (section 8, p. 91)

Omega : functor constructing an application from a model and a target
(section 18, p. 535)

1.3.3 Abstract interfaces

The domains and co-domains of functors (section 9, p. 141)
Coupling : all possible couplings (not comprensive yet)
Model : physical models

Target : target programming languages

1.3.4 Models
(section 77, p. ?7)
Modellibs M .QED : Quantum Electrodynamics
Modellibs M.QCD : Quantum Chromodynamics (not complete yet)
Modellibs M .SM : Minimal Standard Model (not complete yet)

etc.
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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. 375).

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

Other targets could come in the future: C, C++, O’Caml itself, symbolic manip-

ulation languages, etc.

1.8.6  Applications
(section 18, p. 535)

1.4 The Big To Do Lists
1.4.1 Required

All features required for leading order physics applications are in place.

1.4.2  Useful

1. select allowed helicity combinations for massless fermions
2. Weyl-Van der Waerden spinors

speed up helicity sums by using discrete symmetries
general triple and quartic vector couplings

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

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

e warn the user to add additional

e kill fusions (at runtime), that contribute to a cascade
7. complete standard model in R¢-gauge

8. groves (the simple method of cloned generations works)

1.4.8 Future Features

1. 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 27fermions+#fmassless vectors . gffmassive vectors torne in the helicity sum,
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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

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 TooOL
FOR EVALUATING RENORMALIZED AMPLITUDES



S

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 [x1; 2] = product ([x1; x2], [x1; x2]) = [(x1,21); (1, 22); (22, 21); (22, 22)]
(2.2)
but it is also well defined for polytuples, e.g. for pairs and triples

power [x1; 23] = product ([x1; 2], [x1;x2]) U product ([x1; x2], [x1; 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 : «a list = ot list
val power_fold : (ot — f — B) = alist - 8 —

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

sym_power [x1;x3] = [(21,21); (21, 2); (T2, 22)] (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 - ('t — f — 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 : at — « 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 — «a't

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

module type Binary =
sig
include Poly (* should become Mono! *)
val of2 : @ - a = a't
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 @ x a | T3 of @ X a X«

module type Mized23 =
sig
include Poly
valof2 : a@ - a — «at
valof3 : a - a - a - at

end
module Mized23 : Mixed23

module type Nary =

sig
include Poly
val of2 : @ - a = a't
val of3 : a@ - a - a = a't
val of _list : « list > «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 : ot — int

evalhd : at = «

evalnth : at — int > «

evalrev : at — at

e val rev_map : (@ — B) - at — Bt

o valiter2 : (¢ — f — unit) - at — [t — unit
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e val rev_map2 : (¢ - B = v) = at = St = vt

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

e val fold_right2 : (¢ - 8 - v =5 v) > at = ft = v = v

e val exists : (a« — bool) — at — bool

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

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

e val find : (o — bool) - at = «

e val find_all : (& — bool) — at — «list

e val assoc : o — (a x B)t — S

evalassg : a = (a x B)t —»

e val mem_assoc : @« — (a x B)t — bool
e val mem_assq : a« — (a x B)t — bool
e val combine : at — ft — (a x f)¢

evalsort : (@« - 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

module type Mono =
sig

type a ¢
val arity : at — int
val max_arity : int
val compare : (& = a — int) - at - at — int
val for_all : (a« — bool) — at — bool
valmap : (¢ - 8) - at — Bt
val iter : (@« — wunit) — at — unit
val fold_left : (¢ - B8 — a) - a = ft = «
val fold_right : (a« — f — B) at - f = B
val fold_left _internal : (@ — « a) & at - «
val fold_right_internal : (@ = a — a) = at = «
val map2 @ (¢ - B = v) = at - Bt = vt
val split : (o X B)t - at x Bt
val product : o listt — « t list
val product_fold : (ot — B — B) = alistt - f — f
val power : « list - ot list
val power_fold : (at — f — B) = alist > 8 —
type a graded = « list array
val graded_sym_power : int — « graded — o« t list
val graded _sym_power_fold : int - («t — B — B) — « graded —

—
—
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B = B
val to_list : at — « list
val of2_kludge : a« - a — «a'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*)
val of2 : a@ - a — «at
end

module Binary =

struct
typeat = a X «
let arity - = 2
let maz_arity = 2

let of2 x y = (z, y)
let compare emp (z1, y1) (22, y2) =

let cx = cmp x1 x2 in
if cx # 0 then

cr
else

10
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cmp yl y2
let for_all p (z, y) = pax A py
let map f (z, y) = (f =, fy)
let iter f (z, y) = fx; fy
let fold_left f init (z, y) = f (f init z) y
let fold_right f (z, y) init = f x (f y init)
let fold_left_internal f (z, y) = fxy
let fold_right_internal f (z, y) = fzy

exception Mismatched - arity
let map2 f (a1, y1) (22, y2) = (f =1 22, f y1 y2)

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

let product (lz, ly) =
Product.list2 (funzy — (z, y)) lz ly
let product_fold f (lx, ly) init =
Product.fold2 (funz y — f (z, y)) lz 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 © = 7 then
List.fold _right (fun (z, y) — f = y) (choose2 set.(pred 7)) acc
else

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

let graded_sym_power_fold rank f set acc =
let maz_rank = Array.length set in
List.fold_right (fuse2 (funz y — f (of2 z 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]
let of2_kludge = of?2

exception No_termination
end

2.2.3 Triples

module type Ternary =
sig
include Mono
val of8 : @ - a - a = at
end

11



module Ternary =
struct

typeat = a X a X «
let arity - = 3
let maz_arity = 3

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

let compare cmp (x1, y1, z1) (22, y2, 22)

let cx = cmp z1 x2 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) = px A py A pz

let map f (z, y, 2) = (f=, fy, f2)
let iter f (z, v, 2) = fx; fy; [ 2

Implementation of Tuple

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

let fold_left_internal f (z, y, z) = f (f z 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, [ z1 22)

let split ((z1, z2), (y1, y2), (21, 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 =

((x1, y1, 21), (22, y2, 22))

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

let power | = product (I, 1, 1)

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

type a graded = « list array
let fuse3 f set (i, j, k) acc =
if © = j 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) 2z — fzy z)

(choose2 set.(pred i)) set.(pred k) acc

end else begin

if j

= k then

Product.fold2 (fun z (y, z) — fzy z)

set.(pred i) (choose2 set.(pred j)) acc

12
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else
Product.fold3 (funx y z — fa vy z)
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 2 — [ (of8 z y 2)) 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 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 | T3of @ X a X«

module type Mized23 =
sig
include Poly
val of2 : @ - a — a't
valof3 : o - o - a = at

end
module Mized23 =
struct
type a t = « pair_or_triple
let arity = function
| T2 - — 2
| T3 - — 3
let maz_arity = 3

let of2 2y = T2 (z, y)
let of8 x y 2z = 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 x1 22 in
if cx # 0 then
cx
else
cmp yl y2
| T3 (x1, y1, z1), T3 (22, y2, 22) —
let cx = cmp a1 22 in

13
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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 = function
| T2 (z, y) - px A py
| T3 (v, y,2) = px ANpy Apz

let map f = function

| T2 (z, y) — T2( z, fy)

| T8 (z, y, 2) = T3 (fz, fy, fz)
let ster f = function

| T2 (z, y) = fa fy

| T3 (z, y, 2) = [z fy [
let fold_left f init = function

| T2 (z, y) — [ (f init z) y

| T3 (z, y, 2) — f(f (f init z) y) 2

let fold_right f m init =
match m with
| T2 (z, y) — [ x(fyini)
| T3 (5, 4, 2) > fa(fy(f 2 init))

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

let fold_right_internal f m =
match m with
| T2 (z, y) = fzy
| T3 (z, y, z2) = 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 (=1, z2), (y1, y2)) — (T2 («1, y1), T2 (22, y2))
| T3 ((z1, 22), (y1, y2), (21, 22)) — (T8 («1, y1, 21), T3 (z2, y2, 22))

let product = function

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

| T3 (lx, ly, lz) — Product.list3 (funzyz — T3 (z, y, 2)) lx ly Iz
let product_fold f m init =

14
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match m with
| T2 (lz, ly) — Product.fold2 (funzy — f (T2 (z, y))) lx ly init
| T3 (lz, ly, Iz) —

Product.fold? (funz y z — [ (T3 (z, y, 2))) lx ly Iz init

exception No_termination

let power_fold f | init =

product_fold f (T2 (1, 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 max_rank = Array.length set in
List.fold_right (Binary.fuse2 (funz y — f (of2 x 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 max_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 =
sig
include Poly
val of2 : a@ - a — «at
val of3 : a@ - o - a = at
val of _list : a list - ot
end

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

typeat = a X « list

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

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

Lz =y — (2, 9)
| [] = invalid_arg "Tuple.Nary.of _list:_ empty"

15
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let compare cmp (x1, y1) (22, y2) =

let ¢ = cmp x1 x2 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

| y0 : 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 x2, List.map2 f y1 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)
| [] — failwith "Tuple.Nary.product") (al :: yl)
let product_fold f (zl, yl) init =
Product.fold (function
|z 2y = f (2, 9)
| [] — failwith "Tuple.Nary.product_fold") (zl :: yl) init

let bounded_power_fold f 1 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)

16
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type a graded = « list array

let fuse_n f set partition acc =
let choose (n, r) =
Printf.printf "chose: n=Yd_ r=%d len=%d\n"
n 1 (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 max_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
let of2_kludge = of2

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

17
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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
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 a children = « Tuple. Mized23.t
module Nary : functor (B : Tuple.Bound) —

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

3.1.1 Diagnostics: Counting Diagrams and Factorizations for

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

val succ @ 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
Of course, native integers will provide the fastest implementation:
module Int : Integer

module type Count =

sig
type integer

19



Implementation of Topology

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) — integer — integer — integer
val diagrams_via_keystones : integer — integer — integer

1 1 ny+ne+...+ng
(3.4)
S(ng,n —ng) S(ni,na,...,ng) ni,No, ..., "Nk

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 R 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

module type T =

sig
type partition
val partitions : int — partition list
type a children
val keystones : « list = (« list X « list children list) list
val maz_subtree : int — int
val inspect_partition : partition — int list

end
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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)
(1,7.8), (2,6,8), (2,7,7), (3,5,8), (3,6,7)

1’7)8 ) 2’6)8 ) 2’7)7 ) 3’5)8 ) 3’6)7 ) (4’478)7 (4’5)7)7 (4’676)7 (5’576)

Table 3.1:  partitions n for moderate values of n.

3.2.1 Factorizing Diagrams for ¢*

module Binary =

struct
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 : m — {(nl,ng,ng) [n14+na+ns =nAng <ng <ng< \_n/2j} (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 + ng +ng =n and ny < ng < ng is ny < [n/3]:

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

[]

else
List.map (fun (n2, n8) — (ni, n2, n3))
(Partition.pairs (n — nl) 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 +ngy (cf. figure 3.3). Unfortunately, this reflection symmetry is not
respected by the equivalence classes. E. g.

{11{2,3}{4,5,6} = {{4}{5,6}{1,2,3}; {5}{4,6}{1,2,3}; {6}{4,5}{1,2,3}
(3.6)
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Ao AN

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.

Figure 3.3: If ng = n; + 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+ ng + ng)! 2nl—3

::]w

N(ny,na, 3.7
(n1,n9,n3) = S,z ng) 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
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

module Tuple = Tuple.Nary(B)
type a children = « Tuple.t

let keystones’ | =
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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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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
type partition = int X int X int X int
let inspect_partition (n1, n2, n3, n4) = [nl; n2; n3; nj]
type a children = o« Tuple.Ternary.t

let collect4 acc = function
| [2; y; 25 w] = (=, y, 2, u) = acc
| - — acc

let partitions n =
List.fold _left collect) [] (Nary4 .partitions n)

let collect3 acc = function
| [2; y; 2] = Tuple.Ternary.of8 x y z == acc
| - — acc

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

3.2.4 Factorizing Diagrams for ¢* + ¢*

module Mized23 =
struct

type partition =
| P3 of int x int x int
| P4 of int x int x int X int

let inspect_partition = function
| P3(n1, n2, n3) — [nl; n2; n3]
| P4 (nl, n2, n8, n4) — [nl; n2; ns; n4|

type a children = « Tuple.Mized23.t

let collect34 acc = function
| [z; y; 2] = P3(z, y, 2) == acc
| [z5 95 25 u] — P{ (z, y, 2, u) == acc
| - — acc
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let partitions n =
List.fold_left collect34 [] (Naryj.partitions n)
let collect23 acc = function
| [z; 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

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

val (+ ) :t = ¢t = ¢
val (= )+t = ¢t = ¢
val ( x )+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

O’Caml’s native integers suffice for all applications, but in appendix R, 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 ( +
X

+

let (
let (

)= (+)
)= ()
)= (%)

X
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let (/) = (/)
let pred = pred
—

IV VIA A
——————

NN N N

S S IVVIAAYI

let of int n =

let to_int 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 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 z y =
if z < y then
x
else
Y

Counting Diagrams for Y Ap¢™

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 ¢ = integer let compare = compare end)

type diagram_class = { ext : integer; prop : integer; v : integer IMap.t }
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The numbers of external lines, propagators and vertices are determined by the
degrees and multiplicities of vertices:

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

V({ng,na,..}) = na (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({ns,na,...}) + E({nsg,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
invalid_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;
pProp = NUM_prop v;

v = List.fold_left add_degree IMap.empty v }

let multiplicity cl d =
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
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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 clv '}

Add one vertex of degree d, maintaining the invariants.

let add ¢l 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,ng,...}) =
(P({ns —1,n4,...}) + E({nz — 1,n4,...})) D{ns — 1,n4,...})

+ Z(nd—l + 1)D({TL3,TL4, 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 d = remove cl three in

(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 ¢/ = add (remove cl d) d’ in
multiplicity cl’ d’ x class_size cl’

30



Implementation of Topology

with

| Zero — zero
end else

zero

Find all {n3,ng,...,nq} with

C

E({ns,na,...,na}) —2 =Y (i — 2)n; = sum (3.13)
=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 (funlll — ((d, n) == 1) = )
(distribute_degrees” d sum (pred n))
(distribute_degrees’ (pred d) (sum — (d — two) x n))

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

E({ns,n4,...,nq}) = 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" vV n’ = zero) d then
s + class_size (create_class d)
else
)

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
| 1] = [ofint 1, a]
| (n, o) 2 rest —
if a = a' then
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(succ n, a) :: rest

else
(n, a') = add_to_class a rest
in
let rec classify’ ¢l = function
] > d
| 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 (funz — two x x = sum) [ then
two X permutation_symmetry |
else

permutation_symmetry [

The number of Feynman diagrams built of vertices with maximum degree dpax
in a partition Ny, = {ni,ne,...,nq} withn=ny + n2 +--- + ng and

~ n! F(dmaxani + ].)
F dmaxaN n) — 1
( dn) |S(Na.n)|o(na,n) H ! (3.15)

i=1
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(dmaxan) = Z Z F(dmax,N) (3'16)

d=3 N={ni,n2,...,na}
nitnz+--4ng=n
1<n1<ns<---<ng<[n/2]

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
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3.2.6 Emulating HELAC
In [2], one leg is singled out:

module Helac (B : Tuple.Bound)
struct

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 a Tuple.t

let keystones’ | =
match [ with
| 1 =1
| head :: tail —
[([head],

(partitions (List.length 1)))]

ThoList.flatmap (fun p — Combinatorics.partitions (List.tl p) tail)
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

module Helac_Binary
struct

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

«a Tuple.Binary.t
let keystones’ 1 =

match [ with

|1 =10
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| 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 forz<y
compare(z,y) =10 forz=y (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 ¢
val compare : t — t — int

35



Interface of DAG

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}

- {(e, ... (4.4)
1

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 E 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(@y, f(wa, - f2n, acc))) (4.6)

where the children are {x1,x9,...,2,}. 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 -5 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) — t — t
val fold : (node — edge x children - a — a) - t - a — «

Note that in it’s current incarnation, fold add_offspring dag empty copies
only the fertile nodes, while fold add_offspring dag (fold_-nodes add_node dag empty)
includes sterile ones, as does map (fun n — n) (fun n ec — ec) dag.

Return the DAG as a list of lists.
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, edge) 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

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

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

eval f mul_edge mul_nodes add null unit root dag interprets the part of dag
beneath root as an algebraic expression:

e each node is evaluated by f : node — «

e each set of children is evaluated by iterating the binary mul_nodes : o —
v — <y on the values of the nodes, starting from unit: -y

e cach offspring relation (node, (edge, children)) is evaluated by applying
mul_edge : node — edge — v — 0§ to node, edge and the evaluation
of children.

e all offspring relations of a node are combined by iterating the binary
add: § - a — o« starting from null : «
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In our applications, we will always have @ = v = §, but the more gen-
eral type is useful for documenting the relationships. The memoizing variant
eval_memoized f mul_edge mul_nodes add null unit root dag requires some
overhead, but can be more efficient for complex operations.

val eval : (node — «) — (node — edge — ~v — §) —

(@ v =179 =0 —>a—>0a > a—v— nde >t «
val eval_memoized : (node — a) — (node — edge — v — ) —
(a =27y =79 =20 —=a—>a > a—=7v—> nde >t — «

forest root dag expands the dag beneath root into the equivalent list of trees
Tree.t. children are represented as list of nodes.

A sterile node n is represented as Tree.Leaf ((n, None), n), cf. page 637.
There might be a better way, but we need to change the interface and
semantics of Tree for this.

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

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 : node — t — int
end

module Make (F : Forest) :
T with type node = F.node and type edge = F'.edge
and type children = F.children

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.

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

module type Ord =

sig
type ¢
val compare : t — t — int
end

module type Forest =
sig
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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 — 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
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 — node) — 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 — o — «a) —
val lists : t — (node x (edge x children) list) list
val dependencies : t — node — (node, edge) Tree2.t
val harvest : t — node — t — t
val harvest_list : t — node list — t
val size : t — int
val eval : (node — «) — (node — edge — ~v — §) —

(a > v =179 =0 —>a—>0a > a— 75— nde >t > «
val eval_memoized : (node — «) — (node — edge — v — 0) —

(a =27y =79 >0 =>a—>a >a—=7v—> nde >t — «
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 count_trees : node — t — int
end

— t
- a — «

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

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

let compare (el, nl) (e2, 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
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module G =
struct
type t = unit
let compare - - = 0
end
let rank - = ()
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
module G =
struct
type t = wunit
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
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val iter : (key — o — wunit) - at — unit
val fold : (key - a - 8 = ) > at - 8 = 8
val ranks : ot — rank list
val min_maz_rank : at — 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 = O.G.t

module Graded_-Map (O : Graded_Ord) :
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

type (+a) t = o M2.t M1.¢

let empty = M1.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 (M1.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 = MI1.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

4.2.83 The DAG Functor

module Maybe_Graded (GMM : Graded_Map_Maker) (F : Graded_Forest) =
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struct
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)
module Offspring = Set.Make(F)

type t = Offspring.t Parents.t
let rank = F.Nodes.rank

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

let fold_nodes f dag acc =
Parents.fold (fun n - — f n) dag acc

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

Note that in it’s current incarnation, fold add-offspring dag empty copies
only the fertile nodes, while fold add-offspring dag (fold_-nodes add_node dag empty)
includes sterile ones, as does map (fun n — n) (fun n ec — ec) dag.

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
Tree?.cons
(Offspring.fold
(fun 0 acc —
(fst o,
node’,
F.fold (fun wf acc’ — dependencies’ wf :: acc’) o[]) :: acc)
offspring [])
in
dependencies’ node
let lists dag =
List.sort (fun (n1, -) (n2, -) — F.Nodes.compare nl n2)
(Parents.fold (fun node offspring I —
(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’ —
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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

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

let build_forest evaluator node dag =
evaluator (fun n — [Tree.leaf (n, None) n])
(funn ep — List.map (fun p’ — Tree.cons (n, Some €) p') p)
(fun p1 p2 — Product.fold2 (funnnlpl — (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 ewval.

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)
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(null, Parents.empty)
(List.sort (fun (n1, _) (n2, -) — F.Nodes.compare nl n2)
(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 : mode — rank
val ranks : t — rank list
val min_mazx_rank : t — rank X rank
val ranked : rank — t — mnode list
end

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 = O0.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.
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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 [4]).
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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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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~; —+ Pj4n—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(ps)a(p)) (5.6b)

to
et(p1)e” (p2) — d(p3)i(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!

module Scattering :
sig

Test if the momentum is an incoming one: p = p1 V p = pa
val incoming : t — bool
P=p3Vp=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+Ps+...+Dn
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val s_channel_out : t — bool
P=p1+P2VPp=pP3+Ps+...+Dn

val s_channel : t — bool
D1 +P2—P3+pst...+Pn

val flip_s_channel_in : t — t
end

5.1.2 Decay Kinematics

module Decay :
sig

Test if the momentum is an incoming one: p = py
val incoming : t — bool
P=p2Vp=p3V...

val outgoing : t — bool

Interface of Momentum

p? > 0. NB: here, we report the incoming individual momenta as timelike.

val timelike : t — bool
p* <0.
val spacelike : t — bool
end
end

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

Wolfgang’s funny tree codes:

(2™, 2" = (1,2,4,...,2"7 %)

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
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5.2 Implementation of Momentum

module type T =
sig

type ¢
val of _ints : int — int list — ¢
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

valmeg : t — t

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 — ¢
module Scattering :
sig
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
end
module Decay :
sig
val incoming : t — bool
val outgoing : t — bool
val timelike : t — bool
val spacelike : t — bool
end
end
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5.2.1 Lusts 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

typet = {d : int;r : int;p : int list }

exception Range of int
exception Duplicate of int

let rec check d = function
| p1 = p2 = _when p2 < pl — raise (Duplicate pl)
| pI = (p2 == _ asrest) — check d rest
| [p]Jwhenp < 1V p > d — raise (Range p)
I [p] = 0

let of _ints d p =
let p’ = List.sort compare p in
check d p’;
{d = d; r = List.length p; 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 pl.d = p2.d then
[ pl p2
else
mismatch s pl p2

let compare p1 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
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end else
mismatch "compare" pl p2

let rec meg’ d i = function
| =
if 7 < d then
i = neg’ d (succ i) []
else
[]
orest as p —
if i/ > d then
failwith "Integer_List.neg: internal error"

| 4

else if i/ = i then
neg’ d (succ i) rest
else

i = neg’ d (succ i) p
let negp = {d = pd; r = pd — pr; p = neg’ pd 1 pp}

let abs p =
if 2 X p.r > p.d then
neg p
else

p

let rec add’ p1 p2 =
match p1, p2 with
| p—p
lp, [l = p
| z1 = pl’, 22 = p2 —
if 1 < z2 then
zl :: add' pl’ p2
else if 2 < x1 then
z2 : add' pl p2’
else
raise (Duplicate z1)

let add p1 p2 =
if p1.d = p2.d then
{d =pld;r =plor + p2.r;p = add pl.pp2.p}
else
mismatch "add" pl1 p2

let rec try_add’ d r acc pl p2 =
match p1, p2 with

| [J, p — Some ({d = d; r = r; p = List.rev_append acc p })
| p, [] = Some ({d = d; r = r; p = List.rev_append acc p })
| x1 = pl’, 22 = p2 —

if 1 < z2 then

try_add’ d r (z1 :: acc) p1’ p2
else if 2 < x1 then

try_add’ d r (z2 :: acc) pl p2’
else
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None

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

exception Negative

let rec sub’ pl p2 =
match p1, p2 with
| p, [l = p
| [], - — raise Negative
| «1 = pl’, 22 = p2 —
if 1 < z2 then
xl : sub pl’ p2

else if z1I = z2 then
sub’ p1’ p2’
else

raise Negative

let rec sub pl1 p2 =
if pI.d = p2.d then begin
if pl.r > p2.r then
{d = pld;r =plor — p2.r; p = sub pl.p p2.p }
else
neg (sub p2 pl)
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
| 21 = 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 p1.d = p2.d then begin
if pI.r > p2.r then
try_sub’ pl.d (pl.r — p2.r)[] pl.p p2.p
else
match try_sub’ pl1.d (p2.r — pl.r)[] p2.p pl.p with
| None — None
| Some p — Some (neg p)
end else
mesmatch "try_sub" pl p2
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let rec less’ equal pl p2 =
match pI, p2 with
| [, [] = - equal
| [], - — true
| 21 == _, [] — false
| z1 = pl’, 2 = p2 when z1 = 22 — 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" pl1 p2

let rec lesseq’ pl p2 =
match p1, p2 with
| [], - — true
| 1 = _, [] — false
| 1 = pl’, 22 :: p2 when 21 = 22 — lesseq’ pl’ p2’
| x1 = pl’, 22 = p2 — lesseq’ pl p2’

let lesseq p1 p2 =
if p1.d = p2.d then
lesseq’ pl.p p2.p
else
mismatch "lesseq" pl p2

module Scattering =
struct

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
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| - — 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
| pI = p2 = - — pl > 2V (pl =1A 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

end

module Decay =
struct

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

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

let timelike p =
match p.p with

| [1] — true
| p1 = - — pl > 1
| [] — false

let spacelike p = — (timelike p)
end

let test_sum p invl pl inv2 p2 =
if p.d = pl.d then begin
if p.d = p2.d then begin
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match (if invl then try_add else try_sub) p pl with
| None — false
| Some p’ —
begin match (if inv2 then try_add else try_sub) p’ p2 with
| None — false
| 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 pI true p2 then
Some (false, true)

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

else
None

let split i n p =
let n” = n — 1lin
let rec split’ head = function
| [] — (p.r, List.rev head)
| i1 o dlist —
if i1 < 4 then
split’ (i1 :: head) ilist
else if i1 > i then
(p.r, List.rev_append head (List.map ((+) n') (i1 :: ilist)))
else
(p.r + 0/,
List.rev_append head
((ThoList.range i1 (i1 + n')) Q (List.map ((+) n') ilist))) in
let 7/, p’ = split’ [] p.p in
{d=pd+nsr=71sp=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

typet = int
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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

None
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 r2 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_inl1 = 1
let mask_in2 2

let mask_in = mask_inl lor mask_in2

module Scattering =
struct

let incoming p
1

rank p = 1 A (mask_in land p # 0)
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let outgoing p =

rank p = 1 A (mask_in land p

let timelike p =
(rank p > 0 A (mask_in land p = 0)) VvV (bits p =
let spacelike p =

= mask-in)
(rank p > 0) A — (timelike p)

let s_channel_in p
bits p = mask_in

let s_channel_out p

rank p > 0 A (mask_in Ixor p

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
end
module Decay =
struct
let incoming p =
rank p = 1 A (mask_inl land p = mask_inl)
let outgoing p =

rank p = 1 A (mask_inl land p

let timelike p

incoming p V (rank p > 0 A mask-inl land p = 0)
let spacelike p =

= (timelike p)
end

let test_sum p invl pl inv2 p2
let d =

dim p in
if d = dim pl 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 7 = rank p” in
r=0Vr=4d
end
end else
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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 pI 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 4
was set.

let split i n p =
let delta_-d = n — 1
and b = bits p in
let mask_low = mask (pred )
and mask_i = 1lsl (pred i)
and mask_high = Inot (mask %) in
let b_low = mask_low land b
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) Is| 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

5.2.3 Whizard

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

module BitsW =
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struct
type t = Bits.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 = 1 land p
and bit_in2 = 1land (p Isr 1)
and bits_out = ((mask d) land p) Isr 2 in
bits_out lor (bit_ini 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))
and bits_out = (mask (d — 2)) land w in
let b = (bits—out Isl 2) lor bit_inl 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 DefaultW = BitsW
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CASCADES

6.1 Interface of Cascade_syntax

type (flavor, ’p, ’constant) 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
| And of (flavor, ’p, ’constant) t list
| X _Flavor of ’flavor list
| X_Vertex of ’constant list x ’flavor list list

val mk_true : unit — (’flavor, ’p, ’constant) t
val mk_false : unit — (’flavor, ’p, ’constant) t
val mk_on_shell : ’flavor list — ’p — (’flavor, ’p, ’constant) t
val mk_on_shell_not : ’flavor list — ’'p — (’flavor, ’p, ’constant) t
val mk_off _shell : ’“flavor list — 'p — (’flavor, ’p, ’constant) t
val mk_off _shell_not : ’flavor list — ’'p — (flavor, ’p, ’constant) t
val mk_gauss : ’flavor list — ’p — (flavor, ’p, ’constant) t
val mk_gauss_not : flavor list — ’p — (flavor, ’p, ’constant) t
val mk_any_flavor : ’p — (flavor, ’p, ’constant) t
val mk_and : (’flavor, ’p, ’constant) t —

(flavor, ’p, ’constant) t — (flavor, ’p, ’constant) t
val mk_z_flavor : ’flavor list — (’flavor, ’p, ’constant) t
val mk_z_vertex : ‘constant list — ’flavor list list —

(’flavor, ’p, ’constant) t

val to_string : (‘flavor — string) — (p — string) —
(constant — string) — (’flavor, ’p, ’constant) t — string

exception Syntaz_Error of string x int x int
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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
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.

False is probably redundant.

type (flavor, ’p, ‘constant) 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
| And of (flavor, ’p, ’constant) t list
| X _Flavor of flavor list
| X_Vertex of constant list x ’flavor list 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_and c1 c2 =
match c1, ¢2 with
| ¢, True | True, ¢ — ¢
| ¢, False | False, ¢ — False
| And cs, And ¢’ — And (cs @ cs’)
| And cs, ¢ | ¢, And ¢s — And (¢ :: cs)
| ¢, ¢ = And [c; ]

let mk_z_flavor f = X_Flavor f
let mk_x_vertex c fs = X_Vertex (c, fs)

let to_string flavor_to_string momentum_to_string coupling_to_string cascades =
let flavors_to_string fs =

String.concat ":" (List.map flavor_to_string fs)
and couplings_to_string cs =

String.concat ":" (List.map coupling_to_string cs) in
let rec to_string’ = function

| True — "true"
| False — "false"
| On_shell (fs, p) —
momentum_to_string p ~ "u=." " flavors_to_string fs
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in

| On_shell_not (fs, p) —

momentum_to_string p ~

| Off _shell (fs, p) —
momentum_to_string p
| Off —shell_not (fs, p) —
momentum_to_string p
| Gauss (fs, p) —
momentum_to_string p
| Gauss_not (fs, p) —
momentum_to_string p
| Any_flavor p —

momentum_to_string p ~

| And es —

= In
| N Y

uu

Ao~
[y I

o u#u n

~ "u#u! n

Ilu“'u?ll

" flavors_to_string fs
"~ flavors_to_string fs

" flavors_to_string fs
"~ flavors_to_string fs

" flavors_to_string fs

String.concat " &&," (List.map (func — "(" " to_string’ ¢~ ")") cs)

| X_Flavor fs —

" String.concat ":" (List.map flavor_to_string fs)

| X_Vertex (cs, fss) —

" " couplings-to_string cs
"[" " (String.concat "," (List.map flavors_to_string fss)) ~ "1"

to_string’ cascades

let int_list_to_string p =
String.concat "+" (List.map string_of _int (List.sort compare 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>—Z’]

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 } (* skip blanks x)

7%; ["J\n7]* )\nJ

{ token lexbuf } (x skip comments x)
digitt { INT (int—of —string (Lexing.lexeme lezbuf)) }

'+ { PLUS }
2> { COLON }
»=» { OFFSHELL }
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| »=> { ONSHELL }
| »# { GAUSS }
| 21 { NOT }
| & >&’? { AND }
| ¢ { LPAREN }
| >y’ { RPAREN }
| >72 { HAT }
| 2, { COMMA }
| >’ { LBRACKET }
| »1> { RBRACKET }
| char [A > ’\t’ ’\Il’ & 7(: )); )[7 :]) ). 7,7}*

{ STRING (Lezing.lexeme lexbuf) }
| yno [A ;n)]* >

{ STRING (unquote (Lexing.lexeme lexbuf)) }
| eof { END }

6.4 Parser

Header

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

Token declarations

%token < string > STRING

%token < int > INT

%token LPAREN RPAREN LBRACKET RBRACKET
%token AND PLUS COLON COMMA NOT HAT
%token ONSHELL OFFSHELL GAUSS

%token END

%left AND

%left PLUS COLON COMMA

%left NOT HAT

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

Grammar rules

main 1=

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

cascades ::=
exclusion { $1 }
| vertezx { $1}
| cascade { $1 }
| LPAREN cascades RPAREN { $2 }
| cascades AND cascades { mk_and $1 $3 }

exclusion ::=
NOT string_list { mk_z_flavor $2 }

verter 1=
HAT string_list { mk_z_verter $2 [] }
| HAT string_list LBRACKET RBRACKET
{ mk_z_vertex $2 [] }
| HAT LBRACKET string_lists RBRACKET
{ mk_z_vertez [] $3 }
| HAT string_list LBRACKET string_lists RBRACKET
{ mk_z_vertex $2 $4 }

cascade 1=
momentum_list { mk_any_flavor $1 }
| momentum_list ONSHELL string_list
{ mk_on_shell $3 $1 }
| momentum_list ONSHELL NOT string_list
{ mk_on_shell_not $4 $1 }
| momentum_list OFFSHELL string_list
{ mk_off —shell $3 $1 }
| momentum_list OFFSHELL NOT string-_list
{ mk_off _shell_not $4 $1 }
| momentum_list GAUSS string_list { mk_gauss $3 $1 }
| momentum_list GAUSS NOT string_list
{ mk_gauss_not $4 $1 }

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

momentum .=
INT { $1 }

string_list ::=
STRING { [$1] }
| string_list COLON STRING { $3 :: $1 }
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string _lists ::=
string _list { [$1] }
| string_lists COMMA string_list { $3 :: $1 }

6.5 Interface of Cascade

module type T =
sig
type constant

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

The latter test is only required in theories with quartic or higher vertices, where
ps will be the list of all incoming momenta in a fusion. is_timelike is required
to determine, whether particles and anti-particles should be distinct.

val select_wf : selectors — (p — bool) — flavor — p — p list = bool
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
15-gauss s p

val is_gauss : selectors — flavor — p — bool

val select_vtx : selectors — constant Coupling.t —
flavor —  flavor list — bool

partition s returns a partition of the external particles that can not be reordered
without violating the cascade constraints.

val partition : selectors — int list list
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Diagnostics:
val description : selectors — string option
end

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

and type p = P.t

6.6 Implementation of Cascade

module type T =
sig

type constant
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 — (p — bool) — 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 select_vtx : selectors — constant Coupling.t —
flavor —  flavor list — bool

val partition : selectors — int list list
val description : selectors — string option

end

module Make (M : Model. T) (P : Momentum.T) :

(T with type flavor = M.flavor and type constant = M .constant and type p = P.t)

struct
module CS = Cascade_syntaz
type constant = M .constant
type flavor = M .flavor
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 < 2then
one_compatible p q

else
let tuple_lengths = ThoList.range 2 (succ l / 2) in
let tuples = ThoList.flatmap (fun n — 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 wf list

module Constant = Modeltools. Constant (M)

type vizx =
{ couplings : M .constant list;
fields : flavor list }

type t =
{wf : wf
(* TODO: The following lists should be sets for efficiency. *)
flavors : flavor list;
vertices : vtz list }
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let default =
{ wf = True;
flavors = [];
vertices = [] }

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

If we knew that we’re dealing with a scattering, we could apply P.flip_s_channel_in
to all momenta, so that 1 4+ 2 accepts the particle and not the antiparticle.
Right now, we don’t have this information.

let only_wf wf = { default with wf = wf }

let cons_and_wf ¢ wfs =
match c.wf, wfs with
| True, wfs — wfs
| False, - — [False]
I wf, [] = [wf]

wf, wfs — wf : wfs

let and_cascades_wf ¢ =
match List.fold_right cons_and_wf ¢ [] with
| [] = True
| [uf] = uf
| wfs — And wfs

let uniq I =
ThoList.uniq (List.sort compare 1)

let import dim cascades =
let rec smport’ = function
| CS.True —
only_wf True
| CS.False —
only_wf False
| CS.On_shell (f, p) —
only —wf
(On_shell (List.map M .flavor_of _string f, P.of _ints dim p))
| CS.On_shell_not (f, p) —
only _wf
(On_shell_not (List.map M.flavor_of _string f, P.of —ints dim p))
| CS.Off _shell (fs, p) —
only _wf
(Off —shell (List.map M .flavor_of _string fs, P.of _ints dim p))
| CS.Off _shell_not (fs, p) —
only - wf
(Off —shell_not (List.map M .flavor_of _string fs, P.of _ints dim p))
| CS.Gauss (f, p) —
only _wf
(Gauss (List.map M .flavor_of _string f, P.of _ints dim p))
| CS.Gauss-not (f, p) —
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only _wf
(Gauss (List.map M .flavor_of _string f, P.of _ints dim p))
| CS.Any_flavor p —
only-wf (Any_flavor (P.of _ints dim p))
| CS.And cs —
let cs = List.map import’ cs in
{ wf = and_cascades_wf cs;
flavors = wuniq (List.concat
(List.map (fun ¢ — c.flavors) cs));
vertices = uniq (List.concat
(List.map (fun ¢ — c.vertices) cs)) }
| CS.X_Flavor fs —
let fs = List.map M .flavor_of _string fs in
{ default with flavors = uniq (fs @ List.map M.conjugate fs) }
| CS.X_Vertex (cs, fss) —
let ¢s = List.map Constant.of _string cs
and fss = List.map (List.map M .flavor_of _string) fss in
let expanded =
List.map
(fun fs — { couplings = cs; fields = fs })
(match fss with
| [] = [[]] (x Subtle: not an empty list! *)
| fss — Product.list (fun fs — fs) fss) in
{ default with vertices = expanded }
in
import’ cascades
let of _string_list dim strings =
match List.map of _string strings with
| [] — default
| first @ next —
import dim (List.fold_right CS.mk_and next first)

let flavors_to_string fs =
(String.concat ":" (List.map M .flavor_to_string fs))

let momentum_to_string p =
String.concat "+" (List.map string-of _int (P.to_ints p))

let rec wf _to_string = function

| True —

"true"
| False —

"false"
| Onc_shell (fs, p) —

momentum_to_string p = "_=u" " flavors_to_string fs
| On_shell_not (fs, p) —

momentum_to_string p ~ "_=u!" " flavors_to_string fs
| Off —shell (fs, p) —

momentum_to_string p =~ ", u" ~ flavors_to_string fs
| Off —shell_not (fs, p) —

momentum_to_string p = ","u!" * flavors_to_string fs
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| Gauss (fs, p) —
momentum_to_string p ~ "_#." ~ flavors_to_string fs
| Gauss_not (fs, p) —
momentum_to_string p ~ "_#,!" ~ flavors_to_string fs
| Any_flavor p —
momentum_to_string p =~ ", u7"
| And cs —
String.concat " &&," (List.map (func — " ("

wf _to_string ¢~ ")") cs)

let vertex_to_string v =
nen  String.concat ":" (List.map M .constant_symbol v.couplings)
v[" " String.concat "," (List.map M.flavor_to_string v.fields) = "1"

let vertices_to_string vs =
(String.concat " &&," (List.map vertex_to_string vs))

let to_string = function
| { wf = True; flavors = []; vertices = [|] } —
| { wf = True; flavors = fs; vertices = [] } —
" flavors_to_string fs
| { wf = True; flavors = []; vertices = vs } —
vertices_to_string vs
| { wf = True; flavors = fs; vertices = vs } —
" flavors_to_string fs T " &&," © vertices_to_string vs
| { wf = wf; flavors = []; vertices = [] } —
wf _to_string wf
| { wf = wf; flavors = []; vertices = vs } —
vertices_to_string vs = " &&." ~ wf _to_string wf
| { wf = wf; flavors = fs; vertices = [] } —
" flavors_to_string fs T " L&&L" T wf _to_string wf
| { wf = wf; flavors = fs; vertices = vs } —

" " flavors_to_string fs ©
"L&& " " wvertices_to_string vs ~
"o&&L" T wf _to_string wf

type selectors =
{ select_p : p — p list > bool;
select_wf : (p — bool) — flavor — p — p list — bool;
on_shell : flavor — p — bool;
is_gauss : flavor — p — bool;
select_vtx : constant Coupling.t — flavor — flavor list — bool,;
partition : int list list;
description : string option }

let no_cascades =

{ select_p = (fun _ _ — true);
select_wf = (fun - _ _ _ — true);
on_shell = (fun _ _ — false);
is_gauss = (fun _ = — false);
select_vtx = (fun - _ = — true);
partition = [];
description = None }

7



Implementation of Cascade

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 select_vtr s = s.select_vtx
let partition s = s.partition

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 e¢s — List.for_all to_select_p’ cs in

to_select_p’ cascades

let to_select_wf cascades is_timelike f p p_in =
let f/ = M.conjugate f in
let rec to_select_wf’ = function
| True — true
| False — false
| Off —shell (flavors, momentum) —
if p = momentum then
List.mem ' flavors V (if is_timelike p then false else List.mem f flavors)
else if p = P.neg momentum then
List.mem f flavors V (if is_timelike p then false else List.mem f' flavors)
else
one_compatible p momentum A all_compatible p p_in momentum
| On_shell (flavors, momentum) | Gauss (flavors, momentum) —
if is_timelike p then begin
if p = momentum then
List.mem ' flavors
else if p = P.neg momentum then
List.mem f flavors
else
one_compatible p momentum A all_compatible p p_in momentum
end else
false
| Off —shell_not (flavors, momentum) —
if p = momentum then

= (List.mem f' flavors V (if is_timelike p then false else List.mem f flavors))

else if p = P.neg momentum then

= (List.mem f flavors V (if is_timelike p then false else List.mem f' flavors))

else
one_compatible p momentum A all_compatible p p_in momentum
| On_shell_not (flavors, momentum) | Gauss_not (flavors, momentum) —
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if is_timelike p then begin
if p = momentum then
= (List.mem ' flavors)
else if p = P.neg momentum then
= (List.mem f flavors)
else
one_compatible p momentum A all_compatible p p_in momentum
end else
false
| 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
= (List.mem [ cascades.flavors) A to_select_wf' cascades.wf

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 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 " flavors)
| On_shell_not (flavors, momentum) —
(p = momentum V p = P.neg momentum) A — (List.mem f flavors V
List.mem f' flavors)
| And [] — false
| And ¢s — List.for_all to_on_shell’ cs in
to_on_shell’ cascades

let to_gauss cascades f p =
let f/ = M.conjugate 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 f’ flavors)
| And [] — false
| And ¢s — List.for_all to_gauss’ cs in
to_gauss’ cascades

module Fields =
struct
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type f = M.flavor
type ¢ = M.constant list

let compare = compare
let conjugate = M .conjugate
end
module Fusions = Modeltools.Fusions (Fields)
let dummys3 Coupling.Scalar_Scalar_Scalar 1

let dummy4 = Coupling.Scalarj 1
let dummyn = ()

Translate the vertices in a pair of lists: the first is the list of always rejected cou-
plings and the second the remaining vertices suitable as input to Fusions.of _vertices.

let translate_vertices vertices =
List.fold_left
(fun (cs, (v3, v4, wvn) as acc) v —
match v.fields with
| [] = (v.couplings Q cs, (v, v4, vn))
|1 5] - ace

| If1; f25 f3] —
(es, (((f1, f2, 138), dummy3, v.couplings) :: v3, v4, vn))
| 15 f25 f3; f4] —

(cs, (v3, ((f1, f2, f3, f4), dummys, v.couplings) :: v4, vn))
| fs = (cs, (03, v4, (fs, dummyn, v.couplings) :: vn)))

(1, (0 {1, [1)) vertices

let unpack -constant = function
| Coupling. V8 (-, -, ¢cs) — cs
| Coupling. V4 (-, -, cs) — cs
| Coupling.Vn (-, _, ¢s) — cs

Sometimes, the empty list is a wildcard and matches any coupling;:

let match_coupling ¢ cs =
List.mem c cs

let match_coupling_wildcard ¢ = function
| [] — true
| ¢s — match_coupling ¢ cs

let to_select_vtr cascades =
match cascades.vertices with
1] =
(* No vertex constraints means that we always accept. *)
(fun ¢ f fs — true)
| wvertices —
match translate_vertices vertices with
0 (LI =
(x If cascades.vertices is not empty, we mustn’t get here ... x)
failwith "Cascade.to_select_vtx: unexpected"
| couplings, ([],[],[]) —
(* No constraints on the fields. Just make sure that the coupling
¢ doesn’t appear in the vetoed couplings. *)
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(funcf fs —
let ¢ = wunpack_constant c in
= (match_coupling ¢ couplings))
| couplings, vertices —
(* Make sure that Fusions.of _vertices is only evaluated once
for efficiency. *)
let fusions = Fusions.of _vertices vertices in
(funcf fs —
let ¢ = wunpack_constant c in
(* Make sure that none of the vetoed couplings matches. Here
an empty couplings list is not a wildcard. x)
if match_coupling c couplings then
false
else
(¥ Also make sure that none of the vetoed vertices matches.
Here an empty couplings list is a wildcard. x)
— (List.exists
(fun (f', cs’) —
let cs’ = wunpack_constant cs’ in
f = f" N match_coupling_wildcard ¢ cs')
(Fusions.fuse fusions fs)))

gz} Not a working implementation yet, but it isn’t used either ...

module IPowSet =
PowSet.Make (struct type t = int let compare = compare let to_string = string_of _int end)

let rec coarsest_partition’ = function
| True | False — IPowSet.empty
| On_shell (-, momentum) | On_shell_not (-, momentum)
| Off —shell (-, momentum) | Off —shell_not (-, momentum)
| Gauss (-, momentum) | Gauss_not (-, momentum)
| Any_flavor momentum — IPowSet.of _lists [P.to_ints momentum)]
| And [] — IPowSet.empty
| And ¢cs — IPowSet.basis (IPowSet.union (List.map coarsest_partition’ cs))

let coarsest_partition cascades =
let p = coarsest_partition’ cascades in
if IPowSet.is_empty p then
[]
else
IPowSet.to_lists p

let part_to_string part =
w{w * String.concat "," (List.map string_of _int part) = "}"

let partition_to_string = function
| H — nn
| parts —
" ugrouping {" " String.concat "," (List.map part_to_string parts) ~ "}"

let to_selectors = function
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| { wf = True; flavors = []; vertices = [| } — no_cascades
| ¢ —
let partition = coarsest_partition c.wf in
{ select_p = to_select_p c.uf;
select_wf = to_select_wf c;
on_shell = to_on_shell c.wf;
is_gauss = to_gauss c.wf;
select_vtr = to_select_vtz c;
partition = partition;
description = Some (to-string ¢ ~ partition_to_string partition) }

end
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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 rep-
resentation of a single SU(N¢) for the moment. 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

7.1.2 Color Flows

module type Flow =
sig

type color
type t = color list x color list
val rank : t — int

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

A factor is a list of powers

power;
num;
—_— 7.1
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type power = { num : int; den : int; power : int }
type factor = power list

val factor : t — t — factor
val zero : factor

end

module Flow : Flow

7.2 Implementation of Color

7.2.1 Quantum Numbers

type t =
| Singlet
| SUN of int
| AdjSUN of int

let conjugate = function
| Singlet — Singlet
| SUN n — 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 Line =
sig
type ¢
val conj : t t
val equal : t t — bool
val to_string : t — string
end

_>
%

module type Cycles =
sig

type line
type t = (line x line) list

Contract the graph by connecting lines and return the number of cycles together
with the contracted graph.

@ The semantics of the contracted graph is not yet 100%ly fixed.

val contract : t — int x t
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The same as contract, but returns only the number of cycles and raises Open _line
when not all lines are closed.

val count : t — int

exception Open_line

Mainly for debugging ...

val to_string : t — string
end

module Cycles (L

: Line) :
struct

: Cycles with type line = L.t =

type line = L.t

type t = (line x line) list

exception Open_line

NB: The following algorithm for counting the cycles is quadratic since it per-
forms 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.
let rec find_fst c_final c1 disc seen = function
| [] = ((L.conj c_final, c1) :: disc, List.rev seen)
| (cl’, ¢2')as c12' :: rest —
if L.equal c1 c1’ then

find_snd c_final (L.conj c¢2') disc []| (List.rev_append seen rest)
else

find_fst c_final c1 disc (c12’ :: seen) rest
and find_snd c_final c2 disc seen = function
| [] = ((L.conj c_final, L.conj ¢2) :: disc, List.rev seen)

| (c1’, c2') as c12’ :: rest —
if L.equal c2’ c2 then begin

if L.equal c1’ c_final then

(disc, List.rev_append seen rest)
else

find_fst c_final (L.conj c1’) disc [] (List.rev_append seen rest)
end else

find_snd c_final c2 disc (c12’
let consume

i seen) rest
= function
)
| (c1, ¢2) = rest — find_snd (L.conj c1) (L.conj c2) [] [] rest
let contract lines =
let rec contract’ acc disc = function
| [] = (ace, List.rev disc)
| rest —

begin match consume rest with

| [], rest’ — contract’ (succ acc) disc rest’

| disc’, rest’ — contract’ acc (List.rev_append disc’ disc) rest’
end in

contract’ 0 [] lines
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let count lines =
match contract lines with
| n, [] = n
| n, - — raise Open_line

let to_string lines =
String.concat ""
(List.map
(fun (c1, ¢2) — "[" " L.to_string cl1
lines)

end

7.2.2 Color Flows

module type Flow =

sig
type color
type t = color list x color list
val rank : t — int
val of _list : int list — color
val ghost : wunit — color
val to_lists : t — int list list

t — int list list
t — nt list list
t — bool list
t — bool list
t — bool list

val in_to_lists :
val out_to_lists :
val ghost_flags :
val in_ghost_flags :
val out_ghost_flags :

type power = { num : int; den : int; power :
type factor = power list
val factor : t — t — factor
val zero : factor
end
module Flow (x : 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
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| [el; ¢2] — Lines (c1, ¢2)
| - — invalid_arg "Color.Flow.of_list: num_lines,'= 2"

let to_list = function
| Lines (c1, ¢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
| 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

Evaluation
type power = { num : int; den : int; power : int }
type factor = power list
let zero = []
let count_ghostsl colors =
List.fold _left
(fun acc — function Ghost — succ acc | - — acc)

0 colors

let count_ghosts (fin, fout) =
count_ghostsl fin + count_ghostsl fout

type o square =
| Square of «
| Mismatch

let conjugate = function
| Lines (¢, ¢2) — Lines (—c2, —cl)
| Ghost — Ghost

let cross—in (cin, cout) =
cin @ (List.map conjugate cout)

let cross_out (cin, cout) =
(List.map conjugate cin) @ cout
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module C = Cycles (struct
type t = int
let conj = (—)
let equal = (=)
let to_string = string_of —int

end)

let square f1 f2 =
let rec square’ acc f1' f2' =

match f1’, f2’ with

| ], [] = Square (List.rev acc)

| -, []1 1 [], - = Mismatch

| Ghost :: restl, Ghost :: rest2 —
square’ acc restl rest2

| Lines (0, 0) :: restl, Lines (0, 0) :: rest2 —
square’ acc restl rest2

| Lines (0, ¢1') :: restl, Lines (0, c2') = rest?2 —

square’ ((cl1’, ¢2') = acc) restl rest2
| Lines (cI, 0) :: restl, Lines (¢2, 0) :: rest2 —
square’ ((cl, ¢2) :: acc) restl rest2
| Lines (0, =) == -, - | -, Lines (0, ) = _
| Lines (-, 0) == —, - | -, Lines (-, 0) == - — Mismatch
| Lines (-, =) == -, Ghost == _ | Ghost :: _, Lines (-, ) = - —

Mismatch
| Lines (cI, c1') :: restl, Lines (c2, c¢2') = rest2 —
square’ ((c1’, ¢2') = (cl, ¢2) :: acc) restl rest2 in
square’ [] (cross_out f1) (cross_out f2)

In addition to counting closed color loops, we also need to count closed gluon
loops. Fortunately, we can use the same algorithm on a different data type,
provided it doesn’t require all lines to be closed.

module C2 = Cycles (struct

type t = wnt X int

let conj (c1, ¢2) = (— ¢2, — cl)

let equal (c1, ¢2) (cl’, ¢2') = ¢l = cl' N ¢2 = 2’

let to_string (c1, ¢2) = "(" " string_of —int ¢1 ~ " ," "~ string_of —int c2 "~ ")"
end)

let square2 f1 f2 =
let rec square2’ acc f1' f2! =

match f1’, f2’ with

| ], [] = Square (List.rev acc)

| -, [1 | [], - = Mismatch

| Ghost :: restl, Ghost :: rest2 —
square2’ acc restl rest2

| Lines (0, 0) :: restl, Lines (0, 0) :: rest2 —
square?’ acc restl rest2

| Lines (0, _) :: restl, Lines (0, _) :: rest2

| Lines (-, 0) :: restl, Lines (-, 0) = rest2 —
square2’ acc restl rest2

| Lines (0, _) == —, - | -, Lines (0, =) = _
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| Lines (-, 0) == —, - | -, Lines (-, 0) == - — Mismatch
| Lines (-, =) =+ -, Ghost :: _ | Ghost :: _, Lines (-, ) = - —
Mismatch
| Lines (c1, c1’) == restl, Lines (¢2, c2') = rest?2 —
square2’ (((c1, c1’), (c2, c2')) = acc) restl rest2 in
square2’ [] (cross_out f1) (cross-out f2)

int_power : np — nP for integers is missing from Pervasives!

let int_power n p =
let rec int_power’ acc i =

if ¢ < 0 then

invalid_arg "int_power"
else if i = 0 then

acc
else

int_power’ (n X acc) (pred i) in
nt_power’ 1 p

Instead of implementing a full fledged algebraic evaluator, let’s simply expand
the binomial by hand:

P Qe

=0

NB: Any result of square other than Mismatch guarantees count_ghosts f1 = count_ghosts f2.

let factor f1 f2 =
match square f1 f2, square2 f1 f2 with

| Mismatch, - | -, Mismatch — []
| Square f12, Square f12' —
let num_cycles = C.count f12
and num_cycles2, disc = C2.contract f12’
and num-_ghosts = count_ghosts fI in
List.map
(fun i —
let parity = if num_ghosts mod 2 = 0 then 1 else -1
and power = num_cycles — num_ghosts in
let coeff = int_power (—2) i x Combinatorics.binomial num_cycles2 i
and power2 = — 2 X iin
{ num = parity x coeff;
den = 1;
power = power + power2 })

(ThoList.range 0 num_cycles2)
end
later:

module General_Flow =
struct

type color =
| Lines of int list
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| 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
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— 8

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
val conjugate : wf — wf

Obviously, flavor is not restricted to the physical notion of flavor, but can carry
spin, color, etc.

type flavor

val flavor : wf — flavor

type flavor_sans_color

val flavor_sans_color : wf — flavor_sans_color

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
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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.

type coupling

type rhs

type « children

val sign : rhs — int

val coupling : rhs — constant Coupling.t

val coupling_tag : rhs — string option

type exclusions
val no_exclusions : exclusions

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) = ¢(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 amplitudes : bool — exclusions — selectors —
flavor_sans_color list — flavor_sans_color list — amplitude list

val dependencies : amplitude — wf — (wf, coupling) 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

<f3ap37f47p47'"‘T‘flaplaf27p2> (813’)
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directly, O’Mega calculates the—equivalent, but more symmetrical—crossed
amplitude

<f15_p17f2a_p27f37p37f4ap47""T‘0> (81b)
Internally, all flavors are represented by their charge conjugates
A(f17_p1af2a_p27f3ap3af4ap4a"') (810)

The correspondence of vertex and term in the lagrangian

A A (8.2)

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

VA (e, 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
val set_cache_name : string — wunit

IEven 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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Diagnostics

val check_charges : unit — flavor_sans_color list list
val count_fusions : amplitude — int

val count_propagators : amplitude — int

val count_diagrams : amplitude — int

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

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 = Colorize.It(M).flavor
and type flavor_sans_color = 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_Majorana : 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 Amplitudes

module type Multi =
sig
exception Mismatch
val options : Options.t

type flavor
type process = flavor list X flavor list
type amplitude
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type fusion

type wf

type exclusions

val no_exclusions : exclusions
type selectors

type amplitudes

Construct all possible color flow amplitudes for a given process.

val amplitudes : bool — int option —
exclusions — selectors — process list — amplitudes
val empty : amplitudes

Precompute the vertex table cache.

val initialize_cache : string — unit
val set_cache_name : string — unit

The list of all combinations of incoming and outgoing particles with a nonvan-
ishing 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 — process 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 amplitudes.
val processes : amplitudes — amplitude list

(process_table a).(f).(c) returns the amplitude for the fth allowed flavor com-
bination and the cth allowed color flow as an amplitude option.

val process_table : amplitudes — amplitude option array array

The list of all non redundant fusions together with the amplitudes they came
from.

val fusions : amplitudes — (fusion X amplitude) list

If there’s more than external flavor state, the wavefunctions are not uniquely
specified by flavor and Momentum.t. This function can be used to determine
how many variables must be allocated.

val multiplicity : amplitudes — wf — int

This function can be used to disambiguate wavefunctions with the same combi-
nation of flavor and Momentum.t.

val dictionary : amplitudes — amplitude — wf — int

(eolor_factors a).(c1).(c2) power of N¢ for the given product of color flows.

95



Implementation of Fusion

val color_factors : amplitudes — Color.Flow.factor array array
A description of optional diagram selectors.
val constraints : amplitudes — string option
end

module type Multi_Maker = functor (Fusion_Maker : Maker) —
functor (P : Momentum.T) —
functor (M : Model.T) —
Multi with type flavor = M.flavor
and type amplitude = Fusion_Maker(P)(M).amplitude
and type fusion = Fusion_Maker(P)(M).fusion
and type wf = Fusion_Maker(P)(M).wf
and type selectors = Fusion_Maker(P)(M).selectors

module Multi : Multi_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
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 = Colorize It(M).flavor
and type flavor_sans_color = M .flavor
and type constant = M .constant

module Tagged_Binary : Tagged_-Maker
8.2 Implementation of Fusion
module type T =
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sig
val options : Options.t
type wf
val conjugate : wf — wf
type flavor

type flavor_sans_color

val flavor : wf — flavor

val flavor_sans_color : wf — flavor_sans_color

type p

val momentum : wf — p

val momentum_list : wf — int list

val wf_tag : wf — string option

type constant

type coupling

type rhs

type a children

val sign : rhs — int

val coupling : rhs — constant Coupling.t

val coupling_tag : rhs — string option

type exclusions

val no_exclusions : exclusions

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

val amplitudes : bool — exclusions — selectors —
flavor_sans_color list — flavor_sans_color list — amplitude list

val dependencies : amplitude — wf — (wf, coupling) 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 set_cache_name : string — wunit

val check_charges : unit — flavor_sans_color list list

val count_fusions : amplitude — int

val count_propagators : amplitude — int

val count_diagrams : amplitude — int
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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
end

module type Maker =
functor (P : Momentum.T) — functor (M : Model. T) —
T with type p = P.t
and type flavor = Colorize. It(M).flavor
and type flavor_sans_color = 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

end

module type Stat_Maker = functor (M : Model.T) —
Stat with type flavor = M .flavor

8.2.2 Dirac Fermions

module Stat_Dirac (M : Model.T) : (Stat with type flavor = M .flavor) =
struct
type flavor = M .flavor

Wt (1) G* P(2)0(3) = 7t (3) G* h(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, [])
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Y(3) Y(3)
0 b2 - 0 ¥(2)
1 Y(1)

Figure 8.1: Relative sign from Fermi statistics.

else (x if s > 0 then x)
Fermion (p, [])

exception Impossible

let stat_fuse s1 s2 f =
match s, s2 with
| Boson l1, Boson 12 — Boson (i1 @Q [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, l1 @ [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

¢({(0,1),(2,3)}) = —e({(0,3), (2, )}) (8.5)

let permutation lines =
let fout, fin = List.split lines in
let eps_in, - = Combinatorics.sort_signed fin
and eps_out, - = Combinatorics.sort_signed 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 =
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sig

type wf

type coupling

type «a 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 = Colorize. It(M).flavor
and type flavor_sans_color = 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 = o PT.t

let null_wf = ()

let null_coupling = ()

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 (+) c wfs

let wf_to_string n = Some (string_of _int n)
let coupling_to_string n = Some (string_of _int n)
end

module Order_Tags (PT : Tuple.Poly) =
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struct
type wf = int
type coupling = int
type « children = « 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 Tagged, the Fusion.Make Functor

module Tagged (Tagger : Tagger) (PT : Tuple.Poly)
(Stat : Stat_Maker) (T : Topology.T with type « children = « PT.t)
(P : Momentum.T) (M : Model.T) =
struct

type cache_mode = Cache_Use | Cache_Ignore | Cache_Qverwrite
let cache_option = ref Cache_Use
type qcd_order =
| QCD_order of int
type ew_order =
| EW _order of int
let ged_order = ref (QCD_order 99)
let ew_order = ref (EW _order 99)

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),
"overwritecached model tables";
"qcd", Arg.Int (fun n — ged_order := QCD_order n),
"set ,QCD order n,[>=0, default = ,99]";
"ew", Arg.Int (fun n — ew_order := EW _order n),
"set,QCD order n,[>=0, default, =,99]"]

exception Negative_ QCD _order
exception Negative- EW _order
exception Vanishing - couplings
exception Negative_- QCD_EW _orders

let int_orders =
match !ged_order, lew_order with
| QCD_order n, EW _order n’ whenn < 0 A n’
raise Negative- QCD _order
| QCD_order n, EW _order n’ whenn > 0 A n/ < 0 —
raise Negative- EW _order
| QCD_order n, EW _order n’ whenn < 0 A n/ < 0 —
raise Negative_QCD_EW _orders
| QCD_order n, EW _order n' — (n,

Y3
(@)
1

:\
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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 ...

let stat_fuse s f =
PT.fold_right_internal (fun s’ acc — S.stat_fuse s’ acc f) s

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.

We will need two types of amplitudes: with color and without color. Since we

can build them using the same types with only flavor replaced, it pays to use a
functor to set up the scaffolding.

module Tags = Tagger(PT)

In the future, we might want to have Coupling among the functor arguments.
However, for the moment, Coupling is assumed to be comprehensive.

module type Tagged_Coupling =
sig
type sign = nt
type ¢
{ sign : sign;
coupling : constant Coupling.t;
coupling_tag : Tags.coupling }
val sign : t — sign
val coupling : t — constant Coupling.t
val coupling_tag : t — string option
end

module Tagged_Coupling : Tagged_Coupling =

struct
type sign = nt
type ¢
{ sign : sign;
coupling : constant Coupling.t;
coupling_tag : Tags.coupling }
let sign ¢ = c.sign
let coupling ¢ = c.coupling
let coupling_tag_-raw ¢ = c.coupling_tag
let coupling_tag ths = Tags.coupling_to_string (coupling_tag_raw rhs)
end

102



Implementation of Fusion

Amplitudes: Monochrome and Colored

module type Amplitude =
sig
module Tags : Tags

type flavor
type p

type wf =
{ flavor : flavor;
momentum : p;
wf_tag : Tags.wf }

val flavor : wf — flavor

val conjugate : wf — wf

val momentum : wf — p

val momentum_list : wf — int list

val wf_tag : wf — string option

val wf _tag_raw : wf — Tags.wf

val order_wf : wf — wf — int

val external_wfs : int — (flavor x int) list — wf list

type a children

type coupling = Tagged_Coupling.t

type ths = coupling x wf children

val sign : rhs — int

val coupling : rhs — constant Coupling.t
val coupling_tag : rhs — string option
type exclusions

val no_exclusions : exclusions

val children : rhs — wf list

type fusion = wf X rhs list
val lhs : fusion — wf
val rhs : fusion — rhs list

type braket = wf x rhs list
val bra : braket — wf
val ket : braket — rhs list

module D :
DAG.T with type node = wf and type edge = coupling and type children = wf children

val wavefunctions : braket list — wf list

type amplitude =
{ fusions : fusion list;
brakets : braket list;
on_shell : (wf — bool);
is_gauss : (wf — bool);
constraints : string option;
incoming : flavor list;
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outgoing : flavor list;

externals : wf list;

symmetry : int;

dependencies : (wf — (wf, coupling) Tree2.t);
fusion_tower : D.t;

fusion_dag : D.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 dependencies : amplitude — wf — (wf, coupling) Tree2.t
val fusion_dag : amplitude — D.t

end

module Amplitude (PT : Tuple.Poly) (P : Momentum.T) (M : Model.T) :
Amplitude
with type p = P.t
and type flavor = M .flavor
and type « children = « PT.t
and module Tags = Tags =
struct

type flavor = M.flavor
type p = P.t

module Tags = Tags
type wf =

{ flavor : flavor;
momentum : p;

wf-tag : Tags.wf }

let flavor wf = wf.flavor

let conjugate wf = { wf with flavor = M.conjugate wf.flavor }
let momentum wf = wf.momentum

let momentum_list wf = P.to_ints wf.momentum

let wf_tag wf = Tags.wf -to_string wf.wf _tag
let wf_tag_raw wf = wf.wf_-tag

let external_wfs rank particles =
List.map
(fun (f, p) —
{ flavor = f;

momentum = P.singleton rank p;
wf_tag = Tags.null_wf })
particles
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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

| 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

¢
else

compare f1 f2

Note that Momentum().compare guarantees that wavefunctions will be ordered
according to increasing Momentum().rank of their momenta.

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
This must be a pair matching the edge x mnode children pairs of DAG.Forest!

type coupling = Tagged_Coupling.t

type a children = o PT.t

type rhs = coupling x wf children

let sign (¢, -) = Tagged_Coupling.sign ¢
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let coupling (¢, -) = Tagged_Coupling.coupling ¢
let coupling_tag (¢, -) = Tagged_Coupling.coupling_tag c
type exclusions =
{ z_flavors : flavor list;
x_couplings : coupling list }
let no_exclusions = { z_flavors = []; z-couplings = [] }
let children (-, wfs) = PT.to_list wfs

type fusion = wf x rhs list
let ths (I, ) = 1
let rhs (-, ) = r

type braket = wf X rhs list
let bra (b, -) = b
let ket (-, k) = k

module D = DAG.Make
(DAG .Forest(PT)
(struct type t = wf let compare = order_wf end)
(struct type t = coupling let compare = compare end))

module WFESet =
Set.Make (struct type t = wf let compare = order_wf end)

let wavefunctions brakets =
WFSet.elements (List.fold_left (fun set (wfl, wf23) —
WESet.add wfl (List.fold_left (fun set’ (=, wfs) —
PT.fold_right WFSet.add wfs set’) set wf23)) WFESet.empty brakets)

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, coupling) Tree2.t);
fusion_tower : D.t;
fusion_dag : D.t }

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
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let fusion_dag a = a.fusion_dag
end
module A = Amplitude(PT)(P)(M)
Operator insertions can be fused only if they are external.

let is_source wf =
match M .propagator wf.A.flavor with
| Only_Insertion — P.rank wf.A.momentum = 1
| - — true

is_goldstone_of g v is true if and only if ¢ 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 =y

!

@ 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 = A.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 (f1, ¢) — 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 = (A.flavor x (constant Coupling.t X A.flavor PT.t) list) list

let vertices_nocache maz_degree flavors : wvertices =
VSet.fold (fun f rhs v — (f, rhs) = v)
(PT.power_fold collect_vertices flavors VSet.empty) []

Performance hack:
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type vertex_table =
((A.flavor x A.flavor x A.flavor) x constant Coupling.vertex3 X
constant) list
x ((A.flavor x A.flavor x A.flavor x A.flavor)
x constant Coupling.vertex) X constant) list
x (A.flavor list x constant Coupling.vertexn X constant) list

module VCache =
Cache.Make (struct type t = wertex_table end) (struct type t = wvertices end)

let vertices_cache = ref None

let hash () = VCache.hash (M .vertices ())

Can we do better than the executable name provided by Config.cache_prefix?7?
We need a better way to avoid collisions among the caches for different mod-
els in the same program.

let cache_name =
ref (Config.cache_prefix = "." "~ Config.cache_suffiz)

let set_cache_name name =
cache_name := mname

let initialize_cache dir =

Printf .eprintf
"u>>>_ Initializing vertex table,%s._ This may take some time... "
lcache_name;

flush stderr;

VCache.write_dir (hash ()) dir lcache_name
(vertices_nocache (M .mazx_degree ()) (M.flavors()));

Printf.eprintf "done. <<< \n"

let vertices max_degree flavors : wvertices =
match lvertices_cache with
| None —
begin match !cache_option with
| Cache_Use —
begin match VCache.maybe_read (hash ()) !cache_name with
| VCache.Hit result — result
| VCache.Miss —
Printf .eprintf

"u>>>_Initializing vertex table_%s._ ,This may take some time...

lcache_name;
flush stderr;
let result = wertices_nocache max_degree flavors in
VCache.write (hash ()) !cache_name (result);
vertices—cache = Some result;
Printf.eprintf "done. ,<<<_\n";
flush stderr;
result
| VCache.Stale file —
Printf .eprintf
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">>> Re-initializing ;stale vertex table_ %s in_file %s. "

lcache_name file;

Printf.eprintf "This may take_ some_ timey. ... ";
flush stderr;
let result = wertices_nocache max_degree flavors in
VCache.write (hash ()) lcache_name (result);
vertices_cache = Some result;
Printf.eprintf "“done._ <<<_\n";
flush stderr;
result

end

| Cache_Overwrite —
Printf .eprintf

"u>>> 0verwriting vertex table s.  This may take some_ time. ..

lcache_name;
flush stderr;
let result = wertices_nocache max_degree flavors in
VCache.write (hash ()) !cache_name (result);
vertices_cache = Some result;
Printf.eprintf "done._ <<< \n";
flush stderr;
result
| Cache_Ignore —
Printf .eprintf

"u>> >L,Ignoringuvertexutable._,%s .uuThis may take some time,. ..

lcache_name;
flush stderr;
let result = wertices_nocache max_degree flavors in
vertices_cache = Some result;
Printf.eprintf "“done._ <<<_\n";
flush stderr;
result
end
| Some result — result

Note that we must perform any filtering of the vertices after caching, because
the restrictions must not influence the cache (unless we tag the cache with model
and restrictions).

let filter _vertices select_uvtx vertices =
List.fold _left
(fun acc (f, cfs) —
let f* = M.conjugate f in
let cfs =
List.filter
(fun (¢, fs) — select_vtx ¢ f' (PT.to_list fs))
cfs
in
match cfs with
| [] = acc

| cfs = (f, ¢fs) = acc)
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[] vertices

Partitions

Vertices that are not crossing invariant need special treatment so that they’re
only generated for the correct combinations of momenta.

NB: the crossing checks here are a bit redundant, because CM .fuse below
will bring the killed vertices back to life and will have to filter once more.
Nevertheless, we keep them here, for the unlikely case that anybody ever wants
to use uncolored amplitudes directly.

NB: the analogous problem does not occur for select_wf, because this applies
to momenta instead of vertices.

This approach worked before the colorize, but has become futile, because
CM .fuse will bring the killed vertices back to life. We need to implement
the same checks there again!!!

@ 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 g2 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 kmatriz_cuts ¢ 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
| [q¢1; q2; ¢3] — (P.Scattering.timelike (P.add q1 ¢2),
P.Scattering.timelike (P.add ¢2 ¢3),
P.Scattering.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 | F242 | F432 | F123 | F219 |
F124 | F21])
| 0, false, true, false, (F134 | F143 | F234 | F243 | F312 | F321 |
F/12 | F421)
| 0, false, false, true, (F314 | F413 | F324 | F423 | F132 | F231 |
F142 | F241) —
true
| 1, true, false, false, (F341 | F431 | F342 | F4{32)
| 1, false, true, false, (F134 | F143 | F234 | F243)
| 1, false, false, true, (F814 | F413 | F324 | F423) —
true
| 2, true, false, false, (F123 | F213 | F124 | F21})
| 2, false, true, false, (F312 | F321 | F412 | F421)
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| 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 | F214 | F241 | F132 | F123 |
F432 | F423)
| 3, false, false, true, (F134 | F431 | F124 | F421 | F312 | F213 |
F342 | F243) —
true
| - — false
end
| V4 (DScalar2_Vector2_K_Matriz_ms (disc, =), fusion, -) —
let s12, s23, s13 =
begin match PT.to_list momenta with
| [q1; q2; q3] — (P.Scattering.timelike (P.add q1 ¢2),
P.Scattering.timelike (P.add ¢2 ¢3),
P.Scattering.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, (F13/ | F143 | F2534 | F243 | F312 | F321 |
Fj12 | F421)
| 0, false, false, true, (F314 | F413 | F324 | F423 | F132 | F231 |
F142 | F241) —
true
| 1, true, false, false, (F341 | F432 | F123 | F214)
| 1, false, true, false, (F134 | F243 | F812 | F421)
| 1, false, false, true, (F314 | F423 | F152 | F241) —
true
| 2, true, false, false, (F431 | F342 | F213 | F124)
| 2, false, true, false, (F143 | F234 | F321 | F{12)
| 2, false, false, true, (F413 | F324 | F231 | F142) —
true
| 3, true, false, false, (F143 | F413 | F142 | F412 | F321 | F231 |
F324 | F23))
| 3, false, true, false, (F314 | F341 | F214 | F241 | F132 | F123 |
F432 | F{23)
| 3, false, false, true, (F134 | F431 | F124 | F421 | F312 | F213 |
F342 | F243) —
true
| 4, true, false, false, (F142 | F413 | F231 | F324)
| 4, false, true, false, (F214 | F341 | F123 | F432)
| 4, false, false, true, (F124 | F431 | F213 | F342) —
true
| 5, true, false, false, (F143 | F412 | F321 | F234)
| 5, false, true, false, (F314 | F241 | F132 | F423)
| 5, false, false, true, (F134 | F421 | F312 | F248) —
true
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| 6, true, false, false, (F134 | F132 | F314 | F312 | F241 | F243 |
F421 | F423)
| 6, false, true, false, (F213 | F413 | F251 | F431 | F124 | F324 |
F142 | F342)
| 6, false, false, true, (F143 | F123 | F341 | F321 | F}12 | F21/ |
FJ32 | F23)) —
true
| 7, true, false, false, (F134 | F312 | F421 | F243)
| 7, false, true, false, (F413 | F231 | F142 | F324)
| 7, false, false, true, (F143 | F321 | F412 | F432) —
true
| 8, true, false, false, (F132 | F314 | F241 | F423)
| 8, false, true, false, (F213 | F431 | F124 | F342)
| 8, false, false, true, (F123 | F341 | F214 | F23}) —
true
| - — false
end
| V4 (DScalarf K _Matriz_ms (disc, _), fusion, _) —
let s12, s23, s18 =
begin match PT'.to_list momenta with
| [q1; q2; q3] — (P.Scattering.timelike (P.add q1 ¢2),
P.Scattering.timelike (P.add ¢2 ¢3),
P.Scattering.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, (F13/ | F143 | F2534 | F243 | F312 | F321 |
F/12 | F421)
| 0, false, false, true, (F314 | F413 | F32 | F423 | F132 | F231 |
F142 | F241) —
true
| 3, true, false, false, (F143 | F413 | F142 | F412 | F321 | F231 |
F32/ | F234)
| 3, false, true, false, (F314 | F341 | F214 | F241 | F132 | F123 |
F432 | F423)
| 3, false, false, true, (F134 | F431 | F124 | F421 | F312 | F213 |
F342 | F243) —
true
| 4, true, false, false, (F142 | F413 | F231 | F324)
| 4, false, true, false, (F214 | F341 | F123 | F432)
| 4, false, false, true, (F124 | F431 | F213 | F342) —
true
| 5, true, false, false, (F143 | F412 | F521 | F234)
| 5, false, true, false, (F314 | F241 | F152 | F423)
| 5, false, false, true, (F134 | F421 | F312 | F248) —
true
| 6, true, false, false, (F134 | F132 | F314 | F312 | F241 | F243 |
F421 | F423)
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| 6, false, true, false, (F213 | F413 | F231 | F431 | F124 | F32} |
F142 | F342)
| 6, false, false, true, (F143 | F123 | F841 | F321 | F412 | F214 |
F432 | F23)) —
true
| 7, true, false, false, (F134 | F312 | F421 | F243)
| 7, false, true, false, (F418 | F231 | F142 | F324)
| 7, false, false, true, (F143 | F321 | F412 | F432) —
true
| 8, true, false, false, (F132 | F314 | F241 | F423)
| 8, false, true, false, (F213 | F431 | F124 | F342)
| 8, false, false, true, (F123 | F341 | F214 | F234) —

true
| - — false
end
| - — true

Counting QCD and EW orders.

let ged_ew_check orders =
if fst (orders) < fst (int_orders) A
snd (orders) < snd (int_orders) then
true
else
false

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) =
({ A.flavor = f1;
A.momentum = P.of _ints dim pl;
Awf_tag = A.Tags.null_wf },
Product.fold2 (fun (¢, f) p acc —
try
let p’ = PT.map (P.of —ints dim) p in
if select_p (P.of —ints dim p1) (PT.to_list p') A kmatriz_cuts c p’ then
(¢, PT.map2 (fun " p"”" — { A.flavor = f";
A.momentum = p';
Awf _tag = A.Tags.null_wf }) f p') = acc
else
acc
with
| PT.Mismatched_arity — acc) f28 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 wvery 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 —
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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)) 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 select_vtx wfss : (A.wf x stat x A.rhs) list =
if PT.for_all (fun (wf, ) — ids_source wf) wfss then
try
let wfs, ss = PT.split wfss in
let flavors = PT.map A.flavor wfs
and momenta = PT.map A.momentum wfs
and wf_tags = PT.map A.wf_tag_raw wfs in
let p = PT.fold_left_internal P.add momenta in
List.fold_left
(fun acc (f, ¢) —
if select_wf f p (PT.to_list momenta)
A select_vtx ¢ f (PT.to_list flavors)
A kmatriz_-cuts ¢ momenta then
let s = stat_fuse ss f in
let flip =
PT.fold_left (fun acc ' — acc X stat_sign s') (stat_sign s) ssin
({ A.flavor = f;
A.momentum = p;
Awf_tag = A.Tags.null_wf }, s,
({ Tagged_Coupling.sign = flip;
Tagged - Coupling.coupling = c;

Tagged_ Coupling.coupling_tag = A.Tags.null_coupling }, wfs)) ::

else
acc)
[1 (fuse_rhs flavors)
with
| P.Duplicate _ | S.Impossible — []
else

[]

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.
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In summary, it seems that (wf x stat) list array x A.D.t should be replaced
by (wf — stat) x A.D.t.

module GF =
struct
module Nodes =
struct
type t = A.wf
module G = struct type t = int let compare = compare end
let compare = A.order_wf
let rank wf = P.rank wf.A.momentum
end
module Fdges = structtypet = A.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
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_maz_rank dag in
Array.init max_rank (fun n — D’.ranked n dag)

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 7 4+ 1 momenta and their Fermistatistics.

[{611), 62(12), 63(p3), -},
{p12(p1 + p2), Plo(p1 +p2), .-, P13(p1 4+ p3), -, Pa3(p2 + p3), ...}, (8.6)

{B1m(pr+++ F Pu)s G (P + -+ p0)s - }]

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 select_vtx tower =
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let rank = succ (Array.length tower) in
List.sort Pervasives.compare
(PT.graded _sym_power_fold rank
(fun wfs acc — fuse select_wf select_vtz wfs Q acc) tower [])

let add_offspring dag (wf, -, rhs) =
A.D.add_offspring wf rhs dag

let filter_offspring fusions =
List.map (fun (wf, s, =) — (wf, s)) fusions

let rec fusion_tower’ n_max select_wf select_vtz tower dag : (A.wf x
stat) list array x A.D.t =
if Array.length tower > n_max then
(tower, dag)
else
let tower’ = grow select_wf select_vtx tower in
fusion_tower’ n_maz select _wf select_vtx
(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, -) — A.D.add_node wf m) A.D.empty wfs

let mized_fold_left f acc lists =
Array.fold_left (List.fold_left f) acc lists

module Stat_Map =
Map.Make (struct type t = A.wf let compare = A.order_wf end)

let fusion_tower height select_wf select_vtr wfs : (A.wf — stat) X
AD.t =
let tower, dag =
fusion_tower’ height select _wf select_vtx [|wfs|] (make_external_dag wfs) in
let stats = mixed_fold_left
(fun m (wf, s) — Stat_Map.add wf s m) Stat_Map.empty tower in
((fun wf — Stat_Map.find wf stats), dag)

Calculate the minimal tower of fusions that suffices for calculating the ampli-
tude.

let minimal _fusion_tower n select_wf select_vtx wfs : (A.wf — stat) x
A.D.t =
fusion_tower (T.mazx_subtree n) select_wf select_vtx 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 select_vtx wfs : (A.wf — stat) x
AD.t =
fusion_tower (List.length wfs — 1) select_wf select_vtx wfs
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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 DAG().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 =
A.D.fold_nodes (fun wf dag’ —
match M .goldstone wf.A.flavor with
| Some (g, -) —
let wf’ = { wf with A.flavor = g }in
if A.D.is_node wf’ tower then begin
A.D.harvest tower wf’ dag’
end else begin
dag’
end
| None — dag’) dag dag

Calculate the sign from Fermi statistics that is not already included in the
children.

The use of PT.of2_kludge 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 (A.flavor wfl))))

(A.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 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 N A.D.is_node wfl dag then
match List.filter (test_rhs dag) pairs with
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| [] = acc
| pairs’ — (wfl, List.map (fun (¢, wfs) —
({ Tagged_Coupling.sign = stat_keystone stats wfl wfs;
Tagged - Coupling.coupling = c;
Tagged - Coupling.coupling_tag = A.Tags.null_coupling },
wfs)) pairs’) :: acc
else
acc

Amplitudes

module C' = Cascade. Make(M)(P)
type selectors = C.selectors

let external_wfs n particles =
List.map (fun (f, p) —
({ A.flavor = f;
A.momentum = P.singleton n p;
Awf_tag = A.Tags.null_wf },
stat f p)) particles

Main Function

module WFMap = Map.Make (struct type t = A.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 = A.D.map f (fun node rhs — map_rhs rhs) in
let tower = map_dag a.A.fusion_tower
and dag = map_dag a.A.fusion_dag in
let dependencies_map =

A.D.fold (fun wf - — WFMap.add wf (A.D.dependencies dag wf)) dag WFMap.empty in
{ A.fusions = List.map map_fusion a.A.fusions;

A.brakets = List.map map_braket a.A.brakets;

A.on_shell = a.A.on_shell;

A.is_gauss = a.A.is_gauss;

A.constraints = a.A.constraints;

A.incoming = a.A.incoming;

A.outgoing = a.A.outgoing;

A.externals = List.map f a.A.externals;

A.symmetry = a.A.symmetry;

A.dependencies = (fun wf — WFMap.find wf dependencies_map);
A.fusion_tower = tower;

A.fusion_dag = dag }
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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 = nin 4+ nout in
let externals = List.combine f (ThoList.range 1 n) in
let wfs = external_wfs n externals in
let select_p = C.select_p selectors in
let select_wf =

match fin with

| [-] — C.select_wf selectors P.Decay.timelike

| - — C.select_wf selectors P.Scattering.timelike in
let select_vtx = C.select_vtx selectors in

Build the full fusion tower (including nodes that are never needed in the ampli-
tude).

let stats, tower =

if goldstones then

complete_fusion_tower select_wf select_vtr wfs
else

minimal - fusion_tower n select_wf select_vtr 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
(filter _vertices select_vtx
(vertices (M .max_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
A.D.harvest_list tower (A.wavefunctions brakets) in

Remove the leaf nodes of the DAG, corresponding to external lines.

let fusions =
List.filter (function (-, []) — false | - — true) (A.D.lists dag) in

Calculate the symmetry factor for identical particles in the final state.

let symmetry =
Combinatorics.symmetry fout in

let dependencies-map =
A.D.fold (fun wf - — WFMap.add wf (A.D.dependencies dag wf)) dag WFMap.empty in
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Finally: package the results:

{ A.fusions = fusions;
A.brakets = brakets;
A.on_shell = (funwf — C.on_shell selectors (A.flavor wf) wf.A.momentum);

A.is_gauss = (funwf — C.is_gauss selectors (A.flavor wf) wf.A.momentum);
A.constraints = C.description selectors;

A.incoming = fin;

A.outgoing = fout;

A.externals = List.map fst wfs;

A.symmetry = symmetry;

A.dependencies = (fun wf — WFMap.find wf dependencies_map);
A.fusion_tower = tower;

A.fusion_dag = dag }

Color

module CM = Colorize. It(M)
module CA = Amplitude(PT)(P)(CM)

let colorize_wf flavor wf =
{ CA.flavor = flavor;
CA.momentum = wf.A.momentum;
CA.wf_tag = wf.A.wf_tag }

let uncolorize_wf wf =
{ A.flavor = CM.flavor_sans_color wf.CA.flavor;
A.momentum = wf.CA.momentum;
Awf_tag = wf.CA.wf_tag }

At the end of the day, I shall want to have some sort of fibered DAG as
abstract data type, with a projection of colored nodes to their uncolored

counterparts.

module CWFBundle = Bundle.Make

(struct
type elt = CA.wf
let compare_elt = compare

type base = A.wf

let compare_base compare
let pi wf =
{ A.flavor = CM.flavor_sans_color wf.CA.flavor;
A.momentum = wf.CA.momentum;

Awf_tag = wf.CAwf_tag }
end)

g% For now, we can live with simple aggregation:

type fibered_dag = { dag : CA.D.t; bundle : CWFBundle.t }
Not yet(?) needed: module CS = Stat (CM)

123



Implementation of Fusion

let colorize_sterile_nodes dag f wf fibered_dag =
if A.D.is_sterile wf dag then
let wf’, wf_bundle’ = f wf fibered_dag in
{ dag = CA.D.add_node wf' fibered_dag.dag;
bundle = wf_bundle’ }
else
fibered_dag

let colorize_nodes f wf rhs fibered_dag =
let wf_rhs_list’, wf_bundle’ = f wf rhs fibered_dag in
let dag’ =
List.fold_right
(fun (wf’, rhs’) — CA.D.add-offspring wf’ rhs’)
wf _rhs_list’ fibered _dag.dag in
{ dag = dag’;
bundle = wf_bundle’ }

O’Caml (correctly) infers the type val colorize_dag : (D.node — D.edge X

D.children — fibered_dag — (CA.D.node x (CA.D.edge x CA.D.children)) list x CWFBundle.t) —
(D.node — fibered—-dag — CA.D.node x CWFBundle.t) — D.t —

CWFBundle.t — fibered_dag.

let colorize_dag f-node f_ext dag wf_bundle =
A.D.fold (colorize_nodes f_node) dag
(A.D.fold_nodes (colorize_sterile_nodes dag f_ext) dag
{ dag = CA.D.empty; bundle = wf_bundle })

let colorize_external wf fibered_dag =
match CWFBundle.inv_pi wf fibered_dag.bundle with
| [ccwf] — (c-wf, fibered_dag.bundle)
| [] — failwith "colorize_external: not,found"
| - — failwith "colorize_external: mnot_ unique"

let fuse_c_wf rhs =
let momenta = PT.map (fun wf — wf.CA.momentum) rhs in
List.filter
(fun (-, ¢) — kmatriz_cuts ¢ momenta)
(CM .fuse (List.map (fun wf — wf.CA.flavor) (PT.to_list rhs)))

let colorize_coupling ¢ coupling =
{ coupling with Tagged_Coupling.coupling = ¢ }

let colorize_fusion wf (coupling, children) fibered_dag =
let match_flavor (f, -) = (CM.flavor_sans_color f = A.flavor wf)
and find_colored wf’ = CWFBundle.inv_pi wf’ fibered_dag.bundle in
let fusions =
ThoList.flatmap
(fun c_children —
List.map
(fun (f, ¢) —
(colorize_wf f wf, (colorize_coupling ¢ coupling, c—children)))
(List.filter match_flavor (fuse_c_wf c_children)))
(PT.product (PT.map find_colored children)) in
let bundle =
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List.fold _right
(fun (c_wf, -) — CWFBundle.add c_wf)
fusions fibered _dag.bundle in
(fusions, bundle)

let colorize_braketl (wf, (coupling, children)) fibered_dag =
let find_colored wf' = CWFBundle.inv_pi wf' fibered_dag.bundle in
Product.fold2
(fun bra ket acc —
List.fold_left
(fun brakets (f, ¢) —
if CM .conjugate bra.CA.flavor = f then
(bra, (colorize_coupling ¢ coupling, ket)) :: brakets
else
brakets)
acce (fuse_c_wf ket))
(find_colored wf) (PT.product (PT.map find_colored children)) []

module CWFMap =
Map.Make (struct type t = CA.wf let compare = CA.order_wf end)

module CKetSet =
Set.Make (struct type t = CA.rhs let compare = compare end)

Find a set of kets in map that belong to bra. Return the empty set, if nothing
is found.

let lookup _ketset bra map =
try CWFMap.find bra map with Not_found — CKetSet.empty

Return the set of kets belonging to bra in map, augmented by ket.

let addto_ketset bra ket map =
CKetSet.add ket (lookup_ketset bra map)

Augment or update map with a new (bra, ket) relation.

let addto_ketset_map map (bra, ket) =
CWFMap.add bra (addto_ketset bra ket map) map

Take a list of (bra, ket) pairs and group the kets according to bra. This is very
similar to ThoList.factorize on page 566, but the latter keeps duplicate copies,
while we keep only one, with equality determined by CA.order_wf.

@ Isn’t Bundle L.1 the correct framework for this?

let factorize_brakets brakets =
CWFMap.fold
(fun bra ket acc — (bra, CKetSet.elements ket) :: acc)
(List.fold_left addto_ketset_map CWEMap.empty brakets)

[]

let colorize_braket (wf, rhs_list) fibered_dag =
factorize_brakets
(ThoList.flatmap
(fun rhs — (colorize_braketl (wf, rhs) fibered_dag))
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rhs_list)

let colorize_amplitude a fin fout =
let f = fin Q List.map CM .conjugate fout in
let nin, nout = List.length fin, List.length fout in

let n = nin + nout in
let externals = List.combine f (ThoList.range 1 n) in
let external_wfs = CA.external_wfs n externals in

let wf _bundle = CWFBundle.of _list external_wfs in

let fibered_dag =
colorize_dag
colorize_fusion colorize_external a.A.fusion_dag wf_bundle in

let brakets =
ThoList.flatmap
(fun braket — colorize_braket braket fibered_dag)
a.A.brakets in

let dag = CA.D.harvest_list fibered_dag.dag (CA.wavefunctions brakets) in

let fusions =
List.filter (function (-, []) — false | - — true) (CA.D.lists dag) in

let dependencies-map =
CA.D.fold
(fun wf - — CWFMap.add wf (CA.D.dependencies dag wf))
dag CWFMap.empty in

{ CA.fusions = fusions;
CA.brakets = brakets;
CA.constraints = a.A.constraints;
CA.incoming = fin;
CA.outgoing = fout;
CA.externals = external_wfs;
CA.fusion_dag = dag;
CA.fusion_tower = dag;
CA.symmetry = a.A.symmetry;
CA.on_shell = (fun wf — a.A.on_shell (uncolorize_wf wf));
CA.is_gauss = (fun wf — a.A.is_gauss (uncolorize_wf wf));
CA.dependencies = (fun wf — CWFMap.find wf dependencies_map) }

let allowed amplitude =
match amplitude. CA.brakets with
| [] — false
| - — true

let colorize_amplitudes a =
List.fold_left
(fun amps (fin, fout) —

let amp = colorize_amplitude a fin fout in
if allowed amp then

amp :: amps
else

amps)
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[] (CM.amplitude a.A.incoming a.A.outgoing)

let amplitudes goldstones exclusions selectors fin fout =
colorize-amplitudes (amplitude goldstones selectors fin fout)

type flavor = CA.flavor

type flavor_sans_color = A.flavor
typep = A.p

type wf = CA.wf

let conjugate = CA.conjugate

let flavor = CA.flavor

let flavor_sans_color wf = CM .flavor_sans_color (CA.flavor wf)
let momentum = CA.momentum
let momentum_list = CA.momentum_list

let wf-tag = CA.wf_tag
type coupling = CA.coupling

let sign = CA.sign

let coupling = CA.coupling

let coupling_tag = CA.coupling_tag
type exclusions = CA.exclusions

let no_exclusions = CA.no_exclusions

type « children = « CA.children
type ths = CA.rhs
let children = CA.children

type fusion = CA.fusion
let lhs = CA.lhs
let ths = CA.rhs

type braket = CA.braket
let bra = CA.bra
let ket = CA.ket

type amplitude = CA.amplitude

let incoming = CA.incoming
let outgoing = CA.outgoing
let externals = CA.externals
let fusions = CA.fusions

let brakets = CA.brakets
let symmetry = CA.symmetry
let on_shell = CA.on_shell

let is—gauss = CA.is_gauss

let constraints = CA.constraints

let variables a = List.map lhs (fusions a)
let dependencies = CA.dependencies

Checking Conservation Laws

let check_charges () =
let vlist3, vlist4, vlistn = M .vertices () in
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List.filter
(fun flist — — (M.Ch.is_null (M.Ch.sum (List.map M .charges flist))))
(List.map (fun ((f1, f2, 13), -, =) — [f1; f2; f3]) vlist3
@ List.map (fun (1, f2, 3, [4), - -) — 15 2 f3; J4]) vlists
@ List.map (fun (flist, _, _) — flist) vlistn)

Diagnostics

let count_propagators a =
List.length a.CA.fusions

let count_fusions a =
List.fold_left (fun n (-, a) — n + List.length a) 0 a.CA.fusions
+ List.fold_left (fun n (-, t) — n + List.length t) 0 a.CA.brakets
+ List.length a.CA.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 + CA.D.count_trees wfl a.CA.fusion_dag X
(List.fold_left (fun n' (=, wfs) —
n' + PT.fold_left (fun n"” wf —
n” x CA.D.count_trees wf a.CA.fusion_dag) 1 wfs) 0 wf23))
0 a.CA.brakets

exception Impossible

let forest’ a =
let below wf = CA.D.forest_memoized wf a.CA.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.CA.brakets

let cross wf =
{ CA.flavor = CM .conjugate wf.CA.flavor;
CA.momentum = P.neg wf.CA.momentum;

CA.wf _tag = wf.CA.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 =
CA.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[])

(@) [[IT {[1] wf dag

let poles a =
ThoList.flatmap (fun (wfl, wf23) —
let poles_wfl = poles_beneath wfl a.CA.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.CA.fusion_dag) wfs)))

wf23))
a.CA.brakets

module WFSet =
CA.wf let compare = CA.order_wf end)

Set.Make (struct type t =

let s_channel a =
WESet.elements
(ThoList.fold _right2

(fun wf wfs —
if P.Scattering.timelike wf.CA.momentum then

WFSet.add wf wfs

else
wfs) (poles a) WESet.empty)

gz} This should be much faster! Is it correct? Is it faster indeed?

let poles’ a =
List.map CA.lhs a.CA.fusions

let s_channel a =
WFSet.elements
(List.fold _right
(fun wf wfs —
if P.Scattering.timelike wf.CA.momentum then
WFSet.add wf wfs

else
wfs) (poles’ a) WFSet.empty)

Pictures
Export the DAG in the dot (1) file format so that we can draw pretty pictures
to impress audiences ...

let p2s p =
ifp > 0A p < 9then
string_of _int p
else if p < 36 then
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String.make 1 (Char.chr (Char.code A’ + p — 10))

else
n n

let variable wf =
CM .flavor _symbol wf.CA.flavor ~
String.concat "" (List.map p2s (P.to—ints wf.CA.momentum))

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 i m with Not_found — []) m

let classify_nodes dag =
Int.fold (fun i n acc — (i, n) = acc)
(CA.D.fold_nodes (fun wf — add_to_list (P.rank wf.CA.momentum) wf)
dag Int.empty) []

let dag-to_dot ch brakets dag =
Printf .fprintf ch "digraph OMEGA {\n";
CA.D.iter _nodes (fun wf —
Printf .forintf ch "Lo\"%s\"u[Llabely= \"%s\"0];\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 .forintf ch "L};\n") (classify_nodes dag);
List.iter (fun n —
Printf .forintf ch " \"*\"u=->u\"%s\";\n" (variable n))
(flatten_keystones brakets);
CA.D.iter (fun n (-, ns) —
let p = wariable n in
PT.iter (fun n' —
Printf . fprintf ch "o \"%s\"u=>u\"%s\";\n" p (variable n')) ns) dag;
Printf .fprintf ch "}F\n"

let tower_to_dot ch a =
dag_to_dot ch a.CA.brakets a.CA.fusion_tower

let amplitude_to_dot ch a =
dag_to_dot ch a.CA.brakets a.CA.fusion_dag

end
module Make = Tagged(Order_Tags)

module Binary = Make(Tuple.Binary)(Stat_Dirac)( Topology. Binary)
module Tagged_Binary (T : Tagger) =
Tagged (T)( Tuple. Binary)(Stat - Dirac)( Topology. Binary)

8.2.5 Fusions with Majorana Fermions

module Stat_-Majorana (M : Model.T) : (Stat with type flavor = M .flavor) =
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struct
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, [])

else if s = 1 then (xif s = 1 then x)
Fermion (p, [])

else (x if s > 1 then x)
Magjorana (p, [])

JR sez’ (regarding the Magjorana 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, l1), Boson 12, Coupling.Majorana
| AntiFermion (p, 11), Boson 12, Coupling. Majorana
| Majorana (p, 1), Boson 12, Coupling. Majorana
| Boson U1, Majorana (p, 12), Coupling. Majorana —
Magjorana (p, 11 @ [2)
| Boson U1, Fermion (p, 12), Coupling.Spinor
| Boson U1, AntiFermion (p, 12), Coupling.Spinor
| Fermion (p, 11), 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 —
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Fermion (p, 11 @ [2)

| Boson U1, Fermion (p, 12), Coupling.ConjSpinor

| Boson U1, AntiFermion (p, 12), Coupling.ConjSpinor

| Fermion (p, 11), 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 U1, Fermion (p, 12), Coupling. Vectorspinor

| Boson 1, AntiFermion (p, 12), Coupling.Vectorspinor

| Fermion (p, l1), Boson 12, Coupling.Vectorspinor

| AntiFermion (p, l1), 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 ({1 @ 2)

| AntiFermion (pl1, 11), Fermion (p2, 12), -

| Fermion (pl1, l1), 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 (pl, 11), Majorana (p2, 12), -

| Majorana (p1, 1), AntiFermion (p2, 12), _

| Majorana (p1, l1), Majorana (p2, 12), - —
Boson ([p2; pl] @ 11 @ 12)

| 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, l1), 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 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)

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)
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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 Amplitudes

module type Multi =
sig
exception Mismatch
val options : Options.t
type flavor
type process = flavor list X flavor list
type amplitude
type fusion
type wf
type exclusions
val no_exclusions : exclusions
type selectors
type amplitudes
val amplitudes : bool — int option —
exclusions — selectors — process list — amplitudes
val empty : amplitudes
val initialize_cache : string — unit
val set_cache_name : string — wunit
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 fusions : amplitudes — (fusion X amplitude) list
val multiplicity : amplitudes — wf — int
val dictionary : amplitudes — amplitude — wf — int
val color_factors : amplitudes — Color.Flow.factor array array
val constraints : amplitudes — string option
end

module type Multi_Maker = functor (Fusion_Maker : Maker) —
functor (P : Momentum.T) —
functor (M : Model. T) —
Multi with type flavor = M.flavor
and type amplitude = Fusion_Maker(P)(M).amplitude
and type fusion = Fusion_Maker(P)(M).fusion
and type wf = Fusion_Maker(P)(M).wf
and type selectors = Fusion_Maker(P)(M).selectors
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module Multi (Fusion_Maker : Maker) (P : Momentum.T) (M : Model. T) =
struct

exception Mismatch

type progress_-mode =
| Quiet
| Channel of out_channel
| File of string

let progress_option = ref Quiet

module CM = Colorize. It(M)
module F' = Fusion_Maker(P)(M)
module C' = Cascade. Make(M)(P)

@ A kludge, at best ...

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 = M .flavor

typep = F.p

type process = flavor list X flavor list
type amplitude = F.amplitude

type fusion = F.fusion

type wf = F.wf

type exclusions = F.exclusions

let no_exclusions = F.no_exclusions

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 : process list;
vanishing - flavors : process list;
color_flows : Color.Flow.t list;
helicities : (int list x int list) list;
processes : amplitude list;
process_table : amplitude option array array;
fusions : (fusion x amplitude) list;
multiplicity : (wf — int);
dictionary : (amplitude — wf — int);
color_factors : Color.Flow.factor array array;
constraints : string option }

let flavors a = a.flavors
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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 fusions a = a.fusions

let multiplicity a = a.multiplicity

let dictionary a = a.dictionary

let color_factors a = a.color_factors

let constraints a = a.constraints

let sans_colors [ =
List.map CM .flavor_sans_color f

let colors (fin, fout) =
List.map 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)

let process_to_string fin fout =
String.concat " " (List.map M .flavor_to_string fin)
Sn=>" " String.concat """ (List.map 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 s1, s2 with
| h1 = t1, h2 = t2 —

let ¢ = compare h1 h2 in
if ¢ # 0 then
c
else
order_spin_tablel t1 t2
|, 1] =0

| - — idnvalid_arg "order_spin_table: jinconsistent 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
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let sort_spin_table table =
List.sort order_spin_table table

letid x = x

let pair z y = (z, y)

Improve support for on shell Ward identities: Coupling. Vector — [4] for
one and only one external vector.

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

let hs_of _flavor f =
hs_of _lorentz (M .lorentz f)

let hs_of _flavors (fin, fout) =
(List.map hs_of _flavor fin, List.map hs_of _flavor fout)

let rec unphysical_of _lorentz = function
| Coupling. Vector — [4]
| Coupling. Massive_ Vector — [4]
| - — invalid_arg "unphysical_of _lorentz: not,a vector particle"

let unphysical-of _flavor f =
unphysical _of _lorentz (M .lorentz f)

let unphysical _of _flavorsl n f_list =
ThoList.mapi
(funi f — if i = n then unphysical-of _flavor f else hs_of _flavor f)
1 f_list

let unphysical_of _flavors n (fin, fout) =
(unphysical _of _flavors1 n fin, unphysical _of _flavors1 (n — List.length fin) fout)

let helicity_table unphysical flavors =
let hs =
begin match unphysical with
| None — List.map hs_of _flavors flavors
| Some n — List.map (unphysical_of _flavors n) flavors
end in
if = (ThoList.homogeneous hs) then
invalid_arg "Fusion.helicity_table: not_ all, flavors have the same_helicity,states!"
else
match hs with

=]
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| (hs—in, hs_out) = _ —

sort_spin_table (Product.list2 pair (Product.list id hs_in) (Product.list id hs_out))

module Proc = Process.Make(M)

module WFMap = Map.Make (struct type t = F.wf let compare = compare end)
module WFSet2 =

Set.Make (struct type t = F.wf X (F.wf, F.coupling) Tree2.t let compare = compare end)

module WFMap2 =

Map.Make (struct type t = F.wf x (F.wf, F.coupling) Tree2.t let compare = compare end)

module WFTSet =
Set.Make (struct type t = (F.wf, F.coupling) Tree2.t let compare = compare end)

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 multiplicity_map =
WFMap.fold (fun wf dependencies acc —
let cardinal = WFTSet.cardinal dependencies in
if cardinal < 1 then
acc
else
WFMap.add wf cardinal acc)
duplicates WFMap.empty
and dictionary_map =
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)))
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duplicates WFMap2.empty in
let multiplicity wf =
WFEMap.find wf multiplicity —map
and dictionary amplitude wf =
WFMap2.find (wf, F.dependencies amplitude wf) dictionary_map in
(multiplicity, dictionary)

let eliminate_common_fusionsl seen_wfs amplitude =
List.fold _left
(fun (seen, acc) f —
let wf = F.lhs f in

let dependencies = F.dependencies amplitude wf in

if WFESet2.mem (wf, dependencies) seen then
(seen, acc)

else

(WFSet2.add (wf, dependencies) seen, (f, amplitude) :: acc))
seen_wfs (F.fusions amplitude)

let eliminate_common_fusions processes =
let _, rev_fusions =
List.fold_left
eliminate_common_fusionsl
(WFESet2.empty, []) processes in
List.rev rev_fusions

Calculate All The Amplitudes
let amplitudes goldstones unphysical exclusions select_wf processes =

Eventually, we might want to support inhomogeneous helicities. However,
this makes little physics sense for external particles on the mass shell, unless
we have a model with degenerate massive fermions and bosons.

if = (ThoList.homogeneous (List.map hs_of _flavors processes)) then
tnvalid_arg "Fusion.Multi.amplitudes: incompatible helicities";

let unique_uncolored_processes =
Proc.remove_duplicate _ final _states (C.partition select _wf) processes in

let progress =
match !progress_option with
| Quiet — Progress.dummy
| Channel oc — Progress.channel oc (count_processes unique_uncolored_processes)
| File name — Progress.file name (count_processes unique_uncolored _processes) in

let allowed =
ThoList.flatmap
(fun (fi, fo) —
Progress.begin_step progress (process_to_string fi fo);
let amps = F.amplitudes goldstones exclusions select_wf fi fo in
begin match amps with
| [] = Progress.end_step progress "forbidden"
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| - — Progress.end_step progress "allowed"
end;
amps) unique _uncolored _processes in

Progress.summary progress "all processes done";

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 =
Proc.diff processes flavors in

let helicities =
helicity -table unphysical 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 c i m, succ 1))
(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).(c¢) + Some (a))

allowed;

let ¢f _array = Array.of _list color_flows in
let ncf = Array.length cf _array in
let color_factor_table = Array.make_matriz ncf ncf Color.Flow.zero in

for i = 0 to pred ncf do
forj = 0to i do
color_factor _table.(i).(j) <+
Color.Flow.factor cf —array.(i) cf —array.(j);
color_factor _table.(5).(i) +
color_factor_table.(i).(j)

done
done;
let fusions = eliminate_common_fusions allowed
and multiplicity, dictionary = disambiguate_fusions allowed in
{ flavors = flavors;
vanishing - flavors = wanishing_flavors;
color_flows = color_flows;
helicities = helicities;
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processes = allowed;

process_table = table;

fusions = fusions;

multiplicity = multiplicity;

dictionary = dictionary;

color_factors = color_factor_table;

constraints = C.description select_wf }
let initialize_cache = F.initialize_cache
let set_cache_name = F.set_cache_name
let empty =

{ flavors = [];

vanishing_flavors = [];

color_flows = [];

helicities = [];

processes = [

process_table = Array.make_matriz 0 0 None;

fusions = [];

multiplicity = (fun - — 1);

dictionary = (fun - = — 1);

color_factors = Array.make_matriz 0 0 Color.Flow.zero;

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 9 *)

| ConjSpinor (x ¢ *)

| Majorana (x x *)

| Maj_Ghost (x SUSY ghosts x)

| Vector

| Massive_ Vector

| Vectorspinor (x 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_Rui.

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_Tensor_pure | Prop_Vector_pure
Prop_ Vectorspinor

Prop_Col_Scalar | Prop_Col_Feynman | Prop_Col_Majorana
Prop_Col_ Unitarity

Auz_Scalar | Auz_Vector | Aux_Tensor_1

Auz_Col_Scalar | Aux_Col_Vector | Aux_Col-Tensor_1
Auz_Spinor | Auz_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 1 | negative
Dirac antifermion 4 1L | T 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
Complex_Mass
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 | SPM | S| P | SL| SR | SLR| VA| V | A| VL | VR |
VLR | VLRM | VAM

| TVA | TLR | TRL | TVAM | TLRM | TRLM

| POT | MOM | MOM5 | MOML | MOMR | LMOM | RMOM |
VMOM | VA2 | VA3 | VASM
type boson2 = S2 | 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.

@ ... tho doesn’t like the names and has promised to find a better mnemonics!

type a 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 (* 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 | Aux_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
| Dimj _ 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
| Auz_DScalar_-DScalar of int | Aux_Vector_DScalar of int
| Dim5_Scalar_Gauge?2 of int (x 3¢Fy ,, F3" = —%qﬁ(ia[u,Vl)y])(18[“’\/21'}) *)
| Dimb _Scalar - Gauge2 _Skew of int
(5 S0P, o FYY = —4(i0,V1,)(i0, Vi )77 )
| Dim&_Scalar_Scalar2 of int (x ¢10,¢20" 3 *)
| Dim5 _Scalar_ Vector_Vector_T of int (x $(19,V}")(i0,V3") *)
| Dimb _Scalar_ Vector_ Vector-TU of int (x (19,¢)(10, VY )V4" )

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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Dim5 _Scalar_ Vector_Vector_U of int (x (10,¢)(i0, V")V %)
Scalar - Vector_Vector_t of int (x (0,V, — 0,V,)?* %)

Dim6 _ Vector_ Vector_ Vector - T of int (x V{‘((iayvg’)iﬁ(iapw)) *)
Tensor_2_Vector_Vector of int (x TH (V1 Vo, + V1, Va ) *)
Tensor_2_Vector_ Vector_1 of int (x T (V1 ,Va,, + V1, Va —ngleng)

Tensor_2_Vector_Vector_cf of int (x T“V(f%ngVleVg’p) *)
Tensor_2_Scalar_Scalar of int (x TH (0,10, 02 + 0, $10,¢P2) *)
Tensor_2_Scalar_Scalar_cf of int (x T“”(—%guyyaqu)lap(bg) *)
Tensor_2_Vector_Vector_t of int (x TH (Vi Vo, +V1,uVa = 9u Vi Va,p)

o
Dim5 _Tensor_2_Vector_ Vector_1 of int (x T*P(VI'1'0 oi 0 sVa,, *)
Dimb _Tensor_2_Vector_ Vector_2 of int

= =
(s TUVT 560, Vo0) + Wi D a0 V2s)
Dim/7_Tensor_2_Vector_ Vector - T of int (x+ T*P((10M V)i 0 o1 0 5(i0,Va,))

Dim6 _Scalar_ Vector_ Vector_D of int

(% iqﬁ(—(@“@”W;)Wj — (8“8”WJ)WM_

+ ((0P0, W, YW, + (970,W, )W, )g") *)

Dim6 _Scalar - Vector_ Vector - DP of int

(* i((@“H)(8"W;)W;r + (8”H)(8“WJ)W;

— (07 H)(0,W; W (07 H) (@ W)W )g ) )

Dim6_HAZ_D of int (x i((0"0"A,)Z, + (0°0,A,.)Z,g"") *)
Dim6_HAZ_DP of int (x i((0"Ap)(0*H)Z, — (0°A,)(0,H)Z,g"") *)
Dim6_AWW _DP of int (x i((@pAH)W,ij“‘g“” — (8”AN)W;W;‘9W) *)
Dim6_AWW _DW of int

(Al(3(09 A4, )W, W — (0°W )ALV + (9T A, W ) g™

+ (—3(8”AN)W;W; — (8”VV,;)A#I/V;r + (8”W;)A#W;)g“p
(20 W, AW = 20 W) AW g7 %)

v

Dim6_HHH of int (*i(—(8“H1)(GMHQ)H;),—(8“H1)H2(8MH3)—H1(8“H2)(8NH3))

Dim6 - Gauge- Gauge-Gauge_i of int

(A(— (0" V) (0°V,) (9V,) + (9°V,)(9"V,) (8"V;)

(<07 Vg + 0V, g ) D7V, ) (80 Vi) + 09V, g — 0"V, g") (07 V,) (0 V)
+ (=0°Vug"" + 0'V,g"?)(07V,)(05V,)) *)

Gauge_Gauge_Gauge_i of int

Dim6_GGG of int

Dim6 _WWZ_DPWDW of int

(+ 1(((0°V )V V, = (0P VL)V V) gt — (0" V) Vi Vpgh? + (01 V) ViV, ) g™ ) *)
Dim6 _WWZ_DW of int

(x i(((0"V ) VLV, + V, (0M V) V,) g P — (0" VW)V V, + V(Y VL) V,) gHP) )
Dim6_WWZ_D of int (x i(V,)V,(0"V,)g"* + V,V,,(0"V,)g"?) *)
TensorVector_ Vector_ Vector of int

TensorVector _ Vector_ Vector_cf of int

TensorVector _Scalar_Scalar of int

TensorVector _Scalar_Scalar_cf of int

TensorScalar_ Vector_ Vector of int

TensorScalar- Vector - Vector_cf of int

TensorScalar _Scalar_Scalar of int
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| TensorScalar_Scalar_Scalar_cf of int

As long as we stick to renormalizable couplings, there are only three types of
quartic couplings: Scalars4, Scalar2_Vector2 and Vectorj. However, there are
three inequivalent contractions for the latter and the general vertex will be a
linear combination with integer coefficients:

Scalarf 1:  ¢1d2¢3¢4 (9.2a)
Scalar2_Vector21:  ¢,0,V5'V, , (9.2b)
Vectory [1,C-12-34]: VIV, V3'V, , (9.2¢)
Vector) [1, C-13-42):  VIVIVy Vi, (9.2d)
Vectory [1,C-14-258]:  VI'VyVy V, (9.2¢)

type contract) = C_12_34 | C_18_42 | C_14_23

type a vertex4 =
| Scalarq of int
| Scalar2_Vector2 of int
| Vector4 of (int x contract) list
| DScalary of (int x contracts) list
| DScalar2_Vector2 of (int x contracts4) list
| Dim8_Scalar2_ Vector2_1 of int
| Dim8_Scalar2_ Vector2_2 of int
| Dim8_Scalari of int
| 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 (V7, Vs, V3, Vy) implies

Vo Vs Va Vs

— Y (9.3)
O((p1 +p2)?)

i Vy Vi Vi
The list of pairs of parameters denotes the location and strengths of the poles
in the K-matrix ansatz:

n

(Cl7a17027a27 .. '7Cn7a/n) - f(S) = Z

=1

Ci

(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
DScalar2_Vector2 K _Matriz_ms of int x (int X contract]) list
DScalar _K _Maitrixz_ms of int x (int X contract)) list

Dim6_H/j _P2 of int

(* i(—(0"H1)(0, H2)HsHy — (0" H1)H2(0, H3)Hy — (0" H1)HoH3(OmuHa)
- Hl(a“HQ)(E)qu)HAL - H1(8“H2)H3(8#H4) - Hng(a“Hg)(aﬂH4)) *)
Dim6_AHWW _DPB of int (x iH((0"A,)W,W,g"" — (0¥ A )W, W,gH)

Dim6_AHWW _DPW of int
(x i(((0rA )W, W, — (0P H)A, W, W,) g
(=(0" A )WL W,, + (0" H) A W, W, )gh) x)
Dim6_AHWW _DW of int
(x H((3(0” Ap) Wy, Wy — AW(0°W,, )W), + AW, (0P W) g™
+ (=3(0" A )W, W, — A (0" W, )W, + A, W, (0" W,,)) g"?
+ 2(AL (MW, )W, + A W, (0FW,))) g7 ) *)
Dim6 _Vectorf -DW of int (xi(—=V4 Vo, V3 VEE —V; Vo, V3RV
+ 2V1,NV2’“V3’VV4’V *)
Dim6 _Vectorf - W of int
(+ 1(((0°V1,u) V5 (07V3, p)Vie + V1, (07V5')(07V3 ) Vi e
+ (aavl,u)vzuv&p(apvél,a) + %,u(aavéu)v3,p(apv4,a))
+ ((07V1,u) Vo, (0" VE )Va,e — Vi u(07V2,) (0" VS ) Vi o
- (8”‘/'1“)‘/2_,,,(30‘/3,#)‘/21,0 - (80‘/1,#)‘/2,”‘/3”(8”‘/4,0))
+ (—(8/’V1’#)‘/'2’V(8VV3,%))V4“ + (apvl,u)%,v%,p(ay‘ﬁu)
= Vi,u(0°V2, ) V3, (0" V') = (0"V1,) V2, V3,0 (0P V)
+ (= (07 V1,1 ) Vo (OMVE )Wy o + V1 (07 Vo, ) (OMVE ) Va6
= V1,u(0"V2,)(07V5 )Wao — Vi, (07V2, )V (0" Vi ,0)
+ (*Vlyu(ap%,l/)(aﬂvii,p)vf - (5"’V1,#)V2,,,V3,p(5'“v4")
+V1u(0°V2,)Vs,0(01VY) = Vi,u(0V2,) Vs, (0°VY))
+ ((61/‘/1,#)‘/2,1/(6”@,p)v4p + Vl,u(au‘é,u)(ay%,p)‘/zxp
+(0"Vau) Vo Va o (0 V) + V1 (0M V2, ) V3 0 (07 V)
+(0°V1,)Va, VI (0, Vi) — (0°V1,1) Vs Vi, (0, V)
+ V1 (0°V2,) (0, V3 )V = V1,u(97V3) (0, Vs,V
+ (8PV1’N)V2’V(8P‘/3V)V4M - (apVI,H)VQM(ap‘@W)Vf
+ Viu(0°V2, )V3 (0 Vi) = Vi u(0°VE )V (9,VY)) *)
Dim6 _Scalar2_ Vector2_D of int
(*iHng(—(a”a”Vg,u)Vz;,y + (a'u‘au%7y)v4u
— V3, (010" Vy ) + V3,,(0"0,V]")) *)
Dim6 _Scalar2_ Vector2 _DP of int
(D Hy ) H (07 Va ) Va (07 Hy ) (9, Vi)V -+ Hy (97 H ) (0" Vi ) Vi
—Hl(a”Hg)(&,Vg,u)V‘l’“—i—(8”H1)H2V37H(8“V21,l,)—(8”H1)H2V37M(81,V4’“)
T Hy (0" Hy)Va u(9Va,) — Hy(6” Ha)Va, (0,7 4)) %)
Dim6 _Scalar2 _ Vector2 _PB of int
((Hy H (0 Vi) (09Va,) — Hy Ha(07 Vs ) (0,V4)) )
Dim6_HHZZ _T of int (*iHlHQ%,MVLL’N *)
Dim6_HWWZ_DW of int
(* i(H1(8pW2)”)W3’“Z4,p — H1W27N(8PW3’”)Z4,p — 2H1(8VW2,H)W3,,,Z4’“
— H1W27u(8VW37V)Z4’” + H1 (8“W27H)W37VZ4’V + 2H1W2,M(8‘L‘W37V)Z4’V)

Dim6_HWWZ _DPB of int
(* i(—H1W2’MW3’V(8VZ4’M) + H1W2’HW3’V(8“Z4’V)) *)
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| Dim6_HWWZ_DDPW of int
(* 1(H1 (8”W2,”)W37“Z4,l, — H1W2’M(8VW3’“)Z4’V - H1 (aVWQ}H)Wg,VZKL’M
+H1W2)MW3)V(8VZ4’“) +H1W2)M(8HW37V)Z4’V —H1W2)MW3)V(8“Z4’D)) *)
| Dim6_HWWZ_DPW of int
(* i(Hl (aUWQ,“)WS’HZALU — H1W27H(8VW3”“)Z47,/ + (6”H1)W27/LW3,VZ4’H
—Hl(alIWQ,#)Wg,VZLl’M — (8”H1)W2,uW3,l,Z4”’+H1W2,u(8"Wg,y)Z4f”) *)
| Dim6_AHHZ_D of int
(% i(Hy Ho (040" A,)) Z, — HyHo (0" 0, A,) Z1) %)
| Dim6_AHHZ_DP of int
(x i((0MHy ) Ho (0" A,) Z, + Hy (0" Hy) (0" A,) Z,
— (0¥ Hy)Ha(0,A,) Z" — Hy (0" Hy) (8, A,) Z1) %)
| Dim6_AHHZ_PB of int
(x i(Hy Ho (0" A,) (0, Z1) — Hy Hy (9" A,) (9" Z,)) *)

type o vertexn = unit

An obvious candidate for addition to boson is T, of course.

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 | Fi12 | F21
Signify which three of four fields are fused:

type fused =
| F123 | F231 | F312 | F132 | F321 | F213
| F124 | F241 | F412 | F142 | F421 | F214
| F134 | F841 | F413 | F148 | F431 | F314
| F2534 | F342 | F423 | F243 | 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 o vertexf x fused x «
| Vn of o vertezn x fusen X «
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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 | g < i-gri[v",7"]- T o —i-gr---

F21 | ahy i grTin [y, 7"]- Yo i-gr--

F13 | Ty < i grny wl-12 Ty < 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.

9.1.3 Gauge Couplings
Dimension-4 trilinear vector boson couplings

FabeO" A% AL AG — i fapekt A% (k) AL (k) AS (K3)

i a az as
— —ﬁfalazagculkwlm (K1, ko, k3) A7) (k1) Aj2 (k2) A7 (k) (9.5a)

with the totally antisymmetric tensor (under simultaneous permutations of all
quantum numbers u; and k;) and all momenta outgoing

C’M#zus (kh k23k3) — (9#1#2 (kiis _ kéts) _|_glt2lb3 (kgl _ kgl) _|_g;L3,u1 (kgz _ kiu))
(9.5b)
Since fa,ana; C*1H#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

Ak 4 k) = o FaseCPP7 (< — s, o, k) AL (k) A5 (s) (9.60)
with
O0 (ki o ) = (977 (K — K) "7 (265 4 k8) — g 2k +15)) (9.6b)
i.e.
ARy - Ry) = = Fone (1 — RE)A" (k) - A°(ks)
+ (2k3 + ko) - AP(ko) A% (kz) — APF (ko) A°(ks3) - (2k2 + k3))  (9.6¢)

Investigate the rearrangements proposed in [5] for improved numerical sta-
bility.
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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.
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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 — gavs)]¥
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.

155



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 (11.1b) 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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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,Va, V) = Vi (VauiO, V) = — Lo (Vi, Va, Va) (9.7a)
Lr(Vi,Va,V3) = (10, VI)WVa, V3 = L, (V4, V3, V2) (9.7b)

Using partial integration in Ly, we find the convenient combinations

Lp(Vi, Vo, V3) + L, (Vi,Va,V3) = =2V/"10, V5,V (9.8a)
Lr(V1, Vo, V3) — L1,(V1,Va,V5) = 2V1“V2’1,13#V3V (9.8b)

As an important example, we can rewrite the dimension-4 “anomalous” triple
gauge couplings

iLrac(gr, Ky 9a)/gvww = V(W WY —WEW =)
+ kWIW, VI 4+ g WIEW, (9" VY +8"VH)  (9.9)

as

Lrae(gr,k,94) = g Lr(V, W™, W)

S BRI w4+ R v
- L VW) + %ﬁg‘*u(wﬁ, VW) (9.10)
CP Violation
Li(Vi, Vi, Va) = Vi (Vo iy Va o )97 = +L7(Vi, Vs, Vo) (9.11a)
L;(Vi,Va,V3) = (10,V1,,)Va,,V3,0€"P7 = =L (V1, V3, V2) (9.11b)

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

Li(Vi, Ve, Va) + L7 (Vi, Vo, Vi) = —2V4 Vo180, V3 577 (9.12a)
£T~(V1, VQ, ‘/3) - Ei(vl, VQ, ‘/3) = 72V1,,uiay‘/27p‘/3’a-€uypo (91213)

but we don’t need them, since

i‘CTGC (957 R)/gVWW = 95€quJ(W+)ui<a7W7’V)VU
RV vpo
-5 W WFet P V,, (9.13)
is immediately recognizable as

Lrcelgs, k) gvww = —igsLi (V.W ™, WT) + RLA(V, W™, WT) (9.14)
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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: L = g/2 - GMV/\TFlﬂuJ,FQ’TpF37 p/\
F23:  Alf(ko+ks) < —1- AEP7(—ko — k3, ko, k3)As , A3 o
F32: Alf(kg + kg) — —i- Agpg(—kg — k3, ko, kg)Ag,UAQ’p
F12: Ag(k1+/€2)(——i
F21: AS(k1 + ko) «+ —i
F13: Ag(k}1+k3)(ﬁ71
F31: Ag(kjl + k3) — —1

Table 9.22:

9.1.4 SU(2) Gauge Bosons

An important special case for table 9.13 are the two usual coordinates of SU(2)

1
Wy = — (W7 FiW- 9.15
+ \/Q( 1+1 2) ( )
i.e.
Wy = —— (W, + W) (9.16a)
1= NG + - .
i
Wo=— Wy —-W_ 9.16b
5 \@( + ) ( )
and
Wiwy — Wywy :i(WfW_’ﬁ —W_ﬁW’_’) (9.17)

Thus the symmtry remains after the change of basis:

CWIWLRWS = iWE (W W — W)
FAWE (WE2 W — W) LWL (W2 — W) (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 P120304 =>

Lxgp =X " XEgX 1929 X 34 = (X" £gd102)(X £g¢304) —g°d1020304
(9.19a)
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and in the language of Feynman diagrams

—ig? = +ig T +ig (9.19D)
1

The other choice of signs

o2 = X" XtgXd102TFgX ¢y = —(X*£9¢102) (X Fgdsda)—g 1620304

(9.20)

can not be extended easily to identical particles and is therefore not used. For
identical particles we have

92 4

s 92 Gy 1 9 42 942\ _ 9 4
Lxg = 53X+ 5X0 iQqu_Q(Xiz(z))(Xngh) ot (021)

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

2
— 19 fa1a2bfa3a4b(gulu3gu4uz - gM1M4gM2M3)
14V1V3

. ightsgera
= (lgfala2bTN1H27V1V2) <2> (lgfa3a4bT;¢3u4,y3y4) (9'24)

with TMluz,Hslm = GuipsYuape — Jpipapaps-

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 =4/161Gn (9.25a)

2 2
Y= \/3(n ¥2) \/S(d —2)’ (9.25b)

where n = d — 4 is the number of extra space dimensions.
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k,p a
p = +igy, T,  (9.22a)
p/
1
—- {
2 = 9farasa; CMH213 (k1 koy k3)  (9.22D)

_i92falazbfa3a4b(gu1u39muz = GpapuaGpapss)
_ig2fa1asbfawzb(gmwguzus = GprpaGuspa)  (9-22¢)

2
—1g fa1a4bfa2a3b(guluzgusu4 - glﬂHSgIMMz)

Figure 9.1: Gauge couplings. See (11.1Db) for the definition of the antisymmetric
tensor CH1H283 (K ko k3).

| = - i92f<11azbfaaaz;b(gmusguzxuz = GpapuaGpapis) (9.23)

Figure 9.2: Gauge couplings.

162



Interface of Coupling

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 Majo-
rana, 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.
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1
—~ { Y R 17,42
hluy 0000000 = —1§gHVm2—|—1§CW,MMk"f ké
\
2
(9.27a)
1 K K
- / — ingCW,mM - ig(k1k20uu,u1u2
hl“/ 0000000 = +Duu,ulug(klak2)
N +§_1E/w,muz (k‘1, k2))
2
(9.27b)
p
.R R
h - —igmgu —ig (e + ) + 3P+ 1),
py ©000o000 =
=29, (P + 1))
p/
(9.27¢)

Figure 9.3: Three-point graviton couplings.

In (9.27-9.34), we use the notation of [13]:

C;u/,po = 9up9veo + GuoGvp — JuvY9pc (926&)

D;uapa(kla k2) = g;u/kl,ak?,p
- (guakl,vk2,p + g,upkl,a'klu - gpakl,ka,u + (//4 <~ V)) (926b)

Euy,po(kla k2) = guu(kl,pkl,o + kZ,ka,a + kl,pk2,a)
— (gvokipki,p + gupka ukoo + (1 < v))  (9.26c)

F,ul/,pa/\(klv k27 kd) =
g,upgo)\(k2 - kS)u + g,uagAp(kS - kl)u + guxgpa(kl — ]{72)” + (u — I/) (926d)

Guy,poké = gul/(gpagz\é - gpégka)
+ (Gup9vs9ro + GurGvo9ps — GupGvodas — Jurgvsdps + (1 < v))  (9.26e)

Derivation of (9.27a)

2
L= 3(0,0)(0"0) - "7 (9.252)
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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
— {
Gk) - = —iwk2m? — iwkk ko (9.30a)
\
2
1
- / . 2 . —1
k) - = —lwkgu, pom” —iwrE (k1 ks + k2 k) (9.30b)
\
2
p
. . 3 /
k) - = —iwk2m + 1w/<51(75 +9) (9.30¢)
p/

Figure 9.4: Three-point dilaton couplings.

oL
Y- v 2
T = gL+ (90) e+ (9.28¢)
TR |
CE¥ (ky, ka) = CP b2 ky ko (9.29)
CLPHI2 (g Ky, €) = kykgCHY#H2 4 DRV (Joy o) + € VBV (ky i)

(9.29b)
Ch o0, p) = Vs 0+ 0) + 20+ D) = 20" (B + F)as (9:29)

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
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
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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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Interface of Coupling

(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
= _liw.gﬁ’YLtaTgfng

(9.32f)

3
Figure 9.6:  Four-point dilaton couplings. (9.32a), (9.32c) and (9.32¢) are

missing 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.

| 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 o expr

| Sin of a expr

| Cos of a expr

| Tan of « expr

| Cot of a expr

| Atan2 of o expr x « expr
| Conj of a expr

type « wvariable = Real of o | Complex of «
type « wvariable_array = Real_Array of o | Complex_Array of «

type « parameters =
{ input : (o x float) list;
derived : (a variable x « expr) list;
derived_arrays : (« variable_array x o« expr list) list }
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Dim5 _Scalar_ Vector_ Vector - T: L; = g¢(i0,V}") (19, V4")

F23:  ¢(ky + ks) < i~ gkl'Vi u(ka)kY Va., (ks)

F32:  ¢(ko + k3) < i- gk Vo, (k3)kE Vi (ka)

F12: Vé”(kil + k’g) —i- gkg(b(k’l)(—k‘lf — /{35)‘/1,1,(162

)
F21: Vi'(ki+ ka) < i- gkh (kY — E5)V1,,(k2)p(k1)
F13: V{'(ki +k3) < i- gk§o(k1) (kY — k5)Va, (k3)
F31: Vlﬂ(kl +ks)«—1i- gkg(—kll’ — ké’)VQU(/ﬂg)qS(kl)

Table 9.34:

Dimé6 _ Vector - Vector_ Vector - T: L = gi((i@UVQp)iE(iapVg"))

F23: Vl'u(kg + ]433) —i- g(kﬁg — k)g)kg‘/g’y(kg)k‘g‘/g’p(k}?,)

F82: V/'(ky+ks) < i-g(kt — KIS Vs, (ks)kE Vs, (ko)

F12: Vi'(ky + ko) < i~ gky (kY + 2K5) V2, (k1) (—kf — kS

<

( ) i

( ) i )
F21: Vi (ks + ka) © - ghg (k] — k) Vi (o) (] + 26)
F13: Vi'(ky + ks) < i- gL (BY + 2k5) Vi, (k) (=K — KE)V3
F31: V' (ki + ks) < 1- gkl (k] — k) V3, ,(ks) (kY + 2kY)

Table 9.35:

9.1.9 More Ezxotic Couplings
9.2 Interface of Model
9.2.1 General Quantum Field Theories

module type T =

sig

flavor abstractly encodes all quantum numbers.

type flavor

Color.t encodes the (SU(N)) color representation.

val color : flavor — Color.t

The set of conserved charges.

module Ch : Charges.T
val charges : flavor — Ch.t

The PDG particle code for interfacing with Monte Carlos.

val pdg : flavor — int

The Lorentz representation of the particle.
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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 +ky) i gk5<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 T 2ka)(kﬁ + 2k T (k1 ) (=Y — kY Vi, (ks)

F31: VI'(ky + ks) < i- gkl (=Y — k¥)Va,, (ks) (K + 2k$) (k7 + 2k5)Top (k1)
Table 9.39:

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.
val conjugate : flavor — flavor
Returns 1 for fermions, —1 for anti-fermions, 2 for Majoranas 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. And

we have to make sure that this wouldn’t break the UFO interface.

type constant
Later: type orders to count orders of couplings

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)

X (((flavor list) x constant Coupling.vertexn X constant) list))

val fuse2 : flavor — flavor — (flavor x constant Coupling.t) list

val fuse8 : flavor — flavor — flavor — (flavor x constant Coupling.t) list

val fuse : flavor list — (flavor x constant Coupling.t) list

182



Interface of Model

Later: val orders : constant — orders counting orders of couplings
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.

val flavor_of _string : string — flavor
val flavor_to_string : flavor — string

TeX and ETEX
val flavor_to_TeX : flavor — 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 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
end

In addition to hardcoded models, we can have models that are initialized at run
time.

9.2.2  Mutable Quantum Field Theories

module type Mutable =

sig
include T

val init : unit — unit

Export only one big initialization function to discourage partial initializations.
Labels make this usable.

val setup :
color : (flavor — Color.t) —
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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) —
maz-degree :int —
vertices :
((((flavor x  flavor x flavor) x constant Coupling.verter3 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)) —

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.

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
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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
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
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module type Colorized =
sig
include T

type flavor_sans_color
val flavor_sans_color : flavor — flavor_sans_color
val conjugate_sans_color : flavor_sans_color — flavor_sans_color

val nc : unit — nt

val amplitude : flavor_sans_color list — flavor_sans_color list —
(flavor list x flavor list) list

val flow : flavor list — flavor list — Color.Flow.t

end

module type Colorized_Gauge =
sig
include Gauge

type flavor_sans_color
val flavor_sans_color : flavor — flavor_sans_color
val conjugate_sans_color : flavor_sans_color — flavor_sans_color

val nc : unit — int

val amplitude : flavor_sans_color list — flavor_sans_color list —
(flavor list x flavor list) list

val flow : flavor list — flavor list — Color.Flow.t

end

9.3 Interface of Vertex

val parse_string : string — Vertex_syntax.File.t
val parse_file : string — Vertex_syntaz.File.t

module type Test =

sig
val example : unit — unit
val suite : OUnit.test

end

module Test (M : Model.T) : Test

module Parser_Test : Test
module Modelfile_Test : Test

9.4 Implementation of Vertex

module type Test =
sig
val example : unit — unit
val suite : OUnit.test
end
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9.4.1 New Implementation: Next Version

let error_in_string text start_pos end_pos =
let i = start_pos.Lexing.pos_cnum
and j end _pos.Lexing.pos_cnum in
String.sub text i (j — 1)

let error_in_file name start_pos end_pos =
Printf .sprintf
"hs:%d. %hd-%d. %d"

name

start_pos.Lexing.pos_Inum

(start_pos.Lexing.pos_cnum — start_pos.Lexing.pos_bol)
end_pos.Lexing.pos_Inum

(end_pos.Lexing.pos_cnum — end_pos.Lexing.pos_bol)

let parse_string text =
Vertex _syntaz.File.expand _includes
(fun file — dnvalid_arg ("parse_string: found include, ‘" " file " "’"))
(try
Vertex _parser.file
Vertex _lexer.token
(Vertex _lexer.init_position "" (Lexing.from_string text))
with
| Vertex_syntax.Syntax_Error (msg, start_pos, end_pos) —
invalid_arg (Printf.sprintf "syntax error, (%s) at:,%s’"

msg (error_in_string text start_pos end_pos))
| Parsing.Parse_error —

invalid_arg ("parse_ error: " " text))

let parse_file name =
let parse_file_tree name =

let ic = open_in name in
let file_tree =
begin try

Vertex _parser.file
Vertex _lexer.token
(Vertez _lexer.init _position name (Lezing.from_channel ic))
with
| Vertex_syntaz.Syntaz_Error (msg, start_pos, end_pos) —
begin
close_in ic;
invalid_arg (Printf.sprintf
"%s:,syntax_ error,(%s)"

(error_in_file name start_pos end_pos) msgq)
end

| Parsing.Parse_error —
begin
close_in ic;

invalid_arg ("parse error:," ~ name)
end
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end in
close_in ic;
file_tree in
Vertex _syntaz. File.expand _includes parse_file_tree (parse_file_tree name)

let dump_file pfr f =
List.iter
(fun s — print_endline (pfx ~ ":u" " s))
(Vertex_syntaz. File.to_strings f)

module Parser_Test : Test =
struct

let example () =
0
open OUnit

let compare s_out s_in () =
assert_equal ~printer : (String.concat ",")
[s-out] (Vertex_syntaz.File.to_strings (parse_string s-in))

let parse_error error s () =
assert_raises (Invalid_argument error) (fun () — parse_string s)

let syntaz_error (msg, error) s () =

parse_error ("syntax error (" " msg " ") at:," "

error ~ " ") s ()

let (=>) s_in s_out =
"U" T os_in > compare s_out s_in

let (?>)s =
s => s

let (=>!1) s error =
"u" T s > parse_error error s

]
let (=>1) s error =
"U" T s >iosyntax_error error s

let empty =
"empty" >
(fun () — assert_equal [] (parse_string ""))

let expr =
"expr" >::

[ "\\vertex[2 %, (17 +.A)1{}" => "\\vertex[42]{{}}";
"\\vertex [2,* 17+ 41 {}" => "\\vertex[381{{}}";
"\\vertex[2" =>! ("missing,‘]’", "[2");

"\\vertex]{}" =>! ("expected, ‘[’ or,{’", "\\vertex]");
"\\vertex2]{}" =>! ("expected,‘ [’ or,‘{’", "\\vertex2");
"\\vertex}{}" =>! ("expected, ‘[’Lor,‘{’", "\\vertex}");
"\\vertex2}{}" =>! ("expected, ‘[’ or, {’", "\\vertex2");
"\\vertex[(2}{}" =>! ("expected, ‘)’ , found, ‘}’", "(2}");
"\\vertex[(2]{}" =>! ("expected,,‘)’, found, ‘]1’", "(2]");
"\\vertex{2] {}" =>! ("syntax error", "2");
N\vertex[2}{}" == (expectod, 1, found, )", "[2}"):
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"\\vertex[2{}" =>! ("syntax error", "2");
"\\vertex[2*]{}" =>! ("syntax error", "2") |

let inder =
"index" >::
[ "\\vertex{{a}_{1} {2}}" => "\\vertex{a2_1}";
"\\vertex{a_{11}"2}" => "\\vertex{a 2_{11}}";
"\\vertex{a_{1_1}"2}" => "\\vertex{a~2_{1_1}}" ]

let electronl =
"electronl" >:::
[ 7> "\\charged{e -}{e +}";
"\\charged{{e -}}{{e +}}" => "\\charged{e -}{e +}" ]

let electron? =
"electron2" >::

[ "\\charged{e"-}{e"+}\\fortran{ele}" =>
"\\charged{e~-}{e"+}\\fortran{{ele}}";
"\\charged{e"-}{e"+}\\fortran{electron}\\fortran{ele}" =>
"\\charged{e"-}{e"+}\\fortran{{ele}}\\fortran{{electron}}";
"\\charged{e"-}{e"+}\\alias{e2}\\alias{el}" =>
"\\charged{e~-}{e " +}\\alias{{el}}\\alias{{e2}}";
"\\charged{e"-}{e"+}\\fortran{ele}\\anti\\fortran{pos}" =>
"\\charged{e~-}{e"+}\\fortran{{ele}}\\anti\\fortran{{pos}}"]

let particles =
"particles" >:u:

[electronl;

electron2)

let parameters =
"parameters" >::
[ 7> "\\parameter{\\alpha}{1/137}";
7> "\\derived{\\alpha_s}{1/\\1n{\\frac{\\mu}{\\Lambda}}}";
"\\parameter{\\alpha}{1/137}\\anti\\fortran{alpha}" =>!
("invalid parameter attribute", "\\anti") ]

let indices =
"indices" >::
[ 7> "\\index{a}\\color{8}";
"\\index{a}\\color [SU(2)1{3}" => "\\index{a}\\color [{SU(2) }]{3}" ]

let tensors =
"tensors" >:::
[ "\\tensor{T}\\color{3}" => "\\tensor{T}\\color{3}"]

let vertices =
"vertex" >
[ "\\vertex{\\bar\\psi\\gamma_\\mu\\psi A_\\mu}" =>
"\\vertex{{{\\bar\\psi\\gamma_\\mu\\psi A_\\mu}}}" |

module T = Vertex_syntaz. Token

let parse_token s =
match parse_string ("\\vertex{" "~ s "~ "}") with
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| [Vertex_syntazx.File. Vertex (-, v)] — v
| - — invalid_arg "only_vertex"

let print_token pfx t =
print_endline (pfr = ":" ~ T.to_string t)

let test_stem s_out s_in () =
assert_equal ~printer : T.to_string
(parse_token s_out)
(T.stem (parse_token s_in))

let (=>>) s_in s_out =
"stem " ~ s_in >: test_stem s_out s_in

let tokens =
"tokens" >::

[ "\\vertex{a’}" => "\\vertex{a"\\prime}";
"\\vertex{a’’}" => "\\vertex{a"{\\prime\\prime}}";
"\\bar\\psi’’_{i,\\alpha}" =>> "\\psi";
"\\phi~\\dagger_{i’}" =>> "\\phi";
"\\bar{\\phi\\psi}’’_{i,\\alpha}" =>> "\\psi";
"\\vertex{\\phi}" => "\\vertex{\\phi}";
"\\vertex{\\phi_1}" => "\\vertex{\\phi_1}";
"\\vertex{{{\\phi}’}}" => "\\vertex{\\phi~\\prime}";
"\\vertex{\\hat{\\bar\\psi}-1}" => "\\vertex{\\hat\\bar\\psi_1}";
"\\vertex{{a_b}_{cd}}" => "\\vertex{a_{bcd}}";
"\\vertex{{\\phi_1}_2}" => "\\vertex{\\phi_{12}}";
"\\vertex{{\\phi_{12}}_{34}}" => "\\vertex{\\phi_{1234}}";
"\\vertex{{\\phi_{12}}"{34}}" => "\\vertex{\\phi~{34}_{12}}";
"\\vertex{\\bar{\\psi_{\\mathrm{e}}}_-\\alpha\\gamma_{\\alpha\\beta} " \\mu{\\psi_{\
"\\vertex{{{\\bar\\psi_{\\mathrm e\\alpha}\\gamma"\\mu_{\\alpha\\beta}\\psi_{\\me

let suite =
"Vertex_Parser" >:u:

[empty;
index;
erpr;
particles;
parameters;
indices;
tensors;
vertices;
tokens |

end

Symbol Tables

module type Symbol =
sig

type file = Vertex_syntax.File.t
type t = Vertex_syntax.Token.t
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Tensors and their indices are representations of color, flavor or Lorentz groups.
In the end it might turn out to be unnecessary to distinguish Color from Flavor.

type space =

| Color of Vertex_syntaz.Lie.t
| Flavor of t list x t list

| Lorentz of t list

A symbol (i.e. a Symbol.t = Vertexr_syntax.Token.t) can refer either to parti-
cles, to parameters (derived and input) or to tensors and indices.

type kind =
| Neutral

| Charged

| Anti

| Parameter
| Derived

| Index of space
| Tensor of space

type table
val load : file — table
val dump : out_channel — table — unit

Look up the kind of a symbol.

val kind_of _symbol : table — t — kind option
Look up the kind of a symbol’s stem.

val kind_of _stem : table — t — kind option

Look up the kind of a symbol and fall back to the kind of the symbol’s stem, if
necessary.

val kind_of _symbol_or_stem : table — t — kind option
A table to look up all symbols with the same stem.
val common_stem : table — t — t list

exception Missing_Space of t
exception Conflicting-Space of ¢

end

module Symbol : Symbol =

struct
module T = Vertex_syntaz. Token
module F' = Vertex_syntaz.File
module P = Vertex_syntax.Particle
module I = Vertex_syntax.Index
module L = Vertex_syntax.Lie
module @ = Vertex_syntax.Parameter
module X = Vertex_syntax.Tensor
type file = F.t
typet = T.t
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type space =

| Color of L.t

| Flavor of t list x t list
| Lorentz of t list

let space_to_string = function
| Color (g, r) —
"color:" " L.group_to_string g ~ ":" = L.rep_to_string r

| Flavor (-, -) — "flavor"
| Lorentz - — "Lorentz"

type kind =
| Neutral

| Charged

| Anti

| Parameter
| Derived

| Index of space
| Tensor of space

let kind_to_string = function
| Neutral — "neutral particle"
| Charged — "charged particle"
| Anti — "charged anti particle"
| Parameter — "input parameter"
| Derived — "derived parameter"
| Index space — space_to_string space ~ ", index"
| Tensor space — space_to_string space ~ " _tensor"

module ST = Map.Make (T)
module SS = Set.Make (T)

type table =
{ symbol_kinds : kind ST.t;
stem_kinds : kind ST.t;
common_stems : SS.t ST.t }

let empty =
{ symbol_kinds = ST.empty;
stem_kinds = ST.empty;
common_stems = ST.empty }

let kind_of —symbol table token =
try Some (ST.find token table.symbol_kinds) with Not_found — None

let kind_of _stem table token =
try
Some (ST.find (T.stem token) table.stem_kinds)
with
| Not_found — None
let kind-of —symbol_or_stem symbol_table token =
match kind_of _symbol symbol_table token with

| Some _ as kind — kind
| None — kind_of _stem symbol_table token
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let common_stem table token =
try
SS.elements (ST.find (T.stem token) table.common_stems)
with
| Not_found — []

let add_symbol_kind table token kind =
try
let old_kind = ST.find token table in
if kind = old_kind then
table
else
invalid_arg ("conflicting symbol kind: " *
T.to_string token ~ " ->_" ~
kind_to_string kind ~ " vs " "~
kind_to_string old _kind)
with
| Not_found — ST.add token kind table

let add_stem_kind table token kind =
let stem = T.stem token in
try
let old_kind = ST.find stem table in
if kind = old_kind then
table
else begin
match kind, old_kind with
| Charged, Anti — ST.add stem Charged table
| Anti, Charged — table
| o, - —
invalid_arg ("conflicting stem_kind: " °
T.to_string token ~ " =>."
T.to_string stem = "->_"
kind_to_string kind ~ " vs," ~
kind _to_string old_kind)

end
with
| Not_found — ST.add stem kind table

let add_kind table token kind =
{ table with
symbol_kinds = add_symbol_kind table.symbol_kinds token kind;
stem_kinds = add-stem_kind table.stem_kinds token kind }

let add_stem table token =

let stem = T.stem token in

let set =
try

ST.find stem table.common_stems

with
| Not_found — SS.empty in

{ table with
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common_stems = ST.add stem (5S.add token set) table.common_stems }

Go through the list of attributes, make sure that the space is declared and
unique. Return the space.

exception Missing_Space of t
exception Conflicting_Space of t

let group_rep_of _tokens group rep =
let group =
match group with
| [] = L.default_group
| group — L.group_of _string (T .list_to_string group) in
Color (group, L.rep_of _string group (T.list_to_string rep))

let index _space inder =
let spaces =
List.fold _left

(fun acc — function
| I.Color (group, rep) — group_rep_of _tokens group rep :: acc
| I.Flavor (group, rep) — Flavor (rep, group) :: acc
| I.Lorentz t — Lorentz t :: acc)
[] index.I.attr in

match ThoList.uniq (List.sort compare spaces) with

| [space] — space

| [] — raise (Missing-Space indezx.I.name)

| - — raise (Conflicting-Space index.I.name)

let tensor_space tensor =
let spaces =
List.fold_left
(fun acc — function
| X.Color (group, rep) — group_rep_of _tokens rep group :: acc
| X.Flavor (group, rep) — Flavor (rep, group) :: acc
| X.Lorentz t — Lorentz t :: acc)
[] tensor.X .attr in
match ThoList.uniq (List.sort compare spaces) with
| [space] — space
| [] = raise (Missing_Space tensor.X .name)
| - — raise (Conflicting_Space tensor.X.name)

NB: if P.Charged (name, name) below, only the Charged will survive, Anti will
be shadowed.
let insert_kind table = function
| F.Particle p —

begin match p.P.name with
| P.Neutral name — add_kind table name Neutral

| P.Charged (name, anti) —
add_kind (add_kind table anti Anti) name Charged

end
| F.Index i — add_kind table i.I.name (Index (index_space i))

| F.Tensor t — add_kind table t.X .name (Tensor (tensor_space t))
| F.Parameter p —
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begin match p with
| Q.Parameter name — add_kind table name.Q.name Parameter
| Q.Derived name — add_kind table name.Q.name Derived
end
| F.Vertex - — table

let insert_stem table = function

| F.Particle p —
begin match p.P.name with
| P.Neutral name — add_stem table name
| P.Charged (name, anti) — add_stem (add_stem table name) anti
end

| F.Index i — add_stem table i.I.name

| F.Tensor t — add_stem table t.X.name

| F.Parameter p —
begin match p with
| Q.Parameter name
| Q.Derived name — add_stem table name.Q.name
end

| F.Vertex - — table

let insert table token =
insert_stem (insert_kind table token) token

let load decls =
List.fold_left insert empty decls

let dump oc table =
Printf .fprintf oc "<<<_Symbol_ Table: >>>\n";
ST.iter
(fun s k —
Printf . fprintf oc "hsu=>_%s\n" (T.to_string s) (kind_to_string k))
table.symbol _kinds;
Printf .fprintf oc "<<< Stem Table: ,>>>\n";
ST.iter
(fun s k —
Printf . fprintf oc "hsu=>_%s\n" (T.to_string s) (kind_to_string k))
table.stem_kinds;
Printf .fprintf oc "<<< Common, Stems: >>>\n";
ST.iter
(fun stem symbols —
Printf . fprintf
oc "%hsu—>uhs\n"
(T.to_string stem)
(String.concat
",u" (List.map T.to_string (SS.elements symbols))))
table.common_stems

end

Declarations

module type Declaration =
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sig
type ¢

val of _string : string — t list
val to_string : t list — string

For testing and debugging
val of _string_and_back : string — string

val count_indices : t — (int x Symbol.t) list
val indices_ok : t — unit

end

module Declaration : Declaration =
struct

module S = Symbol
module T = Vertex_syntaz. Token

type factor =
{ stem : T.t;

prefix . T.prefix list;
particle : T.t list;
color : T.t list;
flavor : T.t list;
lorentz . T.t list;
other : T.t list }

type t = factor list

let factor_stem token =

{ stem = token.T.stem;
prefiv = token.T.prefix;
particle = [];
color = [];
flavor = [];
lorentz = [];
other = []}

let rev factor =

{ stem = factor.stem;
prefix = List.rev factor.prefix;
particle = List.rev factor.particle;
color = List.rev factor.color;
flavor = List.rev factor.flavor;
lorentz List.rev factor.lorentz;
other = List.rev factor.other }

let factor_add_prefix factor token =
{ factor with prefit = T.prefiz_of _string token :: factor.prefiz }

let factor_add_particle factor token =
{ factor with particle = token :: factor.particle }
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let factor_add_color_index t factor token =
{ factor with color = token :: factor.color }

let factor_add_lorentz_indez t factor token =
(x diagnostics: Printf.eprintf "[L: [%s]1]1\n" (T.to_string token); x)
{ factor with lorentz = token :: factor.lorentz }

let factor_add_flavor_index t factor token =
{ factor with flavor = token :: factor.flavor }

let factor_add_other_index factor token =
{ factor with other = token :: factor.other }

let factor_add_kind factor tokem = function
| S.Neutral | S.Charged | S.Anti — factor_add_particle factor token
| S.Index (S.Color (rep, group)) —
factor_add _color_index (rep, group) factor token
| S.Index (S.Flavor (rep, group)) —
factor_add _flavor_index (rep, group) factor token
| S.Index (S.Lorentz t) — factor_add_lorentz_index t factor token
| S.Tensor - — invalid_arg "factor_add_index: \\tensor"
| S.Parameter — invalid_arg "factor_add_index: \\parameter"
| S.Derived — invalid_arg "factor_add_index: \\derived"

let factor_add_index symbol_table factor = function
| T.Token "," — factor
| T.Token ("*" | "\\ast" as star) — factor_add_prefiz factor star
| token —
begin
match S.kind_of _symbol_or_stem symbol_table token with
| Some kind — factor_add_kind factor token kind
| None — factor_add_other_index factor token
end

let factor_of _token symbol_table token =
let token = T.wrap_-scripted token in
rev (List.fold _left
(factor_add_index symbol_table)
(factor_stem token)
(token.T.super @Q token.T.sub))

let list_to_string tag = function
| [] sy nn
| I — ";0" " tag ~ "=" " String.concat "," (List.map T.to_string 1)

let factor_to_string factor =
"[" " T.to_string factor.stem ~

(match factor.preficz with

NIRRT

| I — ";_prefix=""

String.concat " ," (List.map T.prefix_to_string 1)) ~

list_to_string "particle" factor.particle ~
list _to_string "color" factor.color ~
list _to_string "flavor" factor.flavor ~
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list_to_string "lorentz" factor.lorentz "
list_to_string "other" factor.other ~ "1"

let count_indices factors =
ThoList.classify

(ThoList.flatmap (fun f — f.color Q f.flavor Q f.lorentz) factors)
let format_mismatch (n, index) =
Printf.sprintf "index %sy appears,kd times" (T.to_string index) n
let indices_ok factors =

match List.filter (fun (n, -) — n # 2) (count_indices factors) with

=0

| mismatches —

invalid_arg (String.concat ", " (List.map format_mismatch mismatches))

let of _string s =
let decls = parse_string s in
let symbol_table = Symbol.load decls in
(x diagnostics: Symbol.dump stderr symbol_table; x)
let tokens =
List.fold_left
(fun acc — function
| Vertex_syntax.File. Vertex (-, v) — T.wrap_list v :: acc
| - — ace)
[] decls in
let vlist = List.map (List.map (factor_of _token symbol_table)) tokens in
List.iter indices_ok vlist;
vlist

let to_string decls =
String.concat " ;"
(List.map

(fun v — String.concat " *" (List.map factor_to_string v))
decls)

let of _string_and_back s =
to_string (of _string s)

type field =
{ name : T.t list }

end

Complete Models

module Modelfile =
struct

end

module Modelfile_Test =
struct

let example () =
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0

open OUnit

let index _mismatches =
"index, mismatches" >::
["1" >
(fun () —
assert_raises
(Invalid - argument "index a_1_appears,l times,\
uuindex a_2 appears, 1 times")
(fun () — Declaration.of _string_and_back
"\\index{a}\\color{3}\
vouuu\\vertex{\\bar\\psi_{a-1}\\psi_{a_2}}"));
"3 >
(fun () —
assert_raises
(Invalid_argument "index a_ appears 3, times")
(fun () — Declaration.of _string_and_back
"\\index{a}\\color{3}\
vouuo\\vertex{\\bar\\psi_a\\psi_a\\phi_a}")) |

let kind_conflicts =
"kind,,conflictings" >::
[ "lorentz,/,color" >:
(fun () —
assert_raises
(Invalid - argument
"conflicting stem kind: a_2 ,->,a,->_\
uuuLorentzindex vs color:SU(3) : 3 index")
(fun () — Declaration.of _string_and_back
"\\index{a_1}\\color{3}\
vouuu\\index{a_-2}\\lorentz{X}"));
"color,/,color" >::
(fun () —
assert_raises
(Invalid —argument
"conflicting stem kind: a_2 ,->a,~->\
uuucolor:SU(3) : 8 index ;vs ,color:SU(3) : 3, index")
(fun () — Declaration.of _string_and_back
"\\index{a_1}\\color{3}\
vouuu\\index{a_2}\\color{8}"));
"neutral,,/ charged" >::
(fun () —
assert_raises
(Invalid - argument
"conflicting ,stem kind: H"- ->_ H,~>_\
L,._l._lchargedua.ntiuparticlel_,vsuneutral._lparticle")
(fun () — Declaration.of _string_and_back
"\\neutral{H}\
vouoo\\charged {H™+}{H"~}")) ]
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let suite =
"Modelfile_Test" >:::
["Ok" >
(fun () —

assert_equal ~printer : (fun s — s)
"[\\psi;uprefix=\\bar;\
HHHHHHHHHHHHHHHHHHpartiCle:e;UC01or=a;ulorentz=\\alpha—1]u*u\
HHHHHHHHHHHHHHHHH[\\gamma§ulorentz=\\mu,\\alpha_1,\\alpha_Q]u*u\
O I T N N T T [\\PSi ;uparticle=e; color=a; ulorentz=\\alpha_2] u*u\
Looououuuooouooooo LA L lorentz=\\mu]
(Declaration.of _string -and _back
"\\charged{e"-}{e"+}\
HHHHHHHHHHHHHHHHHHHH\\index{a}\\COlor{\\bars}\
HHHHHHHHHHHHHHHHHHHH\\index{b}\\C01or[SU(S)]{8}\
uuuuuuuuuuuuuuuuuuuu\\indeX{\\mu}\\lorentZ{X}\
uuuuuuuuuuuuuuuuuuuu\\indeX{\\alpha}\\lorentZ{X}\
HHHHHHHHHHHHHHHHHHHH\\Vertex{\\bar{\\psi—e}—{a,\\alpha—1}\
HHHHHHHHHHHHHHHHHHHHHHHHHHHHH\\gammaA\\mu—{\\alpha—1\\alpha—2}\
HHHHHHHHHHHHHHHHHHHHHHHHHHHHH{\\PSi—e}—{a,\\alpha—Q}A—\\mu}")%
index —-mismatches;
kind - conflicts;
"QCD.omf" >::
(fun () —
dump_file "QCD" (parse_file "QCD.omf"));
"SM.omf" >::
(fun () —
dump_file "SM" (parse_file "SM.omf"));
"SM-error.omf" >::
(fun () —
assert_raises
(Invalid - argument
"SM-error.omf :32.22-32.27:syntax error (syntax error) ")
(fun () — parse_file "SM-error.omf"));
"cyclic.omf" >::
(fun () —
assert_raises
(Invalid -argument "cyclicy\\include{cyclic.omf}")
(fun () — parse_file "cyclic.omf")) |

end

9.4.2  New Implementation: Obsolete Version 1

Start of version 1 of the new implementation. The old syntax will not be used
in the real implementation, but the library for dealing with indices and permu-
tations will remail important.

Note that arity = length lorentz_reps = length color_reps. Do we need to
enforce this by an abstract type constructor?
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A cleaner approach would be type context = (Coupling.lorentz, Color.t) array,
but it would also require more tedious deconstruction of the pairs. Well, an ab-
stract type with accessors might be the way to go after all ...

type contert =
{ arity : int;
lorentz_reps : Coupling.lorentz array;
color_reps : Color.t array }

let distinct2 i j =

P F
let distinct3 i j k =

T #F J NG FEFENE FE
let distinct ilist =

List.length (ThoList.uniq (List.sort compare ilist)) =
List.length ilist

An abstract type that allows us to distinguish offsets in the field array from
color and Lorentz indices in different representations.

module type Index =
sig
type ¢
val of _int : int — t
val to_int : t — int
end

While the number of allowed indices is unlimited, the allowed offsets into the
field arrays are of course restricted to the fields in the current contezt.

module type Field =
sig
type ¢
exception Out_of _range of int
val of _int : context — int — t
val to_int : t — int
val get : aarray — t — «

end
module Field : Field =
struct
type t = int

exception Out_of _range of int
let of _int context i =
if 0 < ¢ A ¢ < context.arity then
1
else
raise (Out_of _range 1)
let to—int 1 = 0
let get = Array.get
end

type field = Field.t
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module type Lorentz =
sig

We combine indices I and offsets F' into the field array into a single type so that
we can unify vectors with vector components.

type index = I of int | F of field

type vector = Vector of index
type spinor = Spinor of index
type conjspinor = ConjSpinor of index

These are all the primitive ways to construct Lorentz tensors, a.k.a. objects
with Lorentz indices, from momenta, other Lorentz tensors and Dirac spinors:

type primitive =
| G of vector x wvector (% gu,pu, *)
| E of vector x wector x wvector x wvector ( €, uspuspq *)
| K of vector x field (x kb* )
| S of conjspinor x spinor (* 19 *)
| V of vector x conjspinor x spinor (x @wwwg, *)
| T of wector x wector X conjspinor X spinor (x 1/7)10;””31/14 *)
| A of vector X conjspinor X spinor (x 1[)17#275w3 *)
| P of conjspinor x spinor (* 1yvysiba *)

type tensor = int X primitive list

Below, we will need to permute fields. For this purpose, we introduce the
function map_primitive v_idx v_fild s_idx s_fid c_idx c_fld tensor that returns
a structurally identical tensor, with v_idx : int — int applied to all vector
indices, v_fld : field — field to all vector fields, s_idx and c_idz to all
(conj)spinor indices and s_fld and c_fid to all (conj)spinor fields.

Note we must treat spinors and vectors differently, even for simple permua-
tions, in order to handle the statistics properly.

val map_tensor :
(int — int) — (field — field) — (int — int) — (field — field) —
(int — int) — (field — field) — tensor — tensor

Check whether the tensor is well formed in the context.
val tensor_ok : context — tensor — bool

The lattice N 4+ iN C C, which suffices for representing the matrix elements of
Dirac matrices. We hope to be able to avoid the lattice Q +iQ C C or C itself
down the road.

module Complex :

sig
type t = int x int
type ' =
| Z (%0 x)
| O (x1x)
| M (x —1 %)
| T (x1ix)
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| J (x —i %)
| C of int x int (x x +1iy *)
val to_fortran : t' — string
end

Sparse Dirac matrices as maps from Lorentz and Spinor indices to complex
numbers. This is supposed to be independent of the representation.

module type Dirac =
sig
val scalar : int — int — Complex.t’
val vector : int — int — int — Complex.t’
val tensor : int — int — int — int — Complex.t’
val azial : int — int — int — Complex.t’

val pseudo : int — int — Complex.t’
end

Dirac matrices as tables of nonzero entries. There will be one concrete Module
per realization.

module type Dirac_Matrices =

sig
type t (int x int x Complex.t") list
val scalar : t
val vector : (int x t) list
val tensor : (int x int X t) list
val azial : (int x t) list
val pseudo : t

end

E. g. the chiral representation:

module Chiral : Dirac_Matrices

Here’s the functor to create the maps corresponding to a given realization.

module Dirac : functor (M : Dirac_Matrices) — Dirac
end
module Lorentz : Lorentz =
struct
type indexr =
| I of int (% po,p1,..., not 0,1,2,3 %)
| F of field
let map_index fi ff = function
| ITi — I(fi4)
| Fi — F (ff 1)
let indices = function
| Ti — [i]
| F o =]

Is the following level of type checks useful or redundant?
TODO: should we also support a tensor like F,, ,,,7
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type vector = Vector of index
type spinor = Spinor of index
type conjspinor = ConjSpinor of index

let map_vector fi ff (Vector i) = Vector (map—index fi ff i)
let map_spinor fi ff (Spinor i) = Spinor (map_indez fi ff 1)
let map_congspinor fi [f (ConjSpinor i) = ConjSpinor (map_indez fi ff i)

let vector_ok context = function
| Vector (I -) —
(* we could perform additional checks! *)
true
| Vector (Fi) —
begin
match Field.get context.lorentz_reps i with
| Coupling. Vector — true
| Coupling. Vectorspinor —
failwith "Lorentz.vector_ok: jincomplete"
| - — false
end

let spinor_ok context = function
| Spinor (I ) —
(* we could perfrom additional checks! )
true
| Spinor (F i) —
begin
match Field.get context.lorentz_reps i with
| Coupling.Spinor — true
| Coupling. Vectorspinor | Coupling. Majorana —
failwith "Lorentz.spinor_ok: incomplete"
| - — false
end

let conjspinor_ok context = function
| CongSpinor (I ) —
(* we could perform additional checks! x)
true
| CongSpinor (F i) —
begin
match Field.get context.lorentz_reps i with
| Coupling.ConjSpinor — true
| Coupling. Vectorspinor | Coupling. Majorana —
failwith "Lorentz.conjspinor_ok: incomplete"
| - — false
end

Note that distinct2 i j is automatically guaranteed for Dirac spinors, because
the 1 and ¢ can not appear in the same slot. This is however not the case for
Weyl and Majorana spinors.

let spinor_sandwitch_ok context i j =
congspinor_ok context i N spinor_ok context j
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type primitive =
| G of vector x wector
| E of vector x wector X wector x wvector
| K of vector x field
| S of conjspinor X spinor
| V of vector x conjspinor X spinor
| T of vector X wector X conjspinor X spinor
| A of vector X congspinor X spinor
| P of conjspinor x spinor

let map_primitive fvi fof fsi fsf fci fef = function
| G (mu, nu) —
G (map_vector fvi fuf mu, map_vector fvi fuf nu)
| E (mu, nu, rho, sigma) —
E (map_vector fvi fof mu,
map_vector fvi fuf nu,
map _vector fvi fuf rho,
map_vector fui fuf sigma)
| K (mu, i) —
K (map_-vector fvi fof mu, fof i)
|5 j) —
S (map_congspinor fci fef i, map_spinor fsi fsf j)
|V (mu, i, §) -
174 (map_vector fui fuf mu,
map _conjspinor fci fef i,
map_spinor fsi fsf j)
| T (mu, nu, i, §) —
T (map_vector fui fof mu,
map _vector fvi fuf nu,
map _conjspinor fci fef i,
map_spinor fsi fsf j)
| A (mu, i, j) —
A (map_vector fui fuf mu,
map —conjspinor fci fef 1,
map_spinor fsi fsf j)
| P (i, §) —
P (map_congspinor fei fef i, map_spinor fsi fsf j)

let primitive_ok context =
function
| G (mu, nu) —
distinct2 mu nu A
vector_ok context mu A wvector_ok context nu
| E (mu, nu, rho, sigma) —
let i = [mu; nu; rho; sigma] in
distinct i A List.for_all (vector_ok context) i
| K (mu, i) —
vector_ok context mu
| S Gy ) | PG j) —
spinor_sandwitch_ok context i j
| V (mu, i, j) | A (mu, i, j) —
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vector_ok context mu A spinor_sandwitch_ok context i j
| T (mu, nu, i, j) —

vector_ok context mu A wvector_ok context nu A

spinor_sandwitch_ok context i j

let primitive_vector_indices = function

| G (Vector mu, Vector nu) | T (Vector mu, Vector nu, -, ) —
indices mu Q indices nu

| E (Vector mu, Vector nu, Vector rho, Vector sigma) —
indices mu Q indices nu Q indices rho @ indices sigma

| K (Vector mu, -)

| V (Vector mu, -, -)

| A (Vector mu, _, _) — indices mu

1S [P =

let vector_indices p =
ThoList.flatmap primitive _vector _indices p

let primitive_spinor_indices = function
| G ) E( - - ) K- = ]
| S (-, Spinor alpha) | V (-, -, Spinor alpha)
| T (-, -, -, Spinor alpha)

| A (-, -, Spinor alpha) | P (-, Spinor alpha) — indices alpha

let spinor_indices p =
ThoList.flatmap primitive_spinor_indices p

let primitive_conjspinor_indices = function
G ) [ B ) | K ) =[]
| S (ConjSpinor alpha, _) | V (=, ConjSpinor alpha, _)
| T (-, -, ConjSpinor alpha, _)

| A (-, ConjSpinor alpha, _) | P (ConjSpinor alpha, _) — indices alpha

let conjspinor_indices p =
ThoList.flatmap primitive - conjspinor_indices p

let vector_contraction_ok p =
let ¢ = ThoList.classify (vector_indices p) in
print_endline
(String.concat ", "
(List.map

(fun (n, i) — string_of _int n = "*," " string_of —int i)
¢));

flush stdout;

let res = List.for_all (fun (n, -) — n = 2) cin

res

let two_of _each indices p =
List.for_all (fun (n, ) — n = 2) (ThoList.classify (indices p))

let vector_contraction_ok = two_of —each vector_indices
let spinor_contraction_ok = two_of _each spinor_indices
let congspinor_contraction_ok = two_-of —each conjspinor_indices

let contraction_ok p =
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vector _contraction_ok p A
spinor_contraction_ok p A conjspinor_contraction_ok p

type tensor = int X primitive list
let map_tensor fui fuf fsi fsf fei fef (factor, primitives) =

(factor, List.map (map_primitive fui fuf fsi fsf fci fef ) primitives)
let tensor_ok context (-, primitives) =

List.for_all (primitive_ok context) primitives A
contraction_ok primitives

module Compler =

struct
type t = int X int

typet' = Z | O | M | I | J | Cofintxint

let to_fortran = function
| Z — "(0,0)"
| O — "(1,00"
| M — "(-1,0)"
| T — "(0,1)"
| J — "(0,-1)"
| C(r, 1) — "(" " string_of _int v "~ "," " string_of _int ¢ ~ ")"

end

module type Dirac =
sig
val scalar : int — int — Complex.t’
val vector : int — int — int — Complex.t’
val tensor : int — int — int — int — Complex.t’
val azial : int — int — int — Complex.t’

val pseudo : int — int — Complex.t’
end

module type Dirac_Matrices =

sig
type t = (int x int x Complex.t') list
val scalar : t
val vector : (int x t) list
val tensor : (int x int X t) list
val azial : (int x t) list
val pseudo : t

end

module Chiral : Dirac_Matrices =
struct

type t = (int x int x Complex.t') list
let scalar =
[ (1, 1, Complezx.O);
(2, 2, Complezx.O);
(3, 3, Complez.O);
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(4, 4, Complex.0) ]

let vector =
[ (0, [ (1, 4, Complez.O);

4, 1, Complez.0);

2, 3, Complex.M);

3, 2, Complex.M) ]);

(1, [ (1, 3, Complex 0);
3, 1, Complez.0);
2, 4, Complex.M);
4, 2, Complex.M) ]);

)

3, Complex.I);

3, 1, Complex.I);

2, 4, Complex.I);

4, 2, Complex.I) ]);

(3, [ (1, 4, Complex.M);
(4, 1, Complex.M);
(2, 3, Complex.M);
(3, 2, Complex.M) ]) |

(
(2,
(
(
(
(
2 [,
(
(2,
(

let tensor =
[ (+ TODO!! ) |
let axial =
[ (0, [ (1, 4, Complex.M);
(4, 1, Complex.O);
(2, 3, Complex.O);
(3, 2, Complex.M) ]);
(1, 1 (1, 3, Comple:n M);
(3, 1, Complex.O);
(2, 4, Complex.O);
(4, 2, Complex.M) ]);
, 3, Complex.J);
(3, 1, Complex.I);
(
(
(
(
(

2 [
1

4, Complex.J);
2

37
27

4, 2, Complex.I)]);
(3, [ (1, 4, Complez.O);
4, 1, Complex.M);
2, 3, Complex.0);
3, 2, Complex.M) ]) ]

let pseudo =
[ (1, 1, Complex.M);
(2, 2, Complex.M);
(3, 3, Complez.O);
(4, 4, Complex.O) ]

end
module Dirac (M : Dirac_Matrices) : Dirac =
struct

module Map2 =
Map.Make
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(struct

type t = nt X int

let compare = Pervasives.compare
end)

let init2 triples =
List.fold_left
(fun acc (i, j, ) — Map2.add (i, j) e acc)
Map2.empty triples

let bounds_check2 @ j =
ifi <1Vi>4Vj<O0Vj > 4then
invalid_arg "Chiral.bounds_check2"

let lookup2 map i j =
bounds_check2 i j;
try Map2.find (i, j) map with Not_found — Complex.Z

module Map3 =
Map.Make
(struct
type t = int x (int X int)
let compare = Pervasives.compare
end)

let init3 quadruples =
List.fold _left
(fun acc (mu, gamma) —
List.fold _right
(fun (4, j, e) — Map3.add (mu, (i, j)) e)
gamma acc)
Map3.empty quadruples

let bounds_check3 mu i 5 =
bounds_check2 i j;
if mu < 0V mu > 3then
tnvalid_arg "Chiral.bounds_check3"

let lookup3 map mu i j =
bounds_check3 mu i j;
try Map3.find (mu, (i, j)) map with Not_found — Complex.Z

module Map4 =
Map.Make
(struct
type t = int X int x (int X int)
let compare = Pervasives.compare
end)

let init4 quadruples =
List.fold _left
(fun acc (mu, nu, gamma) —
List.fold _right
(fun (i, j, e) — Map4.add (mu, nu, (i, 7)) e)
gamma acc)
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Map/ .empty quadruples

let bounds_checks mu nu i j =
bounds_check3 nu 1 j;
if mu < 0V mu > 3then
invalid_arg "Chiral.bounds_check4"

let lookup4 map mu nu i j =
bounds_check mu nu i j;
try Map/ .find (mu, nu, (i, j)) map with Not_found — Complex.Z

let scalar_map = nit2 M .scalar
let vector_map = init3 M .vector
let tensor_map = init4 M .tensor
let axzial-map = init3 M.axial

let pseudo_map = init2 M .pseudo

let scalar = lookup2 scalar_map
let vector = lookup3 vector_map
let tensor mu nu i j =

lookup4 temsor_map mu nu i j
let tensor mu nu i j =

failwith “tensor: incomplete"

let azial = lookup3 azial_map
let pseudo = lookup?2 pseudo_map
end

end

module type Color =
sig
module Index : Index
type index = Index.t
type color_rep = F of field | C of field | A of field
type primitive =
| D of field x field
| E of field x field x field (x only for SU(3) )
| T of field x field x field
| F of field x field x field
val map_primitive : (field — field) — primitive — primitive
val primitive_indices : primitive — field list
val indices : primitive list — field list
type tensor = int X primitive list
val map_tensor :
(field — field) — a x primitive list — « X primitive list
val tensor_ok : context — o X primitive list — bool
end

module Color : Color =
struct

module Index : Index =
struct
type t = int
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let of _int i =
let to_int 1 =
end

1
1

ap,ai,...,not 0,1,...
type index = Index.t

type color_rep =
| F of field
| C of field
| A of field

type primitive =
| D of field x field
| E of field x field x field
| T of field x field x field
| F of field x field x field

let map_primitive f = function
| D (i, j) = D(f 1 f])
| E(i, 4, k) = E(fi, fj, [k)
| F(a, b,¢) = F(fa, fb, fc)
let primitive_ok ctr =
function
| D (i, j) —

distinct2 1 j N
(match Field.get ctx.color_reps i, Field.get ctx.color_reps j with
| Color.SUN (n1), Color.SUN (n2) —
nl = —n2 A n2 >0
| -, - — false)
| E (i, j, k) —
distinct3 i j k A
(match Field.get ctz.color_reps i,
Field.get ctx.color_reps j, Field.get ctx.color_reps k with
| Color.SUN (n1), Color.SUN (n2), Color.SUN (n3) —
nl =3 An2 =3 An8 =3V
nl = -3 A2 = —3An8 = -3
| -, -, - — false)
| T (a4, §) -
distinct3 a 1 j A
(match Field.get ctz.color_reps a,
Field.get ctx.color_reps i, Field.get ctx.color_reps j with
| Color.AdjSUN (n1), Color.SUN (n2), Color.SUN (n3) —

nl = n8 ANn2 = —n8 ANnd >0
| -, -, - — false)
| F(a, b, ¢) —

distinct3 a b ¢ A
(match Field.get ctz.color_reps a,

Field.get ctx.color_reps b, Field.get ctx.color_reps ¢ with
| Color.AdjSUN (n1), Color.AdjSUN (n2), Color.AdjSUN (n3) —
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nl = n2 ANn2 = n8 AN nl >0

| -, -, - — false)
let primitive_indices = function
| D (-, -) = |
| E( v =) = ]
| T (a, -, -) — [d]
| F(a, b, ¢) = [a; b; ]

let indices p =
ThoList.flatmap primitive_indices p

let contraction_ok p =
List.for_all
(fun (n, =) = n 2)
(ThoList.classify (indices p))

type tensor = int X primitive list

let map_tensor f (factor, primitives) =
(factor, List.map (map_primitive f) primitives)

let tensor_ok context (-, primitives) =
List.for_all (primitive_ok context) primitives

end
type t =
{ fields : string array;

lorentz : Lorentz.tensor list;
color : Color.tensor list }

module Test (M : Model.T) : Test =
struct

module Permutation = Permutation.Default

let context_of _flavors flavors =
{ arity = Array.length flavors;
lorentz_reps = Array.map M .lorentz flavors;
color_reps = Array.map M .color flavors }

let context_of _flavor_names names =
contezt_of _flavors (Array.map M .flavor_of _string names)

let context_of _verter v =
context_of _flavor_names v.fields

let ok v =
let context = context_of _vertex v in
List.for_all (Lorentz.tensor_ok context) v.lorentz A
List.for_all (Color.tensor_ok context) v.color

module PM =
Partial. Make (struct type t = field let compare = compare end)

letid x = x

let permute v p =
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let context
let sorted =
List.map

(Field.of —int context)

(ThoList.range 0 (Array.length v.fields — 1)) in
let permute =

context_of _vertex v in

PM .apply (PM .of _lists sorted (List.map (Field.of _int context) p)) in
{ fields Permutation.array (Permutation.of _list p) v.fields;
lorentz = List.map
(Lorentz.map_tensor id permute id permute id permute) v.lorentz;
color =

= List.map (Color.map_tensor permute) v.color }
let permutations v =

List.map (permute v)

(Combinatorics.permute (ThoList.range 0 (Array.length v.fields — 1)))
let wf _declaration flavor

match M .lorentz (M .flavor_of _string flavor) with
| Coupling. Vector — "vector"

| Coupling.Spinor — "spinor"
| Coupling.ConjSpinor — "conjspinor"

| - — failwith "wf_declaration: incomplete"

module Chiral = Lorentz.Dirac(Lorentz.Chiral)
let write_fusion v

match Array.to_list v.fields with
| lhs = rhs —

let name = lhs =~ "_of_" "~

let momenta =

String.concat "_" rhs in
List.map (funn — "k_" " n) rhs in

Printf.printf "pure function %s,(%s)y result,(%s)\n"
name (String.concat ", "

(List.flatten

(List.map2 (fun wf p — [wf; p]) hs momenta)))
lhs;

Printf .printf "uotype (%s)u: :uhs\n" (wf -declaration lhs) lhs;
List.iter

(fun wf —
Printf.printf "Lutype (%s),uintent (in),: : %s\n"
(wf —declaration wf) wf)
rhs;
List.iter

momenta;

let [rhsl; rhs2] = rhs in

begin match M.lorentz (M .flavor_of _string lhs) with
| Coupling. Vector —

(Printf.printf ", type (momentum), intent(in):: %s\n")

begin
for mu = 0to 3 do
Printf.print

"Luks (%d) =" lhs mu;
fori = 1to4do

forj = 1to4do
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match Chiral.vector mu i j with
| Lorentz.Complex.Z — ()
| ¢ —
Printf .printf "L+ hsx%s (hd) *%s (%d) "
(Lorentz.Complex.to_fortran c) rhsl i ths2 j

done
done;
Printf.printf "\n"
done
end;
| Coupling.Spinor | Coupling. ConjSpinor —
begin

fori = 1to4do
Printf . printf "Luhs Chd) =" lhs i;
for mu = 0to 3 do
forj = 1to4do
match Chiral.vector mu i j with
| Lorentz.Complex.Z — ()
| ¢ —
Printf .printf "L+ hsx%s (hd) *%s (%d) "
(Lorentz.Complex.to_fortran c¢) rhsl mu rhs2 j
done

done;
Printf.printf "\n"
done
end;
| - — failwith "write_fusion: incomplete"
end;
Printf.printf "end function %s\n" name;

0
=0

let write_fusions v =
List.iter write_fusion (permutations v)

Testing:
let vector_field context i =
Lorentz. Vector (Lorentz.F' (Field.of —int context 1))

let spinor_field context i =
Lorentz.Spinor (Lorentz. F (Field.of _int context 7))

let congjspinor_field context i =
Lorentz. CongSpinor (Lorentz.F (Field.of —int context i))

let mu = Lorentz. Vector (Lorentz.I 0)
and nu = Lorentz. Vector (Lorentz.I 1)

let tbar_gl_t — H "tbar"; "gl"; ngn ”
let context = context_of _flavor_names tbar_gl_t

let vector_current_ok =

{ fields = tbar_gl_t;
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lorentz = [ (1, [Lorentz.V (vector_field context 1,
congspinor_field context 0,
spinor_field context 2)]) |;

color = [ (1, [Color.T (Field.of —int context 1,
Field.of _int context 0,
Field.of _int context 2)])] }
let vector_current_vector —misplaced

{ fields = tbar_gl_t;

lorentz = [ (1, [Lorentz.V (vector_field context 2,

conjspinor_field context 0,
spinor_field context 2)]) |;
color = [ (1, [Color.T (Field.of _int context 1,
Field.of _int context 0,

Field.of _int context 2)])] }
let vector_current_spinor_misplaced
{ fields tbar_gl_t;
lorentz

[ (1, [Lorentz.V (vector_field context 1,

congspinor_field context 0,

spinor_field context 1)]) ;
color = [ (1, [Color.T (Field.of —int context 1,

Field.of —int context 0,

Field.of _int context 2)])] }
let vector_current_conjspinor_misplaced

{ fields = tbar_gl_t;

lorentz = [ (1, [Lorentz.V (vector_field context 1,
conjspinor_field context 1,
spinor_field context 2)]) |;

color

[ (1, [Color.T (Field.of —int context 1,

Field.of _int context 0O,

Field.of —int context 2)])] }

let vector_current_out_of _bounds ()

{ fields = tbar_gl_t;
lorentz =

[ (1, [Lorentz.V (mu,

conjspinor_field context 3,

spinor_field context 2)]) |;
color = [ (1, [Color.T (Field.of —int context 1,

Field.of —int context 0,

Field.of _int context 2)])] }
let vector_current _color_mismatch =

let names = [| "t"; "gl"; "t" |] in
let context = context_of _flavor _names names in
{ fields = names;

lorentz =

[ (1, [Lorentz.V (mu,

congspinor_field context 0,

spinor_field context 2)]) |;
color = [ (1, [Color.T (Field.of —int context 1,

Field.of —int context 0,
Field.of _int context 2)])] }
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Iet wwzz = [| ||W+u; ||w_||; IIZII; nzn |]
let context = context_of _flavor_names wwzz

let anomalous_couplings =
{ fields = wwzz;
lorentz = [ (1, [ Lorentz.K (mu, Field.of _int context 0);
Lorentz. K (mu, Field.of _int context 1) ]) |;
color = []}

let anomalous_couplings_index_mismatch =
{ fields = wwzz;
lorentz = [ (1, [ Lorentz.K (mu, Field.of _int context 0);
Lorentz. K (nu, Field.of —int context 1) ]) |;
color = []}

exception Inconsistent_vertex

let example () =
if = (ok vector_current_ok) then begin
raise Inconsistent _vertex
end;
write_fusions vector_current_ok

open OUnit

let vertex_indices-ok =
"indices/ok" >
(fun () —
List.iter
(funv —
assert_bool "vector_current" (ok v))
(permutations vector_current_ok))

let vertex_indices_broken =
"indices/broken" >:
(fun () —
assert_bool "vector misplaced"
(— (ok vector_current_vector_misplaced));
assert_bool "conjugate spinor misplaced"
(= (ok wvector_current_spinor_misplaced));
assert_bool "conjugate spinor misplaced"
(= (ok wvector_current_congspinor_misplaced));
assert_raises (Field.Out_of —range 3)
vector _current _out_of _bounds;
assert_bool "color mismatch"
(= (ok wvector_current_color _mismatch)))

let anomalous_couplings_ok =
"anomalous_couplings/ok" >::
(fun () —
assert_bool "anomalous couplings"
(ok anomalous_couplings))

let anomalous_couplings_broken =
"anomalous_couplings/broken" >:
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(fun () —
assert_bool "anomalous couplings"
(= (ok anomalous_couplings_index _mismatch)))

let suite =
"Vertex" >::
[vertez _indices _ ok;
vertex _indices _broken;
anomalous _couplings _ok;
anomalous - couplings_broken]

end

9.5 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 — unit
end

module type Maker =
functor (F' : Fusion.Maker) —
functor (P : Momentum.T) — functor (M : Model. T) —
T with type amplitudes = Fusion. Multi(F)(P)(M).amplitudes
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10

CONSERVED QUANTUM NUMBERS

10.1 Interface of Charges
10.1.1 Abstract Type

module type T =
sig

The abstract type of the set of conserved charges or additive quantum numbers.

type ¢
Add the quantum numbers of a pair or a list of particles.

valadd : t — t — ¢
val sum : t list — t

Test the charge conservation.
val is_null : t — bool

end

10.1.2 Trivial Realisation

module Null : T with type t = wunit

10.1.8 Nontrivial Realisations

module Z : T with type t = int

ZXxXZx---xX17

module ZZ : T with type t = int list
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Q

module @ : T with type t = Algebra.Small_Rational.t

QXQX"'XQ

module QQ : T with type t = Algebra.Small_Rational.t list

10.2  Implementation of Charges

module type T =
sig
type ¢
valadd : t — t — t
val sum : t list — t
val is_null : t — bool
end

module Null : T with type t = unit =
struct
type t = unit
let add () () = ()
let sum - = ()
let is_null - = true
end

module Z : T with type t = int =
struct
type t = int
let add = ( + )
let sum = List.fold_left add O
let is_null n = (n = 0)
end

module ZZ : T with type t = int list =
struct
type t = int list
let add = List.map2 ( + )
let sum = function
| {1 — 1]
| [charges] — charges
| charges :: rest — List.fold_left add charges rest
let is_null = List.for_all (funn — n = 0)
end

module Rat = Algebra.Small_Rational

module @ : T with type t = Rat.t =
struct
type t = Rat.t
let add = Rat.add
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let sum = List.fold_left Rat.add Rat.null
let is_null = Rat.is_null
end

module Q@ : T with type t = Rat.t list =
struct
type t = Rat.t list
let add = List.map2 Rat.add
let sum = function
|1 =1
| [charges] — charges
| charges :: rest — List.fold_left add charges rest
let is_null = List.for_all Rat.is_null
end
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11

COLORIZATION

11.1 Interface of Colorize
11.1.1

module It (M : Model.T) :
Model.Colorized with type flavor_sans_color = M.flavor
and type constant = M .constant

module Gauge (M : Model.Gauge) :
Model. Colorized - Gauge with type flavor_sans_color = M.flavor
and type constant = M .constant

11.2  Implementation of Colorize
11.2.1 Colorizing a Monochrome Model

module It (M : Model.T) =
struct

open Coupling
module C = Color

let incomplete s =
failwith ("Colorize.It()."

" "_not done yet!")

»

let invalid s =
invalid_arg ("Colorize.It().

s~ "_must_not_be evaluated! ")

let impossible s =

invalid_arg ("Colorize.It()." "~ s "~ ",can’t_ happen!  (but, just did,. ..
let suf s =
invalid_arg ("Colorize.It()." " s~ ": found, SUC0)!")

let colored_verter s =
invalid_arg ("Colorize.It()." " s " ": colored vertex!")

let baryonic_verter s =
invalid_arg ("Colorize.It().
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": baryonic,(i.e. eps_ijk) vertices_ not supported yet!")

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
c

type cf_in = int
type cf —out = int

type flavor =
| White of M.flavor
| CF_in of M.flavor x cf_in
| CF_out of M.flavor x cf_out
| CF_io of M.flavor x cf_in x cf_out
| CF_auz of M.flavor

type flavor _sans_color = M .flavor
let flavor_sans_color = function
White f — f

|

| CFin (f, ) — f

| CFout (, ) = f
| CFlio (f, - ) = f
| 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

module Ch = M.Ch
let charges = pullback M .charges

For the propagator we cannot use pullback because we have to add the case of
the color singlet propagator by hand.

let cf —auz_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. )
| Auz_Scalar — Auxz_Col_Scalar (* constant colored scalar propagator

| Aux_Vector — Aux_Col_Vector (x constant colored vector propaga-

tor x)
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| Auz_Tensor-1 — Aux_Col_Tensor_1 (x constant colored tensor
propagator )
| Prop_Col_Scalar | Prop_Col_Feynman
| Prop_Col_Majorana | Prop-Col_Unitarity
| Auz_Col_Scalar | Auz_-Col-Vector | Aux_Col_Tensor_1
— failwith ("Colorize.It().colorize_propagator: already colored particle!")
| - — failwith ("Colorize.It().colorize_propagator: impossible!")

let propagator = function
| CF_auz f — cf —auz_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 max_degree = M .mazx_degree

let flavors () =
invalid "flavors"

let external_flavors () =
invalid "external_flavors"

let parameters = M .parameters
module ISet = Set.Make (struct type t = int let compare = compare end)

let nc_value =
let nc_set =
List.fold_left
(fun nc_set f —
match M.color f with
| C.Singlet — mnc_set
| C.SUN nc — ISet.add (abs nc) nc_set
| C.AdjSUN nc — ISet.add (abs nc) nc_set)
ISet.empty (M.flavors ()) in
match ISet.elements nc_set with
| [] =0
| ne_list —
invalid _arg
("Colorize.It(): more than one value of N_C: "~
String.concat " ,," (List.map string_of —int nc_list))

let nc () =
nc_value

let split_color_string s =
try

let i1 = String.index s >/’ in
let i2 = String.index_from s (succ i1) */’ 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, sc1, 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
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CF _out (f, color_flow_of _string sc2)

| C.AdjSUN _ —
begin match scl, sc2 with
| uu7 "oy C’F-aua: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_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 ¢
| CF_io (f, cl, ¢2) —
M .flavor_to_string f ~ "/" " string_of _int c1 "~ "/" " string_of _int c2
| CF_auz f —
M .flavor_to_string f = "//"

let flavor_to_TeX = function
| White f —
M .flavor_to_TeX f
| CF_in (f, ¢) —
" M. flawor_to_TeX f = "}_{\\mathstrut," ~ string_of _int ¢ " "}"
| CF_out (f, ¢) —
w{v* M.flavor_to-TeX f = "}_{\\mathstrut\\overline{" "
string_of _int ¢ ~ "} }"
| CF_io (f, cl1, ¢2) —
w{v " M.flavor_to-TeX f "~ "}_{\\mathstrut," "
string_of _int c¢1 ~ "\\overline{" " string_of _int c2 ~ "}}"
| CF_auz f —
w{v* M.flavor_to_TeX f "~ "}_{\\mathstrut 0}"

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, cl1, ¢2) —

M .flavor _symbol f = "_" " string_of _int ¢1 "~ "_" " string_of _int c2
| CF_auz f —

M .flavor _symbol f = "__"
let gauge_symbol = M .gauge_-symbol
Masses and widths must not depend on the colors anyway!

let mass_symbol = pullback M.mass_symbol
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let width_symbol = pullback M .width_symbol

let constant_symbol = M .constant_symbol

Vertices

Auziliary functions

let mult_vertex8 x = function

FBF (¢, fb, coup, ) —

FBF ((z x «¢), fb, coup, f)

PBP (z x ¢), fb, coup, f)
BBB (¢, fb, coup, ) —

BBB ((z x ¢), fb, coup, f)
GBG (¢, fb, coup, ) —

GBG ((z x ¢), fb, coup, f)
Gauge_Gauge_Gauge ¢ —

Gauge_Gauge_Gauge (z X c¢)
Auz_Gauge_Gauge ¢ —

Auz_Gauge_Gauge (z X ¢)
Scalar_ Vector_ Vector ¢ —

Scalar - Vector_ Vector (z x c¢)
Auz_Vector_Vector ¢ —

Auz_Vector_Vector (z X c¢)
Auz_Scalar_Vector ¢ —

Auz _Scalar_Vector (x X ¢)
Scalar_Scalar_Scalar ¢ —

Scalar_Scalar_Scalar (z x c¢)
Auz_Scalar_Scalar ¢ —

Auz _Scalar_Scalar (z X ¢)
Vector_Scalar_Scalar ¢ —

Vector_Scalar_Scalar (z x ¢)
Graviton_Scalar_Scalar ¢ —

Graviton_Scalar_Scalar (z X ¢)
Graviton_ Vector_ Vector ¢ —

Graviton_ Vector_ Vector (x X c¢)
Graviton_Spinor_Spinor ¢ —

Graviton_Spinor_Spinor (z X c)
Dimy, _ Vector_ Vector_Vector_T ¢ —

Implementation of Colorize

Dimj _Vector_Vector_Vector_T (z x «¢)

Dimy _Vector_ Vector_Vector_L ¢ —

Dimj - Vector_Vector_Vector_L (z x c)

Dimy, _ Vector_ Vector_ Vector_T5 ¢ —

Dimj _ Vector_Vector_Vector_-T5 (x X ¢)

Dimy4 _Vector_Vector_ Vector_L5 ¢ —

Dimj _Vector_Vector_Vector_L5 (x X c¢)

Dim6 _Gauge_Gauge_Gauge ¢ —
Dim6 _-Gauge_Gauge_Gauge (z X c¢)
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Dim6 _Gauge_Gauge_Gauge_5 ¢ —

Dim6 _Gauge_Gauge_Gauge_5 (x X ¢)
Auz_DScalar_DScalar ¢ —

Auz_DScalar_DScalar (x X ¢)
Auz_Vector_DScalar ¢ —

Auz_ Vector_DScalar (z x c)
Dim5 _Scalar - Gauge2 ¢ —

Dimb _Scalar - Gauge2 (z x c)
Dimb _Scalar - Gauge2_Skew ¢ —

Dim& _Scalar - Gauge2 _Skew (x X c¢)
Dimb _Scalar _ Vector_ Vector_.T ¢ —

Dimb _Scalar_ Vector - Vector . T (z x «¢)
Dim5 _Scalar_ Vector_Vector_U ¢ —

Dimb _Scalar- Vector - Vector .U (x X c¢)
Dim5 _Scalar - Vector - Vector-TU ¢ —

Dim& _Scalar - Vector - Vector . TU (z X c¢)
Dimb _Scalar_Scalar2 ¢ —

Dim5 _Scalar _Scalar2 (z x c)
Scalar_ Vector_Vector_t ¢ —

Scalar_ Vector_ Vector_t (x X ¢)
Dim6 _ Vector_Vector_ Vector_T ¢ —

Dim6 _ Vector_Vector_Vector_.T (z x c)
Tensor_2_Vector_Vector ¢ —

Tensor_2_Vector_Vector (z X c¢)
Tensor_2_Vector_Vector_cf ¢ —

Tensor_2_Vector_Vector_cf (z X c¢)
Tensor_2_Scalar_Scalar ¢ —

Tensor_2_Scalar_Scalar (z x c¢)
Tensor_2_Scalar_Scalar_cf ¢ —

Tensor_2_Scalar _Scalar_cf (z x ¢)
Tensor_2_Vector_Vector_1 ¢ —

Tensor_2_Vector_Vector_1 (xz X c¢)
Tensor_2_Vector_Vector_t ¢ —

Tensor_2_Vector_Vector_t (x x c¢)
Dimb_Tensor_2_Vector_Vector_1 ¢ —

Dim5 _Tensor_2_Vector_Vector_1 (xz X c¢)
Dimb _Tensor_2_Vector_Vector_2 ¢ —

Dimb _Tensor_2_Vector_Vector_2 (z X c)
TensorVector_ Vector_ Vector ¢ —

TensorVector_ Vector _ Vector (z X ¢)
TensorVector - Vector - Vector_cf ¢ —

TensorVector_ Vector_ Vector_cf (z X c¢)
TensorVector_Scalar_Scalar ¢ —

TensorVector_Scalar_Scalar (x X ¢)
TensorVector _Scalar_Scalar_cf ¢ —

TensorVector _Scalar_Scalar_cf (x X c¢)
TensorScalar - Vector_ Vector ¢ —

TensorScalar- Vector_ Vector (z x c)
TensorScalar_ Vector_ Vector_cf ¢ —

TensorScalar_ Vector_ Vector_cf (z X «c)
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| TensorScalar_Scalar_Scalar ¢ —
TensorScalar_Scalar_Scalar (x X ¢)
| TensorScalar_Scalar_Scalar_cf ¢ —
TensorScalar_Scalar_Scalar_cf (z X ¢)
| Dim7_Tensor_2_Vector_Vector_-T ¢ —
Dim7_Tensor_2_Vector_Vector_.T (z X c¢)
| Dim6_Scalar_Vector_Vector_D ¢ —
Dim6 _Scalar_ Vector _ Vector D (z x c¢)
| Dim6_Scalar_- Vector_Vector—-DP ¢ —
Dim6 _Scalar - Vector - Vector.DP (z X c¢)
| Dim6_-HAZ_D ¢ —
Dim6_HAZ_D (z X c¢)
| Dim6_HAZ_DP ¢ —
Dim6_HAZ_DP (x X ¢)
| Gauge_Gauge_Gauge_i ¢ —
Gauge_Gauge_Gauge_i (z X ¢)
| Dim6-GGG ¢ —
Dim6_GGG (z X c¢)
| Dim6_AWW _DP ¢ —
Dim6_AWW _DP (z x c)
| Dim6_AWW_DW ¢ —
Dim6_AWW _DW (z x c)
| Dim6_Gauge_Gauge_Gauge_i ¢ —
Dim6 _Gauge_Gauge_Gauge_i (x X ¢)
| Dim6_HHH ¢ —
Dim6_HHH (z X c¢)
| Dim6-WWZ_DPWDW ¢ —
Dim6_WWZ_DPWDW (z X ¢)
| Dim6_WWZ_DW ¢ —
Dim6_WWZ_DW (z x c)
| Dim6-WWZ_D ¢ —
Dim6_WWZ_D (z X c¢)

let mult_vertex4 x = function
| Scalarj ¢ —
Scalar4 (x x ¢)
| Scalar2_Vector2 ¢ —
Scalar2_Vector2 (r x c)
| Vectors ic4_list —
Vector (List.map (fun (¢, icl) — (x X ¢, icl)) ic _list)
| DScalary ic4 _list —
DScalary (List.map (fun (¢, icl) — (xz X ¢, icl)) ic4 _list)
| DScalar2_Vector2 icd _list —
DScalar2_Vector2 (List.map (fun (¢, icl) — (z X ¢, icl)) ic4 _list)
| GBBG (c, fb, b2, f) —
GBBG ((z x c¢), fb, b2, f)
| Vector-K _Matriz_tho (c, icq_list) —
Vector - K -Matriz_tho ((z x c¢), ic4 -list)
| Vector -K_Matriz_jr (¢, ch2_list) —
Vector4 _K _Matriz_jr ((x x c), ch2_list)
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DScalar2_Vector2 K _Matriz_ms (¢, ch2_list) —
DScalar2_Vector2 K _Matriz_ms ((x x c¢), ch2_list)
DScalary _K _Matriz_ms (¢, ch2_list) —
DScalary - K _Matrix_ms ((z X ¢), ch2_list)
Dim8 _Scalar2_Vector2_1 ¢ —
Dim8_Scalar2_Vector2_1 (z X c¢)
Dim8 _Scalar2 _Vector2_2 ¢ —
Dim8_Scalar2_Vector2_1 (x X c¢)
Dim8_Scalar) ¢ —
Dim8_Scalar4 (x X ¢)
Dim6_Hj_P2 ¢ —
Dim6_H{_P2 (z X c)
Dim6_AHWW _DPB ¢ —
Dim6_AHWW _DPB (z x c)
Dim6_AHWW _DPW ¢ —
Dim6_AHWW _DPW (z X ¢)
Dim6_AHWW _DW ¢ —
Dim6_AHWW _DW (z x ¢)
Dim6 _Vectorj _DW ¢ —
Dim6 _Vector4 _DW (z X ¢)
Dim6 _Vectors - W ¢ —
Dim6 _Vector4 - W (z x ¢)
Dim6 _Scalar? _ Vector2_PB ¢ —
Dim6 _Scalar2_Vector2_PB (z x c)
Dim6 _Scalar?2_Vector2_D ¢ —
Dim6 _Scalar2_Vector2_D (z X c¢)
Dim6 _Scalar2_Vector2_DP ¢ —
Dim6 _Scalar2_Vector2_DP (z X c¢)
Dim6_HHZZ_T ¢ —
Dim6_HHZZ_T (z X c¢)
Dim6_HWWZ_DW ¢ —
Dim6_HWWZ_DW (z X c¢)
Dim6_HWWZ_DPB ¢ —
Dim6_HWWZ_DPB (z X c¢)
Dim6_HWWZ_DDPW ¢ —
Dim6_HWWZ_DDPW (z x c)
Dim6_HWWZ _DPW ¢ —
Dim6_HWWZ_DPW (z X c¢)
Dim6_AHHZ_D ¢ —
Dim6_AHHZ _D (z X c)
Dim6_AHHZ_DP ¢ —
Dim6_AHHZ _DP (z X c¢)
Dim6_AHHZ _PB ¢ —
Dim6_AHHZ _PB (z X c)

let mult_vertexn © = function
| foo — ignore (incomplete "mult_vertexn"); foo

let mult_vertex x = function

V3 (v, fuse, ¢) — V3 (mult_vertex3 = v, fuse, c)
V4 (v, fuse, ¢) — V4 (mult_vertez z v, fuse, c)
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| Vn (v, fuse, ¢) — Vn (mult_vertezn x v, fuse, c)

Below, we will need to permute Lorentz structures. The following permutes the
three possible contractions of four vectors. We permute the first three indices,
as they correspond to the particles entering the fusion.

type permutations =
| P123 | P231 | P312
| P213 | P321 | P132

let permute_contract{ = function
| P123 —
begin function
| C_12_84 — C_12_34
| C_15_42 — C_13_42
| C_14-23 — C_14_23
end
| P231 —

begin function
| C_12_34 — C_14_23

| C_15_42 — C_12_3j
| C_14-23 — C_13_42
end
| P312 —

begin function
| C_12_34 — C_13_42

| C_13_42 — C_14_23
| C_14-23 — C_12_34
end
| P218 —
begin function
| C_12_84 — C_12_34
| C_13_42 — C_14_23
| C_14-23 — C_13_42
end
| P321 —

begin function
| C_12_.34 — C_14_23

| C_13_42 — C_13_42
| C_14-23 — C_12_34
end
| P1532 —
begin function
| C_12_34 — C_13_42
| C_13_42 — C_12_34
| C_14_23 — C_14_23
end

let permute_contract _list perm ic4 _list =
List.map (fun (i, ¢4) — (i, permute_contracti perm c4)) ic4 _list

let permute_vertex’ perm = function
| Scalary ¢ —
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Scalar] ¢
Vectory ic4 _list —

Vector] (permute_contract] _list perm ic4 _list)
Vector4 - K _Matriz_jr (c, ic4 _list) —

Vector4 - K _Matriz_jr (¢, permute_contract] _list perm icj _list)
DScalar2_Vector2 K _Matriz_ms (c, icf_list) —

DScalar2_Vector2 K _Matriz_ms (c, permute_contract4 _list perm ic4 _list)
DScalar4 - K _Matriz_ms (c, ic4 _list) —

DScalary - K _Maitriz_ms (¢, permute_contract] _list perm ic4 _list)
Scalar2 - Vector2 ¢ —

incomplete "permute_vertex4’ Scalar2_Vector2"
DScalary ic4 _list —

incomplete "permute_vertex4’ DScalar4"
DScalar2_Vector?2 icj _list —

incomplete "permute_vertex4’ DScalar2_Vector2"
GBBG (c, fb, b2, f) —

incomplete "permute_vertex4’ ,GBBG"
Vector/ - K _Matriz_tho (¢, ch2_list) —

incomplete "permute_vertex4’ Vector4_K_Matrix_tho"
Dim8_Scalar2_Vector2_1 ic4 _list —

incomplete "permute_vertex4’ Dim8_Scalar2_Vector2_1"
Dim8 _Scalar2_Vector2_2 icj _list —

incomplete "permute_vertex4’ Dim8_Scalar2_Vector2_2"
Dim8 _Scalar) ic4 _list —

incomplete "permute_vertex4’ Dim8_Scalar4"
Dim6_H/4 _P2 ic4 _list —

incomplete "permute_vertex4’ Dim6_H4_P2"
Dim6_AHWW _DPB icj _list —

incomplete "permute_vertex4’ Dim6_AHWW_DPB"
Dim6_AHWW _DPW ic4 _list —

incomplete "permute_vertex4’ Dim6_AHWW_DPW"
Dim6_AHWW _DW ic4 _list —

incomplete "permute_vertex4’ Dim6_AHWW_DW"
Dim6 _Vector4 -DW ic4 _list —

incomplete "permute_vertex4’ Dim6_Vector4_DW"
Dim6 _Vector4 - W ic4 _list —

incomplete "permute_vertex4’ Dim6_Vector4_W"
Dim6 _Scalar2_Vector2_D icj _list —

incomplete "permute_vertex4’ Dim6_Scalar2_Vector2_D"
Dim6 _Scalar2_Vector2 _DP ic _list —

incomplete "permute_vertex4’ Dim6_Scalar2_Vector2_DP"
Dim6 _Scalar2_Vector2_PB ic4 _list —

incomplete "permute_vertex4’ Dim6_Scalar2_Vector2_PB"
Dim6_HHZZ _T ic4 _list —

incomplete "permute_vertex4’ Dim6_HHZZ_T"
Dim6_HWWZ _DW icj _list —

incomplete "permute_vertex4’ Dim6_HWWZ_DW"
Dim6_HWWZ _DPB icj _list —

incomplete "permute_vertex4’ Dim6_HWWZ_DPB"
Dim6_HWWZ _DDPW ic4 _list —
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incomplete "permute_vertex4’ Dim6_HWWZ_DDPW"
| Dim6_HWWLZ_DPW icj _list —
incomplete "permute_vertex4’ Dim6_HWWZ_DPW"
| Dim6_AHHZ_D icj_list —
incomplete "permute_vertex4’ Dim6_AHHZ_D"
| Dim6_AHHZ_DP icj _list —
incomplete "permute_vertex4’ Dim6_AHHZ_DP"
| Dim6_AHHZ_PB ic _list —
incomplete "permute_vertex4’ Dim6_AHHZ_PB"

let permute_vertex perm = function
| V& (v, fuse, ¢) — V& (v, fuse, c)
| V4 (v, fuse, ¢) — V4 (permute_vertexs' perm v, fuse, c)
| Vn (v, fuse, ¢) — Vn (v, fuse, ¢)

vertices are only used by functor applications and for indexing a cache of pre-
computed fusion rules, which is not used for colorized models.

let vertices () =
invalid "vertices"

Cubic Vertices

The following pattern matches could eventually become quite long. The

O’Caml compiler will (hopefully) optimize them aggressively (http://pauillac.

inria.fr/~maranget/papers/opat/).

let colorize_fusion2 f1 f2 (f, v) =
match M .color f with

| C.Singlet —
begin match fI1, f2 with

| White -, White - —
[White f, ]
| CF_in (-, c1), CF_out (-, ¢2')
| CF_out (-, c¢1), CF_in (-, c2') —
if c1 = c¢2' then
[White f, v]
else

[]
| CF_io (f1, c1, c1’), CF_io (f2, ¢2, c2') —
if c1 = ¢2" AN ¢2 = cl’ then
[White f, v]
else
[]
| CF_auz f1, CF_auz f2 —
[White f, mult_vertex (— (nc ())) v]

| CF_auz -, CF_io - | CF_io -, CF_auzx - —
(]
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| (CF_in - | CF_out - | CF_io - | CF_auz ), White _
| White _, (CF_in _ | CF_out - | CF_io - | CF_auz _)
| (CF_io - | CF_auzx _), (CF_in _ | CF_out _)
| (CF-in - | CF_out _), (CF_io - | CF_auz -)
| CF_in _, CF_in _ | CF_out -, CF_out - —

colored _vertex "colorize_fusion2"

end

| C.SUN ncl —
begin match f1, f2 with

| CF_in (-, c1), (White - | CF_auzx -)
| (White - | CF_auzx _), CF_in (-, c1) —
if nc1 > 0 then
[CF_in (f, c1), v]
else
colored_verter "colorize_fusion2"

| CF_out (-, c¢1'), (White - | CF_aux _)
| (White - | CF_aux _), CF_out (-, cl’) —
if ncl < 0 then
[CF_out (f, c1'), v]
else
colored_verter "colorize_fusion2"

| CF_in (-, cl), CF_io (-, c2, c2')
| CF_io (-, ¢2, ¢2'), CF_in (-, ¢1) —
if nc1 > 0 then begin
if c1I = c2’ then
[CF_in (f, ¢2), v]
else
(]
end else
colored_vertexr "colorize_fusion2"

| CF_out (-, c¢1'), CF_io (-, ¢2, c¢2')
| CF_io (-, c2, ¢2'), CF_out (_, cl') —
if ncl < 0 then begin
if c1’ = c¢2 then
[CF_out (f, ¢2'), v]
else
(]
end else
colored_vertexr "colorize_fusion2"

| CF_in _, CF_in - —
if nc1 > 0 then
baryonic_vertex "colorize_fusion2"
else
colored_verter "colorize_fusion2"

| CF_out -, CF_out - —
if ncl < 0 then
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baryonic_vertex "colorize_fusion2"
else
colored _vertex "colorize_fusion2"

| CF_in -, CF_out - | CF_out -, CF_in _
| (White - | CF_io - | CF_auzx _),
(White - | CF_io - | CF_aux _) —

colored _vertex "colorize_fusion2"
end

| C.AdjSUN _ —
begin match f1, f2 with

| White —, CF_io (-, c1, ¢2') | CF.io (-, c1, c2'), White - —
[CF_io (f, cl, c2'), v]

| White ., CF_aux - | CF_aux -, White - —
[CF_auz f, mult_vertex (— (nc ())) v]

| CF_in (-, cl), CF_out (-, c2')
| CF_out (-, ¢2), CF_in (-, c1) —
if c1 # c2' then
[CF_io (f, cl, ¢2), v]
else
[CF_auz f, v]

In the adjoint representation
1

2 = 9farasas C*1121 (1, k2, kis) (11.1a)

with
0”1#2”3(]61, k27 k3) —
(92 (Y — RES) 4+ g (R — RE) 4+ g9 (k2 — k) (1L.1D)
while in the color flow basis find from
ifalagag, =tr (Tal [Tazv Taa]) =tr (TalTazTas) —tr (Ta1Ta3Ta2) (112)
the decomposition
o an 3Ti1j1Ti2j2Ti3j3 — §itdz §i2ds §isit _ §i1s §isde gizi (11.3)
aijaza al as as . .

The resulting Feynman rule is
1

) =ig (5i1j35i2j1 §isdz _ g1z 5i2j35i3j1) CH1kzps (klv ko, kg)

3 (11.4)
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We have to generalize this for cases of three particles in the adjoint that are
not all gluons (gluinos, scalar octets):

scalar-scalar-scalar
scalar-scalar-vector
scalar-vector-vector
scalar-fermion-fermion

vector-fermion-fermion

We could use a better understanding of the signs for the gaugino-gaugino-
gaugeboson couplings!!!

| CF_io (f1, c1, c1’), CF_io ({2, c2, c2') —

let sign =
begin match v with
| V3 (Gauge_Gauge_Gauge _, _, _)
| V& (Auz-Gauge-Gauge _, -, -) — 1
| V& (FBF (-, -, -, =), fuse2, _) —

begin match fuse2 with
| F12 — 1 (x works, but needs theoretical underpinning

| F21 — —1 (% dto. %)

| F81 — 1 (xdto. *)

| F82 — —1 (x transposition of F12 (no testcase) *)
| F23 — 1 (* transposition of F21 (no testcase) *)

| F13 — —1 (* transposition of F12 (no testcase) *)
end

| V& - — incomplete "colorize_fusion2,(V3,_)"
| V4 - — impossible "colorize_fusion2 ,(V4,_)"
| Vn - — impossible "colorize_fusion2,,(Vn,-)"

if c1’ = ¢2 then
[CF_io (f, c1, ¢2'), mult_vertex (—sign) v]

else if ¢2’ = c1 then
[CF_io (f, ¢2, c1’), mult_vertex ( sign) v]
else

[]

| CF_aux -, CF_io _
| CF_io _, CF_aux _
| CF_auz -, CF_auzx - —

(]

| White -, White —

| (White - | CF_io - | CF_auzx -), (CF_in - | CF_out _)

| (CF_in - | CF_out _), (White - | CF_io - | CF_aux -)

| CF_in _, CF_in _ | CF_out _, CF_out - —
colored_vertexr "colorize_fusion2"

end
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Quartic Vertices

let colorize_fusiond f1 f2 f3 (f, v) =
match M.color f with

| C.Singlet —
begin match f1, f2, f3 with

| White -, White -, White - —
[White f, v]

| (White - | CF_aux _), CF_in (-, c¢1), CF_out (-, ¢2’)
| (White - | CF_aux =), CF_out (-, c1), CF_in (-, ¢2’)
| CF_in (-, cl), (White - | CF_auz -), CF_out (-, ¢2’)
| CF_out (-, cl), (White - | CF_auz -), CF_in (-, c2')
| CF_in (-, c1), CF_out (-, ¢2"), (White - | CF_aux -)
| CF_out (-, c¢1), CF_in (-, ¢2'), (White - | CF_aux _)

if c1 = c2' then

[White f, v]
else

[]

| White _, CF_io (-, cl1, c1'), CF_io (-, ¢2, c2')
| CF_io (-, cl, cl1’), White _, CF_io (-, c2, c2')
| CF_io (-, cl, ¢1’), CF_io (-, c2, c2'), White - —
if c1 = ¢2' A ¢2 = cl’ then
[White f, v]
else

[]

| White _, CF_auz -, CF_aux _

| CF_auzx -, White -, CF_aux -

| CF_auz -, CF_aux -, White - —
[White f, mult_vertex (— (nc ())) v]

| White _, CF_io -, CF_aux _
| White -, CF_aux _, CF_io _
| CF_io _, White -, CF_aux _
| CF_aux -, White -, CF_io _
| CF_io _, CF_aux -, White _
| CF_auz -, CF_io -, White - —

(]

| CF_io (-, c1, c1’), CF_in (-, ¢2), CF_out (-, ¢3')
| CF_io (-, c1, c¢1’), CF_out (-, ¢8"), CF_in (-, ¢2)
| CF_in (-, ¢2), CF_io (-, c1, c1’), CF_out (-, ¢3')
| CF_out (-, ¢38'), CF_io (-, c1, c¢l1’), CF_in (-, c2)
| CF_in (-, ¢2), CF_out (-, ¢3'), CF_io (-, cl, cl’)
| CF_out (-, ¢3'), CF_in (-, ¢2), CF_io (-, cl, cl') —

if c1 = ¢8 A cl’ = ¢2 then
[White f, v]
else

[]
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| CF_io (-, cl, c1’), CF_io (-, ¢2, ¢2"), CF_io (-, ¢3, ¢3') —
if c1’” = ¢2 N c2 = ¢8 AN ¢8 = cl then
[White f, mult_vertex (—1) v]
elseif c1’” = ¢ N ¢2 = ¢l AN ¢8 = c2 then
[White f, mult_vertex (1) v]
else

[]

| CF_io _, CF_io _, CF_auz _

| CF_io _, CF_auz _, CF_io _

| CF_auz -, CF_io -, CF_io

| CF_io _, CF_auzx -, CF_aux _

| CF_auz -, CF_io -, CF_aux _

| CF_auzx -, CF_aux -, CF_io _

| CF_aux -, CF_aux _, CF_auz - —

(]

| CF_in -, CF_in -, CF_in _
| CF_out -, CF_out _, CF_out - —
baryonic_vertex "colorize_fusion3"

CF_in _, CF_in _, CF_out _
CF_in _, CF_out _, CF_in _
CF_out _, CF_in _, CF_in _
CF_in -, CF_out -, CF_out _
CF_out _, CF_in -, CF_out _
CF_out _, CF_out _, CF_in _

|

|

|

|

|

|

| White -, White -, (CF_io - | CF_auz -)
| White _, (CF_io - | CF_aux _), White _
| (CF_io _ | CF_aux _), White _, White _
|

|

|

|

|

|

|

(White - | CF_io - | CF_auxz _), CF_in _, CF_in _
CF_in -, (White - | CF_io - | CF_aux -), CF_in
CF_in -, CF_in -, (White - | CF_io - | CF_auz -)

(White - | CF_io - | CF_auz -), CF_out -, CF_out -
CF_out -, (White - | CF_io - | CF_auz ), CF_out _
CF_out -, CF_out _, (White _ | CF_io - | CF_auz _)

(CF_in _ | CF_out ),
(White - | CF_io - | CF_aux ),
(White - | CF_io - | CF_aux -)
| (White = | CF_-io - | CF_auzx _),
(CF_in - | CF_out ),
(White - | CF_io - | CF_aux _)
| (White - | CF_io - | CF_aux ),
(White - | CF_io - | CF_aux -),
(CF_in - | CF_out =) —

colored _vertex "colorize_fusion3"
end

| C.SUN nct —
begin match f1, f2, f3 with
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CF_in cl), CF_io (-, ¢2, ¢2'), CF_io (-, ¢3, ¢3')
CF _io c2, ¢2'), CF_in (-, c1), CF_io (-, ¢3, ¢8’)
CF_io (-, ¢2, ¢2'), CF_io (-, ¢3, ¢8'), CF_in (, cl) —
if ncl > 0 then
if c1 = ¢c2° N ¢2 = c3' then
(CF_in (f, ¢3), v]
elseif c1 = ¢8 AN ¢c8 = c2 then
[CF_in (f, ¢2), v]
else

else
colored _vertex "colorize_fusion3"

CF_out (-, c1'), CF_io (-, ¢2, ¢2'), CF_io (-, ¢3, ¢3')
CF_io (-, ¢2, ¢2'), CF_out (-, c1’), CF_io (-, ¢3, ¢3')
CF_io (-, ¢2, ¢2'), CF_io (-, ¢3, ¢8"), CF_out (-, cl’) —
if ncl < 0 then
if c1’ = c2 A c2 = c3 then
[CF_out (f, ¢3'), v]
elseif c1’” = ¢3 N ¢8' = ¢2 then
[CF_out (f, ¢2), v]
else

else
colored _vertex "colorize_fusion3"

CF_auz _, CF_in (-, c1), CF_io (-, c2, c2’
CF_auz -, CF_io (-, c2, ¢2'), CF_in (-, cl
CF_in (-, c¢1), CF_auzx -, CF_io (-, c2, c2'
CF_io (-, ¢2, ¢2'), CF_aux _, CF_in (-, cl
CF_in (-, ¢1), CF_io (-, ¢2, ¢2'), CF_auz -
CF_io (-, ¢2, ¢2'), CF_in (-, c¢1), CF_auz - —
if ncl > 0 then
if c1 = c2’ then
[CF_in (f, ¢2), mult_vertex ( 2) v]
else

else
colored _vertex "colorize_fusion3"

CF_auz _, CF_out (-, c1’), CF_io (-, ¢2, c2
CF_auz _, CF_io (-, c2, ¢2'), CF_out (-, cl
CF_out (-, ¢1'), CF_aux -, CF_io (-, ¢2, c2
CF_io (-, ¢2, ¢2'), CF_aux _, CF_out (-, cl
CF_out (-, c1’), CF_io (-, ¢2, ¢2'), CF_auz -
CF_io (-, ¢2, ¢2'), CF_out (-, ¢l'), CF_auz - —
if ncl < 0 then
if c1’ = c2 then
[CF_out (f, c2'), mult_vertex ( 2) v]
else

(]

(-
(-

)
)
)
)

)
)
)
)

else

238



Implementation of Colorize

colored _vertex "colorize_fusion3"

White _, CF_in (-, c1), CF_io (-, ¢2, c¢2')
White -, CF_io (-, c2, ¢2'), CF_in (-, c1)
CF_in (-, c1), White _, CF_io (-, ¢2, c2')
CF_io (-, ¢2, ¢2'), White _, CF_in (-, cl)
CF_in (-, ¢l), CF_io (-, 2, ¢2'), White _
CF_io (-, ¢2, ¢2'), CF_in (-, c1), White - —
if ncl > 0 then
if c1 = c2 then
[CF_in (f, ¢2), v]
else
(]
else
colored —vertex "colorize_fusion3"

White _, CF_out (-, c¢1"), CF_io (-, ¢2, c¢2')
White -, CF_io (-, ¢2, ¢2'), CF_out (-, c1’)
CF _out (-, c1’), White _, CF_io (-, ¢2, ¢2’)
CF_io (-, ¢2, ¢2'), White _, CF_out (-, c1’)
CF_out (-, ¢1’), CF_io (-, ¢2, ¢2'), White _
CF_io (-, ¢2, ¢2), CF_out (-, cl1’), White - —
if ncl < 0 then
if ¢2 = c1’ then
[CF_out (f, c2'), v]
else
(]
else
colored _vertex "colorize_fusion3"

CF_in (-, ¢1), CF_auzx -, CF_aux _
CF_auz -, CF_in (-, c1), CF_aux -
CF_auz -, CF_auzx -, CF_in (-, c1) —
if nc1 > 0 then
[CF_in (f, c1), mult_vertez ( 2) v]
else
colored _vertexr "colorize_fusion3"

CF_in (-, c1), CF_auzx -, White _
CF_in (-, c1), White _, CF_aux -
CF_in (-, c1), White -, White _
CF_auz _, CF_in (-, cl), White _
White -, CF_in (-, c1), CF_auzr _
White _, CF_in (-, c1), White -
CF_aux _, White _, CF_in (-, cl)
White -, CF_auzx —, CF_in (_, cl1)
White _, White _, CF_in (-, c¢l) —
if ncl > 0 then
[CF_in (f, c1), v]
else
colored —vertex "colorize_fusion3"

CF_out (-, c¢1’), CF_auz -, CF_auz _
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CF_auz _, CF_out (-, c¢1’), CF_auz _
CF_auz _, CF_auz _, CF_out (-, cl1’) —
if ncl < 0 then
[CF_out (f, c1”), mult_vertex ( 2) v]
else
colored —vertex "colorize_fusion3"

CF_out (-, c¢1’), CF_auzx -, White _
CF_out (-, c¢1'), White _, CF_auz _
CF_out (-, cl1’), White _, White _
CF_aux _, CF_out (-, c1’), White _
White _, CF_out (-, c¢1'), CF_auz _
White _, CF_out (-, c1'), White _
CF_aux _, White _, CF_out (-, cl1’)
White -, CF_auzx -, CF_out (-, c1’)
White _, White -, CF_out (-, c¢1’) —
if ncl < 0 then
[CF_out (f, c1), v]
else
colored _verter "colorize_fusion3"

CF_in -, CF_in _, CF_out _
CF_in _, CF_out _, CF_in _
CF_out _, CF_in _, CF_in _ —
if ncl > 0 then
color_flow_-ambiguous "colorize_fusion3"
else
colored —vertex "colorize_fusion3"

CF_in _, CF_out _, CF_out _
CF_out _, CF_in _, CF_out _
CF_out -, CF_out -, CF_in - —
if ncl < 0 then
color_flow_ambiguous "colorize_fusion3"
else
colored _vertex "colorize_fusion3"

CF_in _, CF_in _, CF_in _
CF_out _, CF_out -, CF_out _

(White - | CF_io - | CF_auzx _),
(White - | CF_io - | CF_aux ),
(White - | CF_io - | CF_aux _)
(

CF_in - | CF_out -),
(CF_in - | CF_out ),
(White - | CF_io - | CF_aux -)
(CF_in _ | CF_out ),
(White - | CF_io - | CF_aux ),
(CF_-in - | CF_out -)
(White - | CF_io - | CF_auzx -),
(CF_in - | CF_out ),
(CF_in _ | CF_out _) —
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colored _vertex "colorize_fusion3"

end

| C.AdjSUN nc —
begin match f1, f2, f3 with

CF_in (-, ¢l), CF_out (-, c1'), White _
CF_out (-, c¢1’), CF_in (-, cl), White _
CF_in (-, c1), White _, CF_out (-, c1’)
CF_out (-, c1’), White -, CF_in (-, cl)
White -, CF_in (-, c1), CF_out (-, cl1’)
White -, CF_out (-, c¢1’), CF_in (-, cl)
if c1 # c1’ then
[CF_io (f, c1, c1’), ]
else
[CF_auz f, v]

CF_in (-, ¢l), CF_out (-, ¢1'), CF_aux _
CF_out (-, ¢1’), CF_in (-, c¢1), CF_auz -

CF_in (-, c1), CF_auzx _, CF_out (-, c1’)
CF_out (-, ¢1’), CF_auz -, CF_in (-, cl)
CF_auz -, CF_in (-, c1), CF_out (-, c1’)
CF_auzx -, CF_out (-, ¢1’), CF_in (-, ¢1) —

if c1 # c1’ then

[CF_io (f, c1, c1’), mult_vertex ( 2) v]
else

[CF_auz f, mult_vertex ( 2) v]

CF_in (-, ¢l), CF_out (-, c¢1’), CF_io (-, ¢2, c2')
CF_out (-, c¢1’), CF_in (-, c1), CF_io (-, ¢2, ¢2’)
CF_in (-, cl), CF_io (-, ¢2, ¢2'), CF_out (-, cl’)
CF_out (-, c¢1’), CF_io (-, ¢2, ¢2'), CF_in (-, cl)
CF_io (-, ¢2, ¢2'), CF_in (-, c1), CF_out (-, c1’)
CF_io (-, ¢2, ¢2'), CF_out (-, c1’), CF_in (-, cl)
if c = ¢2" AN ¢2 = cl' then
[CF_auz f, mult_vertex ( 2) v]
else if c1 = c2’ then
[CF_io (f, ¢2, c1'), v]
else if ¢2 = c1’ then
[CF_io (f, cl, ¢2), v
else

2

—1g fa1a2bfa3a4b(gu1lt3gu4uz - gulu4guzug)
2 2

—1lg falasbfa4a2b(g#1#4g,u2#3 - g#l#zgﬂ3ﬂ4)

2
—1g fa1a4bfa2a3b(gu1ltzguau4 - gH1M3gM4H2)
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Using

P4 = {{17 27 3’ 4}7 {17 3’ 4’ 2}’ {1’ 47 27 3}7 {17 27 47 3}7 {17 4? 3) 2}’ {17 37 27 4}}
(11.6)
as the set of permutations of {1,2,3,4} with the cyclic permutations factored
out, we have:

2 1
\/ ig? Z Siardog §lapdas §iagiay §iogdey
= {ok}k=1,2,3,4€Ps
/\ (29.1"@1”&3 gﬂa4lla2 - gllalﬂa4gﬂazﬂa3 - gﬂalﬂaz gﬂag/iou;)
3 4

(11.7)
The different color connections correspond to permutations of the particles en-
tering the fusion and have to be matched by a corresponding permutation of
the Lorentz structure:

g% We have to generalize this for cases of four particles in the adjoint that are
not all gluons:

e scalar-scalar-scalar-scalar

e scalar-scalar-vector-vector

and even ones including fermions (gluinos) if higher dimensional operators
are involved.

| CF_io (-, cl, c1"), CF_io (-, ¢2, ¢2'), CF_io (-, ¢3, ¢3') —
if c1’ = ¢2 A c2' = ¢3 then
[CF_io (f, cl1, ¢3'), permute_vertexs P123 v]
elseif c1’” = ¢33 A ¢8 = ¢2 then
[CF_io (f, c1, ¢2'), permute_vertexj P132 v
else if c2' = ¢8 N ¢8' = cl then
[CF_io (f, c¢2, c1'), permute_vertexs P231 v
elseif c2’ = c¢1 A cl’ = ¢8 then
[CF_io (f, ¢2, ¢3'), permute_vertex] P213 v
else if c8’ = c1 N cl’ = c2 then
[CF_io (f, ¢3, c2'), permute_vertex} P312 v
else if c8" = ¢2 N c2 = cl then
[CF_io (f, ¢3, c1'), permute_vertexs P321 v
else
[]
| CF_io _, CF_io _, CF_auz _
_io -, _auzr -, _10 -
CF_i CF CF_i
| CF_auz -, CF_io -, CF_io
| CF_io _, CF_auz -, CF_aux _
|
|
|

CF_auz _, CF_aux -, CF_io _
CF_aux _, CF_io _, CF_aux _
CF_aux -, CF_aux -, CF_aux - —

(]
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CF_io (-, cl, ), CF_io (-, ¢2, c¢2'), White _
CF_io (-, cl, ), White _, CF_io (-, ¢2, c2')
White _, CF_io (-, c1, c1’), CF_io (-, c2, c2') —
if c1’ = ¢2 then
[CF_io (f, c1, ¢2'), mult_vertex (—1) v]

cl’
cl’

else if ¢2’ = c¢I then
[CF_io (f, c2, c1’), mult_vertex (1) v]
else

[]

CF_io (-, c1, c1’), CF_aux _, White _

CF_aux _, CF_io (-, c1, c1’), White _

CF_io (-, cl, c1’), White -, CF_auz -

CF _auz _, White _, CF_io (-, cl, cl’)

White _, CF_io (-, c1, c1’), CF_aux _

White -, CF_auxz -, CF_io (-, cI, ¢l’) —
(]

CF_aux -, CF_aux _, White _
CF_auzx _, White _, CF_aux -
White _, CF_auz -, CF_auzx - —

[]

White _, White _, CF_io (-, c1, c1’)

White _, CF_io (-, cl1, c1’), White

CF_io (-, cl, c1’), White -, White - —
[CF_io (f, cl, c1'), V]

White _, White _, CF_aux _
White _, CF_aux _, White _
CF_aux _, White _, White _ —

(]
White —, White _, White _

(White - | CF_io - | CF_auzx -),
(White - | CF_io - | CF_aux -),
(CF_in - | CF_out -)

(White - | CF_io - | CF_aux _),
(CF_in _ | CF_out ),

(White - | CF_io - | CF_aux -)

(CF_in - | CF_out ),

(White - | CF_io - | CF_aux -),
(White - | CF_io - | CF_auz )

CF_in -, CF_in _, (White - | CF_io - | CF_aux _)
CF_in _, (White _ | CF_io - | CF_aux _), CF_in _
(White - | CF_io - | CF_aux -), CF_in _, CF_in _

CF_out -, CF_out _, (White - | CF_io - | CF_auz -)
CF_out -, (White - | CF_io - | CF_auz ), CF_out _
(White - | CF_io - | CF_auz -), CF_out -, CF_out -

(CF_in - | CF_out ),
(CF_in _ | CF_out ),
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(CF_in - | CF_out =) —
colored _vertex "colorize_fusion3"

end
Quintic and Higher Vertices
let is_white = function
| White - — true
| - — false

let colorize_fusionn flist (f, v) =
let incomplete_match () =
incomplete
("colorize_fusionn { " °
String.concat ", " (List.map flavor_to_string flist)
"Sto->u" T M. flavor _to_string f) in
match M.color f with
| C.Singlet —
if List.for_all is_white flist then
[White f, v]
else
incomplete_match ()
| C.SUN _ —
if List.for_all is_white flist then
colored _vertex "colorize_fusionn"

else
incomplete_match ()
| C.AdSUN - —

if List.for_all is_white flist then
colored _verter "colorize_fusionn"
else
incomplete_match ()

let fuse2 f1 f2 =
ThoList.flatmap
(colorize_fusion2 f1 f2)
(M .fuse2 (flavor_sans_color f1) (flavor_sans_color f2))

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
| 111 [-] — invalid_arg "Colorize.It().fuse"

| [f1; f2] — fuse2 f1 f2
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| [f1; 125 f3] — fuse3 f1 f2 f3
| flist — fuse_list flist

let max_degree = M .mazx_degree

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 _ —

count_color _strings’ (succ n_in) (succ n_out) (succ n_glue) rest
end
| [1 = (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

[]

else
let color_strings = ThoList.range 1 n_in in
List.rev_map
(fun permutation — (color_strings, permutation))
(Combinatorics.permute color_strings)

If there are only adjoints and there are no couplings of adjoints to singlets, we
can ignore the U(1)-ghosts.

let pure_adjoints f_list =
List.for_all (fun f — match M.color f with C.AdjSUN _ — true |

_ — false) f_list

let two_adjoints_couple_to_singlets () =
let vertices3, vertices4, verticesn = M .vertices () in
List.exists (fun ((f1, f2, f3), -, =) —
match M .color f1, M.color f2, M.color f3 with
| C.AdjSUN _, C.AdjSUN _, C.Singlet
| C.AdjSUN _, C.Singlet, C.AdjSUN _
| C.Singlet, C.AdjSUN _, C.AdjSUN _ — true
| - — false) vertices3 V
List.exists (fun ((f1, f2, 18, f4), -, =) —
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match M.color f1, M.color f2, M.color f3, M .color fj with
| C.AdjSUN _, C.AdjSUN _, C.Singlet, C.Singlet

| C.AdjSUN _, C.Singlet, C.AdjSUN _, C.Singlet

| C.Singlet, C.AdjSUN _, C.AdjSUN _, C.Singlet

| C.AdjSUN _, C.Singlet, C.Singlet, C.AdjSUN _

| C.Singlet, C.AdjSUN _, C.Singlet, C.AdjSUN _

| C.Singlet, C.Singlet, C.AdjSUN _, C.AdjSUN _ — true
| - — false) verticesf V

List.exists (fun (flist, —, g) — true) verticesn

let external_-ghosts f_list =
if pure_adjoints f_list then
two_adjoints_couple_to_singlets ()
else
true

We use List.hd and List.tl instead of pattern matching, because we consume
ecf_in and ecf _out at a different pace.

let tail_opt = function

=]

| = o taill — tail

let head_req = function
1] =
invalid_arg "Colorize.It().colorize_crossed_amplitudel: insufficient, flows"
|z ¢ - = 2
let rec colorize_crossed_amplitudel ghosts acc f_list (ecf-in, ecf_out) =
match f_list, ecf_in, ecf_out with
| 11, [], [] = [List.rev acc]
Il - - =
invalid_arg "Colorize.It().colorize_crossed_amplitudel: leftover flows"
| f = rest, -, - —
begin match M .color f with
| C.Singlet —
colorize_crossed _amplitudel ghosts
(White f :: acc)
rest (ecf -in, ecf —out)
| C.SUN nc —
if nc > 0 then
colorize_crossed _amplitudel ghosts
(CF_in (f, head_req ecf_in) :: acc)
rest (tail_opt ecf —in, ecf_out)
else if nc < 0 then
colorize_crossed —amplitudel ghosts
(CF_out (f, head_req ecf_out) :: acc)
rest (ecf _in, tail_opt ecf_out)
else
sull "colorize_flavor"
| C.AdjSUN _ —
let ecf_in' = head_req ecf_in
and ecf _out’ = head_req ecf_out in
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if ecf_in’ = ecf_out’ then begin
if ghosts then
colorize_crossed _amplitudel ghosts
(CF_auz f :: acc)
rest (tail_opt ecf _in, tail_opt ecf_out)
else
(]
end else
colorize_crossed —amplitudel ghosts
(CF_io (f, ecf-in', ecf_out’) :: acc)
rest (tail_opt ecf _in, tail_opt ecf_out)
end

let colorize_crossed _amplitudel ghosts f_list (ecf-in, ecf_out) =
colorize _crossed _amplitudel ghosts [] f-list (ecf-in, ecf_out)

let colorize_crossed_amplitude f_list =
ThoList.rev_flatmap
(colorize_crossed —amplitudel (external_ghosts f_list) f_list)
(external-color_flows f_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 convention.

let indices = function
| White - — Color.Flow.of _list [0; 0]
| CF_in (-, ¢) — Color.Flow.of _list [c; 0]
| CF_out (-, ¢) — Color.Flow.of _list [0; — ]
| CF_io (-, cl1, ¢2) — Color.Flow.of _list [c1; — 2]
| CF_aux f — Color.Flow.ghost ()

let flow p_in p_out =
(List.map indices p_in, List.map indices p_out)

end

11.2.2  Colorizing a Monochrome Gauge Model

module Gauge (M : Model.Gauge) =
struct
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module CM = It(M)

type flavor = CM.flavor

type flavor_sans_color = CM .flavor_sans_color
type gauge = CM .gauge

type constant = CDM .constant

module Ch = CM.Ch

let charges = CM .charges

let flavor_sans_color = CM .flavor_sans_color
let color = CM .color

let pdg = CM .pdg

let lorentz = CM .lorentz

let propagator = CM .propagator

let width = CM .width

let conjugate = CM .conjugate

let conjugate_sans_color = CM .conjugate_sans-color
let fermion = CM.fermion

let maz_degree = CM.mazx_degree

let vertices = CM .vertices

let fuse2 = CM .fuse2

let fuse3 = CM.fuse3

let fuse = CM.fuse

let flavors = CM .flavors

let nc = CM.nc

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 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 =
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incomplete "matter_field"

let gauge_boson f =
incomplete "gauge_boson"

let other f =
incomplete "other"

let amplitude = CM.amplitude
let flow = CM.flow

end
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PROCESSES

12.1 Interface of Process

module type T =
sig

type flavor
@ Eventually this should become an abstract type:

type t = flavor list X flavor list

val incoming : t — flavor list
val outgoing : t — flavor list

parse_decay s decodes a decay description "a_->_byc,...", where each word
is split into a bag of flavors separated by ’:’s.

type decay
val parse_decay : string — decay
val expand_decays : decay list — t list

parse_scattering s decodes a scattering description "a_ b ,->_c dy. ..", where
each word is split into a bag of flavors separated by ’:’s.

type scattering
val parse_scattering : string — scattering
val expand_scatterings : scattering list — t list

parse_process s decodes process descriptions

"a b cd"= Any [a; b; ¢; d] (12.1a)
"a => b ¢ d" = Decay (a, [b; ¢; d]) (12.1b)
"a b -> ¢ 4" = Scattering (a, b, [c; d]) (12.1c)

where each word is split into a bag of flavors separated by ‘:’s.

type any
type process = Any of any | Decay of decay | Scattering of scattering
val parse_process : string — process
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remove _duplicate_final _states partition processes removes duplicates from processes,
which differ only by a permutation of final state particles. The permutation must
respect the partitioning given by the offset 1 integers in partition.

val remove_duplicate_final_states : int list list — ¢ list — t list

diff setl set2 returns the processes in set! with the processes in set2 removed.
set2 does not need to be a subset of set!.

val diff : t list — t list — t list

Not functional yet. Interface subject to change. Should be moved to
Fusion. Multi, because we will want to cross colored matrix elements.

Factor amplitudes that are related by crossing symmetry.
val crossing : t list — (flavor list x int list x t) list
end

module Make (M : Model. T) : T with type flavor = M.flavor

12.2  Implementation of Process

module type T =

sig
type flavor
type t = flavor list x flavor list
val incoming : t — flavor list
val outgoing : t — flavor list
type decay
val parse_decay : string — decay
val expand_decays : decay list — t list
type scattering
val parse_scattering : string — scattering
val expand_scatterings : scattering list — t list
type any
type process = Any of any | Decay of decay | Scattering of scattering
val parse_process : string — process
val remove_duplicate_final _states : int list list — t list — t list
val diff : t list — t list — t list
val crossing : t list — (flavor list x int list x t) list

end

module Make (M : Model.T) =
struct

type flavor = M .flavor
type t = flavor list X flavor list

let incoming (fin, - ) = fin
let outgoing (-, fout) = fout
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12.2.1 Select Charge Conserving Processes

let allowed (fin, fout) =
M.Ch.is_null (M.Ch.sum (List.map M .charges (List.map M .conjugate fin @ fout)))

12.2.2  Parsing Process Descriptions

type a bag = « list

type any = flavor bag list
type decay = flavor bag x flavor bag list
type scattering = flavor bag X flavor bag X flavor bag list

type process =
| Any of any
| Decay of decay
| Scattering of scattering

let unique_flavors f_bags =
List.for_all (function [f] — true | - — false) f_bags

let unique_final_state = function
| Any fs — unique_flavors fs
| Decay (-, fs) — wunique_flavors fs
| Scattering (-, -, fs) — unique_flavors fs

let parse_process process =
let last = String.length process — 1
and flavor off len = M .flavor_of _string (String.sub process off len) in

let add_flavors flavors = function
| Any l — Any (List.rev flavors :: )
| Decay (i, f) — Decay (i, List.rev flavors :: f)
| Scattering (i1, i2, f) — Scattering (i1, i2, List.rev flavors :: f)in

let rec scan_list so_far n =
if n > last then

so_far
else
let ' = succ n in
match process.[n] with
| > 2 | ’\n> — scan_list so_far n'

| =2 — scan_gtr so_far n’

| ¢ = scan_flavors so_far [| n n’

and scan_flavors so_far flavors w n =
if n > last then
add_flavors (flavor w (last — w + 1) = flavors) so_far

else
let ' = succ nin
match process.[n] with
| P | ’\Il’ —

scan_list (add_flavors (flavor w (n — w) :: flavors) so_far) n'
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| :2 — scan_flavors so_far (flavor w (n — w) :: flavors) n' n’
| - — scan_flavors so_far flavors w n’
and scan_gtr so_far n =

if n > last then
invalid_arg "expecting ,‘>""

else
let n” = succ nin
match process.[n] with
| >

begin match so_far with
| Any [i] — scan_list (Decay (i, [])) n
| Any [i2; i1] — scan_list (Scattering (i1, i2, [])) n’
| Any - — idnvalid_arg "only,1 or 2 particles,in,|in>"
| - — invalid_arg "too many, ‘->’s"
end

| - — idnvalid_arg "expecting ,‘>’" in

!/

match scan_list (Any []) O with

| Any 1 — Any (List.rev 1)

| Decay (i, f) — Decay (i, List.rev f)

| Scattering (i1, i2, f) — Scattering (i1, i2, List.rev f)

let parse_decay process =
match parse_process process with
| Any (i == f) —
prerr_endline "missing,,‘~>’in jprocess description, assuming decay.";
(i, f)
| Decay (i, f) — (i, f)
| - — invalid_arg "expecting decay description: got, scattering"

let parse_scattering process =
match parse_process process with
| Any (i1 == 2 = f) —
prerr_endline "missing,,->’_in process description, assuming ,scattering.";
(i1, 2, f)
| Scattering (i1, 12, f) — (il, i2, f)
| - — idnvalid_arg "expecting ;scattering description: got decay"

let expand_scatterings scatterings =
ThoList.flatmap
(function (fin1, fin2, fout) —
Product.fold
(fun flist acc —
match flist with
| fin1" :: fin2 : fout’ —
let fin_fout’ = ([finl’; fin2'], fout') in
if allowed fin_fout’ then
fin_fout’ :: acc
else
acc
| [-] | [] — failwith "Omega.expand_scatterings: can’t happen")
(fin1 = fin2 = fout) []) scatterings
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let expand_decays decays =
ThoList.flatmap
(function (fin, fout) —
Product.fold
(fun flist acc —
match flist with
| fin' = fout! —
let fin_fout’ = ([fin], fout') in
if allowed fin_fout’ then
fin_fout’ :: acc
else
acc
| [] = failwith "Omega.expand_decays: can’t_ happen")

(fin = fout) []) decays

12.2.8  Remove Duplicate Final States

Test if all final states are the same. Identical to ThoList.homogeneous o (List.map snd).

let rec homogeneous_final_state = function
| ]| [-] = true
| (2, fs1) == ((-, fs2) = _ as rest) —
if fs1 # fs2 then
false

else
homogeneous_final _state rest

let by_color f1 f2 =
let ¢ = Color.compare (M.color f1) (M.color f2) in
if ¢ # 0 then
c

else
compare f1 f2

module Pre_Bundle =
struct

type elt = t
type base = elt

let compare_elt (finl, foutl) (fin2, fout2) =
let ¢ = ThoList.compare ~cmp : by_color finl fin2 in

if ¢ # 0 then
c

else
ThoList.compare ~cmp : by_color foutl fout2
let compare_base b1 b2 = compare_elt b2 bl

end
module Process_Bundle = Bundle.Dyn (Pre_Bundle)

let to_string (fin, fout) =
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String.concat " " (List.map M .flavor_to_string fin)
S M=>" " String.concat """ (List.map M.flavor_to_string fout)

let fiber_to_string (base, fiber) =
(to_string base) ~ " ,=->,[" *
(String.concat ", " (List.map to_string fiber)) = "1"

let bundle_to_strings list =
List.map fiber_to_string list

Subtract n + 1 from each element in index_set and drop all negative numbers
from the result.

let shift_left _pred’ n index_set =
List.fold_right
(funiacc — leti’ = i — n — 1linif ' < 0then accelse i’ :: acc)
index _set []

Convert 1-based indices for initial and final state to 0-based indices for the final
state only. (NB: ThoList.partitioned_sort expects 0-based indices.)

let shift_left_pred fin index_sets =
let n = match finwith [.] - 1 | [;;2] = 2| - — 0in
List.fold _right
(fun iset acc —
match shift_left _pred’ n iset with
| [] = acc
| iset’ — iset’ : acc)
index_sets []

module FSet = Set.Make (struct type t = flavor let compare = compare end)

Take a list of final states and return a list of sets of flavors appearing in each
slot.

let flavors = function
| ] — ]
| fs o fs_list —
List.fold _right (List.map2 FSet.add) fs_list (List.map FSet.singleton fs)

let flavor_sums flavor_sets =
let _, result =
List.fold_left
(fun (n, acc) flavors —
if FSet.cardinal flavors = 1 then
(succ n, acc)
else
(succ n, (n, flavors) :: acc))
(0, []) flavor_sets in
List.rev result

let overlapping s1 s2 =
— (FSet.is_empty (FSet.inter s1 s2))

let rec merge_overlapping (n, flavors) = function

| 1 = [([n], flavors)]
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| (n_list, flavor_set) :: rest —
if overlapping flavors flavor_set then

(n:: n_list, FSet.union flavors flavor_set) :: rest
else
(n_list, flavor_set) :: merge_overlapping (n, flavors) rest

let overlapping_flavor _sums flavor_sums =
List.rev_map
(fun (n_list, flavor_set) — (n_list, FSet.elements flavor_set))
(List.fold _right merge_overlapping flavor_sums [])

module ISet = Set.Make (struct type t = int let compare = compare end)

let integer_range nl1 n2 =
let rec integer _range’ acc n’ =
if n’ < nl then
acc
else
integer_range’ (ISet.add n' acc) (pred n') in
integer _range’ ISet.empty n2

let coarsest_partition = function
| [] — invalid_arg "coarsest_partition: empty_process list"
| ((=, fs) = =) as proc_list —
let fs_list = List.map snd proc_list in
let overlaps =

List.map fst (overlapping - flavor _sums (flavor _sums (flavors fs_list))) in
let singletons =

ISet.elements
(List.fold_right ISet.remove
(List.concat overlaps) (integer_range 0 (pred (List.length fs)))) in
List.map (fun n — [n]) singletons Q overlaps
module [PowSet =
PowSet.Make (struct type t = int let compare = compare let to_string = string_of _int end)

let merge_partitions p_list =
IPowSet.to_lists (IPowSet.basis (IPowSet.union (List.map IPowSet.of _lists p_list)))

let remove_duplicate_final_states cascade_partition = function
| {1 = ]
| [process] — [process]
| list —
if homogeneous_final_state list then
list
else
let partition = coarsest_partition list in

let pi (fin, fout) =
let partition’ =
merge_partitions [partition; shift_left_pred fin cascade_partition]in
(fin, ThoList.partitioned_sort by_color partition’ fout) in
Process_Bundle.base (Process_Bundle.of _list pi list)

type t' = t
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module PSet = Set.Make (struct typet = ¢’ let compare = compare end)

let set list =
List.fold_right PSet.add list PSet.empty

let diff list1 list2 =
PSet.elements (PSet.diff (set listl) (set list2))

@ Not functional yet.

module Crossing_ Projection =
struct

type elt = t
type base = flavor list x int list X t

let compare_elt (finl, foutl) (fin2, fout2) =
let ¢ = ThoList.compare ~cmp : by_color finl fin2 in

if ¢ # 0 then
c
else
ThoList.compare ~cmp : by_color foutl fout2
let compare_base (f1, _, _) (f2, -, -) =

ThoList.compare ~cmp : by_color f1 f2
let pi (fin, fout as process) =
let flist, indices =
ThoList.ariadne_sort ~cmp : by_color (List.map M .conjugate fin Q fout) in
(flist, indices, process)
end
module Crossing_Bundle = Bundle.Make (Crossing_Projection)

let crossing processes =
List.map
(fun (fin, fout as process) —
(List.map M .conjugate fin @ fout, [], process))
processes

end
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MODEL FILES

13.1 Interface of Vertex_syntax

The concrete syntax described below is modelled on ETEX and correct model
descriptions should be correct BTEX-input (provided a few simple macros have
been loaded.

13.1.1 Abstract Syntaz

exception Syntax_Error of string x Lexing.position X Lexing.position

Tokens
Tokenization follows TEX’s rules.

module Token :
sig

Single-character tokens other than digits are stored as one character strings.
Multi-character tokens like \psi are stored as a string including the leading
\. Since a_12 is interpreted by TEX as {a_1}2, we can not use the lexer to
construct integers, but interpret them as lists of digits. Below, in Ezpr, the
parser can interpret then as integers.

type t = private

| Digit of int

| Token of string

| Scripted of scripted
| List of t list

TODO: investigate if it is possible to introduce stem as a separate type to allow
more fine-grained compile-time checks.
In addition to super- and subscripts, there are prefixes such as \bar, \hat, etc.

and scripted = private
{ stem : t;
prefix . prefix list;
super : t list;
sub : ¢ list }
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and prefix =

| Bar | Hat | Tilde

| Dagger | Star

| Prime

val prefiz_of _string : string — prefix

val prefiz_to_string : prefic — string
Smart constructors that avoid redundant nestings of lists and scripted tokens
with empty scripts.

val digit : int — t

val token : string — t

val scripted : string list — t — t option X t option — t
val list : t list = ¢

If it’s Scripted, return unchanged, else as a scripted token with empty prefix,
super- and subscripts.

val wrap_scripted : t — scripted
If it’s a List, return the list itself, otherwise a singleton list.
val wrap_list : t — t list

Recursively strip all prefixes, super- and subscripts and return only the LAST
token in a list. I.e. stem "\\bar\\psi_i" and stem "\\bar{\\phi\\psi}’"
both yield "\\psi".

val stem : t — t

Unparse the abstract syntax. Since the smart constructors perform some nor-
malization and minimize nested braces, the result is not guaranteed to be iden-
tical to the string that has been parsed, just equivalent.

val to_string : t — string
val scripted_to_string : scripted — string
val list_to_string : t list — string

val compare : t — t — int

end

FExpressions

A straightforward type for recursive expressions. Note that values (a.k. a. vari-
ables) are represented as functions with an empty argument list.

module Expr :
sig

type t =

| Integer of int

| Sum of ¢ list | Diff of t x t

| Product of t list | Ratio of t x t
| Function of Token.t x t list

val integer : int — t
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val add : t
val sub : t
val mult : t t
val div : t - t —> t

val apply : Token.t — t list — t

-t =t
-t = 1
=t =t

val to_string : t — string

end

Particle Declarations

module Particle :
sig

Neutral particles are known by a single name, charged particles also by the name
of the anti-particle, ...

type name =
| Neutral of Token.t
| Charged of Token.t x Token.t

and a list of attributes: aliases, external representations for ITEX and
Fortran, quantum numbers and symbols for mass and width.

type attr =

| TeX of Token.t list | TeX_Anti of Token.t list

| Alias of Token.t list | Alias_Anti of Token.t list

| Fortran of Token.t list | Fortran_Anti of Token.t list
| Spin of Expr.t | Charge of Expr.t

| Color of Token.t list x Token.t list

| Mass of Token.t list | Width of Token.t list

type t =
{ name : name;
attr : attr list }

Unparsing:
val to_string : t — string

end

Parameter Declarations

module Parameter :
sig
type attr =
| TeX of Token.t list
| Alias of Token.t list
| Fortran of Token.t list
type t' =
{ name : Token.t;
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value : Expr.t;
attr : attr list}

type t =
| Parameter of t’
| Derived of t’

val to_string : t — string

end
Lie Groups and Algebras
module Lie :
sig
The full list SU of int | U of int | SO of int | O of int | Sp of int | E6 |
E7 | E8 | F4 | G2 is not realistic. In practice, we will concentrate on

SU(3) for now.

type group

val default_group : group (x SU(3), of course *)
val group_of _string : string — group
val group_to_string : group — string

For now, we only support the 3, 3 and 8 of SU(3).
type rep

val rep_of _string : group — string — rep
val rep_to_string : rep — string

type t = group X rep
end
Lorentz Representations

module Lorentz :

sig
type rep =
| Scalar | Vector
| Dirac | ConjDirac | Majorana
| Weyl | ConjWeyl
end

Indices

module Index :
sig
type attr =
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| Color of Token.t list x Token.t list
| Flavor of Token.t list x Token.t list
| Lorentz of Token.t list

type ¢t =
{ name : Token.t;
attr : attr list }

val to_string : t — string

end

Tensors

module Tensor :
sig

type attr
| Color of Token.t list x Token.t list
| Flavor of Token.t list x Token.t list
| Lorentz of Token.t list

type t =
{ name : Token.t;
attr : attr list }

val to_string : t — string

end

Files

The abstract representation of a file, immediately after lexical and syntactical
analysis and before any type checking or semantic analysis, is a list of declara-
tions.

There is one version with unexpanded \include statements.

module File_Tree :
sig

type declaration =

| Particle of Particle.t

| Parameter of Parameter.t

| Index of Index.t

| Tensor of Tensor.t

| Vertex of Expr.t x Token.t
| Include of string

type t = declaration list
val empty : t
end

A linear file, just like File_ Tree, but with all the \include statements expanded.
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module File :
sig

type declaration =
| Particle of Particle.t
| Parameter of Parameter.t
| Index of Index.t
| Tensor of Tensor.t
| Vertex of Expr.t x Token.t

type t = declaration list
val empty : t

expand_includes parser file_tree recursively expands all include statemens in
file_tree, using parser to map a filename to a File_Tree.t.

val expand_includes : (string — File_Tree.t) — File_Tree.t — t
val to_strings : t — string list

end

13.2  Implementation of Vertex_syntax

18.2.1 Abstract Syntaz

exception Syntax_Error of string x Lexing.position X Lexing.position

module Token =
struct

type t =

| Digit of int

| Token of string

| Scripted of scripted
| List of t list

and scripted =
{ stem : t;
prefix : prefir list;
super : t list;
sub : t list }

and prefix =
| Bar | Hat | Tilde
| Dagger | Star

| Prime
let prefiz_of _string = function
"\\bar" | "\\overline" — Bar

|
| "\\hat" | "\\widehat" — Hat

[ "\\tilde" | "\\widetilde" — Tilde
| "\\dagger" — Dagger

| "x" | "\\ast" — Star
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| "\\prime" — Prime
| - — invalid_arg "Vertex_Syntax.Token.string_to_prefix"

let prefiz_to_string = function
| Bar — "\\bar"
| Hat — "\\hat"
| Tilde — "\\tilde"
| Dagger — "\\dagger"
| Star — "x"
| Prime — "\\prime"

let wrap_scripted = function
| Scripted st — st
| t = {stem = t; prefix = []; super = []; sub = [] }

let wrap_list = function
| List tI — 1l
| —ast — [i]

let digit i =
if 7 >0 A i < 9then
Digit i
else
invalid_arg ("Vertex_Syntax.Token.digit:," " string_of _int 1)

let token s =
Token s

let list = function
| [] — List]]
| [Scmpted {stem = t; prefix = []; super = []; sub = [|}] — ¢
|
|

[t] —

tl — Lzst t

let optional = function
| None — []
| Some t — wrap_list t

let scripted prefiz token (super, sub) =
match token, prefiz, super, sub with
| -, [], None, None — token
| (Digit - | Token _ | List _)ast, _, -, - —
Seripted { stem = t;
prefix = List.map prefix_of _string prefix;

super = optional super;
sub = optional sub }
| Scripted st, -, -, - —
Seripted { stem = st.stem;
prefix = List.map prefix_of _string prefic Q st.prefiz;
super = st.super Q optional super;

sub = st.sub @Q optional sub }

let rec stem = function
| Digit - | Token _ast — t
| Scripted { stem = t} — stem t
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| List tI —
begin match List.rev tl with
| [} = List ]
| ¢ = - — stemt
end

Strip superfluous List and Secripted constructors.
NB: This might be unnecessary, if we used smart constructors.

let rec strip = function
| Digit - | Token _ast — t
| Scripted { stem = t; prefix = []; super = []; sub = []} — stript
| Scripted { stem = t; prefix = prefiz; super = super; sub = sub} —

Scripted { stem = strip t;
prefix = prefix;

super List.map strip super;
sub = List.map strip sub }
| List tI —

begin match List.map strip tl with

| [] — List []

| [t] — ¢t

| t{ — List ¢l

end

Recursively merge nested List and Scripted constructors.
NB: This might be unnecessary, if we used smart constructors.

let rec flatten = function
| Digit - | Token _ast — t
| List t1 — flatten_list tl
| Scripted st — flatten_scripted st

and flatten_list tl =
match List.map flatten tl with

| [] — Lust []
| [t] — ¢
| # — List tl
and flatten_scripted = function
| { stem = t; prefix = []; super = []; sub =[]} — ¢
| { stem = ¢; prefix = prefiz; super = super; sub = sub } —
let super = List.map flatten super
and sub = List.map flatten sub in
begin match flatten t with
| Digit - | Token _ | List ~ast —
Scripted { stem = t;
prefix = prefir;
super = super;
sub = sub }
| Scripted st —
Scripted { stem = st.stem;

prefix = prefic Q st.prefix;

265



Implementation of Vertexr_syntax

super = st.super @ super;
sub = st.sub Q sub }
end

let ascii_A = Char.code ’A’
let ascii-Z = Char.code >Z’
let ascii_a = Char.code ’a’
let ascii_z = Char.code ’z’

let is_char ¢ =
let @ = Char.code ¢ in
(ascii_A < a AN a < ascii-Z) V (asciica < a N a < ascii_z)

let is_backslash ¢ =

c = "\\?
let first_char s =
5.[0]

let last_char s =
s.[String.length s — 1]

let rec to_string = function
| Digit i — string_of _int i
| Token s — s
| Scripted t — scripted_to_string t
| List tI — "{" " list_to_string tl =~ "}"

and list_to_string = function
| [] sy nn
| [Scripted { stem = t; super = []; sub = [] }] — to_string t
| [Scripted - as t] — "{" " to_string t " "}"
|

[t] — to_string t
| t& — "{" " concat_tokens tl = "}"

and scripted_to_string t =

let super =

match t.super with

| H — nn

| e — """ list_to_string tl
and sub =

match t.sub with

| H — nn

| t1 — "_" " list_to_string tl in

String.concat "" (List.map prefix_to_string t.prefix)
to_string t.stem ~ super = sub

and required_space t1 t2 =
let required_space’ sl s2 =
if is_backslash (first_char s2) then

else if is_backslash (first_char s1) A is_char (last_char s1) then
[Token " "]
else

[]in
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match t1, t2 with
| Token s1, Token s2 — required_space’ sl s2
| Scripted s1, Token s2 — required_space’ (scripted_to_string s1) s2
| Token s1, Scripted s2 — required_space’ sl (scripted_to_string s2)
| Scripted s1, Scripted s2 —

required _space’ (scripted_to_string s1) (scripted _to_string s2)
| List _, _ | -, List - | -, Digit _ | Digit -, - — |[]

and interleave_spaces tl =
ThoList.interleave _nearest required_space tl

and concat_tokens tl =
String.concat "" (List.map to_string (interleave_spaces tl))

let compare t1 t2 =
Pervasives.compare t1 t2

end

module Fxpr =
struct

type t =

| Integer of int

| Sum of ¢ list | Diff of t x t

| Product of t list | Ratio of t x t
| Function of Token.t x t list

let integer i = Integer i

let rec add a b =
match a, b with
| Integer a, Integer b — Integer (a + b)
| Sum a, Sum b — Sum (a QD)
| Sum a, b — Sum (a Q [b])
| a, Sum b — Sum (a = b)
| a, b — Sum ([a; b])

(al - a2) - (bl - b2) = (al + b2) - (a2 + bl)
(al - a2)-b=al- (a2 4+ b)
a- (bl-b2) = (a+ b2) - bl

and sub a b =
match a, b with
| Integer a, Integer b — Integer (a — b)
| Diff (al, a2), Diff (b1, b2) — Diff (add al b2, add a2 b1)
| Diff (al, a2), b — Diff (al, add a2 b)
| a, Diff (b1, b2) — Diff (add a b2, b1)
| a, b — Diff (a, b)

and mult a b =
match a, b with
| Integer a, Integer b — Integer (a X b)
| Product a, Product b — Product (a @ b)
| Product a, b — Product (a @ [b])
| a, Product b — Product (a :: b)
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| a, b — Product ([a; b))

and div a b =
match a, b with
| Ratio (al, a2), Ratio (b1, b2) — Ratio (mult al b2, mult a2 bl)
| Ratio (al, a2), b — Ratio (al, mult a2 b)
| a, Ratio (b1, b2) — Ratio (mult a b2, b1)
| a, b — Ratio (a, b)

let apply f args =
Function (f, args)

let rec to_string = function
| Integer i — string_of _int i
| Sum ts — String.concat "+" (List.map to_string ts)
| Diff (t1, t2) — to_string t1 ~ "=" " to_string t2
| Product ts — String.concat "x" (List.map to_string ts)
| Ratio (t1, t2) — to_string t1 =~ "/" " to_string t2
| Function (f, args) —
Token.to_string f ~
String.concat ""
(List.map (fun arg — "{" ~ to_string arg ~ "}") args)

end

module Particle =
struct

type name =
| Neutral of Token.t
| Charged of Token.t x Token.t

type attr =

| TeX of Token.t list | TeX_Anti of Token.t list

| Alias of Token.t list | Alias_Anti of Token.t list

| Fortran of Token.t list | Fortran_Anti of Token.t list
| Spin of Expr.t | Charge of Ezpr.t

| Color of Token.t list x Token.t list

| Mass of Token.t list | Width of Token.t list

type t =
{ name : name;
attr : attr list }

let name_to_string = function
| Neutral p —
"\\neutral{" * Token.to_string p ~ "}"

| Charged (p, ap) —
"\\charged{" * Token.to_string p ~ "}{" "~ Token.to_string ap ~ "}"

let attr_to_string = function
| TeX tI — "\\tex{" " Token.list_to_string tl ~ "}"
| TeX_Anti tI — "\\anti\\tex{" " Token.list_to_string tl =~ "}"
| Alias t§ — "\\alias{" ~ Token.list_to_string tl = "}"
| Alias_Anti tI — "\\anti\\alias{" ~ Token.list_to_string tl ~ "}"
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| Fortran tI — "\\fortran{" ~ Token.list_to_string tl ~ "}"
| Fortran_Anti tI — "\\anti\\fortran{" * Token.list_to_string tl = "}"
| Spin e — "\\spin{" ~ Ezpr.to_string e ~ "}"
| Color ([], rep) — "\\color{" ~ Token.list_to_string rep ~ "}"
| Color (group, rep) —
"\\color[" * Token.list_to_string group ~ "1{" ~
Token.list_to_string rep ~ "}"
| Charge e — "\\charge{" "~ Expr.to_string e ~ "}"
| Mass tI — "\\mass{" "~ Token.list_to_string tl = "}"
| Width tI — "\\width{" ~ Token.list_to_string tI = "}"

let to_string p =
name_to_string p.name ~
String.concat "" (List.map attr_to_string (List.sort compare p.attr))

end

module Parameter =
struct

type attr =

| TeX of Token.t list

| Alias of Token.t list

| Fortran of Token.t list

type t/ =
{ name : Token.t;
value : Ezxpr.t;
attr : attr list}

type t =
| Parameter of t'
| Derived of t'

let attr_to_string = function
| TeX tI — "\\tex{" "~ Token.list_to_string tl = "}"
| Alias t§ — "\\alias{" " Token.list_to_string tl = "}"
| Fortran tI — "\\fortran{" ~ Token.list_to_string tl ~ "}"

let to_string’ p =
w{n " Token.to_string p.name ~ "}{" ° Expr.to_string p.value ~ "}" *
String.concat "" (List.map attr_to_string p.attr)

let to_string = function
| Parameter p — "\\parameter" ~ to_string’ p
| Derived p — "\\derived" " to_string’ p

end

module Lie =
struct

type group =

| SU of int | U of int
| SO of int | O of int
| Sp of int
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| E6 | E7 | E8 | F{ | G2
module T' = Token
let default_group = SU 3

let invalid_group s =
invalid_arg ("Vertex.Lie.group_of_string: " " s)

let series s name n =
match name, n with
| "su", nwhenn > 1 — SUn
| "U", nwhenn > 1 — Un
| "s0", nwhenn > 1 — SOn
| "0",nwhenn > 1 — On
| "Sp", nwhenn > 2 — Spn
| - — dnvalid_group s

let exceptional s name n =
match name, n with

| "E", 6 — E6
| "E", 7 - E7
| "E", 8 — ES8
| "F" 4 FY
| "a", 2 = G2
|

- — invalid_group s

let group_of _string s =

try

Scanf .sscanf s "%h-[{1%SU0P] (%) %-[}1%!" (series s)
with
| - —

try

Scanf .sscanf s "%-[{1%EFG] _%d%-_[}1%!" (exceptional s)
with
| - — invalid_group s

let group_to_string = function
| SUn — "SU(" " string_of —int n = ")"
| Un — "U(" " string_of int n =~ ")"
| SOn — "sS0(" " string_of —int n =~ ")"
| On — "0(" " string_of _int n. = ")"
| Spn — "Sp(" " string_of —int n. = ")"
| E6
|
|
|
|

— "E6"
E7 — "ET"
E§ — "E8"
Fj — "F4"
G2 — "G2"

type rep = int

let rep_of _string group rep =
match group with
| SU3 —
begin
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match rep with

| 3" 3

| "\\bar, ;3" —» -3

| "gn 8

| - —

invalid_arg ("Vertex.Lie.rep_of_string:" ~
"_unsupported representation," "~ rep
"Lofu" T group_to_string group)

end
| - — dnvalid_arg ("Vertex.Lie.rep_of_string:" ~
" unsupported, group," "~ group_to_string group)

let rep_to_string r =
string_of _int r

type t = group X rep
end

module Lorentz =
struct

type rep =

| Scalar | Vector

| Dirac | ConjDirac | Majorana
| Weyl | ConjWeyl

end

module Index =
struct

type attr =

| Color of Token.t list x Token.t list
| Flavor of Token.t list x Token.t list
| Lorentz of Token.t list

type t =
{ name : Token.t;
attr : attr list }

let attr_to_string = function
| Color ([], rep) — "\\color{" ~ Token.list_to_string rep ~ "}"
| Color (group, rep) —
"\\color[" * Token.list_to_string group ~ "1{" ~
Token.list_to_string rep ~ "}"
| Flavor ([], rep) — "\\flavor{" ~ Token.list_to_string rep ~ "}"
| Flavor (group, rep) —
"\\flavor[" " Token.list_to_string group =~ "1{" *
Token.list_to_string rep ~ "}"
| Lorentz tI — "\\lorentz{" " Token.list_to_string tl = "}"

let to_string 1 =
"\\index{" ~ Token.to_string i.name ~ "}" *

String.concat "" (List.map attr_to_string i.attr)
end
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module Tensor =
struct

type attr =

| Color of Token.t list x Token.t list
| Flavor of Token.t list x Token.t list
| Lorentz of Token.t list

type t =
{ name : Token.t;
attr : attr list }

let attr_to_string = function
| Color ([], rep) — "\\color{" ~ Token.list_to_string rep ~ "}"
| Color (group, rep) —
"\\color[" ~ Token.list_to_string group ~ "1{" ~
Token.list_to_string rep ~ "}"
| Flavor ([], rep) — "\\flavor{" " Token.list_to_string rep ~ "}"
| Flavor (group, rep) —
"\\flavor[" * Token.list_to_string group ~ "1{" "
Token.list_to_string rep ~ "}"
| Lorentz tI — "\\lorentz{" " Token.list_to_string tl = "}"

let to_string t =
"\\tensor{" * Token.to_string t.name ~ "}" ~

String.concat "" (List.map attr_to_string t.attr)
end

module File_Tree =
struct

type declaration =
| Particle of Particle.t

| Parameter of Parameter.t

| Index of Index.t

| Tensor of Tensor.t

| Vertex of Fxpr.t x Token.t
| Include of string

type t = declaration list
let empty = []
end

module File =
struct

type declaration =

| Particle of Particle.t

| Parameter of Parameter.t

| Index of Index.t

| Tensor of Tensor.t

| Vertex of Exzpr.t x Token.t

type t = declaration list
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let empty = |[]

We allow to include a file more than once, but we don’t optimize by memoization,
because we assume that this will be rare. However to avoid infinite loops when
including a child, we make sure that it has not yet been included as a parent.

let expand_includes parser unexpanded =
let rec expand_includes’ parents unexpanded expanded =
List.fold _right (fun decl decls —
match decl with
| File_Tree.Particle p — Particle p :: decls
| File_Tree.Parameter p — Parameter p :: decls
| File_Tree.Index i — Index i :: decls
| File_Tree.Tensor t — Tensor t :: decls
| File_Tree.Vertex (e, v) — Vertex (e, v) :: decls
| File_Tree.Include f —
if List.mem f parents then
invalid_arg ("cyclico\\include{" "~ f "~ "}")
else
expand _includes’ (f :: parents) (parser f) decls)
unexpanded expanded in
expand _includes’ ] unexpanded []

let to_strings decls =
List.map

(function

| Particle p — Particle.to_string p

| Parameter p — Parameter.to_string p

| Index i — Index.to_string i

| Tensor t — Tensor.to_string t

| Vertex (Expr.Integer 1, t) —
"\\vertex{" ~ Token.to_string t ~ "}"

| Vertex (e, t) —
"\\vertex[" " Ezpr.to_string e = "J{" ~

Token.to_string t ~ "}")
decls

end

13.3 Lexer

{

open Lexing
open Vertex_parser

let string_of _char ¢ =
String.make 1 ¢

let int_of _char ¢ =
int_of _string (string_of _char c)

let init_position fname lexbuf =
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let curr_p = lexbuf.lex_curr_p in
lexbuf .lex_curr_p <«
{ curr_p with
pos_fname = fname;
pos_lnum = 1,
pos_bol = curr_p.pos_cnum };
lexbuf

}

let digit = [70°—9]

let upper = [?A’—Z7]

let lower = [*a’—’z’]

let char = wupper | lower
let white = [> 7 *\t’]
let pfr = *\\’

let env_arg0 = "align" | "center" | "omftable"
let env_argl = "tabular"

rule token = parse
white { token lexbuf } (x skip blanks x)
| 2% [72\n’]* { token lexbuf } (x skip comments )
| *\n’ { new_line lexbuf; token lexbuf }
W (1) | e auad)
{ token lexbuf } (x skip LaTeX white space x)
| "\\endinput" { token lexbuf } (* continue reading *)
| >\\’ ( "chapter" | "sub"* "section" ) **’7 >{’ [’}’]* ’}’
{ token lexbuf } (x skip sectioning FIXME!! x)
| >\\’ ( "begin" | "end" ) ’{’ env_arg0 %7}’
| "\\begin" o 677/0-(1/1“91 1%27 1} oo [”:};]* '}
| "\\end" :{7 67’“}_(1’1"91 :*;? 7};
{ token lexbuf } (x skip environment delimiters x)
| "\\\\" { token lezbuf } (* skip table line breaks *)
| &’ { token lexbuf } (x skip tabulators )
| >\\’ ( "left" | "right" | [’B’’b’] "ig" *g’? [’1>’r’])
{ token lexbuf } (x skip parenthesis hints *)
| = { BQUAL}
| »~» { SUPER}
| >-> { SUB }
| *\*> { PRIME }
| >\\? ( "bar" | "overline" | "wide"? "hat" | "wide"? "tilde") as pfr
{ PREFIX pfz }
| »x0 { TIMES }
| °/>{ DIV }
| >+> { PLUS }
| o= { MINUS }
| >,> { COMMA '}
| »( { LPAREN }
| *)* { RPAREN }
| *{> { LBRACE }
| ’}> { RBRACFE }
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| *[’ { LBRACKET }
| *1° { RBRACKET }
| pfr "include{" ([*’}’]* as name) "}"

{ INCLUDE name }
| pfr "charged" { CHARGED }
| pfr "neutral" { NEUTRAL }
| pfr "anti" { ANTI }
| pfr "tex" { TEX }
| pfr "fortran" { FORTRAN }
| pfr "alias" { ALIAS }
| pfr "spin" { SPIN }
| pfx "color" { COLOR }
| pfr "charge" { CHARGE }
| pfr "mass" { MASS }
| pfr "width" { WIDTH }
| pfr "vertex" { VERTEX }
| pfr "index" { INDEX }
| pfr "tensor" { TENSOR }
| pfr "lorentz" { LORENTZ }
| pfr "flavor" { FLAVOR }
| pfr "parameter" { PARAMETER }
| pfr "derived" { DERIVED }
| digit as i { DIGIT (int-of —char i) }
| char as ¢ { CHAR (string_of _char c) }
| O\\? (= | char™)) as s

{ TOKEN s}
| - as ¢ { failwith ("invalid, character at,‘"

string_of —char ¢~ "*") }

| eof { END }

13.4 Parser

Right recursion is more convenient for constructing the value. Since the lists
will always be short, there is no performace or stack size reason for prefering
left recursion.

Header
module T = Vertex_syntaz. Token
module E = Vertex_syntax.Expr
module P = Vertex_syntazx.Particle
module V' = Vertex_syntax.Parameter
module I = Vertex_syntax.Index
module X = Vertex_syntax.Tensor
module F' = Vertex_syntax.File_Tree

let parse_error msg =
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raise (Vertex_syntaz.Syntaz_Error
(msg, symbol_start_pos (), symbol_end_pos ()))

let invalid_parameter_attr () =
parse_error "invalid, parameter attribute"

Token declarations

%token < int > DIGIT

%token < string > CHAR

%token < string > PREFIX TOKEN

%token SUPER SUB PRIME LBRACE RBRACE LBRACKET RBRACKET
%token LPAREN RPAREN

%token COMMA

%token PLUS MINUS TIMES DIV EQUAL

%token < string > INCLUDE
%token END

%token NEUTRAL CHARGED

%token ANTI ALIAS TEX FORTRAN SPIN COLOR CHARGE MASS WIDTH
%token PARAMETER DERIVED

%token TENSOR INDEX FLAVOR LORENTZ

%token VERTEX

%left PLUS MINUS
%nonassoc NEG UPLUS
%left TIMES DIV

%start file
%type < Vertex_syntaz.File_Tree.t > file

Grammar rules

file =
| declarations END { $1 }

declarations ::=

RER;

| declaration declarations { $1 :: $2 }

declaration ::=
| particle { F.Particle $1 }
| parameter { F.Parameter $1 }
| index { F.Index $1 }
| tensor { F.Tensor $1 }
| vertez { let e, t = $1in
F.Vertez (e, t) }
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| INCLUDE { F.Include $1 }

particle ::=
| NEUTRAL token_arg particle_attributes
{ { P.name = P.Neutral $2; P.attr = $3} }
| CHARGED token_arg_pair particle_attributes
{letp, ap = $2in
{ P.name = P.Charged (p, ap); P.attr = $3 } }

expr_arg =
| LBRACKET expr RBRACKET { $2 }
| LBRACKET expr RBRACE { parse_error "expected‘]1’, found,,‘}’" }
| LBRACKET expr END { parse_error "missing,‘]’" }

token_arg ::=
| LBRACE scripted_token RBRACE { $2 }
| LBRACE scripted _token END { parse_error "missing ‘}’" }

token_arg_pair ::=
| token_arg token_arg { ($1, $2) }

token_list_arg ::=
| LBRACE token_list RBRACE { $2 }
| LBRACE token_list END { parse_error "missing,‘}’" }
/+ This results in a reduce/reduce conflict:
| LBRACE token_list RBRACKET { parse_error "expected ‘}’, found ‘]1°" }
*
/

token_list_opt_arg ::=
| LBRACKET token_list RBRACKET { $2 }
| LBRACKET token_list END { parse_error "missing,‘}’" }

particle_attributes ::=

{1}

| particle_attribute particle_attributes { $1 :: $2 }

particle-attribute ::=
| ALIAS token_list_arg { P.Alias $2 }
| ANTI ALIAS token_list_arg { P.Alias $3 }
| TEX token_list_arg { P.TeX $2 }
| ANTI TEX token_list_arg { P.TeX_Anti $3 }
| FORTRAN token_list_arg { P.Fortran $2 }
| ANTI FORTRAN token_list_arg { P.Fortran-Anti $3 }
| SPIN arg { P.Spin $2 }
| COLOR token_list_arg { P.Color ([], $2) }
| COLOR token_list_opt_arg token_list_arg { P.Color ($2, $3) }
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| CHARGE arg { P.Charge $2 }
| MASS token_list_arg { P.Mass $2 }
| WIDTH token_list_arg { P.Width $2 }

parameter 1=
| PARAMETER token_arg arg parameter_attributes
{ V.Parameter { V.name = $2; V.value = $3; V.attr = $4 } }
| DERIVED token_arg arg parameter_attributes
{ V.Derived { V.name = $2; V.value = $3; V.attr = $4 } }

parameter _attributes 1=

RUE;

| parameter_attribute parameter_attributes { $1 :: $2 }

parameter _attribute ;1=
| ALIAS token_list_arg { V.Alias $2 }
| TEX token_list_arg { V.TeX $2 }
| FORTRAN token_list_arg { V.Fortran $2 }
| ANTI { invalid _parameter_attr () }
| SPIN { invalid_-parameter_attr () }
| COLOR { invalid_parameter_attr () }
| CHARGE { invalid_parameter_attr () }
| MASS { invalid_parameter_attr () }
| WIDTH { invalid_parameter_attr () }

index =
| INDEX token_arg index_attributes { { I.name = $2; I.attr = $3 } }

index _attributes ::=

{1}

| index _attribute index _attributes { $1 :: $2 }

index _attribute ::=

| COLOR token_list_arg { I.Color ([], $2) }

| COLOR token_list_opt_arg token_list_arg { I.Color (32, $3) }

| FLAVOR token_list_arg { I.Flavor ([], $2) }

| FLAVOR token_list_opt_arg token_list_arg { I.Flavor ($2, $3) }
| LORENTZ token_list_arg { I.Lorentz $2 }

tensor ::=
| TENSOR token_arg tensor_attributes { { X.name = $2; X.attr = $3} }

tensor_attributes ::=

{1}

| tensor_attribute tensor_attributes { $1 :: $2 }

278



Parser

tensor_attribute ::=

| COLOR token_list_arg { X.Color ([], $2) }

| COLOR token_list_opt_arg token_list_arg { X.Color ($2, $3) }

| FLAVOR token_list_arg { X.Flavor ([], $2) }

| FLAVOR token_list_opt_arg token_list_arg { X.Flavor ($2, $3) }
| LORENTZ token_list_arg { X.Lorentz $2 }

vertex ::=

| VERTEX token_list_arg { (E.integer 1, T.list $2) }

| VERTEX expr_arg token_list_arg { ($2, T.list $3) }

| VERTEX expr_arg LBRACE RBRACE { (%2, T.list []) }

| VERTEX expr_arg LBRACE END { parse_error "missing,‘}’" }

| VERTEX not_arg_or_token_list { parse_error "expected,‘ [’Lor,‘{’" }
/* This results in a shift/reduce conflict:

| VERTEX expr_arg LBRACE RBRACKET { parse_error "expected ‘}’, found ‘]°" }

*

/

expr =
| integer { E.integer $1 }
| LPAREN expr RPAREN { $2 }
| LPAREN expr RBRACKET { parse_error "expected,‘)’, found,‘]’" }
| LPAREN expr RBRACE { parse_error "expected,‘)’, found ‘}’" }
| LPAREN expr END { parse_error "missing ‘)" }
| expr PLUS expr { F.add $1 $3 }
| expr MINUS expr { E.sub $1 $3 }
| expr TIMES expr { E.mult $1 $3 }
| expr DIV expr { E.div $1 $3 }
| bare_scripted _token arg_list { E.apply $1 $2 }
/* Making ‘*’ optional introduces many shift/reduce and reduce/reduce con-
flicts:
| expr expr { E.mult $1 $2 } x/

arg_list ::=

RUIR;

| arg arg_list { $1 :: $2 }

arg ==
| LBRACE expr RBRACE { $2 }
| LBRACE expr RBRACKET { parse_error "expected,‘}’, found,‘1’" }
| LBRACE expr END { parse_error "missing ‘}’" }

integer 1=
| DIGIT { $1}
| integer DIGIT { 10 x $1 + $2}

token ::=
| bare_token { $1 }
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| LBRACE scripted_token RBRACE { $2 }

| LBRACE scripted_token END { parse_error "missing ‘}’" }

| LBRACE scripted_token token_list RBRACE { T.list ($2 :: $3) }

| LBRACE scripted_token token_list END { parse_error "missing,‘}’" }
/* This results in a shift/reduce conflict because RBRACKET is a bare token:

| LBRACE scripted_token RBRACKET { parse_error "expected ‘}’, found ‘]°" }

*

/

token _list ::=
| scripted_token { [$1] }
| scripted _token token_list { $1 :: $2 }

scripted _token ::=
| prefizes token optional_scripts { T.scripted $1 $2 $3 }

bare_scripted _token ::=
| prefizes name optional_scripts { T.scripted $1 $2 $3 }

optional _scripts ::=

| { (None, None) }
| super { ($1, None) }

| sub { (None, $1) }

| super sub { ($1, $2) }
| sub super { ($2, $1) }
| primes { (31, None) }
| primes sub { (81, $2) }
| sub primes { ($2, $1) }

super =
| SUPER token { Some $2 }
| SUPER RBRACE { parse_error "superscript,can’t start with, ‘}’" }
/* This results in many reduce/reduce conflicts:
| SUPER RBRACKET { parse_error "superscript can’t start with ‘]’" }
*
/

sub =
| SUB token { Some $2 }
| SUB RBRACE { parse_error "subscript,can’t,start with,‘}’" }
/+ This results in many reduce/reduce conflicts:
| SUB RBRACKET { parse_error "subscript can’t start with ‘]1°" }
*
/

prefizes ::=

{0}
| PREFIX prefizes { $1:: 82 }
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primes =
| prime_list { Some (T.list $1) }

prime_list ::=
| PRIME { [T.token "\\prime"] }
| PRIME prime_list { T.token "\\prime" :: $2 }

name ::=
| CHAR { T.token $1 }
| TOKEN { T.token $1 }

bare_token ::=

| DIGIT { T.digit $1 }

| CHAR { T.token $1 }

| TOKEN { T.token $1 }

| PLUS { T.token "+" }

| MINUS { T.token "-"}

| TIMES { T.token "x" }

| DIV { T.token "/" }

| COMMA { T.token "," }
| LPAREN { T.token "(" }
| RPAREN { T.token ™)" }

not_arg_or_token_list ::=
| DIGIT { () }

| CHAR { () }

| TOKEN { () }

| PLUS { () }

| MINUS { () }

| TIMES { () }

| DIV { () }

| comMA { ()}

| RPAREN { () }

| RBRACKET { () }
| RBRACE { () }

13.5 Interface of Vertex

val parse_string : string — Vertex_syntax.File.t
val parse_file : string — Vertex_syntaz.File.t

module type Test =
sig
val example : unit — unit
val suite : OUnit.test
end

module Test (M : Model.T) : Test
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module Parser_Test : Test
module Modelfile_Test : Test

13.6 Implementation of Vertex

module type Test =
sig
val example : unit — unit
val suite : OUnit.test
end

13.6.1 New Implementation: Next Version

let error_in_string text start_pos end_pos =
let i = start_pos.Lexing.pos_cnum
and j = end_pos.Lexing.pos_cnum in
String.sub text i (j — 1)

let error_in_file name start_pos end_pos =

Printf .sprintf
"hs:%hd. hd-%d . %d"

name
start_pos.Lexing.pos_Inum

(start_pos.Lexing.pos_cnum — start_pos.Lexing.pos_bol)
end _pos.Lexing.pos_Inum

(end_pos.Lexing.pos_cnum — end_pos.Lexing.pos_bol)

let parse_string text =
Vertex _syntaz.File.expand _includes
(fun file — invalid_arg ("parse_string: found include ‘" " file "’ "))
(try
Vertex _parser.file
Vertex _lexer.token
(Vertex _lexer.init_position "" (Lexing.from_string text))
with
| Vertex_syntax.Syntax_Error (msg, start_pos, end_pos) —
invalid_arg (Printf.sprintf "syntax_ error,(%s) at:, %s’"
msg (error_in_string text start_pos end_pos))
| Parsing.Parse_error —
invalid_arg ("parse_ error:," " text))

let parse_file name =
let parse_file_tree name =

let ic = open_in name in
let file_tree =
begin try

Vertex _parser.file
Vertex _lexer.token
(Vertex _lexer.init_position name (Lexing.from_channel ic))
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with

| Vertex_syntax.Syntaz_Error (msg, start_pos, end_pos) —
begin
close_in ic;

invalid_arg (Printf.sprintf
"%s:,syntax_ error, (%s)"
(error_in_file name start_pos end_pos) msgq)
end
| Parsing.Parse_error —
begin
close_in ic;
invalid_arg ("parse error:," = name)
end
end in
close_in ic;
file_tree in
Vertex _syntaz.File.expand_includes parse_file_tree (parse_file_tree name)

let dump_file pfx f =
List.iter
(fun s — print_endline (pfr = ":u" "~ $))
(Vertex_syntazx.File.to_strings f)

module Parser_Test : Test =
struct

let example () =

0

open OUnit

let compare s_out s_in () =
assert_equal ~printer : (String.concat " ")
[s-out] (Vertex_syntaz.File.to_strings (parse_string s-in))

let parse_error error s () =
assert_raises (Invalid_argument error) (fun () — parse_string s)

let syntaz_error (msg, error) s () =

parse_error ("syntax error (" " msg " ") at:, " "

error ~ " ") s ()

let (=>) s_in s_out =

"U" T os_in > compare s_out s_in
let (?>)s =

§ => s
let (=>11) s error =

"u" T s > parse_error error s

]
let (=>!) s error =
"U" T s >:iosyntax_error error s

let empty =
"empty" >:u:
(fun () — assert_equal [] (parse_string ""))
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let expr =
"expr" >::

[ "\\vertex[2 %, (17 +.81{}" => "\\vertex[42]1{{}}";
"\\vertex [2,*,17 + 41 {}" => "\\vertex[381{{}}";
"\\vertex[2" =>! ("missing,‘]’", "[2");

"\\vertex]{}" =>! ("expected, ‘[’ or,{’", "\\vertex]");
"\\vertex2]{}" =>! ("expected,‘ [’ or,‘{’", "\\vertex2");
"\\vertex}{}" =>! ("expected, ‘[’ or,{’", "\\vertex}");
"\\vertex2}{}" =>! ("expected, ‘[’ or, {’", "\\vertex2");
"\\vertex[(2}{}" =>! ("expected, ‘)’ , found,‘}’", "(2}");
"\\vertex[(2]{}" =>! ("expected, ) ’, found,‘]’", "(2]");
"\\vertex{2]{}" =>! ("syntax error", "2");
"\\vertex[2}{}" =>! ("expected, ‘]’ , found, ‘}’", "[2}");
"\\vertex[2{}" =>! ("syntax_ error", "2");

"\\vertex [2*]{}" =>! ("syntax error", "2") |

let index =
"index" >::
[ "\\vertex{{a}_{1}"{2}}" => "\\vertex{a~2_1}";
"\\vertex{a_{11}"2}" => "\\vertex{a~2_{11}}";
"\\vertex{a_{1_1}"2}" => "\\vertex{a~2_{1_1}}" ]

let electronl =
"electronl" >:u:
[ 7> "\\charged{e"-}{e +}";
"\\charged{{e"-}}{{e"+}}" => "\\charged{e"-}{e"+}" |

let electron? =
"electron2" >::

[ "\\charged{e"-}{e"+}\\fortran{ele}" =>
"\\charged{e"-}{e"+}\\fortran{{ele}}";
"\\charged{e"-}{e"+}\\fortran{electron}\\fortran{ele}" =>
"\\charged{e~-}{e"+}\\fortran{{ele}}\\fortran{{electron}}";
"\\charged{e"-}{e"+}\\alias{e2}\\alias{el}" =>
"\\charged{e"-}{e"+}\\alias{{el}}\\alias{{e2}}";
"\\charged{e"-}{e"+}\\fortran{ele}\\anti\\fortran{pos}" =>

"\\charged{e"-}{e"+}\\fortran{{ele}}\\anti\\fortran{{pos}}"]

let particles =
"particles" >:u

[electront;

electron?)

let parameters =
"parameters" >::
[ 7> "\\parameter{\\alpha}{1/137}";
7> "\\derived{\\alpha_s}{1/\\1n{\\frac{\\mu}{\\Lambda}}}";
"\\parameter{\\alpha}{1/137}\\anti\\fortran{alpha}" =>!
("invalid, jparameter attribute", "\\anti") ]

let indices =
"indices" >::
[ 7> "\\index{a}\\color{8}";
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"\\index{a}\\color[SU(2)]1{3}" => "\\index{a}\\color [{SU(2)}1{3}"]

let tensors =
"tensors" >:u:
[ "\\tensor{T}\\color{3}" => "\\tensor{T}\\color{3}"]

let vertices =
"vertex" >::
[ "\\vertex{\\bar\\psi\\gamma_\\mu\\psi A_\\mu}" =>
"\\vertex{{{\\bar\\psi\\gamma_\\mu\\psi_ A-\\mu}}}" |

module T = Vertex_syntaz. Token

let parse_token s =
match parse_string ("\\vertex{" "~ s~ "}") with
| [Vertex_syntax.File. Vertex (-, v)] — v
| - — dnvalid_arg "only_vertex"

let print_token pfr t =
print_endline (pfr = ": " = T.to_string t)

let test_stem s_out s_in () =
assert_equal ~printer : T.to_string
(parse_token s_out)
(T.stem (parse_token s_in))

let (=>>) s_in s_out =
"stem " " s_in >:: test_stem s_out s_in

let tokens =
"tokens" >::

[ "\\vertex{a’}" => "\\vertex{a~\\prime}";
"\\vertex{a’’}" => "\\vertex{a"{\\prime\\prime}}";
"\\bar\\psi’’_{i,\\alpha}" =>> "\\psi";
"\\phi~\\dagger_{i’}" =>> "\\phi";
"\\bar{\\phi\\psi}’’_{i,\\alpha}" =>> "\\psi";
"\\vertex{\\phi}" => "\\vertex{\\phi}";
N\vertex{\\phi- 1} —> "\\vertex{\\phi_1}"
"\\vertex{{{\\phi}’}}" => "\\vertex{\\phi~\\prime}";
"\\vertex{\\hat{\\bar\\psi}_1}" => "\\vertex{\\hat\\bar\\psi_1}";
N\vertex{{a_b}{cd}}" —> "\vertex{a_{bcd}}":
"\\vertex{{\\phi_1}_2}" => "\\vertex{\\phi_{12}}";
"\\vertex{{\\phi_{12}}_{34}}" => "\\vertex{\\phi_{1234}}";
“\\vertex{{\\phi_{12}}~{34}}" => "\\vertex{\\phi {32} {12}}"
"\\vertex{\\bar{\\psi_-{\\mathrm{e}}}_\\alpha\\gamma_{\\alpha\\beta} "\\mu{\\psi_{\
"\\vertex{{{\\bar\\psi_{\\mathrm e\\alpha}\\gamma~\\mu_{\\alpha\\beta}\\psi_{\\ma

let suite =
"Vertex_Parser" >::

[empty;
index;
erpr;
particles;
parameters;
indices;
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tensors;
vertices;
tokens ]

end

Symbol Tables

module type Symbol =
sig
type file = Vertex_syntax.File.t
type t = Vertex_syntax.Token.t

Tensors and their indices are representations of color, flavor or Lorentz groups.
In the end it might turn out to be unnecessary to distinguish Color from Flavor.

type space =

| Color of Vertex_syntaz.Lie.t
| Flavor of t list x t list

| Lorentz of t list

A symbol (i.e. a Symbol.t = Vertex_syntax.Token.t) can refer either to parti-
cles, to parameters (derived and input) or to tensors and indices.

type kind =
| Neutral

| Charged

| Anti

| Parameter
| Derived

| Index of space
| Tensor of space

type table
val load : file — table
val dump : out_channel — table — unit

Look up the kind of a symbol.

val kind_of _symbol : table — t — kind option
Look up the kind of a symbol’s stem.

val kind_of _stem : table — t — kind option

Look up the kind of a symbol and fall back to the kind of the symbol’s stem, if
necessary.

val kind_of _symbol_or_stem : table — t — kind option
A table to look up all symbols with the same stem.
val common_stem : table — t — t list

exception Missing_Space of t
exception Conflicting_Space of t

286



Implementation of Vertex

end

module Symbol : Symbol =

struct
module T = Vertex_syntaz. Token
module F' = Vertex_syntax.File
module P = Vertex_syntax.Particle
module I = Vertex_syntax.Index
module L = Vertex_syntax.Lie
module @ = Vertex_syntaz.Parameter
module X = Vertex_syntax.Tensor
type file = F.t
typet = T.t
type space =
| Color of L.t

| Flavor of t list x t list
| Lorentz of t list

let space_to_string = function
| Color (g, r) —
"color:" "~ L.group_to_string g = ":" = L.rep_to_string r

| Flavor (-, -) — "flavor"
| Lorentz - — "Lorentz"

type kind =
| Neutral

| Charged

| Anti

| Parameter
| Derived

| Index of space
| Tensor of space

let kind_to_string = function
| Neutral — "neutral particle"
| Charged — "charged particle"
| Anti — "charged anti particle"
| Parameter — "input, parameter"
| Derived — "derived parameter"
| Index space — space_to_string space ~ " index"
| Tensor space — space_to_string space ~ " tensor"

module ST = Map.Make (T)
module SS = Set.Make (T)

type table =
{ symbol_kinds : kind ST.t;
stem_kinds : kind ST.t;
common_stems : SS.t ST.t }

let empty =
{ symbol_kinds = ST.empty;
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stem_kinds = ST.empty;
common_stems = ST.empty }

let kind_-of —symbol table token =
try Some (ST.find token table.symbol_kinds) with Not_found — None

let kind_of _stem table token =
try
Some (ST.find (T.stem token) table.stem_kinds)
with
| Not_found — None

let kind_of _symbol_or_stem symbol_table token =
match kind_of _symbol symbol_table token with
| Some _ as kind — kind
| None — kind_of _stem symbol_table token

let common_stem table token =
try
SS.elements (ST.find (T.stem token) table.common_stems)
with
| Not_found — []

let add_symbol_kind table token kind =
try
let old_kind = ST.find token table in
if kind = old_kind then
table
else
invalid_arg ("conflicting symbol kind:," ~
T.to_string token ~ " ->_" ~
kind_to_string kind ~ " vs," ~
kind_to_string old_kind)
with
| Not_found — ST.add token kind table

let add_stem_kind table token kind =
let stem = T.stem token in
try
let old_kind = ST.find stem table in
if kind = old_kind then
table
else begin
match kind, old_kind with
| Charged, Anti — ST.add stem Charged table
| Anti, Charged — table
| -, - —
invalid_arg ("conflicting stem_ kind: " ~
T.to_string token ~ " =->_" ~
T.to_string stem =~ " _=->."
kind_to_string kind =~ " vsy" ~
kind _to_string old_kind)

end
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with
| Not_found — ST.add stem kind table

let add_kind table token kind =

{ table with
symbol_kinds = add_symbol_kind table.symbol_kinds token kind;
stem_kinds = add_stem_kind table.stem_kinds token kind }

let add_stem table token =

let stem = T.stem token in

let set =
try

ST.find stem table.common_stems
with
| Not_found — SS.empty in
{ table with
common_stems = ST.add stem (5S.add token set) table.common_stems }

Go through the list of attributes, make sure that the space is declared and
unique. Return the space.

exception Missing_Space of t
exception Conflicting_Space of t

let group_rep_of _tokens group rep =

let group =
match group with
| [] = L.default_group
| group — L.group_of _string (T .list_to_string group) in
Color (group, L.rep_of _string group (T.list_to_string rep))
let index_space inder =
let spaces =
List.fold_left

(fun acc — function
| I.Color (group, rep) — group_rep_of _tokens group rep :: acc

| I.Flavor (group, rep) — Flavor (rep, group) :: acc
| I.Lorentz t — Lorentz t :: acc)
[] index.I.attr in
match ThoList.uniq (List.sort compare spaces) with
| [space] — space
| [] — raise (Missing-Space index.I.name)
| - — raise (Conflicting_Space index.I.name)
let tensor_space tensor =
let spaces =
List.fold _left
(fun acc — function
oace

| X.Color (group, rep) — group_rep_of _tokens rep group
| X.Flavor (group, rep) — Flavor (rep, group) :: acc
| X.Lorentz t — Lorentz t :: acc)
[] tensor.X .attr in

match ThoList.uniq (List.sort compare spaces) with

| [space] — space
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| [] — raise (Missing-Space tensor.X .name)
| = — raise (Conflicting_Space tensor.X .name)

NB: if P.Charged (name, name) below, only the Charged will survive, Anti will
be shadowed.

let insert_kind table = function
| F.Particle p —
begin match p.P.name with
| P.Neutral name — add_kind table name Neutral
| P.Charged (name, anti) —
add_kind (add_kind table anti Anti) name Charged
end
| F.Index i — add_kind table i.I.name (Index (index_space 1))
| F.Tensor t — add_kind table t. X .name (Tensor (tensor_space t))
| F.Parameter p —
begin match p with
| Q.Parameter name — add_kind table name.Q.name Parameter
| Q.Derived name — add_kind table name.Q.name Derived
end
| F.Vertex - — table

let insert_stem table = function

| F.Particle p —
begin match p.P.name with
| P.Neutral name — add_stem table name
| P.Charged (name, anti) — add_stem (add_stem table name) anti
end

| F.Index i — add_stem table i.I.name

| F.Tensor t — add_stem table t.X .name

| F.Parameter p —
begin match p with
| Q.Parameter name
| Q.Derived name — add_stem table name.Q.name
end

| F.Vertex - — table

let insert table token =
insert_stem (insert_kind table token) token

let load decls =
List.fold_left insert empty decls

let dump oc table =
Printf .forintf oc "<<<_Symbol Table: >>>\n";
ST.iter
(fun sk —
Printf .fprintf oc "hsu->uhs\n" (T.to_string s) (kind_to_string k))
table.symbol_kinds;
Printf .fprintf oc "<<<_Stem Table: >>>\n";
ST.iter
(fun sk —
Printf . forintf oc "hsu->uhs\n" (T.to_string s) (kind_to_string k))
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table.stem_kinds;

Printf .fprintf oc "<<< Common, Stems: >>>\n";
ST.iter
(fun stem symbols —
Printf . fprintf
oc "hsu—>ks\n"
(T.to_string stem)
(String.concat
",u" (List.map T.to_string (SS.elements symbols))))
table.common_stems

end

Declarations

module type Declaration =
Sig

type ¢

val of _string : string — t list
val to_string : t list — string

For testing and debugging
val of _string_and_back : string — string

val count_indices : t — (int x Symbol.t) list
val indices_ok : t — unit

end

module Declaration : Declaration =
struct

module S = Symbol
module T = Vertex_syntaz. Token

type factor =
{ stem : T.t;

prefix . T.prefix list;
particle : T.t list;
color : T.t list;
flavor : T.t list;
lorentz . T.t list;
other : T.t list }

type t = factor list

let factor_stem token =

{ stem = token.T.stem;
prefiv = token.T.prefix;
particle = [];
color = [];
flavor = [];
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lorentz = [];
other = []}
let rev factor =
{ stem = factor.stem;

prefic = List.rev factor.prefiz;
particle = List.rev factor.particle;
color = List.rev factor.color;
flavor = List.rev factor.flavor;
lorentz = List.rev factor.lorentz;

other = List.rev factor.other }

let factor_add_prefix factor token =
{ factor with prefir = T.prefiz_of _string token :: factor.prefix }

let factor_add_particle factor token =
{ factor with particle = token :: factor.particle }

let factor_add_color_index t factor token =
{ factor with color = token :: factor.color }

let factor_add_lorentz_index t factor token =
(+ diagnostics: Printf.eprintf "[L: [%s]1\n" (T.to_string token); %)
{ factor with lorentz = token :: factor.lorentz }

let factor_add_flavor_index t factor token =
{ factor with flavor = token :: factor.flavor }

let factor_add_other_index factor token =
{ factor with other = token :: factor.other }

let factor_add_kind factor token = function
| S.Neutral | S.Charged | S.Anti — factor_add_particle factor token
| S.Index (S.Color (rep, group)) —
factor_add _color_index (rep, group) factor token
| S.Index (S.Flavor (rep, group)) —
factor_add _flavor _index (rep, group) factor token
| S.Index (S.Lorentz t) — factor_add_lorentz_index t factor token
| S.Tensor - — invalid_arg "factor_add_index: \\tensor"
| S.Parameter — invalid_arg "factor_add_index: \\parameter"
| S.Derived — invalid_arg "factor_add_index: \\derived"

let factor_add_index symbol_table factor = function
| T.Token "," — factor
| T.Token ("x" | "\\ast" as star) — factor_add_prefiz factor star
| token —
begin
match S.kind_of _symbol_or_stem symbol_table token with
| Some kind — factor_add_kind factor token kind
| None — factor_add_other_index factor token
end

let factor_of _token symbol_table token =
let token = T.wrap-scripted token in
rev (List.fold _left
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(factor_add_index symbol_table)
(factor_stem token)
(token.T.super Q token.T.sub))

let list_to_string tag = function
| H —y
| I — ";u" " tag ~ "=" " String.concat "," (List.map T .to_string 1)

let factor_to_string factor =
"[" "~ T.to_string factor.stem ~
(match factor.prefiz with
o
| I — ";_prefix=""

String.concat "," (List.map T.prefix_to_string 1)) ~
list_to_string "particle" factor.particle =
list_to_string "color" factor.color ~
list_to_string "flavor" factor.flavor ~
list _to_string "lorentz" factor.lorentz ~
list_to_string "other" factor.other =~ "1"

let count_indices factors =
ThoList.classify
(ThoList.flatmap (fun f — f.color @Q f.flavor Q f.lorentz) factors)

let format_mismatch (n, index) =
Printf.sprintf "index_%s appears jd times" (T.to_string index) n

let indices_ok factors =
match List.filter (fun (n, -) — n # 2) (count_indices factors) with
I =0
| mismatches —
invalid _arg (String.concat ", " (List.map format_mismatch mismatches))

let of _string s =
let decls = parse_string s in
let symbol_table = Symbol.load decls in
(+ diagnostics: Symbol.dump stderr symbol_table; *)
let tokens =
List.fold_left
(fun acc — function
| Vertex_syntax.File. Vertex (-, v) — T.wrap_list v :: acc
| - = ace)
[] decls in
let vlist = List.map (List.map (factor_of _token symbol_table)) tokens in
List.iter indices_ok vlist;
vlist

let to_string decls =
String.concat " ;"
(List.map
(fun v — String.concat " *" (List.map factor_to_string v))

decls)

let of _string_and_back s =
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to_string (of _string s)

type field =
{ name : T.t list }

end

Complete Models

module Modelfile =
struct

end

module Modelfile_Test =
struct

let example () =
9)

open OUnit

let index_mismatches =
"index, mismatches" >::
["1" >
(fun () —
assert_raises
(Invalid_argument "index a_1, appears, i times, \
uuindexua_2uappearsu1|_,times")
(fun () — Declaration.of _string_and_back
"\\index{a}\\color{3}\
vouuo\\vertex{\\bar\\psi_{a_1}\\psi_{a_2}}"));
"3 >
(fun () —
assert_raises
(Invalid - argument "index a appears 3, times")
(fun () — Declaration.of _string_and_back
"\\index{a}\\color{3}\
vouuu\\vertex{\\bar\\psi_a\\psi_a\\phi_a}")) ]

let kind_conflicts =
"kind,,conflictings" >:::
[ "lorentz,/,color" >:
(fun () —
assert_raises
(Invalid - argument
"conflicting stem kind: a_2,-> a,->\
uuuLorentzindex vscolor:SU(3) : 3 index")
(fun () — Declaration.of _string_and_back
"\\index{a_1}\\color{3}\
vouuu\\index{a_2}\\lorentz{X}"));
"color,/,color" >::

(fun () —
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assert_raises
(Invalid _argument
"conflicting stem kind: a_2 ,->a,~->\
uuucolor:SU(3) : 8 index ;vs ,color:SU(3) : 3, index")
(fun () — Declaration.of _string_and_back
"\\index{a_1}\\color{3}\
vuuuu\\index{a_2}\\color{8}"));
"neutral,,/ charged" >:
(fun () —
assert_raises
(Invalid - argument
"conflicting ,stem kind: H"- ->_ H ~>_\
L,._l._lcharged._la.ntiuparticlel_,vsuneutral._lparticle")
(fun () — Declaration.of _string_and_back

"\\neutral{H}\
uuuuu\\charged{H +}{H"-}")) ]
let suite =
"Modelfile_Test" >::
[ "ok" >::
(fun () —

assert_equal ~printer : (fun s — s)
"[\\psi;uprefix=\\bar;\
HHHHHHHHHHHHHHHHHHPartiC1e=e;uC01or=a;ulorentz=\\alpha—1]u*u\
HHHHHHHHHHHHHHHHH[\\gamma§ulorentz=\\mu,\\alpha_1,\\alpha_Q]u*u\
O TN T N N T T O [\\PSi ;uparticle=e; color=a; ulorentz=\\alpha_2] u*u\
uuuuuuuuLLLLLUUUUL [A s Llorentz=\\mu] "
(Declaration.of _string -and _back
"\\charged{e"-}{e"+}\
O I I O N IR .\\index{a}\\color{\\barS}\
uuuuuuuuuuuuuuuuuuuu\\index{b}\\COJ-Ol“ [SU(3)] {8}\
uuuuuuuuuuuuuuuuuuuu\\index{\\mu}\\lorentz{x}\
O I IO I I O O O O [T |\\indeX{\\alpha}\\lorentz{x}\
I I I 0 T [ O O | MO |\\VeI‘teX{\\bar{\\pSi_e}_{a, \\alpha_l}\
O NI O O O T T \\\gamma”\\mu_{\\alpha_l\\alpha_Q}\
|_||_|uuuuuuuuuuuuuuuuuuuuuuuuuuu{\\PSi—e}—{a s \\alpha_Q}A_\\mu} "));
index _mismatches;
kind - conflicts;
"QCD.omf" >::
(fun () —
dump_file "QCD" (parse_file "QCD.omf"));
"SM.omf" >::
(fun () —
dump_file "SM" (parse_file "SM.omf"));
"SM-error.omf" >::
(fun () —
assert_raises
(Invalid - argument
"SM-error.omf:32.22-32.27: syntax error,(syntax error)")
(fun () — parse_file "SM-error.omf"));
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"cyclic.omf" >::
(fun () —
assert_raises
(Invalid -argument "cyclicy\\include{cyclic.omf}")
(fun () — parse_file "cyclic.omf")) ]

end

13.6.2 New Implementation: Obsolete Version 1

Start of version 1 of the new implementation. The old syntax will not be used
in the real implementation, but the library for dealing with indices and permu-
tations will remail important.
Note that arity = length lorentz_reps = length color_reps. Do we need to
enforce this by an abstract type constructor?

A cleaner approach would be type context = (Coupling.lorentz, Color.t) array,
but it would also require more tedious deconstruction of the pairs. Well, an ab-
stract type with accessors might be the way to go after all ...

type context =
{ arity : int;
lorentz_reps : Coupling.lorentz array;
color_reps : Color.t array }

let distinct2 i j =

P F ]
let distinct3 @ j k =

T #F JNGFENE F
let distinct ilist =

List.length (ThoList.uniq (List.sort compare ilist)) =
List.length ilist

An abstract type that allows us to distinguish offsets in the field array from
color and Lorentz indices in different representations.

module type Index =
sig
type ¢
val of _int : int — t
val to_int : t — int
end

While the number of allowed indices is unlimited, the allowed offsets into the
field arrays are of course restricted to the fields in the current contezt.

module type Field =
sig
type ¢
exception Out_of _range of int
val of _int : context — int —
val to_int : t — int
val get : aarray - t — «
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end
module Field : Field =
struct
typet = int

exception Out_of _range of int
let of _int context i =
if 0 < i A i < context.arity then
i
else
raise (Out_of —range 1)
let to_int i = 0
let get = Array.get
end

type field = Field.t
module type Lorentz =
Sig

We combine indices I and offsets F' into the field array into a single type so that
we can unify vectors with vector components.

type index = I of int | F of field

type vector = Vector of index
type spinor = Spinor of index
type conjspinor = ConjSpinor of index

These are all the primitive ways to construct Lorentz tensors, a.k.a. objects
with Lorentz indices, from momenta, other Lorentz tensors and Dirac spinors:

type primitive =
| G of vector x wvector (% gu,pu, *)
| E of vector x wector x wvector x wvector (% €, uspuspq *)
| K of vector x field (x kb )
| S of congspinor x spinor (* 19 *)
| V of vector x conjspinor x spinor (x qﬁw,wwg, *)
| T of vector x vector x conjspinor X spinor (¥ 10,104 *)
| A of vector X conjspinor X spinor (x 1[)17#275¢3 *)
| P of conjspinor x spinor (* 1yysiba *)

type tensor = int X primitive list

Below, we will need to permute fields. For this purpose, we introduce the
function map_primitive v_idx v_fld s_idr s_fld c_idzr c_fld tensor that returns
a structurally identical tensor, with v_idx : int — int applied to all vector
indices, v_fld : field — field to all vector fields, s_idx and c_idz to all
(conj)spinor indices and s_fld and c_fld to all (conj)spinor fields.

Note we must treat spinors and vectors differently, even for simple permua-
tions, in order to handle the statistics properly.

val map_tensor :
(int — int) — (field — field) — (int — int) — (field — field) —
(int — int) — (field — field) — tensor — tensor
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Check whether the tensor is well formed in the context.
val tensor_ok : context — tensor — bool

The lattice N + iN C C, which suffices for representing the matrix elements of

Dirac matrices. We hope to be able to avoid the lattice Q +iQ C C or C itself
down the road.

module Complex :

sig
type t = int x int
type t' =
| Z (%0 %)
| O (x1x)
| M (x —1 %)
| T (xix)
| J (x —i%)

| C of int x int (x x + 1y *)
val to_fortran : t' — string
end

Sparse Dirac matrices as maps from Lorentz and Spinor indices to complex
numbers. This is supposed to be independent of the representation.

module type Dirac =
sig
val scalar : int — int — Complex.t’
val vector : int — int — int — Complex.t’
val tensor : int — int — int — int — Complex.t’
val azial : int — int — int — Complex.t’

val pseudo : int — int — Complex.t’
end

Dirac matrices as tables of nonzero entries. There will be one concrete Module
per realization.
module type Dirac-Matrices =
sig
type t = (int X int x Complex.t') list
val scalar : t
val vector : (int x t) list
val tensor : (int x int X t) list
val azial : (int x t) list
val pseudo : t
end

E. g. the chiral representation:
module Chiral : Dirac_Matrices
Here’s the functor to create the maps corresponding to a given realization.

module Dirac : functor (M : Dirac_Matrices) — Dirac

end

module Lorentz : Lorentz =
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struct

type indexr =
| I of int (% po,u1,..., not 0,1,2,3 %)
| F of field

let map_index fi f[f = function
| Ti — I(fi1)
| Fi — F (ff 1)
let indices = function
| Ti — [i]
| F o = ]

Is the following level of type checks useful or redundant?
TODO: should we also support a tensor like F,, ,,,7

12 °
type vector = Vector of index
type spinor = Spinor of index
type conjspinor = ConjSpinor of index

let map_vector fi [f (Vector i) = Vector (map_index fi ff i)
let map_spinor fi ff (Spinor i) = Spinor (map_indez fi ff ©)
let map _congspinor fi ff (CongSpinor i) = ConjSpinor (map_index fi ff i)

let vector_ok context = function
| Vector (I =) —
(* we could perform additional checks! )
true
| Vector (F i) —
begin
match Field.get context.lorentz_reps i with
| Coupling. Vector — true
| Coupling. Vectorspinor —
failwith "Lorentz.vector_ok: jincomplete"
| - — false
end

let spinor_ok context = function
| Spinor (I ) —
(* we could perfrom additional checks! )
true
| Spinor (F i) —
begin
match Field.get context.lorentz_reps i with
| Coupling.Spinor — true
| Coupling. Vectorspinor | Coupling. Majorana —
failwith "Lorentz.spinor_ok: jincomplete"
| - — false
end

let conjspinor_ok context = function
| CongSpinor (I _) —
(* we could perform additional checks! )
true
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| CongSpinor (F i) —

begin
match Field.get context.lorentz_reps i with
| Coupling.ConjSpinor — true
| Coupling. Vectorspinor | Coupling. Majorana —

failwith "Lorentz.conjspinor_ok: incomplete"

| - — false

end

Note that distinct2 i j is automatically guaranteed for Dirac spinors, because
the ¢ and v can not appear in the same slot. This is however not the case for
Weyl and Majorana spinors.

let spinor_sandwitch_ok context © j =
congspinor_ok context i N spinor_ok context j

type primitive =
| G of vector X wector
| E of vector x wector X wector X wector
| K of vector x field
| S of conjspinor x spinor
| V of vector X conjspinor X spinor
| T of wector x wector X conjspinor X spinor
| A of vector x conjspinor X spinor
| P of conjspinor x spinor

let map_primitive fui fuf fsi fsf fci fef = function
| G (mu, nu) —
G (map_vector fvi fuf mu, map_vector fui fuf nu)
| E (mu, nu, rho, sigma) —
E (map_vector fui fof mu,
map _vector fvi fuf nu,
map-vector fvi fuf rho,
map_vector fui fuf sigma)
( i) —
K (map_vector fvi fof mu, fof i)
| S (i, 4) =
S (map_-congspinor fci fef i, map_spinor fsi fsf j)
|V (mu, i, §) —
v (map_vector Jui fuf mu,
map _conjspinor fci fef i,
map_spinor fsi fsf j)
| T (mu, nu, i, j) —
T (map_vector fui fuof mu,
map -vector fvi fuf nu,
map —conjspinor fci fef i,
map_spinor fsi fsf j)
| A (mu, i, j) —
A (map_vector fui fuf mu,
map - conjspinor fci fcf i,
map_spinor fsi fsf j)
| P ) —

| K
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P (map_congspinor fci fcf i, map_spinor fsi fsf j)

let primitive_ok contexrt =
function
| G (mu, nu) —
distinct2 mu nu A
vector_ok context mu N wvector_ok context nu
| E (mu, nu, rho, sigma) —
let i = [mu; nu; rho; sigma] in
distinct @ A List.for_all (vector_ok context) i
| K (mu, i) —
vector_ok context mu
| S Gy ) | PG g) —
spinor_sandwitch_ok context i j
| V (mu, i, 5) | A (mu, i, j) —
vector_ok context mu A spinor_sandwitch_ok context i j
| T (mu, nu, i, §) —
vector_ok context mu N wvector_ok contert nu A
spinor_sandwitch_ok context i j

let primitive_vector_indices = function

| G (Vector mu, Vector nu) | T (Vector mu, Vector nu, -, ) —
indices mu Q indices nu

| E (Vector mu, Vector nu, Vector tho, Vector sigma) —
indices mu Q indices nu Q indices rho Q indices sigma

| K (Vector mu, -)

| V (Vector mu, -, -)

| A (Vector mu, -, -) — indices mu

1S [P = ]

let vector_indices p =
ThoList.flatmap primitive_vector _indices p

let primitive_spinor_indices = function
G () | E(m e ) | K () = (]
| S (-, Spinor alpha) | V (-, -, Spinor alpha)
| T (-, -, -, Spinor alpha)
| A (-, -, Spinor alpha) | P (-, Spinor alpha) — indices alpha

let spinor_indices p =
ThoList.flatmap primitive_spinor_indices p

let primitive_conjspinor _indices = function
G (o) LB ey oy ) | K (o 2) = ]
| S (ConjSpinor alpha, -) | V (=, ConjSpinor alpha, -)
| T (-, -, ConjSpinor alpha, -)

| A (-, ConjSpinor alpha, _) | P (ConjSpinor alpha, _) — indices alpha

let conjspinor_indices p =
ThoList.flatmap primitive_conjspinor_indices p

let vector_contraction_ok p =
let ¢ = ThoList.classify (vector_indices p) in
print_endline
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(String.concat ", "
(List.map
(fun (n, i) — string_of _int n = " *," " string_of _int 1)
¢));
flush stdout;
let res = List.for_all (fun (n, -) — n = 2) cin
res

let two_of _each indices p =
List.for_all (fun (n, ) — n = 2) (ThoList.classify (indices p))

let vector_contraction_ok = two_of _each vector_indices
let spinor_contraction_ok = two_of _each spinor_indices
let conjspinor_contraction_ok = two_of _each conjspinor_indices

let contraction_ok p =
vector - contraction_ok p A
spinor_contraction_ok p A conjspinor_contraction_ok p

type tensor = int X primitive list

let map_tensor fui fuf fsi fsf fci fef (factor, primitives) =
(factor, List.map (map_primitive fvi fof fsi fsf fci fef ) primitives)

let tensor_ok context (-, primitives) =
List.for_all (primitive_ok context) primitives A
contraction_ok primitives

module Compler =
struct

type t = int x int
typet' = Z | O | M | I | J | Cofint x int

let to_fortran = function
| Z — "(0,0)"
| O % "(1’0)"
| M = "(-1,0)"
| J 4) " (03_1)"
| C(r, i) — "(" " string_of —int v~ "," " string_of _int i = ")"

end

module type Dirac =

sig
val scalar : int — int — Complex.t’
val vector : int — int — int — Complex.t’
val tensor : int — int — int — int — Complex.t’
val azial : int — int — int — Complex.t’
val pseudo : int — int — Complex.t’

end

module type Dirac_-Matrices =

sig
type t = (int X int x Complex.t') list
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val scalar : t
val vector : (int x t) list
val tensor : (int x int X t) list
val azial : (int x t) list
val pseudo : t
end

module Chiral : Dirac_Matrices =
struct

type t = (int x int x Complex.t’) list

let scalar =
[ (1, 1, Complex.O);
(2, 2, Complex.O);
(3, 3, Compler.O);
(4, 4, Complex.O) |

let vector =
[ (0, [ (1, 4, Complex.O);
(4, 1, Complex.O);
(2, 3, Complex.M);
(3, 2, Complex.M) ]);
(1, [ (1, 3, C’omple:v 0);
(3, 1, Complex.O);
(2, 4, Complex.M);
(4, 2, Complex.M) ]);
(2, [ (1, 3, Complem I);
(3, 1, Complex.I);
(2, 4, Complez.I);
(4, 2, Complex.I) ]);
(3, [ (1, 4, Complex.M);
(4, 1, Complex.M);
(2, 3, Complex.M);
(3, 2, Complex.M)]) ]

let tensor =
[ (* TODO!! x) ]

let axial =
[ (0, [ (1, 4, Complex.M);
(4, 1, Complex.O);
(2, 3, Complex.O);
(3, 2, Complex.M) ]);
(1, [ (1, 3, Complex M);
(3, 1, Complex.O);
(2, 4, Complez.0);
(4, 2, Complex.M) ]);
(2, [ (1, 3, Complex.J);
(3, 1, Complex.I);
(2, 4, Complez.J);
(4, 2, Complex.I) );

(3, [ (1, 4, Complex.O);
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(4, 1, Complex.M);
(2, 3, Complez.O);
(3, 2, Complex.M)]) ]

let pseudo =
[ (1, 1, Complex.M);
(2, 2, Complex.M);
(3, 3, Complez.O);
(4, 4, Complex.O) ]

end

module Dirac (M : Dirac_Matrices) : Dirac =
struct

module Map2 =
Map.Make
(struct
type t = nt X int
let compare = Pervasives.compare
end)

let init2 triples =
List.fold_left
(fun acc (i, j, ) — Map2.add (i, j) e acc)
Map2.empty triples

let bounds_check2 i j =
ifi <1Vi>4Vji<O0Vj > 4then
tnvalid_arg "Chiral.bounds_check2"

let lookup?2 map i 7 =
bounds_check2 i j;
try Map2.find (i, j) map with Not_found — Complex.Z

module Map3 =
Map.Make
(struct
type t = int X (int x int)
let compare = Pervasives.compare
end)

let init3 quadruples =
List.fold _left
(fun acc (mu, gamma) —
List.fold _right
(fun (4, j, e) — Map3.add (mu, (i, j)) e)
gamma acc)
Map3.empty quadruples

let bounds_checkd mu i j =
bounds_check2 i j;
if mu < 0V mu > 3 then
tnvalid_arg "Chiral.bounds_check3"
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let lookup3 map mu i j =
bounds_check3 mu 1 j;
try Map3.find (mu, (i, j)) map with Not_found — Complex.Z

module Map4 =
Map.Make
(struct
type t = int x int x (int X int)
let compare = Pervasives.compare
end)

let init{ quadruples =
List.fold_left
(fun acc (mu, nu, gamma) —
List.fold_right
(fun (4, j, ) = Map4.add (mu, nu, (i, j)) e)
gamma acc)
Map4 .empty quadruples

let bounds_check4 mu nu i j =
bounds_check3 nu 1 j;
if mu < 0V mu > 3then
tnvalid_arg "Chiral.bounds_check4"

let lookup4 map mu nu i j =
bounds_check4 mu nu i j;
try Map/.find (mu, nu, (i, j)) map with Not_found — Complex.Z

let scalar_map = init2 M .scalar
let vector_map = init3 M .vector
let tensor_map = init4 M .tensor
let axial-map = init3 M.axial

let pseudo_map = init2 M.pseudo

let scalar = lookup2 scalar_map
let vector = lookup8 vector_map
let tensor mu nu i j =

lookup/ tensor_map mu nu 1 j
let tensor mu nu i j =

failwith "tensor: incomplete"
let axzial = lookup3 axial_-map
let pseudo = lookup2 pseudo_map

end
end

module type Color =
sig
module Index : Index
type index = Index.t
type color_rep = F of field | C of field | A of field
type primitive =
| D of field x field
| E of field x field x field (x only for SU(3) %)
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| T of field x field x field

| F of field x field x field
val map_primitive : (field — field) — primitive — primitive
val primitive_indices : primitive — field list
val indices : primitive list — field list
type tensor = int X primitive list
val map_tensor :

(field — field) — a x primitive list — « X primitive list
val tensor_ok : context — « X primitive list — bool

end

module Color : Color =
struct

module Index : Index =
struct
type t = int
let of _int i =
let to_int i =
end

1
1

ap,ay,...,not 0,1,...

type index = Index.t

type color_rep =

| F of field
| C of field
| A of field
type primitive =
| D of field x field
| E of field x field x field
| T of field x field x field
| F of field x field x field
let map_primitive f = function
| D (i, j) = D(fi f))
| B (i, j, k) = E(fi, fj, [F)
| T (a, i, 5) = T (fa fi,[J)
| Fa, b,c) = F(fa fb [
let primitive_ok ctr =
function
| D (4, j) —

distinct2 i j N
(match Field.get ctx.color_reps i, Field.get ctx.color_reps j with
| Color.SUN (n1), Color.SUN (n2) —
nl = —n2 ANn2 >0
| -, - — false)
| E (i, j, k) —
distinct3 i j k A
(match Field.get ctz.color_reps i,
Field.get ctx.color_reps j, Field.get ctx.color_reps k with
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| Color.SUN (n1), Color.SUN (n2), Color.SUN (n3) —
nl =3 An2 =3 An8 =3V
nl = =3 An2 = —-—3An8 = -3
| -, -, - — false)
| T (a, i, §) —
distinct3 a i j A
(match Field.get ctz.color_reps a,
Field.get ctx.color_reps i, Field.get ctx.color_reps j with
| Color.AdjSUN (n1), Color.SUN (n2), Color.SUN (n3) —

nl = n8 ANn2 = — n8 AN n8 >0
| -, -, - — false)
| F(a, b, ¢c) —

distinct3 a b ¢ N
(match Field.get ctz.color_reps a,

Field.get ctx.color_reps b, Field.get ctx.color_reps c with
| Color.AdjSUN (n1), Color.AdjSUN (n2), Color.AdjSUN (n3) —

nl = n2 ANn2 = n8 AN nl >0

| -, -, - — false)
let primitive_indices = function
| D (-, -) = |
| B (- - 2) = ]
| T (a, -, -) — [d]
| F(a, b, ¢) = [a; b; (]

let indices p =
ThoList.flatmap primitive_indices p

let contraction_ok p =
List.for_all
(fun (n, =) - n = 2)
(ThoList.classify (indices p))

type tensor = int X primitive list

let map_tensor f (factor, primitives) =
(factor, List.map (map_primitive f) primitives)
let tensor_ok context (-, primitives) =
List.for_all (primitive_ok context) primitives
end
type t =
{ fields : string array;

lorentz : Lorentz.tensor list;
color : Color.tensor list }

module Test (M : Model. T) : Test =
struct

module Permutation = Permutation.Default

let context_of _flavors flavors =
{ arity = Array.length flavors;
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lorentz _reps
color_reps

Array.map M .lorentz flavors;
Array.map M .color flavors }
let context_of _flavor_names names =

contezt_of _flavors (Array.map M .flavor_of _string names)
let context_of _vertex v

context_of _flavor _names v.fields
let ok v =

let context = context_of —vertex v in
List.for_all (Lorentz.tensor_ok context) v.lorentz A

List.for_all (Color.tensor_ok context) v.color
module PM =

Partial. Make (struct type t = field let compare = compare end)
letid x =

let permute v p

let context = context_of _vertex v in
let sorted

List.map
(Field.of _int context)

(ThoList.range 0 (Array.length v.fields — 1)) in
let permute =

Permutation.array (Permutation.of _list p) v.fields;
lorentz =

PM .apply (PM .of _lists sorted (List.map (Field.of _int context) p)) in
{ fields
List.map

(Lorentz.map_tensor id permute id permute id permute) v.lorentz;
color

= List.map (Color.map_tensor permute) v.color }
let permutations v

List.map (permute v)

(Combinatorics.permute (ThoList.range 0 (Array.length v.fields — 1)))
let wf _declaration flavor

match M.lorentz (M .flavor_of _string flavor) with
| Coupling. Vector — "vector"

| Coupling.Spinor — "spinor"
| Coupling.ConjSpinor — "conjspinor"

| - — failwith "wf_declaration: incomplete"

module Chiral = Lorentz.Dirac(Lorentz.Chiral)
let write_fusion v

match Array.to_list v.fields with

| lhs :: rths —

let name lhs ~ "_of_" " String.concat "_" rhs in
let momenta = List.map (funn — "k_" " n) rhs in
Printf.printf "pure function s, (%s)yuresult, (%s)\n"

name (String.concat ", "

(List.flatten
(List.map2 (fun wf p — [wf; p]) rhs momenta)))
lhs;
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Printf .printf "uotype (%s)u: :uhs\n" (wf -declaration lhs) lhs;
List.iter
(fun wf —
Printf.printf "uutype(4hs) ,uintent (in): :%s\n"
(wf —declaration wf) wf)
rhs;
List.iter
(Printf .printf ", type (momentum) ,_ intent (in),:: %s\n")
momenta;
let [rhsl; rhs2] = rhs in
begin match M .lorentz (M .flavor_of _string lhs) with
| Coupling. Vector —
begin
for mu = 0to 3 do
Printf .printf "L %hs (hd) =" lhs mu;
fori = 1to4do
forj = 1to4do
match Chiral.vector mu i j with
| Lorentz.Complex.Z — ()
| ¢ —
Printf .printf ", +uhsx%s (hd) *%s (hd) "
(Lorentz.Complez.to_fortran c) rhsl i ths2 j

done
done;
Printf.printf "\n"
done
end;
| Coupling.Spinor | Coupling. ConjSpinor —
begin

fori = 1to4do
Printf .printf "L %hs (hd) =" lhs i;
for mu = 0to 3 do
forj = 1to4do
match Chiral.vector mu i j with
| Lorentz.Complex.Z — ()
| ¢ —
Printf .printf "L+uhsx%s (hd) *%s (hd) "
(Lorentz.Complez.to_fortran c) rhsl mu rhs2 j

done
done;
Printf.printf "\n"
done
end;
| - — failwith "write_fusion: incomplete"

end;
Printf.printf "end function %s\n" name;

0
10 =0

let write_fusions v =
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List.iter write_fusion (permutations v)

Testing:

let vector_field context i =
Lorentz. Vector (Lorentz.F' (Field.of —int context 1))

let spinor_field context i =
Lorentz.Spinor (Lorentz. F (Field.of _int context 7))

let congjspinor_field context i =
Lorentz. CongSpinor (Lorentz.F (Field.of —int context i))

let mu = Lorentz. Vector (Lorentz.I 0)
and nu = Lorentz. Vector (Lorentz.I 1)

let tb(ﬂ’_gl_t — H "tbar"; "gl"; ngn ”
let context = context_of _flavor_names tbar_gl_t

let vector_current_ok =
{ fields = tbar_gl_t;
lorentz = [ (1, [Lorentz.V (vector_field context 1,
congspinor_field context 0,
spinor_field context 2)]) |;
color = [ (1, [Color.T (Field.of —int context 1,
Field.of —int context 0,
Field.of _int context 2)])] }

let vector_current_vector _misplaced =
{ fields = tbar_gl_t;
lorentz = [ (1, [Lorentz.V (vector_field context 2,
congjspinor_field context 0,
spinor_field context 2)]) ;
color = [ (1, [Color.T (Field.of _int context 1,
Field.of _int context 0,
Field.of _int context 2)])] }

let vector_current_spinor_misplaced =
{ fields = tbar_gl_t;
lorentz = [ (1, [Lorentz.V (vector_field context 1,
conjspinor_field context 0,
spinor_field context 1)]) |;
color = [ (1, [Color.T (Field.of —int context 1,
Field.of _int context 0,
Field.of _int context 2)])] }

let vector_current_conjspinor_misplaced =
{ fields = tbar_gl_t;
lorentz = [ (1, [Lorentz.V (vector_field context 1,
congspinor_field context 1,
spinor_field context 2)]) |;
color = [ (1, [Color.T (Field.of —int context 1,
Field.of _int context 0,
Field.of _int context 2)])] }
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let vector_current_out_of _bounds () =
{ fields = tbar_gl_t;
lorentz = [ (1, [Lorentz.V (mu,
conjspinor_field context 3,
spinor_field context 2)]) |;
color = [ (1, [Color.T (Field.of —int context 1,
Field.of _int context 0,
Field.of _int context 2)])] }

let vector_current _color_mismatch =

let names = [| "t"; "gl"; "t" |] in
let context = context_of _flavor _names names in
{ fields = names;

lorentz = [ (1, [Lorentz.V (mu,

congspinor_field context 0,
spinor_field context 2)]) |;
color = [ (1, [Color.T (Field.of —int context 1,
Field.of _int context 0,
Field.of _int context 2)])] }

Iet wwzz = [| ||W+||; ||w_||; IIZII; nzn |]
let context = context_of _flavor_names wwzz

let anomalous_couplings =
{ fields = wwzz;
lorentz = [ (1, [ Lorentz.K (mu, Field.of _int context 0);
Lorentz.K (mu, Field.of _int context 1) ]) |;
color = []}

let anomalous_couplings_index_mismatch =
{ fields = wwzz;
lorentz = [ (1, [ Lorentz.K (mu, Field.of _int context 0);
Lorentz. K (nu, Field.of —int context 1) ]) ];
color = []}

exception Inconsistent_vertex

let example () =
if = (ok vector_current_ok) then begin
raise Inconsistent_vertex
end;
write_fusions vector_current_ok

open OUnit

let vertex_indices_ok =
"indices/ok" >
(fun () —
List.iter
(funv —
assert_bool "vector_current" (ok v))
(permutations vector_current_ok))

let vertex_indices_broken =
"indices/broken" >::
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(fun () —
assert_bool "vector misplaced"
(= (ok wvector_current_vector _misplaced));
assert_bool "conjugate spinor misplaced"
(= (ok wvector_current_spinor_misplaced));
assert_bool "conjugate spinor misplaced"
(= (ok wvector_current _conjspinor_misplaced));
assert_raises (Field.Out_of _range 3)
vector _current _out_of _bounds;
assert_bool "color mismatch"
(= (ok wvector_current_color_mismatch)))

let anomalous_couplings_ok =
"anomalous_couplings/ok" >::
(fun () —
assert_bool "anomalous couplings"
(ok anomalous_couplings))

let anomalous_couplings_broken =
"anomalous_couplings/broken" >:
(fun () —
assert_bool "anomalous couplings"
(= (ok anomalous_couplings_index _mismatch)))

let suite =
"Vertex" >u:
[vertex _indices - ok;
vertex —indices_broken;
anomalous - couplings _ ok;
anomalous _couplings _broken]

end
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14
UFO MODELS

14.1 Abstract Expression Syntax
14.2 Interface of UFOx_syntax

14.2.1 Abstract Syntaz

exception Syntax_Error of string x Lexing.position X Lexing.position

type expr =
| Integer of int
| Float of float
| Variable of string
| Sum of expr x expr
| Difference of expr x expr
| Product of expr x expr
| Quotient of expr X expr
| Power of expr X expr
| Application of string x expr list

val integer : int — expr

val float : float — expr

val variable : string — expr

val add : expr — expr — expr

val subtract : expr — expr — expr
val multiply : expr — expr — expr
val divide : expr — expr — expr
val power : expr — expr — expr
val apply : string — expr list — expr

14.8 Implementation of UFOx_syntax
14.3.1 Abstract Syntax

exception Syntax_Error of string x Lexing.position X Lexing.position

type expr =
| Integer of int
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Float of float

Variable of string
Sum of expr X expr

Product of expr x expr
Quotient of expr X expr

Power of expr
Application of

let integer 1 =
Integer 1

let float x =
Float x

let variable s =
Variable s

let add el e2 =
Sum (el, e2)

let subtract el e2

|
|
|
| Difference of expr x expr
|
|
|
|

X expr
string X expr list

Difference (el, e2)

let multiply el e2

Product (el, e2)

let divide el e2 =

Quotient (el, e2)

let power e p =
Power (e, p)

let apply f args =

Application (f, args)

{

open Lexing
open UFOx_parser

let string_of —_char
String.make 1 ¢

14.4 FEzxpression Lexer

cC =

let int_of _char ¢ =
int_of _string (string-of —char c)

let init_position fname lexbuf =
let curr_p = lexbuf.lex_curr_p in
lexbuf lex_curr_p <«

{ curr_p with
pos_fname

= fname;

pos_lnum = 1;

pos_bol =

CUTT _P.POS_cnum };
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lexbuf
}
let digit = [70°—9°]
let upper = [?A’—Z°]
let lower = [’a’—’z’]
let char = wupper | lower
let word = char | digit | ’_°
let white = [> 2> ’\t’ ’\n’]
rule token = parse

white { token lexbuf } (* skip blanks x)
| ¢’ { LPAREN }
| »)> { RPAREN }
| »,> { COMMA '}
| x> >x> { POWER }
| *x> { TIMES }
| /> { DIV }
| >+> { PLUS }
| o= { MINUS }
| (=27 digitT asi) (7.2 70°* )7
{ INT (int_of _string i) }
| =27 digit* .2 digitt ([’E’’e’] 7=°7 digitt )? as x
{ FLOAT (float_of _string z) }
| char word™ (>.? char word™ )? as s
{ID s}
| - as ¢ { failwith ("invalid, character at ‘"
string_of —_char ¢ = "’") }

| eof { END }

14.5 FEaxpression Parser

Right recursion is more convenient for constructing the value. Since the lists
will always be short, there is no performace or stack size reason for prefering
left recursion.

Header

module X = UFOx_syntax

let parse_error msg =
raise (UFOz_syntax.Syntazx_Error
(msg, symbol_start_pos (), symbol_end_pos ()))

let invalid_parameter_attr () =
parse_error "invalid, parameter attribute"
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Token declarations

%token < int > INT

%token < float > FLOAT

%token < string > ID

%token PLUS MINUS TIMES POWER DIV
%token LPAREN RPAREN COMMA DOT

%token END

%left PLUS MINUS
%left TIMES DIV
%left POWER
%nonassoc UNARY

Y%start input
%type < UFOz_syntaz.expr > input

Grammar rules

mput =
| expr END { $1 }

expr =
| INT { X.integer $1 }

| FLOAT { X .float $1 }

| ID { X.variable $1 }

| expr PLUS expr { X.add $1 $3 }

| expr MINUS expr { X.subtract $1 $3 }

| expr TIMES expr { X.multiply $1 $3 }

| expr DIV expr { X.divide $1 $3 }

| PLUS expr %prec UNARY { $2 }

| MINUS expr %prec UNARY { X.multiply (X .integer (—1)) $2 }
| expr POWER expr { X.power $1 $3 }

| LPAREN expr RPAREN { $2 }

| ID LPAREN RPAREN { X.apply $1[] }

| ID LPAREN args RPAREN { X.apply $1 $3 }

args 1=

| expr { [$1] }
| expr COMMA args { $1 :: $3 }
14.6  Expressions
14.7 Interface of UFOx

module Expr :
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sig
type ¢
val of _string : string
val of _strings :
end

module Index :
sig
val free :
val summation :

val classes_to_string :

end

— 1

string list — t

(int x p) list — (int x p) list
(int x p) list — (int x p) list

Interface of UFOz

(p — string) — (int X p) list — string

module @ : Algebra.Rational

module type Tensor =

sig
type atom

type t = (atom list x Q.t) list

val of _expr :
val of _string : string
val of _strings :
val to_string :

type r

val classify_indices :
val rep_to_string : r
val rep_of _int :
val rep_conjugate : r
val rep_trivial : r —
type r_omega
val omega :

end

module type Atom =
sig
type ¢
val of _expr :
val to_string :
type r
val classify_indices :
val rep_to_string : r
val rep_of _int :
val rep_conjugate : r
val rep_trivial : r —
type r_omega
val omega :
end

module type Lorentz_Atom
sig
type t = private
| C of int x int

UFOzx_syntax.expr — t

—

string list — t
t — string

t — (int x r) list
— string

mt — r

— 7
bool

r — r_omega

string — UFOx_syntazx.expr list — t
t — string

t list — (int x r) list
— string

mt — r

— T
bool

T — r_omega

| Epsilon of int x int x int X int
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| Gamma of int X int x int

| Gammab of int x int

| Identity of int x int

| Metric of int x int

| P of int x int

| ProjP of int x int

| ProjM of int x int

| Sigma of int x int X int X int
end

module Lorentz_Atom : Lorentz_Atom

module Lorentz : Tensor
with type atom = Lorentz_Atom.t and type r_omega = Coupling.lorentz

module type Color_Atom =
sig
type t = private
| Identity of int x int
| T of int x int X int
| F of int x int x int
| D of int x int X int
| Epsilon of int x int x int
| EpsilonBar of int x int x int
| T6 of int x int X int
| K6 of int x int x int
| K6Bar of int x int x int
end

module Color_Atom : Color_Atom

module Color : Tensor
with type atom = Color_Atom.t and type r_omega = Color.t

module Value :
sig
type ¢
val of _expr : Expr.t — t
val to_string : t — string
val to_coupling : (string — B) — t — B Coupling.expr
end

module type Test =

sig
val example : unit — unit
val suite : OUnit.test

end

14.8 Implementation of UFOzx

let error_in_string text start_pos end_pos =
let ¢ = mazx 0 start_pos.Lexing.pos_cnum in
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let j = min (String.length text) (max (¢ + 1) end_pos.Lexing.pos_cnum) in
String.sub text i (j — 1)
let error_in_file name start_pos end_pos =
Printf .sprintf
"%s:%hd. hd-%d. %d"

name

start_pos.Lexing.pos_Inum

(start_pos.Lexing.pos_cnum — start_pos.Lexing.pos_bol)
end_pos.Lexing.pos_Inum

(end_pos.Lexing.pos_cnum — end_pos.Lexing.pos_bol)

module Fxpr =
struct

type t = UFOz_syntaz.expr

let of _string text =
try
UFOzx _parser.input
UFOzx _lexer.token
(UFOx _lexer.init_position "" (Lexing.from_string text))
with
| UFOz_syntazx.Syntax_Error (msg, start_pos, end_pos) —
invalid_arg (Printf.sprintf "syntax errory(%s) at:,%s’"
msg (error_in_string text start_pos end_pos))
| Parsing.Parse_error —
invalid_arg ("parse error: " " text)

let of _strings = function
| [] = UFOz_syntaz.integer 0
| string :: strings —
List.fold _right
(fun s acc — UFOz_syntax.add (of _string s) acc)
strings (of _string string)

end
let positive integers =
List.filter (fun (i, =) — @ > 0) integers
let not_positive integers =
List.filter (fun (i, =) — @ < 0) integers
let int_list_to_string is =
w[" " String.concat ", " (List.map string_of —int is) = "1"
module Q = Algebra.Small_ Rational

module type Index =
sig
val free : (int x p) list — (int x p) list
val summation : (int x p) list — (int x p) list
val classes_to_string : (p — string) — (int X p) list — string
end
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module Index : Index =

struct
let free i = positive i
let summation i = mnot_positive i

let classes_to_string rep_to_string index_classes =
let reps =
ThoList.uniq (List.sort compare (List.map snd index_classes)) in
n [" ~
String.concat ",
(List.map
(funr —
(rep_to_string r)
(int_list_to_string
(List.map
fst
(List.filter (fun (-, ') — r = r') index_classes))))

reps) ~ II] n
end

module type Atom =

sig
type ¢
val of _expr : string — UFOz_syntax.expr list —
val to_string : t — string
type r
val classify_indices : t list — (int x r) list
val rep_to_string : r — string
val rep_of _int : int — r
val rep_conjugate : r — r
val rep_trivial : r — bool
type r_omega
val omega : r — r_omega

end

module type Tensor =
sig

type atom
type t = (atom list x Q.t) list
val of _expr : UFOz_syntax.expr — t
val of _string : string — t
val of _strings : string list — t
val to_string : t — string
type r
val classify_indices : t — (int x r) list
val rep_to_string : r — string
val rep_of _int : int — r
val rep_conjugate : r — T
val rep_trivial : r — bool
type r_omega
val omega : r — r_omega
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end

module Tensor (A : Atom) : Tensor
with type atom = A.t and type r = A.r and type r—omega = A.r_omega =
struct

module S = UFOz_syntaz

type atom = A.t
type t = (atom list x Q.t) list

let multiply (t1, c1) (t2, ¢2) =
(List.sort compare (t1 @Q t2), Q.mul c1 c2)

let compress terms =
List.map (fun (¢, ¢s) — (¢, Q.sum cs)) (ThoList.factorize terms)

let rec of _expr e =
compress (of —expr’ e)

and of _expr’ = function
| S.Integer i — [([], Q.make i 1)]
| S.Float - — invalid-arg "UF0x.Tensor.of _expr: unexpected, float"
| S.Variable name —
invalid_arg ("UFOx.Tensor.of _expr: junexpected variable ’"
name = "")
| S.Application (name, args) — [([A.of —expr name args], Q.unit)]
| S.Sum (el, e2) —
of —expr el Q of _expr e2
| S.Difference (el, e2) —
of —expr el @ of _expr (S.Product (S.Integer (—1), e2))
| S.Product (el, e2) — Product.list2 multiply (of _expr el) (of —expr e2)
| S.Quotient (n, d) —
begin match of _expr d with
() o] —
List.map (fun (¢, ¢) — (¢, Q.div ¢ q)) (of —expr n)
[ =
failwith "UFOx.Tensor.of _expr: zero denominator"
| - —
failwith "UFOx.Tensor.of _expr:only integer denominators allowed"
end
| S.Power (e, p) —
begin match of _expr e, of _expr p with
[, o) [ 2] =
if @.is_integer p then
(], Q-pow q (Q-to_integer p))]
else
failwith "UFOx.Tensor.of _expr: rational power"
1] 9] - =
failwith "UFOx.Tensor.of _expr: non-numeric power"
| - — failwith "UFOx.Tensor.of _expr: power of tensor"
end

type r = A.r
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let rep_to_string = A.rep_to_string
let rep_of _int = A.rep_of _int
let rep_conjugate = A.rep_conjugate
let rep_trivial = A.rep_trivial

let classify_indices’ filter tensors =
ThoList.uniq
(List.sort compare
(List.map (fun (¢, ¢) — filter (A.classify_indices t)) tensors))

let classify-indices tensors =

let free_indices = classify_indices’ Index.free tensors
and summation_indices = classify_indices’ Index.summation tensors in
match free_indices, summation_indices with
| [], - — failwith "UFOx.Tensor.classify_indices: can’t_ happen!"
1) 5] = f
L - -

invalid _arg

"UFOx.Tensor.classify_indices: superfluous summation indices!"

| o, - —

invalid_arg "UF0x.Tensor.classify_indices: incompatible free indices!"

let of _expr e =

let t = of_expr e in
let free = classify_indices t in
t

let of _string s =
of —expr (Ezpr.of _string s)

let of _strings s =
of —expr (Expr.of _strings s)

let term_to_string (tensors, c¢) =
if @Q.is_null ¢ then
nn
else
(if Q.is_negative ¢ then ",-" else " +")
(let ¢ = Q.abs cin
if Q.is_unit ¢ A tensors = [] then

else
Q.to_string ¢) *
(match tensors with
0>
| tensors —
(if Q.is—unit (Q.abs c¢) then "" else "*") *
String.concat "*" (List.map A.to_string tensors))

let term_to_string (tensors, ¢) =
if @Q.is_null c then
else
(if Q.is_negative ¢ then ",—" else " +,")
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(let ¢ = Q.abs cin
match tensors with
| [] = Q.to_string ¢
| tensors —
String.concat "*"
((if Q.is_unit c then [] else [@.to_string c]) @
List.map A.to_string tensors))

let to_string terms =
String.concat "" (List.map term_to_string terms)

type r_omega = A.r_omega
let omega = A.omega
end

module type Lorentz_Atom =
sig
type t = private

| C of int x int
| Epsilon of int X int x int x int
| Gamma of int X int x int
| Gammab of int x int
| Identity of int x int
| Metric of int x int
| P of int X int

| ProjP of int x int

| ProjM of int x int

| Sigma of int X int X int X int

end

module Lorentz_Atom =
struct

| C of int x int

| Epsilon of int X int x int X int
| Gamma of int x int x int
| Gammab of int x int
| Identity of int X int
| Metric of int X int
| P of int x int

| ProjP of int x int

| ProjM of int x int

| Sigma of int X int X int X int
end

module Lorentz_Atom’ : Atom
with type ¢ = Lorentz_Atom.t and type r_omega = Coupling.lorentz =
struct

type t = Lorentz_Atom.t

open Lorentz_Atom
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let to_string = function

C (i, j) —

Printf.sprintf "C(%d,%d)" i j
Epsilon (mu, nu, ka, la) —

Printf.sprintf "Epsilon(%d,%d,%d,%d)" mu nu ka la
Gamma (mu, i, j) —

Printf.sprintf "Gamma (%d,%d,%d)" mu i j
Gamma5 (i, j) —

Printf.sprintf "Gammab (%d,%d)" i j
Identity (i, j) —

Printf.sprintf "Identity(%d,%d)" ¢ j
Metric (mu, nu) —

Printf .sprintf "Metric(%d,%d)" mu nu
P (mu, n) —

Printf.sprintf "P(%d,%d)" mu n
ProjP (i, j) —

Printf.sprintf "ProjP(%d,%d)" i j
ProgM (i, j) —

Printf .sprintf "ProjM(%d,%d)" i j

Sigma (mu, nu, i, j) —

Printf.sprintf "Sigma(%d,%d,%d,%d)" mu nu i j

module S = UFOz_syntaz

let of _expr name args =
match name, args with

"C", [S.Integer i; S.Integer j| — C (i, j)
"C"’ _ 4)

tnvalid_arg "UFOx.Lorentz.of _expr: invalid,arguments to,C()"
"Epsilon", [S.Integer mu; S.Integer nu; S.Integer ka; S.Integer la] —

Epsilon (mu, nu, ka, la)
"Epsilon", - —

tnvalid_arg "UFOx.Lorentz.of _expr:invalid, arguments to Epsilon()"
"Gamma", [S.Integer mu; S.Integer i; S.Integer j| —

Gamma (mu, i, j)
"Gamma", - —

invalid_arg "UFOx.Lorentz.of _expr: invalid, ,arguments, to,,Gamma()"
"Gammab", [S.Integer i; S.Integer j| — Gammad (i, j)
"Gamma5", _ —

tnvalid_arg "UFOx.Lorentz.of _expr: invalid, arguments to Gamma5()"
"Identity", [S.Integer i; S.Integer j) — Identity (i, j)
"Identity", - —

tnvalid_arg "UFOx.Lorentz.of _expr: invalid, arguments to Identity ()"
"Metric", [S.Integer mu; S.Integer nu] — Metric (mu, nu)
"Metric", - —

invalid _arg "UF0x.Lorentz.of _expr: invalid, arguments to Metric()"
"pP", [S.Integer mu; S.Integer n] — P (mu, n)
"pr

tnvalid_arg "UFOx.Lorentz.of _expr: invalid, arguments to ,P()"
"ProjP", [S.Integer i; S.Integer j| — ProjP (i, j)
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"ProjP", - —

tnvalid_arg "UFOx.Lorentz.of _expr: invalid, arguments to ,ProjP()"
"ProjM", [S.Integer i; S.Integer j| — ProjM (i, j)

"ProjM", - —

tnvalid_arg "UFOx.Lorentz.of _expr: invalid, arguments to ,ProjM()"
"Sigma", [S.Integer mu; S.Integer nu; S.Integer i; S.Integer j| —
Sigma (mu, nu, i, j)

"Sigma", _ —

invalid-arg "UF0x.Lorentz.of _expr: invalid arguments to_ Sigma()"
name, - —

invalid_arg ("UFOx.Lorentz.of _expr: invalid, tensor,’" "~ name " "’")

typer = S | V| Sp | CSp | Ghost

let rep_trivial = function

S | Ghost — true
V| Sp | CSp— false

let rep_to_string = function

S — "o

Vo — mm

Sp — "1/2"

CSp — "1/2bar"
Ghost — "Ghost"

let rep_of _int = function

—1 — Ghost
1 =5
2 — Sp
3 =V
- — invalid_arg "UFOx.Lorentz: impossible representation!"

let rep_conjugate = function

S = S

V -V

Sp — CSp (x 777 %)
CSp — Sp (x 777 %)
Ghost — Ghost

let classify_indices1 = function

C (i, j) — [(1, CSp); (4, Sp)] (x 777 %)

Gamma5 (i, j) | Identity (i, j)

ProjP (i, j) | ProjM (i, j) — [(i, CSp); (j, Sp)]

FEpsilon (mu, nu, ka, la) [(mu, V); (nu, V); (ka, V); (la, V)]
Gamma (mu, i, j) — [(mu, V); (i, CSp); (5, Sp)]

Metric (mu, nu) — [(mu, V); (nu, V)]

P (mu, n) — [(mu, V)]

Sigma (mu, nu, i, j) — [(mu, V); (nu, V); (i, CSp); (4, Sp)]

let classify_indices tensors =
List.sort compare

(List.fold_right
(fun v acc — classify_indicesl v @ acc)
tensors [])
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type r_omega = Coupling.lorentz
let omega = function
| S — Coupling.Scalar
| V. — Coupling. Vector
| Sp — Coupling.Spinor
| CSp — Coupling.ConjSpinor
| Ghost — Coupling.Scalar

end
module Lorentz = Tensor(Lorentz_Atom')

module type Color_Atom =
sig
type ¢ = private
| Identity of int x int
| T of int x int x int
| F of int x int x int
| D of int x int x int
| Epsilon of int x int x int
| EpsilonBar of int x int x int
| T6 of int x int x int
| K6 of int x int x int
| K6Bar of int x int x int
end

module Color_Atom =
struct

| Identity of int x int

| T of int x int X int

| F of int x int x int

| D of int x int x int

| Epsilon of int x int x int

| EpsilonBar of int x int x int
| T6 of int x int X int

| K6 of int x int x int

| K6Bar of int x int x int

end

module Color_Atom’ : Atom
with type t = Color_Atom.t and type r_omega = Color.t =
struct

type t = Color_Atom.t
module S = UFOz_syntaz
open Color_Atom

let of _expr name args =
match name, args with
| "Identity", [S.Integer i; S.Integer j| — Identity (i, j)
| "Identity", - —
tnvalid_arg "UF0x.Color.of _expr: invalid arguments to_Identity ()"
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| "T", [S.Integer a; S.Integer i; S.Integer j| — T (a, 4, j)
[ "T", - —
invalid _arg "UF0x.Color.of _expr: invalid, arguments to T()"
| "f", [S.Integer a; S.Integer b; S.Integer ¢] — F (a, b, c)
| "f" _ —
tnvalid_arg "UF0x.Color.of _expr:invalid arguments to_ f()"
| "a", [S.Integer a; S.Integer b; S.Integer ¢| — D (a, b, ¢)
[ "a", - —
invalid_-arg "UF0x.Color.of _expr: invalid, arguments to,d()"
| "Epsilon", [S.Integer i; S.Integer j; S.Integer k] —
Epsilon (i, j, k)
| "Epsilon", - —
tnvalid_arg "UF0x.Color.of _expr: invalid arguments_ to_Epsilon()"
| "EpsilonBar", [S.Integer i; S.Integer j; S.Integer k] —
EpsilonBar (i, j, k)
| "EpsilonBar", - —
tnvalid_arg "UF0x.Color.of _expr: invalid arguments to_EpsilonBar()"
| "T6", [S.Integer a; S.Integer i'; S.Integer j'l — T6 (a, i, j')
| "T6", - —
invalid-arg "UFO0x.Color.of _expr: invalid arguments to T6()"
| "K6", [S.Integer i'; S.Integer j; S.Integer k| — K6 (i, j, k)
| "K6", _ —
tnvalid_arg "UF0x.Color.of _expr:invalid, arguments to K6()"
| "K6Bar", [S.Integer i’; S.Integer j; S.Integer k| — K6Bar (i, j, k)

| "K6Bar", - —
invalid-arg "UF0x.Color.of _expr: invalid, arguments to K6Bar()"
| name, - —

invalid_arg ("UFOx.Color.of _expr: invalid tensor ’" " name ™ "’")

let to_string = function
| Identity (i, j) — Printf.sprintf "Identity(%d,%d)" i j
| T (a, i, j) — Printf.sprintf "T(%d,%d, %" a i j
| F (a, b, ¢) — Printf.sprintf "£(%d,%d, %" a b ¢
| D (a, b, ¢) — Printf.sprintf "d(%d,%d,%d)" a b c
| Epsilon (i, j, k) — Printf.sprintf "Epsilon(%d,%d,%d)" i j k
| EpsilonBar (i, j, k) — Printf.sprintf "EpsilonBar (%d,%d,%d)" ij k
| T6 (a, i, ') — Printf.sprintf "T6(%d,%d, %" a i’ j’
| K6 (i, j, k) — Printf.sprintf "K6(%d,%d, %" i’ j k
| K6Bar (i, j, k) — Printf.sprintf "K6Bar (%d,%d,%d)" i’ j k

typer = S | Sbar | F | C | A

let rep_trivial = function
| S | Sbar — true
| F | C | A— false

let rep_to_string = function
| S s mqn
| Sbar — "1bar"
| F —y ngn
| ¢ — "3bar"
| A_> ngn
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let rep_of _int = function
|1 — S
| —1 — Sbar (x UFO appears to use this for colorless antiparticles!.
*
)
| 3 - F
| =3 = C
| 8 = A
| 6 | —6 — failwith "UF0x.Color: sextets not,supported yet!"
| - — invalid_arg "UFOx.Color: impossible representation!"
let rep_conjugate = function
| Sbar — S
| S — Sbar
| C - F
| F - C
| A - A
let classify_indices1 = function
| Identity (i, j) — [(1, C); (J, F)]
| T (a, 4, j) — [(&, F); (4, C); (a, A)]
| Color_Atom.F (a, b, ¢) | D (a, b, ¢) — [(a, A); (b, A); (c, A)]
| Epsilon (i, j, k) — [(i, F); (4, F); (k, F)]
| EpsilonBar (i, j, k) — [(i, C); (j, C); (k, C)]
| T6 (a, i, j/) —
failwith "UFOx.Color: sextets not,supported yet!'"
| K6 (i, 34, k) —
failwith "UFOx.Color: sextets not_supported yet!"
| K6Bar (i, j, k) —
failwith "UFOx.Color: sextets not,supported yet!'"
let classify_indices tensors =
List.sort compare
(List.fold_right
(fun v acc — classify_indices] v @ acc)
tensors [])
type r_omega = Color.t
let omega = function
| S | Sbar — Color.Singlet
| I — Color.SUN (3)
| ¢ — Color.SUN (-3)
| A— Color.AdjSUN (3)
end
module Color = Tensor(Color_Atom')

module Value =
struct

module S = UFOz_syntaz

type builtin =
| Sqrt
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| Cos
| Sin
| Conj

let builtin_to_string = function
| Sgrt — "sqrt"
| Cos — "cos"
| Sin — "sin"
| Conj — "conj"

let builtin_of _string = function
| "cmath.sqrt" — Sqrt
| "cmath.cos" — Cos
| "cmath.sin" — Sin
| "complexconjugate" — Conj
| name — failwith ("UFOx.Value: junsupported function: '

"~ name)

type t =
| Integer of int

| Rational of Q.t

| Real of float

| Complex of float x float

| Variable of string

| Sum of t list

| Difference of t x t

| Product of t list

| Quotient of t x ¢

| Power of t x t

| Application of builtin x t list

let rec to_string = function
| Integer i —
string-of —int 1
| Rational ¢ —
Q.to_string q
| Real z —
string _of _float x
| Complex (r, i) —
Printf .sprintf "fE+I*%E" r i
| Variable s — s
| Sum es —
" (" " String.concat "+" (List.map to_string es) " ")"
| Difference (el, e2) —
(" " to_string el ~ "=(" " to_string e2 = "))"
| Product es —
String.concat "*" (List.map to_string es)
| Quotient (el, e2) —
to_string el = "/ (" " to_string e2 ~ ")"
| Power (el, e2) —
(" " to_string el ~ ")~ (" " to_string e2 "~ ")"
| Application (f, es) —
builtin_to_string f ~
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n(" " String.concat "," (List.map to_string es) ~ ")"

let rec to_coupling atom = function

| Integer i — Coupling.Const i
| Rational ¢ —

let n, d = Q.to_ratio q in

Coupling. Quot (Coupling. Const n, Coupling.Const d)
| Real x — Coupling.Atom (atom (string_of _float z))
| Product es — Coupling.Prod (List.map (to_coupling atom) es)
| Variable s — Coupling.Atom (atom s)
| Complex (r, i) —

Coupling.Sum [Coupling. Atom (atom (string_of _float r));

Coupling.Prod [Coupling.I;
Coupling. Atom (atom (string_of _float 7))]]

| Sum es — Coupling.Sum (List.map (to-coupling atom) es)
| Difference (el, e2) —

Coupling.Diff (to_coupling atom el, to_coupling atom e2)
| Quotient (el, e2) —

Coupling. Quot (to_coupling atom el, to_coupling atom e2)
| Power (el, Integer e2) —

Coupling.Pow (to_coupling atom el, e2)
| Application (Sin, [e]) — Coupling.Sin (to-coupling atom e)
| Application (Cos, [e]) — Coupling.Cos (to_coupling atom e)
| Application (Sqrt, [e]) — Coupling.Sqrt (to_coupling atom e)
| Application (Cong, [e]) — Coupling.Conj (to_coupling atom e)
| Power (el, ) —

invalid_arg "UF0x.Value.to_coupling: non-integer power"
| Application (-, -) —

failwith "UF0x.Value. to_coupling: more than one argument list"

let compress terms = terms

let rec of _expr e =
compress (of _expr’ e)

and of _expr’ = function

| S.Integer i — Integer i

| S.Float x — Real x

| S.Variable "cmath.pi" — Variable "pi"

| S.Variable name — Variable name

| S.Sum (el, e2) —
begin match of _expr el, of _expr e2 with
| Sum el, Sum e2 — Sum (el Q e2)
| el, Sum e2 — Sum (el : e2)
| Sum el, e2 — Sum (e2 :: el)
| el, e2 — Sum [el; e2]
end

| S.Difference (el, e2) —
Difference (of —expr el, of _expr e2)

| S.Product (el, e2) —
begin match of _expr el, of _expr e2 with
| Product el, Product e2 — Product (el Q e2)
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| el, Product e2 — Product (el :: e2)
| Product el, e2 — Product (e2 :: el)
| el, e2 — Product [el; e2]
end
| S.Quotient (el, e2) —
Quotient (of _expr el, of _expr e2)
| S.Power (e, p) —
Power (of _expr e, of _expr p)
| S.Application ("complex", [r; i]) —
begin match of _expr r, of _expr i with
| Real r, Real i — Complex (r, i)
| Integer r, Real i — Complex (float_of _int r, i)
| Real r, Integer i — Complex (r, float_of _int i)
| Integer r, Integer i — Complex (float-of —int r, float_of —int i)
\ - — inwvalid_arg "UFOx.Value: ,complex expects two numeric arguments
end
| S.Application ("complex", _) —
tnvalid_arg "UF0x.Value: complex expects two_arguments"
| S.Application ("complexconjugate", [e¢]) —
Application (Cong, [of —expr e])
| S.Application ("complexconjugate", -) —
tnvalid_arg "UF0x.Value: complexconjugate expects single argument"
| S.Application ("cmath.sqrt", [e]) —
Application (Sqrt, [of —expr e])
| S.Application ("cmath.sqrt", o) —
invalid_arg "UFOx.Value: sqrt expects;single argument"
| S.Application (name, args) —
Application (builtin_of _string name, List.map of _expr args)

end

module type Test =

sig
val example : unit — unit
val suite : OUnit.test

end

14.9 Abstract Syntax
14.10 Interface of UFO_syntax

14.10.1  Abstract Syntax

exception Syntax_Error of string x Lexing.position X Lexing.position
type name = string list

type value =
| Name of name
| Integer of int
| Float of float
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| Fraction of int X int

| String of string

| Empty_List

| Name_List of name list

| Integer_List of int list

| String_List of string list

| Order_Dictionary of (string x int) list

| Coupling_Dictionary of (int X int X name) list
| Decay-Dictionary of (name list x string) list

type attrib =
{ a_name : string;
a_value : value }

type declaration =

{ name : string;

kind : name;
attribs : attrib list }

type t = declaration list

val to_strings : t — string list

14.11 Implementation of UFO _syntax
14.11.1 Abstract Syntaz

exception Syntax_Error of string x Lexing.position X Lexing.position
type name = string list

type value =
| Name of name
| Integer of int
| Float of float
| Fraction of int X int
| String of string
| Empty_List
| Name_List of name list
| Integer_List of int list
| String_List of string list
| Order_Dictionary of (string x int) list
| Coupling_Dictionary of (int X int X name) list
| Decay-Dictionary of (name list x string) list
type attrib =

{ a_name : string;

a_value : wvalue }

type declaration =

{ name : string;

kind : name;
attribs : attrib list }
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type t = declaration list

let to_strings declarations =

(]
14.12 Lexer

{
open Lexing
open UFO _parser

let string_of _char ¢ =
String.make 1 ¢

let int_of _char ¢ =
int_of _string (string_of _char c)

let init_position fname lexbuf =

let curr_p = lexbuf.lex_curr_p in
lexbuf lex_curr_p <«
{ curr_p with
pos_fname = fname;
pos_lnum = 1;
pos_bol = curr_p.pos_cnum };
lexbuf
}
let digit = [70°-29°]
let upper = [PA’—Z7]
let lower = [*a’—’z’]
let char = wupper | lower
let word = char | digit | *_°
let white = [> > *\t’]
rule token = parse

white { token lexbuf } (x skip blanks x)
| 2# ["’\n’]* { token lexbuf } (x skip comments )

| *\n’ { new_line lexbuf; token lexbuf }

| "from" [*’\n’]* { token lezbuf } (x skip imports *)

| "import" ["’\n’]* { token lexzbuf } (x skip imports (for now) %)
| "try:" ["’\n’]* { token lexzbuf } (* skip imports (for now) =)

| "except" ["’\n’]* { token lexbuf } (x skip imports (for now) x)
| "pass" { token lexbuf } (* skip imports (for now) x)

| (' { LPAREN }

| »)> { RPAREN }

| *{> { LBRACE }

| *}» { RBRACE }

| »[* { LBRACKET }

| *1° { RBRACKET }

| = { EQUAL}

| >+> { PLUS }
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| = { MINUS }
| »/> { DIV}

| > { DOT }

| »,> { COMMA }
| »:> { COLON }
|

1= ((digit™ ? .0 digit™ | digit™ . digitT )
([PE’’e’] 7=27 digit* )? as x
{ FLOAT (float_of _string z) }
| *=27 digit* as ¢ { INT (int_of _string i) }
| char word* as s { ID s}
| 7\7; ([A;\7;]+ as 8) )\;:
{ STRING s }
| yno ([A;u;]+ as 8) ERLIS)
{ STRING s}
| - as ¢ { failwith ("invalid character at,
string_of —char ¢ = "’") }

cn n

| eof { END }

14.13 Parser

Right recursion is more convenient for constructing the value. Since the lists
will always be short, there is no performace or stack size reason for prefering
left recursion.

Header

module U = UFO_syntax

let parse_error msg =
raise (UFO_syntax.Syntaz_Error
(msg, symbol_start_pos (), symbol_end_pos ()))

let invalid _parameter_attr () =
parse_error "invalid parameter attribute"

Token declarations

%token < int > INT

%token < float > FLOAT

%token < string > STRING ID
%token DOT COMMA COLON
%token EQUAL PLUS MINUS DIV
%token LPAREN RPAREN

%token LBRACE RBRACE

%token LBRACKET RBRACKET

%token END
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Y%start file
%type < UFO_syntaz.t > file

Grammar rules

file =
| declarations END { $1 }
declarations ::=
RN
| declaration declarations { $1 :: $2 }
declaration ::=
| ID EQUAL name LPAREN RPAREN { { U.name = $1;
U.kind = $3;
U.attribs = [] } }
| ID EQUAL name LPAREN attributes RPAREN { { U.name = $1;
U.kind = $3;

U.attribs = $5 } }
| ID EQUAL STRING { { U.name = $1;

U.kind = ["$"; $3]; (x
HACK! )

U.attribs = [] } }
D { 51}

| name DOT ID { $3 :: $1 }

attributes 1=
| attribute { [$1] }
| attribute COMMA attributes { $1 :: $3 }

attribute ::=

| ID EQUAL value { { U.a-name = $1; U.a_value = $3 } }

| ID EQUAL list { { U.a—name = $1; U.a_value = $3 } }

| ID EQUAL dictionary { { U.a_name = $1; U.a_value = $3 } }

value =
| INT { U.Integer $1 }
| INT DIV INT { U.PFraction ($1, $3) }
| FLOAT { U.Float $1 }
| STRING { U.String $1 }
| name { U.Name $1 }

list ::=
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| LBRACKET RBRACKET { U.Empty_List }

| LBRACKET names RBRACKET { U.Name_List $2 }

| LBRACKET strings RBRACKET { U.String_List $2 }

| LBRACKET integers RBRACKET { U.Integer_List $2 }

dictionary =
| LBRACE orders RBRACE { U.Order_Dictionary $2 }
| LBRACE couplings RBRACE { U.Coupling_Dictionary $2 }
| LBRACE decays RBRACE { U.Decay-Dictionary $2 }

names =
| name { [$1] }
| name COMMA names { $1 :: $3 }

integers 1=
| INT { [$1] }
| INT COMMA integers { $1 :: $3 }

strings 1=
| STRING { [$1] }
| STRING COMMA strings { $1 :: $3 }

orders ::=
| order { [$1] }
| order COMMA orders { $1 :: $3 }

order ::=
| STRING COLON INT { (%1, $3) }

couplings ::=

| coupling { [$1] }
| coupling COMMA couplings { $1 :: $3 }

coupling ::=
| LPAREN INT COMMA INT RPAREN COLON name { (32, $4, $7) }

decays 1=
| decay { [$1] }
| decay COMMA decays { $1 :: $3 }

decay ==
| LPAREN names RPAREN COLON STRING { ($2, $5) }
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14.14 Models
14.15 Interface of UFO

val parse_string : string — UFO _syntaz.t
val parse_file : string — UFO_syntax.t

module type Files =
sig

type t = private

{ particles : UFO_syntax.t;
couplings : UFO_syntax.t;
coupling_orders : UFO_syntax.t;
vertices : UFO_syntaz.t;
lorentz : UFO_syntax.t;
parameters : UFO_syntaz.t;
propagators : UFO_syntaz.t;
decays : UFO_syntaz.t }

val parse_directory : string — t
end

type ¢
val parse_directory : string — t
val dump : t — wunit

module Model : Model. T

module type Test =

sig
val example : unit — unit
val suite : OUnit.test

end

14.16 Implementation of UFO

Unfortunately, ocamlweb will not typeset all multi character operators nicely.
E.g. f @< gcomesout as f @< g.

let (QQ) f gz =

f (g )

let (QQQ) fgzy =
flgzy)

let error_in_string text start_pos end_pos =
let i = start_pos.Lexing.pos_cnum
and j = end_pos.Lexing.pos_cnum in
String.sub text i (j — 1)

let error_in_file name start_pos end_pos =
Printf .sprintf
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"hs:%d. hd="%d . %d"

name
start_pos.Lexing.pos_Inum

(start_pos.Lexing.pos_cnum — start_pos.Lexing.pos_bol)
end -pos.Lexing.pos_Ilnum

(end_pos.Lexing.pos_cnum — end_pos.Lexing.pos_bol)

let parse_string text =
try
UFO_parser.file

UFO _lexer.token
(UFO _lezer.init_position "" (Lexing.from_string text))

with
| UFO_syntax.Syntaz_Error (msg, start_pos, end_pos) —

invalid_arg (Printf.sprintf "syntax error,(%s) at:,%s’"
msg (error_in_string text start_pos end_pos))

| Parsing.Parse_error —
invalid_arg ("parse error:," ~ text)
let parse_file name =
let ic = open_in name in
let result =
begin
try
UFO _parser.file

UFO _lezer.token
(UFO_lexer.init_position name (Lezing.from_channel ic))

with
| UFO_syntaz.Syntax_Error (msg, start_pos, end_pos) —
begin
close_in ic;
invalid_arg (Printf .sprintf
"%s:syntax error,(%s)"
(error_in_file name start_pos end_pos) msg)

end
| Parsing.Parse_error —
begin
close_in ic;
invalid_arg ("parse_ error:,"
end
end in
close_in ic;
result

" name)

module type Files =
sig
type t = private
{ particles : UFO_syntax.t;
couplings : UFO_syntax.t;
coupling_orders : UFO_syntax.t;
vertices : UFO_syntax.t;
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lorentz : UFO_syntax.t;

parameters :
propagators :

UFO_syntax.t;
UFO_syntax.t;

decays : UFO_syntaz.t }

val parse_directory : string — t

end

module Files : Files
struct

typet =
{ particles : UFO_syntax.t;
couplings : UFO_syntax.t;

coupling_orders : UFO_syntax.t;

vertices :

UFO_syntax.t;

lorentz : UFO_syntax.t;

parameters :
propagators :

UFO_syntax.t;
UFO_syntax.t;

decays : UFO_syntaz.t }

let parse_directory dir =

let parse stem = parse_file (Filename.concat dir (stem ~ ".py")) in
{ particles = parse "particles";

couplings = parse "couplings";

coupling_orders = parse "coupling_orders";

vertices = parse "vertices";

lorentz = parse "lorentz",

parameters = parse "parameters";

propagators = parse "propagators";

decays = parse "decays" }

end

let dump_file pfx f =
List.iter
(fun s — print_endline (pfx ~ ":u" " s))
(UFO_syntazx.to_strings f)

type charge =
| Q_Integer of int
| Q-Fraction of int X int

let charge_to_string = function
| Q_Integer i — Printf.sprintf "%d" i
| Q-Fraction (n, d) — Printf.sprintf "%d/%d" n d

module S = UFO_syntaz

let find_attrib name attribs =

(List.find (fun @ — name = a.S.a_name) attribs).S.a_value

let name_to_string ?strip name =
let stripped =
begin match strip, List.rev name with
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| Some pfr, head :: tail —
if pfxr = head then

tail
else
failwith ("UF0.name_to_string: expected prefix,’" ~ pfzr ~
" Lgoty’" T head T MM
| -, name — name
end in

String.concat " ." stripped

let name_attrib ?strip name attribs =
match find_attrib name attribs with
| S.Name n — name_to_string ?strip n
| - — dnvalid_arg name

let integer_attrib name attribs =
match find_attrib name attribs with
| S.Integer i — i
| - — dnvalid_arg name

let charge_attrib name attribs =
match find_attrib name attribs with
| S.Integer i — @Q_Integer i
| S.Fraction (n, d) — Q-Fraction (n, d)
| - — invalid_arg name

let string-attrib name attribs =
match find_attrib name attribs with
| S.String s — s
| - — invalid_arg name

let boolean_attrib name attribs =

try
match String.lowercase (name_attrib name attribs) with
| "true" — true
| "false" — false
| - — dnvalid_arg name

with

| Not_found — false

type value =
| Integer of int
| Fraction of int x int
| Float of float
| String of string
| Name of string list
let value_to_string = function
| Integer i — Printf.sprintf "%d" i
| Fraction (n, d) — Printf.sprintf "%d/%d" n d
| Float x — Printf.sprintf "Hf" z
| String s — Printf.sprintf "*%s’" s
| Name n — name_to_string n
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let value_to_expr = function
| Integer i — Printf.sprintf "%d" i
| Praction (n, d) — Printf.sprintf "%d/%d" n d
| Float x — Printf.sprintf "hf" z
| String s —
UFOz. Value.to_string (UFOz. Value.of _expr (UFOz.Expr.of _string s))
| Name n — name_to_string n

let value_to_coupling atom = function
| Integer i — Coupling.Const i
| Fraction (n, d) — Coupling.Quot (Coupling.Const n, Coupling.Const d)
| Float z — Coupling.Const 42
| String s —
UFOzx. Value.to_coupling atom (UFOzx. Value.of _expr (UFOz.Expr.of _string s))
| Name n — Coupling.Const 42

let value_to_numeric = function
| Integer i — Printf.sprintf "%d" i
| Fraction (n, d) — Printf.sprintf "%g" (float n /. float d)
| Float x — Printf.sprintf "hg" «
| String s — invalid_arg ("UF0.value_to_numeric: string =," " s)
| Name n — invalid_arg ("UFO.value_to_numeric: name =_," " name_to_string n)

let value_to_float = function
| Integer i — float i
| FPraction (n, d) — float n /. float d
| Float © —
| String s — invalid_arg ("UF0.value_to_float: string =" " s)
| Name n — invalid_arg ("UFO.value_to_float: name =_" " name_to_string n)

let value_attrib name attribs =
match find_attrib name attribs with
| S.Integer i — Integer i
| S.Fraction (n, d) — Fraction (n, d)
| S.Float x — Float x
| S.String s — String s
| S.Name n — Name n
| - — dnvalid_arg name

let string_list_attrib name attribs =
match find_attrib name attribs with
| S.String-List | — 1
| - — dnvalid_arg name

let name_list_attrib ~strip name attribs =
match find_attrib name attribs with
| S.Name_List | — List.map (name-to_string ~strip) 1
| - — dnvalid_arg name

let integer_list_attrib name attribs =
match find_attrib name attribs with
| S.Integer_List | — 1
| - — invalid_arg name
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let order_dictionary-attrib name attribs =
match find_attrib name attribs with
| S.Order_Dictionary d — d
| - — dnvalid_arg name

let coupling_dictionary_attrib ~strip name attribs =
match find_attrib name attribs with
| S.Coupling_Dictionary d —
List.map (fun (i, j, ¢) — (i, j, name_to_string ~strip c)) d
| - — invalid_arg name

let decay_dictionary_attrib name attribs =
match find_attrib name attribs with
| S.Decay_Dictionary d —
List.map (fun (p, w) — (List.map List.hd p, w)) d
| - — invalid_arg name

module SMap = Map.Make (struct type t = string let compare = compare end)

let map_to_alist map =
SMap.fold (fun key value acc — (key, wvalue) :: acc) map []

let keys map =
SMap.fold (fun key - acc — key :: acc) map []

let values map =
SMap.fold (fun - value acc — walue :: acc) map []

module SKey =
struct
type t = string
let hash = Hashtbl.hash
let equal = (=)
end
module SHash = Hashtbl.Make (SKey)

module type Particle =
sig

type t = private

{ pdg-code : int;
name : String;
antiname : String;
spin : UFOz.Lorentz.r;
color : UFOzx.Color.r;
mass : string;
width @ string;
texname : string;
antitexname : string;
charge : charge;
ghost _number : int;
lepton_number : int;
y :oant;
goldstone : bool;
propagating : bool; (+* NOT HANDLED YET! %)
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line : string option; (+ NOT HANDLED YET! %)
is_anti : bool }

val of _file : S.t — t SMap.t

val to_string : string — t — string

val conjugate : t — t

val is_ghost : t — bool

val is_goldstone : t — bool

val is_physical : t — bool

val filter : (t — bool) — t SMap.t — t SMap.t

end

module Particle : Particle =
struct

type t =

{ pdg-code : int;
name : string;
antiname : string;
spin : UFOx.Lorentz.r;
color : UFOzx.Color.r;
mass : string;
width : string;
texname : string;
antitexname : string;
charge : charge;
ghost_number : int;
lepton_number : int;
Yy o oant;
goldstone : bool;
propagating : bool; (x NOT HANDLED YET! %)
line : string option; (* NOT HANDLED YET! %)
is—anti : bool }

let to_string symbol p =
Printf .sprintf

"particle:%sy=>y[pdgu=u%d, mame_=_’%s’/’%s’,u\
uuuuuuuuuuuuuuuuuuuuuuuuuuSPinu=u%S,u0010ru=u%3,u\
I IO A I I O 1 ImaSSI_I=I_I%S ’ I_IWj-d-t]-'1|_|=|_|%S ,|_|\
uuuuLLULLLLLLULLULUUUULLULULLAL=LAS , LGL=Uhd , LLL=ukd , LYL=u%d, O\
| | |Texl_|=|_|’%s’/’%s’%s] "

symbol p.pdg_code p.name p.antiname

(UFOzx.Lorentz.rep_to_string p.spin)

(UFOz.Color.rep_to_string p.color)

p.mass p.width

(charge_to_string p.charge)

p.ghost_number p.lepton_number p.y

p.texname p.antitexname

(if p.goldstone then ", GB" else "")

let conjugate_charge = function
| Q-_Integer i — Q_Integer (—i)
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| Q_Fraction (n, d) — Q-Fraction (—n, d)

let is_neutral p =
(p.name = p.antiname)

We must not mess with pdg_code and color if the particle is neutral!

let conjugate p =
if is_neutral p then
p
else

{ pdg-code = — p.pdg-code;
name = p.antiname;
antiname = p.name;
spin = UFOzx.Lorentz.rep_conjugate p.spin;
color = UFOz.Color.rep_conjugate p.color;
mass = p.mass;
width = p.width;
texname = p.antitexname;
antitexname = p.texname;
charge = conjugate_charge p.charge;
ghost_number = p.ghost_number;
lepton_number = p.lepton_number;
y = py;
goldstone = p.goldstone;
propagating = p.propagating;
line = p.line;
is_anti = — p.is_anti }

let of _filel map d =

let symbol = d.S.name in

match d.S.kind, d.S.attribs with

| [ "Particle" |, attribs —

SMap.add symbol
{ pdg-code = integer_attrib "pdg_code" attribs;

name = string_attrib "name" atiribs;
antiname = string_attrib "antiname" atiribs;
spin = UFOz.Lorentz.rep_of —int (integer_attrib "spin" attribs);
color = UFOzx.Color.rep_of _int (integer_attrib "color" attribs);
mass = name_attrib ~strip :"Param" "mass" attribs;
width = name_attrib ~strip :"Param" "width" attribs;
texname = string_attrib "texname" attribs;
antitexname = string_attrib "antitexname" attribs;
charge = charge_attrib "charge" attribs;
ghost_number = integer_attrib "GhostNumber" attribs;
lepton_number = integer_attrib "LeptonNumber" attribs;
y = integer_attrib "Y" attribs;
goldstone = boolean_attrib "goldstone" attribs;
propagating = true;
line = None;
is_anti = false} map

| ["anti®;p], [] —
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begin
try
SMap.add symbol (conjugate (SMap.find p map)) map
with
| Not_found —
invalid _arg

("Particle.of_file: " " p " ".anti()_ not_ yet defined!")
end

| - — idnvalid_arg ("Particle.of_file:," " name_to_string d.S.kind)

let of _file particles
List.fold_left of _filel SMap.empty particles

let is_ghost p =
p.ghost_number # 0

let is_goldstone p =
p.goldstone

let is_physical p =
- (is_ghost p V is_goldstone p)

let filter predicate map =
SMap.filter (fun symbol p — predicate p) map

end

module type UFO_Coupling =
sig

type t = private
{ name : string;
value : string;
order : (string x int) list }

val of _file : S.t — t SMap.t
val to_string : string — t — string

end

module UFO_Coupling : UFO_Coupling =
struct

typet =
{ name : string;
value : string;
order : (string X int) list }
let order_to_string orders =
String.concat ", "
(List.map (fun (s, 1) — Printf.sprintf "’%s’:%d" s i) orders)
let to_string symbol ¢ =
Printf .sprintf

"coupling: %s_=>, [name =,’%s’, value =’ %s’, order =,[%s]]"
symbol c.name c.value (order_to_string c.order)
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let of _filel map d =
let symbol = d.S.name in
match d.S.kind, d.S.attribs with
| [ "Coupling" ], attribs —
let name = string_attrib “"name" attribs in
if name # symbol then
Printf .eprintf
"UF0_Coupling.of_file: warning: symbol,’%s’ <> name,’%s’\n"
symbol name;
SMap.add symbol
{ name

name;
value = string_attrib "value" attribs;
order = order_dictionary_attrib "order" attribs } map
| - — 4nvalid_arg ("UFO_Coupling.of_file: " " name_to_string d.S.kind)
let of _file couplings =
List.fold_left of _filel SMap.empty couplings
end

module type Coupling_Order =
sig

type t = private
{ name : string;
expansion_order : int;
hierarchy : int }

val of _file : S.t — t SMap.t
val to_string : string — t — string

end

module Coupling_Order : Coupling_Order =
struct

type t =
{ name : string;

expansion_order : int;
hierarchy : int }

let to_string symbol ¢ =
Printf .sprintf
"coupling_order: ks =>,[name = ’%s’, \
O T I N A A |eXpa-nSi0n-0rder|_|=u’%d’ »u\
LI\_II_H_H_H_II_II_ILILILII_H_ILJLILH_IL_ILJLILII_ll_H_JLI\_lI_H_ILJLI\_II_Ihiera-rChyu=|_l%d] "
symbol c.name c.expansion_order c.hierarchy
let of _filel map d =
let symbol = d.S.name in
match d.S.kind, d.S.attribs with
| [ "CouplingOrder" |, attribs —
SMap.add symbol

{ name = string_attrib "name" attribs;
erpansion_order =

integer_attrib "expansion_order" attribs;
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hierarchy = integer_attrib "hierarchy" attribs } map
| - — i4nvalid_arg ("Coupling_order.of_file: " " name_to_string d.S.kind)

let of _file coupling_orders =

List.fold_left of —filel SMap.empty coupling_-orders
end

module type Verter =
sig

type t = private
{ name : string;
particles : string array;
color : UFOzx.Color.t array;
lorentz : string array;
couplings : string option array array }

val of _file : S.t — t SMap.t
val to_string : string — t — string

val contains : Particle.t SMap.t — (Particle.t — bool) — t — bool
val filter : (t — bool) — t SMap.t — t SMap.t

end

module Vertex : Vertexr =
struct

type t =
{ name : string;
particles : string array;
color : UFOz.Color.t array;
lorentz : string array;
couplings : string option array array }

let to_string symbol ¢ =
Printf .sprintf
"vertex:hsu=>y[name =’ %s’ , particles_=,[%s],u\
uLLLLLLLLLULLULLULUUUULLULLCOLor =, [%s] , L lorentz = [%s] , L\

HHHHHHHHHHHHHHHHHHHHHHHHCouplingsu=u[%S]]"
symbol c.name

(String.concat ", " (Array.to_list c.particles))
(String.concat ", "
(List.map UFOz.Color.to_string (Array.to_list c.color)))
(String.concat ", " (Array.to_list c.lorentz))
(String.concat ", "
(List.map
(fun column —
v " (String.concat ", "
(List.map
(function Some s — s | None — "O")
(Array.to_list column))) ~ "I")
(Array.to_list c.couplings)))

let contains particles predicate v =
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let p = w.particles in
let rec contains’ i =
if ¢ < 0 then
false
else if predicate (SMap.find p.(i) particles) then
true
else
contains’ (pred i) in
contains’ (Array.length p — 1)

let of _filel map d =

let symbol = d.S.name in
match d.S.kind, d.S.attribs with
| [ "Vertex" |, altribs —
let color =
Array.of _list
(List.map

UFOzx.Color.of _string (string_list_attrib "color" attribs))
and lorentz =
Array.of _list (name_list_attrib ~strip :"L" "lorentz" attribs)
and couplings_alist =
coupling _dictionary_attrib ~strip :"C" "couplings" attribs in
let couplings =
Array.make_matriz (Array.length color) (Array.length lorentz) None in
List.iter
(fun (4, j, ¢) — couplings.(i).(j) « Some c)
couplings _alist;
SMap.add symbol
{ name = string_attrib "name" attribs;
particles =
Array.of _list (name_list_attrib ~strip :"P" "particles" attribs);
color = color;
lorentz = lorentz;
couplings = couplings } map
| - — dnvalid_arg ("Vertex.of_file:," " name_to_string d.S.kind)

let of _file vertices =
List.fold_left of _filel SMap.empty vertices

let filter predicate map =
SMap.filter (fun symbol p — predicate p) map

end

module type Lorentz =
Sig
type t = private
{ name : string;
spins : int list;
structure : UFOzx.Lorentz.t }

val of _file : S.t — t SMap.t
val to_string : string — t — string
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end

module Lorentz : Lorentz =
struct

type t =
{ name : string;
spins : int list;
structure : UFOx.Lorentz.t }

let to_string symbol I =
Printf .sprintf
"lorentz: s, =>[name =’ %s’, spins =y [%s], 0\
LULLLLLLULLULLULULULLULLUS tructure = %s] "
symbol l.name
(String.concat " ," (List.map string_of _int l.spins))
(UFOz.Lorentz.to_string l.structure)

let of _filel map d =

let symbol = d.S.name in
match d.S.kind, d.S.attribs with
| [ "Lorentz" |, attribs —
SMap.add symbol
{ name = string_attrib "name" attribs;
spins = integer_list_attrib "spins" attribs;
structure =

UFOz.Lorentz.of _string (string-attrib "structure" attribs) } map
| - — invalid_arg ("Lorentz.of_file:," ~ name_to_string d.S.kind)

let of _file lorentz =
List.fold_left of _filel SMap.empty lorentz

end

module type Parameter =
sig

type nature = private Internal | External
type ptype = private Real | Complex

type t = private

{ name : string;
nature : nature;
ptype : ptype;
value : walue;
texname : string;
lhablock : string option;
lhacode : int list option;
sequence : int }

val of _file : S.t — t SMap.t
val to_string : string — t — string

end

module Parameter : Parameter =
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struct

type nature = Internal | External

let nature_to_string = function
| Internal — "internal"
| External — "external"

let nature_of _string = function
| "internal" — Internal
| "external" — FEuxternal
| s — i4nvalid_arg ("Parameter.nature_of_string: " " s)

type ptype = Real | Complex

let ptype_to_string = function
| Real — "real"
| Compler — "complex"

let ptype_of _string = function
| "real" — Real
| "complex" — Complex
| s — i4nvalid_arg ("Parameter.ptype_of_string: " " s)

type t =

{ name : string;
nature : nature;
ptype : ptype;
value : wvalue;
texname : string;
lhablock : string option;
lhacode : int list option;
sequence : int }

let to_string symbol p =
Printf .sprintf

"parameter:%s => [#/d, name =,’%s’ ,unature = %s, type,=u%s,u\
LULLLULLULLLLLULLLULLLUUULUULLValue = %S , ytexname =’ %s L, L\
LLLLLLLLLULLLULLLLULLLUUULULhablock = %s , 1Thacode = [%s]]"

symbol p.sequence p.name

(nature_to_string p.nature)

(ptype_to_string p.ptype)

(value_to_string p.value) p.texname

(

(

match p.lhablock with None — "?77?" | Some s — )
match p.lhacode with
| None — ""
| Some ¢ — String.concat ",," (List.map string_of —int c))
let of _filel (map, n) d =
let symbol = d.S.name in
match d.S.kind, d.S.attribs with
| [ "Parameter" |, attribs —
(SMap.add symbol
{ name = string_attrib "name" attribs;
nature = nature_of _string (string_attrib "nature" attribs);
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plype = plype_of _string (string_attrib "type" attribs);

value = wvalue_attrib "value" attribs;
texname = string_attrib "texname" attribs;
lhablock =

(try Some (string-attrib "lhablock" attribs) with
Not_found — None);

lhacode =
(try Some (integer_list_attrib "lhacode" attribs) with

Not_found — None);
sequence = m } map, succ n)
| - — dnvalid_arg ("Parameter.of_file:" " name_to_string d.S.kind)

let of _file parameters =
let map, - = List.fold_left of _file1 (SMap.empty, 0) parameters in

map
end

module type Propagator =
sig
type t = private
{ name : string;
numerator : Sstring;
denominator : string }

val of _file : S.t — t SMap.t
val to_string : string — t — string

end

module Propagator : Propagator =
struct

type t =
{ name : string;
numerator : string;
denominator : string }

let to_string symbol p =
Printf .sprintf
"propagator: ks, =>, [name =_’%s’ , numerator =, ’%s’ ,_\
O I IO I I I M [ O |den0minat0r|_|=u’%s 2]
symbol p.name p.numerator p.denominator

The parser will turn foo = "bar" into foo = "bar"."$", which will be
interpreted as a macro definition for foo expanding to "bar". The dollar is used
to distinguish it from an empty attribute list. This could also be implemented
with a union type for the declarations.

let of _file1 (macros, map) d =
let symbol = d.S.name in
match d.S.kind, d.S.attribs with
| [ "Propagator" |, attribs —
let denominator =
begin match find_attrib "denominator" attribs with
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| S.String s — s
| S.Name [n] — SMap.find n macros
_ — invalid_arg "Propagator.denominator: "
pag

end in
(macros,
SMap.add symbol
{ name = string_attrib "name" attribs;
numerator = string_attrib "numerator" attribs;
denominator = denominator } map)
L8 s] [l =

(SMap.add symbol s macros, map)
| - — dnvalid_arg ("Propagator:of_file: " " name-to_string d.S.kind)

let of _file propagators =
let _, propagators’ =
List.fold _left of _filel1 (SMap.empty, SMap.empty) propagators in
propagators’

end

module type Decay =
sig

type t = private
{ name : string;
particle : string;
widths : (string list x string) list }

val of _file : S.t — t SMap.t
val to_string : string — t — string

end

module Decay : Decay =
struct

type t =
{ name : string;
particle : string;
widths : (string list x string) list }

let width_to_string ws =
String.concat ", "

(List.map
(fun (ps, w) —
ll(ll ~ String.concat ",l_," ps ~ “)l_,_>|_|’“ ~ w ~ ll)ll)
ws)

let to_string symbol d =
Printf .sprintf
"decay:_%s=>y[name =,’%s’, particle =’ %s’, widths_ =, [%s]]"
symbol d.name d.particle (width_to_string d.widths)

let of _filel map d =
let symbol = d.S.name in
match d.S.kind, d.S.attribs with
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| [ "Decay" |, attribs —
SMap.add symbol
{ name = string_attrib "name" attribs;
particle = name_attrib ~strip :"P" "particle" attribs;
widths = decay_dictionary_attrib "partial_widths" attribs } map
| - — dnvalid_arg ("Decay.of_file:" " name_to_string d.S.kind)

let of _file decays =
List.fold_left of _filel SMap.empty decays

end

type t =

{ particles : Particle.t SMap.t;
couplings : UFO_Coupling.t SMap.t;
coupling_orders : Coupling_Order.t SMap.t;
vertices : Verter.t SMap.t;
lorentz : Lorentz.t SMap.t;
parameters : Parameter.t SMap.t;
propagators : Propagator.t SMap.t;
decays : Decay.t SMap.t }

Take the elements of list that satisfy predicate and form a list of pairs of offsets
and elements with the offsets starting from offset.

let alist_of _list predicate offset list =
let _, alist =
List.fold_left
(fun (n, acc) z —
(succ n, if predicate x then (n, z) :: acc else acc))
(offset, []) list in
alist

let lorentz _reps_of _vertex model v =
alist_of _list (= Q@ UFOz.Lorentz.rep_trivial) 1
(List.map

(funp —
(* Why do we need to conjugate??? x)
UFOzx.Lorentz.rep_conjugate

(SMap.find p model.particles).Particle.spin)
(Array.to_list v. Vertex.particles))

let check_lorentz_reps_of _vertex model v =
let reps_particles = List.sort compare (lorentz_reps_of _vertex model v) in
Array.iter
(funl —
let I = (SMap.find | model.lorentz).Lorentz.structure in
let reps_vertex = List.sort compare (UFOzx.Lorentz.classify_indices ) in
if reps_verter # reps_particles then begin
Printf .printf "“%hs,<>u%s\n"
(UFOx.Index.classes_to_string
UFOzx.Lorentz.rep_to_string reps_particles)
(UFOz.Index.classes_to_string
UFOz.Lorentz.rep_to_string reps_vertez);
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invalid_arg "check_lorentz_reps_of_vertex"

end)
v. Vertex.lorentz

let color_reps_of _verter model v =
alist_of _list (- @QQ UFOz.Color.rep_trivial) 1
(List.map
(fun p — (SMap.find p model.particles).Particle.color)
(Array.to_list v. Vertex.particles))

let check_color_reps_of —vertex model v =

let reps_particles = List.sort compare (color_reps_of _vertex model v) in
Array.iter
(fun ¢ —
let reps_verter = List.sort compare (UFOx.Color.classify_indices c¢) in

if reps_verter # reps_particles then begin
Printf.printf "hsu<>y%s\n"
(UFOzx.Index.classes_to_string UFOz.Color.rep_to_string reps_particles)
(UFOz.Index.classes_to_string UFOx.Color.rep_to_string reps_vertex);
tnvalid_arg "check_color_reps_of_vertex"
end)

v. Vertex.color

let of _file u =
let model =
{ particles = Particle.of _file u.Files.particles;
couplings = UFO_Coupling.of _file u.Files.couplings;
coupling_orders = Coupling_Order.of _file u.Files.coupling_orders;

vertices = Vertex.of _file u.Files.vertices;
lorentz = Lorentz.of _file u.Files.lorentz;
parameters = Parameter.of _file u.Files.parameters;

propagators = Propagator.of _file u.Files.propagators;
decays = Decay.of _file u.Files.decays } in
SMap.iter
(fun _ v —
check _color _reps_of _vertex model v;
check_lorentz _reps_of _vertex model v)
model.vertices;
model

let parse_directory dir =
of _file (Files.parse_directory dir)

let dump model =
SMap.iter (print_endline @QQQ Particle.to_string) model.particles;
(x SMap.iter (print_endline QQQ UFO _ Coupling.to_string) model.couplings;
*
)
SMayp.iter
(fun symbol ¢ —
(print_endline @QQ UFO_Coupling.to_string) symbol c;
print_endline
("u==E>>
(UFOz. Value.to_string
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(UFOz. Value.of —expr
(UFOz.Expr.of _string ¢.UFO_Coupling.value)))))
model.couplings;
SMap.iter (print_endline @QQQ Coupling_ Order.to_string) model.coupling_orders;
(* SMap.iter (print_endline QQQ Vertex.to_string) model.vertices; *)
SMap.iter
(fun symbol v —
(print_endline QQQ Vertex.to_string) symbol v;
check_color_reps_of _vertex model v;
check _lorentz _reps_of _vertex model v)
model.vertices;
SMap.iter (print_endline @QQQ Lorentz.to_string) model.lorentz;
SMap.iter (print_endline QQQ Parameter.to_string) model.parameters;
SMap.iter (print_endline @QQQ Propagator.to_string) model.propagators;
SMap.iter (print_endline @QQQ Decay.to_string) model.decays;
SMayp.iter
(fun symbol ¢ — ignore (UFOx.Expr.of _string c. UFO_Coupling.value))
model.couplings;
SMap.iter
(fun symbol d —
List.iter (fun (=, w) — idgnore (UFOzx.Expr.of _string w)) d.Decay.widths)
model.decays

module Model =
struct

NB: we could use type flavor = Particle.t, but that would be very inefficient,
because we will use flavor as a key for maps below.
type flavor = int
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 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 fermion = M.fermion
let vertices = M .vertices

let fuse2 = M.fuse2

let fuse3 = M.fuse3

let fuse = M.fuse

let max_degree = M .mazx_degree

let parameters = M .parameters

let flavor_of _string = M .flavor_of _string
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let flavor_to_string = M .flavor_to_string
let flavor_to_TeX = M.flavor_to_TeX
let flavor_symbol = M .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

module Ch = M.Ch
let charges = M .charges

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

let propagator_of _lorentz = function
| Coupling.Scalar — Coupling. Prop_Scalar
| 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"

module F' = Modeltools. Fusions (struct
type f = flavor
type ¢ = constant
let compare = compare
let conjugate = conjugate
end)
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module Q@ = UFOz.Q

let dummy_tensord = Coupling.Scalar_Scalar_Scalar 1
let dummy_tensor4 = Coupling.Scalarj 1

let third i j =
match 4, j with
| | 3
| | 1
S

id_arg "UFO.third"

b b

) )

W DN =
W N
W N =
11l

) )

mnua

2
3
1
%

~

let coeff q1 q2 =
Q.to_integer (Q.mul q1 ¢2)

let translate_lorentz_atom ¢ =
let open UFOzx.Lorentz_Atom in
match ¢ with
RAWE
tnvalid_arg "charge conjugation matrix not,supported, yet"
| Epsilon (mu, nu, ka, la) —
invalid_arg "Epsilon not,supported yet"
| Gamma (mu, i, j) —
tnvalid_arg "Gamma, not_supported yet"
| Gamma5 (i, j) —
tnvalid_arg "Gammab5_not,supported, yet"
| Identity (i, j) —
tnvalid_arg "Identity not_supported yet"
| Metric (mu, nu) —
invalid_arg "Metric_notsupported, yet"
| P (mu, i) —
invalid _arg "P not_ supported yet"
| ProgP (i, j) —
invalid_arg "ProjP_not_supported yet"
| ProgM (i, j) —
tnvalid_arg "ProjM_not_supported yet"
| Sigma (mu, nu, i, j) —
invalid_arg “"sigma not supported, yet"

let translate_color_atom ¢ =
let open UFOx.Color_Atom in
match ¢ with
| Identity (i, j) — 1
| T (a, i, j) = 1
| F (a, b, ¢) — Combinatorics.sign [a; b; c]
| D (a, b, ¢) — invalid_arg "d-tensor not supported yet"
| Epsilon (i, j, k) — invalid_arg "epsilon-tensor not, supported yet"

| EpsilonBar (i, j, k) — invalid_arg "epsilon-tensor not_supported yet"

| T6 (a, i, j) — invalid_arg "T6-tensor not,supported yet"
| K6 (i, j, k) — invalid_arg "K6-tensor not supported yet"
| K6Bar (i, j, k) — invalid_arg "K6-tensor not_supported yet"

let translate_color3_1 ¢ =
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match ¢ with

(L @] =«

| [([e1], q)] = Q.mul g (Q.make (translate_color_atom c1) 1)

| [] — invalid_arg "translate_color3_1: empty"

| _ — invalid_arg "translate_color3_1: sums of tensors_ not supported yet"

let translate_color8 = function
| [| ¢|] — translate_color8_-1 ¢
c —

invalid _arg
(Printf .sprintf
"translate_color3: #color structures: %d,>1" (Array.length c))

Move the smallest index first, using antisymmetry in a,b and c,d as well as
symmetry in (ab)(cd):

let normalize_quartet a b ¢ d =
let a0 = List.hd (List.sort compare [a; b; ¢; d]) in
if a0 = a then

(a, b, ¢, d)

else if a0 = b then
(ba a, d, C)

else if a0 = c then
(¢, dy a, b)

else
(d, ¢, b, a)

FF_1 (q, a, b, ¢, d) represents the tensor qfupefeca and we assume that
normalize - quartet has been applied to the indices.

type colorf_1 =
| C3_1of Q.t
| FF_1 of Q.t x int x int X int X int

FF123 (an q27 qga a, b7 c, d) represents the tensor triple (qlfabefecda q2facefedb7 Q3fadefecb)
and FF'152 ((]17 q2, q¢3, a, b, c, d) the triple (q1fabefecda q2fadefecb7Q3facefedb)

type colorf =
| C3of Q.t
| FF123 of Q.t x Q.t x Q.t x int X int X int X int
| FF132 of Q.t x Q.t x Q.t X int X int X int X int

let ¢2s ¢ =
match Q.to_ratio g with
| n, 1 — string_of _int n
| n, d — string_of _int n =~ "/" " string_of _int d

let colory _to_string = function
| C3(q) = q¢2sq
| FF123 (q1, ¢2, ¢3, a, b, ¢, d) —
Printf .sprintf
" [hs*f (%d,%d,-1)*f (-1,%d,%d) ;1\
vuuuuuuouuuuuAs*E (hd, %d, —1) *£ (-1, %d, %d) ; 0\
LuuuuououunuuAs*E (hd, %d, -1) *£ (-1,%d, %d) 1"
(g2 ql) abcd
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(¢2s q2) acdb
(g2 q8) adbc
| FF132 (q1, ¢2, ¢3, a, b, ¢, d) —
Printf .sprintf

" [Ys*f (hd,%hd,—1) *£ (-1,%d, %d) ;0\
vuuuuuuuuuuuuss*E (hd, hd, =1 *£ (-1, %d, %d) 5 L\
LuunuuuoounuuAs*E (hd, %d, —1) *£ (-1, %d, %d) 1"

(¢2s ql) abcd

(¢2s ¢2) a d b c

(¢2s q3) acdb

let translate_colorf_1_1 ¢ =
Q.make (translate_color_atom c¢) 1

Take two lists of three indices each, find exactly one common index, check
that it is a summation index (i.e. not positive) and return the remaining four
indices in normal order (see normalize_quartet) together with the sign of the
permutations.

let translate_color _ff abc abc’ =
match ThoList.common abc abc’ with
| [] — invalid_arg "translate_color4_ff: not,summation,index"
| [s] >
if s > 1 then
tnvalid_arg "translate_color4_ff: invalid summation index"
else
begin match (Combinatorics.sort_signed abc,
Combinatorics.sort_signed abc’) with
| (eps, [ b; c]), (eps’, [-5 b5 ]) —
let a, b, ¢, d = mnormalize_quartet b ¢ b’ ¢’ in
FF_1 (Q.make (eps X eps’) 1, a, b, ¢, d)
| - — failwith "translate_color4_ff: can’t_happen"
end
| - —
tnvalid_arg "translate_color4_ff: multiple summation,indices"

let translate_color _atom_pair c1 c¢2 =
let open UFOz.Color_Atom in
match c1, ¢2 with
| Identity (i, j), Identity (i, I') —
tnvalid_arg "quartic,3-3bar-couplings, not supported yet"
| T (a, 4, ), T (a, 7, §") —
invalid_arg “"quartic,3-3bar-couplings not,supported, yet"
| F(a, b, ¢), F(a, ¥, ) —
translate_color4 _ff la; b; c] [a'; b5 (]
| T (a, i, j), F (d, V', ¢)
| F(d, ¥, ), T (a, i, j) —
invalid _arg "quartic ,8-8-3-3bar-couplings not supported yet"
| Identity (i, j), T (d, ¢, 1)
| T (d, ¢, '), Identity (i, j) —
invalid_arg "open index"
| Identity (i, j), F (a’, ¥, ¢)
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| D(a, b, ¢), - | -, D(a, b, ¢) —
invalid_-arg "d-tensor not_supported yet"
| Epsilon (i, 7, k), - | -, Epsilon (i, j, k)
| EpsilonBar (i, j, k), - | -, EpsilonBar (i, j, k) —
tnvalid_arg "epsilon-tensor not_supported yet"
| T6 (a, i, j), - | -, T6 (a, i, j) —
invalid_-arg "T6-tensor not supported yet"
| K6 (i, j, k), - | -, K6 (4, j, k)
| Ké6Bar (i, j, k), - | -, K6Bar (i, 7, k) —

invalid_arg "K6-tensor not supported, yet"

let translate_colorf_1 c
match ¢ with

| [([), 9] = C3-1 (q)

| [(et], @) ] =

C3_1 (Q.mul q (translate_color4_1_1 c1))

| [(et; e2l, )] —

begin match translate_color_atom_pair c1 c2 with

| FF_1 (eps, a, b, ¢, d) — FF_1 (Q.mul q eps, a, b, ¢, d)
| C3_1 (eps) — C3_1 (Q.mul q eps)

end

| - — invalid_arg "translate_colord_1: too_ many atoms"

let 125 f 1 =

"[" ° String.concat ;" (List.map f 1) = "1"

let il2s | = 12s string_of _int [

let 4l2s2 12 =

12s il2s 12

We can not handle color tensors on their own, because UFO allows to ex-
change signs between color and Lorentz tensors.
Indeed, the FeynRulesSM file has

color =

[ 7£(-1,1,2)%£(3,4,-1)7,

’f(_lylss)*f(2,4:_1)’:
’f(_1s1:4)*f(2,3:_1)’ ]:

lorentz =

[ ’Metric(1,4)*Metric(2,3) - Metric(1,3)*Metric(2,4)’,

’Metric(1,4)*Metric(2,3) - Metric(1,2)*Metric(3,4)’,
’Metric(1,3)*Metric(2,4) - Metric(1,2)*Metric(3,4)’ ],

couplings =
ie.

£(-1,1,2)%£(3,4,-1) *
+ £(-1,1,3)*£(2,4,-1) *
+ £(-1,1,4)*£(2,3,-1) *

£(-1,1,2)*%£(3,4,-1) *
+ £(-1,1,3)*f(4,2,-1) *
+ £(-1,1,4)%£(2,3,-1) *

(Metric(1,4)*Metric(2,3)
(Metric(1,4)*Metric(2,3)
(Metric(1,3)*Metric(2,4)

(Metric(1,4)*Metric(2,3)

(Metric(1,2)*Metric(3,4)
(Metric(1,3)*Metric(2,4)
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let translate_colory ¢ =
match Array.map translate_color4 _1 ¢ with
|| C5-1(q)[] — C3¢q
| [| FF-1 (¢, al, b1, cl, d1);
FF_1 (g2, a2, b2, c2, d2);
FF_1 (g3, a3, b3, ¢3, d3)|] —
if Q.abs q1 = Q.abs ¢2 N Q.abs ¢2 = @Q.abs q3 then
if al = a2 N a2 = a3 then
let bed? = [b1; cl; di]
and bed2 = [b2; ¢2; d2]
and bed3 = [b3; ¢3; d3]in

let eps1 = Combinatorics.sign bed1 in
let eps2, bcd2 =
let eps = Combinatorics.sign bed2 in

if eps = epsl then
(Q.make eps 1, bed?2)
else
(Q.make eps 1, [b2; d2; c2])
and eps8, bed3 =
let eps = Combinatorics.sign bed3 in
if eps = epsl then
(Q.make eps 1, bed3)
else
(Q.make eps 1, [b3; d3; ¢3]) in
if bed2 = [c1; dI; b1] then
if bed3 = [d1; bl; cl] then
FF123 (q1, Q.mul eps2 q2, Q.mul eps3 ¢3, al, b1, c1, dI)
else
invalid_arg "translate_color4: mismatched indices b, c, d"
else if bed2 = [d1; bl; cl] then
if bed3 = [c1; d1; b1] then
FF132 (q1, Q.mul eps2 q2, Q.mul eps3 ¢3, al, b1, cl, d1)
else
invalid_arg "translate_color4: mismatched indices b, c, d"
else
invalid_arg "translate_color4: mismatched,indices b, c, d"
else
invalid_arg "translate_color4: mismatched indices a"
else
tnvalid_arg "translate_color4: mismatched couplings"
| ¢ —
inwvalid_arg
(Printf .sprintf
"translate_coloréd: #color structures: %d" (Array.length c))

The Lorentz part of the thre gauge boson vertex is
9#1#2 (k}l,,g - k}%g) + g/-l'2/*"3 (kil - kil) + g#iillfl (k?LQ - kill,g) (14’]‘)

let normalize_lorentz_gauge_-3 | =
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List.sort
(fun (kal, lal, mul, i1, q1) (ka2, la2, mu2, i2, ¢2) —
ThoList.lexicographic [kal; lal; mul; il] [ka2; la2; mu2; i2])
(List.map
(fun (ka, la, mu, i, q¢) —
if ka > la then
(la, ka, mu, i, q)
else
(ka, la, mu, i, q))
1)

let triplet p = (p.(0), p.(1), p.(2))
let translate_lorentz_gauge_3 t p g kalamuiq =
match normalize_lorentz _gauge_3 kalamuiq with
| [ (kal, lal, mul, il, q1);
(ka2, la2, mu2, i2, ¢2);
(ka3, la3, mu3, i3, ¢3);
(kaj, laf, muf, if, of);
(kad, lab, mud, i5, ¢5);
(ka6, la6, mub, i6, ¢6)] —
if ThoList.homogeneous | kal; ka2; ka3; ka4; mud; mu6; il; i3 |
A ThoList.homogeneous [ lal; la2; mu8; mud; kad; ka6; i2; i5 ]
A ThoList.homogeneous | mul; mu2; la3; lad; lab; la6; if; i6 ]
A ThoList.homogeneous [ q1; Q.neg q2; Q.neg q¢3; q¢4; ¢5; Q.neg ¢ |
then begin
(triplet p, Coupling. Gauge_Gauge_Gauge (Q.to_integer q1), g)
end else
invalid_arg "translate_lorentz_gauge_3"
| - — invalid_arg "translate_lorentz_gauge_3: expected 6 terms"

let translate_coupling3_1 model p t gc g =

let module L = UFOz.Lorentz_Atom in
match ¢ with
1, o] —

(triplet p, Coupling.Scalar_Scalar_Scalar (Q.to_integer (Q.mul gt qc)), g)
| [(LProjP(i, ), at] —

((p.(pred i), p.(pred (third i j)), p.(pred j)),

Coupling. FBF (coeff qt qc,
Coupling. Psibar, Coupling.SR, Coupling.Psi),

9)
| [ [L-ProjM(i,j)], qt] —
((p-(pred i), p.(pred (third i j)), p.(pred j)),
Coupling. FBF (coeff qt qc,
Coupling.Psibar, Coupling.SL, Coupling.Psti),
9)
| [ ([L-ProjM (i, 7)), qm); ([L.ProjP(i',5')], qp)l as t —
if ¢ = ¢ A j = j then begin
if Q.is_null (Q.add gm gp) then
((p-(pred 1), p.(pred (third i ), p.(pred ),
Coupling. FBF (coeff qp qc,
Coupling. Psibar, Coupling.P, Coupling.Pst),

362



Implementation of UFO

9)
else if Q.is_null (Q.sub qp gp) then
((p-(pred i), p.(pred (third i j)), p.(pred j)),
Coupling. FBF (coeff qp qc,
Coupling. Psibar, Coupling.S, Coupling.Psi),
9)
else begin
prerr_endline
("unhandled, colorless 3-vertex:," ~ UFOz.Lorentz.to_string t);
(triplet p, dummy_tensor3, g)
end
end else
tnvalid_arg "translate_coupling3_1: mismatched indices"
| [ [L.Gamma(mu,i,j)], qt] —
((p-(pred i), p.(pred mu), p.(pred j)),
Coupling. FBF (coeff qt qc,
Coupling. Psibar, Coupling.V, Coupling.Psi),
9)
| [ [L.Gamma(mu,i,—1); L.ProjP(—1,j)], ¢t] —
((p-(pred i), p.(pred mu), p.(pred j)),
Coupling. FBF (coeff qt qc,
Coupling. Psibar, Coupling. VR, Coupling.Psi),
9)
| [ [L.Gamma(mu,i,—1); L.ProjM(-1,7)], qt] —
((p-(pred i), p.(pred mu), p.(pred j)),
Coupling. FBF (coeff qt qc,
Coupling. Psibar, Coupling.VL, Coupling.Psi),
9)
| [ [L-Metric(i,j)], qt] —
((p.(pred (third i j)), p.(pred i), p.(pred j)),
Coupling.Scalar_ Vector - Vector (coeff qt qc),
9)
| [([L.P(mu,1i)], q1); ([L.P(mu',5")], ¢2) ] ast —
prerr_endline
("unhandled,colorless 3-vertex: " = UFOz.Lorentz.to_string t);
(triplet p, dummy_tensor3, g)

| [ ([L-Metric(kal,lal); L.P(mul,il)], q1);
([L.Metric(ka2,la2); L.P(mu2,i2)], ¢2);
([L.Metric(ka3,la3); L.P(mus,i3)], ¢3);
([L.Metric(ka4,laq); L.P(mu4,i4)], ¢4);
([L.Metric(ka5,lab); L.P(mud,i5)], ¢5);
([L.Metric(ka6,la6); L.P(mu6,i6)], ¢6)] ast —

translate_lorentz_gauge_-3 t p g
[ (kal, lal, mul, il, ql);
(ka2, la2, muQ 22 q2);
(ka3, la3, mu3, i3, ¢3);
(ka47 la47 mu’47 247 q4)7
(kad, lab, musd, i5, ¢5);
(ka6, la6, mub, i6, q6) |
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prerr_endline

("unhandled, ,3-vertex:" ~ UFOz.Lorentz.to_string t);
(triplet p, dummy_tensor3, g)
let name g =
g9.UFO_Coupling.name

Only for error paths ...

let dummy_name g =
match ¢.(0).(0) with

| Some g — ¢.UFO_Coupling.name
| None — "777"

let translate - coupling3 model p t ¢ g =
let open Coupling in
match ¢, translate_color3 c, g with
01, e (1] Some g ] ]] —
[translate_coupling3 -1 model p t gc (name g)]
L el ge - —
tnvalid_arg "translate_coupling3: jtoo many ,constants"
| [ t1; t2 |] as t, qc, [| [| Some g1; Some g2 ] |] —
begin match (translate_coupling3_1 model p t1 qc g1,
translate_coupling3_1 model p 12 qc g2) with
| ((p1, p2, p3), FBF (q, Psibar, l, Psi), g),
((p1’, p2', p3'), FBF (¢, Psibar, I, Psi), g') —
if pI = p1’ A p2 = p2 A p3 = p3’ then begin
match [, I’ with

| P, S | S, P | SL, SR | SR, SL | V, A | A V |
VL, VR | VR, VL —
[((p1, p2, p3), FBF (q, Psibar, I, Psi), name g);
((pt, p2, p3), FBF (q, Psibar, ', Psi), name g')]
| o, - —

invalid_arg "translate_coupling3: incompatible Dirac matrices"
end else

invalid_arg "translate_coupling3: incompatible flavors"
| - —
prerr_endline

( "unhandled, 3-vertex w/3_ 0r more Lorentz structures: "~
(String.concat ", "

(List.map UFOzx.Lorentz.to_string (Array.to_list t))));

[(triplet p, dummy_tensors, dummy_name g)]
end

| & qc, g —
prerr_endline

("unhandled, ,3-vertex w/multiple Lorentz structures: " "
(String.concat ", "

(List.map UFOzx.Lorentz.to_string (Array.to_list t))));
[(triplet p, dummy_tensors, dummy-name g)]

Use the fact that g,,g.x is symmetric in the interchanges p <+ v, K <+ A and
(uv) +» (kA) to normalize the index positions:
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let normalize_lorentz_4_1 (mu, nu, ka, la) =
List.flatten (List.sort ThoList.lexicographic
(List.map (List.sort compare) [[mu; nul; [ka; la]]))

let normalize_lorentz_4 contractions =
List.sort
(fun (c1, q1) (¢2, q¢2) — ThoList.lexicographic c1 c2)
(List.map (fun (¢, ¢) — (normalize_lorentz_4_1 ¢, q)) contractions)

let translate_lorentz_4 model p t =
let open Coupling in
let module L. = UFOz.Lorentz_Atom in
match ¢ with
| [ ([L.Metric(mul,nul); L.Metric(kal,lal)], q1);
([L.Metric(mu2, nu2); L.Metric(ka2,l1a2)], ¢2);
([L.Metric(mu8, nud); L.Metric(ka3,1a3)], ¢3)] —
begin match normalize_lorentz_4 [ ((mul, nul, kal, lal), q1);
((mu2, nu2, ka2, la2), ¢2);
((mu3, nu3d, ka3, lag), ¢3) | with

| [ (mul; nul; kal; lal], q1);
([mu2; nu2; ka2; la2], ¢2);
([mud; nud; kad; lal], ¢3)] —
let minus_two ¢ = @Q.mul (Q.make (—2) 1) ¢ in
if ThoList.homogeneous [mul; mu2; mus3]
A ThoList.homogeneous [nul; ka2; ka3]
A ThoList.homogeneous [kal; nu2; la3]
A ThoList.homogeneous [lal; la2; nu3] then begin
if ThoList.homogeneous [q1; minus_two q2; minus_two ¢3] then
(p, q1, Vector [(2, C_12_34); (=1, C_15_42); (-1, C_1/_23)])
else if ThoList.homogeneous [¢2; minus_two ¢3; minus_two q1] then
(p, q2, Vector [ (=1, C_12_34); (2, C_13_42); (-1, C_14_23)])
else if ThoList.homogeneous [¢3; minus_two q1; minus_two 2] then
(p, 43, Vectory [ (—1, C_12_34); (=1, C_13-42); (2, C-14_23)])
else begin
prerr_endline
("unexpected 4-gauge-vertex: " ~ UFOz.Lorentz.to_string t);
(p, Q.unit, dummy_tensors)
end
end else begin
prerr_endline
("expected 4-gauge-vertex:" ~ UFOx.Lorentz.to_string t);
invalid_arg "normalize_lorentz_4: junexpected"
end
| - — failwith "translate_lorentz_4: junexpected"
end
| [ ([L.Metric(mul,nul); L.Metric(kal,lal)], ql);
([L.Metric(mu2, nu2); L.Metric(ka2,l1a2)], ¢2)] —
begin match normalize_lorentz_4 [ ((mul, nul, kal, lal), ql1);
((mu2, nu2, ka2, la2), q2) | with
| [ ([mul; nul; kal; lal], ql);
([mu2; nu2; ka2; la2], ¢2)] —
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(x [1;2;3;4] — [153;2;4] and [1;2;3;4] — [1;4;2;3] and [1;3;2;4] —
[1;4;2; 3] *)
if mul = mu2 A q2 = @Q.neg ql then begin
if [nu2; ka2; la2] = [kal; nul; lal] then
(p, q1, Vector4 [ (1, C_12_84); (-1, C_153_-42)])
else if [nu2; ka2; la2] = [lal; nul; kal] then
(p, q1, Vector [ (1, C_12_84); (-1, C_14_23)))
else if [nu2; ka2; la2] = [lal; kal; nul] then
(p, q1, Vectorf [ (1, C_18_42); (-1, C_14-23)])
else
tnvalid_arg "translate_lorentz_4: inconsistent"
end else
tnvalid_arg "translate_lorentz_4: ,inconsistent"
| - — failwith "translate_lorentz_4: junexpected"
end
| [ ([L-Metric(mu,nu)], ¢)] —
let mu = pred mu and nu = pred nu in
begin match ThoList.complement [0; 1; 2; 3] [mu; nu] with
| [ka; la] —
([lp-(ka); p.(la); p.(mu); p.(nu)|],
Q.unit, Scalar2_Vector2 1)
| - — failwith "translate_lorentz_4: impossible"
end
| - — failwith "translate_lorentz_4"

let gauge_contractionl cl c¢2 =
let open Coupling in
match c1, ¢2 with
| (C-15_42, C_14_28) — 1
| (C_14_23, C_13_42) — -1

| - — invalid_arg "gauge_contractionl: junexpected"

let gauge_contraction2 cl c2 =
let open Coupling in
match c1, ¢2 with
| (C_12_34, C_14_23) — 1
| (C-14-23, C_12_34) — -1

| - — idnvalid_arg "gauge_contraction2: mismatch"

let gauge_contractiond cl c2 =
let open Coupling in
match c1, ¢2 with
| (C-12_834, C_13_42) — 1
| (C_13_42, C_12_34) — -1
| - — idnvalid_arg "gauge_contraction3: mismatch"

let quartet p = (p.(0), p.(1), p.(2), p.(3))
color flow basis:

let gauged eps =
let open Coupling in
Vector] [(2xeps, C_13_42); (—1xeps, C_12_34); (—1xeps, C_14_23)]
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let translate_gauge_vertexj model p t ¢ g =
let open Coupling in
let ¢ =
begin match ¢g with
| [| [| Some g1; None; None |[];
[| None; Some g2; None ||;
[| None; None; Some g3 |] || —
if gI = g2 N g2 = g3 then
gl
else
tnvalid_arg "translate_gauge_vertex4: non-unital ,couplings"
| - — (% NB: g can be off-diagonal, if ¢ or ¢ are reordered! )
tnvalid_arg "translate_gauge_vertex4: off diagonal,couplings"
end in
match Array.map (translate_lorentz_4 model p) t with
| [ (p1, q1, Vector4 [ (1, contractionll); (—1, contraction12) ]);
(p2, q2, Vector4 | (1, contraction21); (=1, contraction22) ])
(p3, q3, Vector] [ (1, contraction31); (—1, contraction32)]) |]
if pI = p2 A p2 = p& then begin
match ¢ with
| FF123 (q1', ¢2', ¢3', a, b, ¢, d) —
let ¢ = Q.mul q1 q1’
and ¢2 = Q.mul g2 q2’
and ¢ = Q.mul ¢3 ¢3’ in
if Q.abs g1 = Q.abs ¢2 N Q.abs q¢2 = Q.abs ¢3 then begin
let eps] = gauge—contractionl contractionll contractionl2
and eps2 = gauge_contraction?2 contraction21 contraction22
and eps3 = gauge_contraction3 contraction31 contraction32 in
if eps] = eps2 N eps2 = epsd then
[(quartet p, gauge epsl, name g)]
else
invalid_arg "translate_gauge_vertex4: junexpected permutations"
end else
invalid_arg "translate_gauge_vertex4: different couplings"
| FF132 (q1', q2’, ¢3', a, b, ¢, d) —
let ¢ = Q.mul q1 q1’
and ¢2 = Q.mul ¢2 q2’
and ¢3 = Q.mul ¢3 ¢3’ in
if Q.abs g1 = Q.abs g2 N Q.abs ¢2 = (@Q.abs ¢3 then begin
let eps1 = gauge_contractionl contractionll contractionl?2
and eps2 = gauge_contractiond contraction21 contraction22
and eps8 = gauge_contraction2 contraction31 contraction32 in
if eps] = eps2 N eps2 = eps3 then
[(quartet p, gauge] epsl, name g)]
else
invalid _arg "translate_gauge_vertex4: unexpected permutations"
end else
invalid_arg "translate_gauge_vertex4: different couplings"
| - — idnvalid_arg "translate_gauge_vertex4: wrong color"
end else

)
—
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invalid_arg "translate_gauge_vertex4: different particles"
| - — invalid_arg "translate_gauge_vertex4: unexpected Lorentz"

let translate_coupling4 model p t ¢ g =
let open Coupling in
let module L = UFOzx.Lorentz_Atom in
match ¢, translate_color4 c, g with

LI L, gt 1l €3 ge, [ (I Some g ] 1] —
[(quartet p, Scalar (coeff gt qc), name g)]
Lt ge, [ [| Some g ][] —

begin match translate_lorentz_4 model p t with

end
LIt ge - =

invalid_arg "translate_coupling4: jitoo_ many, constants"
| t, qc, g —

translate_gauge_verter4 model p t qc g

let lorentz_of _symbol model symbol =
try
SMap.find symbol model.lorentz
with
| Not_found — invalid_arg ("lorentz_of _symbol: " "~ symbol)
let coupling_of _symbol model = function

| None — None
| Some symbol —

begin
try
Some (SMap.find symbol model.couplings)
with
| Not_found — invalid_arg ("coupling_of _symbol: " " symbol)
end
let long_flavors = ref false

module type Lookup =
sig
type f = private
{ flavors : flavor list;
flavor_of _string : string — flavor;
flavor _of _symbol : string — flavor;
particle : flavor — Particle.t;
flavor_symbol : flavor — string;
conjugate : flavor — flavor }
type flavor_format =
| Long
| Decimal
| Hezadecimal
val flavor_format : flavor_format ref
val of —model : t — f
end
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module Lookup : Lookup =
struct

type [ =
{ flavors : flavor list;
flavor_of _string : string — flavor;
flavor_of _symbol : string — flavor;
particle : flavor — Particle.t;
flavor _symbol : flavor — string;
conjugate : flavor — flavor }

type flavor_format =
| Long
| Decimal
| Hexadecimal

let flavor_format = ref Hexadecimal

let conjugate_of _particle_array particles =

Array.init

(Array.length particles)

(fun i —
let f/ = Particle.conjugate particles.(z) in
match ThoArray.match_all f' particles with
| [T = &
1] =

invalid_arg ("no_charge conjugate: " " f'.Particle.name)

| - —

invalid_arg ("multiple charge conjugates: " " f’.Particle.name))

let énvert_flavor_array a =
let table = SHash.create 37 in
Array.iteri (fun i s — SHash.add table s i) a;
(fun name —
try
SHash.find table name
with
| Not_found — invalid_arg ("not,found: " " name))

let digits base n =
let rec digits’ acc n =
if n < 1 then
acc
else
digits’ (succ acc) (n / base) in
if n < 0 then
digits’ 1 (—n)
else if n = 0 then
1
else
digits’ 0 n
let of _model model =
let particle_array = Array.of _list (values model.particles) in
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let conjugate_array = conjugate_of _particle_array particle_array
and name_array = Array.map (fun f — f.Particle.name) particle_array
and symbol_array = Array.of _list (keys model.particles) in

let flavor_symbol f =
begin match !flavor_format with
| Long — symbol_array.(f)
| Decimal —
let w = digits 10 (Array.length particle_array — 1) in
Printf.sprintf "%0*d" w f
| Hezadecimal —
let w = digits 16 (Array.length particle_array — 1) in
Printf.sprintf "%40*X" w f
end in
{ flavors = ThoList.range 0 (Array.length particle_array — 1);
flavor_of _string = invert_flavor_array name_array;
flavor_of _symbol = invert_flavor_array symbol_array;
particle = Array.get particle_array;
flavor _symbol = flavor_symbol;
conjugate = Array.get conjugate_array }

end

let translate_vertices model tables =
List.fold_left (fun (v3, v4, vn) v —

let p = Array.map tables. Lookup.flavor_of _symbol v. Vertex.particles
and g =
Array.map (Array.map (coupling_of _symbol model)) v. Vertex.couplings

and t = Array.map (lorentz_of —symbol model) v.Vertex.lorentz
and ¢ = v.Vertex.color in
let t = Array.map (fun !l — [.Lorentz.structure) t in

match Array.length p with

| 3 — (translate_coupling3 model p t ¢ g Q v3, v4, vn)

| 4 — (v3, translate_couplingj model p t ¢ g @ v4, vn)

| - — invalid_arg "UF0.Model.init:only ,3- and 4-vertices, for now!")
(11, 11, 1D (values model.vertices)

let propagator_of _lorentz = function

Coupling.Scalar — Coupling. Prop_Scalar
Coupling.Spinor — Coupling.Prop_Spinor

Coupling. ConjSpinor — Coupling.Prop_ ConjSpinor
Coupling. Majorana — Coupling. Prop - Majorana
Coupling.Maj - Ghost — invalid_arg
"UFO0.Model.propagator_of_lorentz: ,SUSY ,ghosts do not propagate"
Coupling. Vector — Coupling.Prop_Feynman

Coupling. Massive_ Vector — Coupling. Prop_ Unitarity
Coupling. Vectorspinor — invalid_arg

"UFO.Model .propagator_of_lorentz: Vectorspinor"
Coupling. Tensor_1 — invalid_arg

"UF0.Model .propagator_of_lorentz: Tensor_1"
Coupling. Tensor_2 — invalid_arg

"UF0.Model .propagator_of_lorentz: Tensor_2"
Coupling. BRS _ — invalid_arg
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"UF0.Model .propagator_of_lorentz: no BRST"

let filter _unphysical model =
let physical_particles =
Particle.filter Particle.is_physical model.particles in
let physical —vertices =
Vertex.filter
(= QQ ( Vertex.contains model.particles (- QQ Particle.is_physical)))
model.vertices in
{ model with particles = physical_particles; vertices = physical _vertices }

let classify_parameters model =
let compare_parameters pl p2 =
compare pl.Parameter.sequence p2.Parameter.sequence in
let rec classify (input, derived) = function
| [] — (List.sort compare_parameters input,
List.sort compare_parameters derived)
| p o rest —
classify (match p.Parameter.nature with
| Parameter.Internal — (input, p :: derived)
| Parameter.Ezternal — (p :: input, derived)) rest in
classify ([], []) (values model.parameters)

let translate_input p =
(p.Parameter.name, value_to_float p.Parameter.value)

let translate_derived p =

let make_atom s = s in
let ¢ = make_atom p.Parameter.name in
let v = walue_to_coupling make_atom p.Parameter.value in

match p.Parameter.ptype with
| Parameter.Real — (Coupling.Real ¢, v)
| Parameter.Complex — (Coupling.Complex ¢, v)

let translate_parameters model =

let input_parameters, derived_parameters = classify_parameters model in
{ Coupling.input = List.map translate_input input_parameters;
Coupling.derived = List.map translate_derived derived_parameters;
Coupling.derived_arrays = [] }
type state =
{ directory : string;
model : t}
let initialized = ref None

let is_initialized - from dir =
match linitialized with
| None — false

| Some state — dir = state.directory
let dump_raw = ref false
let init dir =

let model = filter —unphysical (parse_directory dir) in
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if ldump_raw then
dump model;

let tables = Lookup.of _model model in

let (vertices3, wvertices), verticesn) as vertices =
translate_vertices model tables in

let maz_degree = match vertices4 with [| — 3 | - — 4in

let particle f = tables.Lookup.particle f in

let lorentz f = UFOx.Lorentz.omega (particle f).Particle.spin in

let gauge_symbol () = "?GAUGE?" in

let constant_symbol s = s in

let parameters = translate_parameters model in
M .setup

“color : (fun f — UFOz.Color.omega (particle f).Particle.color)
“pdg : (fun f — (particle f).Particle.pdg-code)
“lorentz
“propagator : (fun f — propagator_of _lorentz (lorentz f))
“width : (fun f —  Coupling. Constant)
“goldstone : (fun f — None)
“conjugate : tables. Lookup.conjugate
“fermion : (fun f — fermion_of _lorentz (lorentz f))
“wvertices “max_degree
“flavors : [("A1l Flavors", tables.Lookup.flavors)]
“parameters : (fun () — parameters)
" flavor_of _string : tables. Lookup.flavor_of _string
“flavor _to_string : (fun f — (particle f).Particle.name)
“flavor_to_TeX : (fun f — (particle f).Particle.texname)
“flavor _symbol : tables. Lookup.flavor _symbol
~gauge _symbol
“mass_symbol : (fun f — (particle f).Particle.mass)
“width_symbol : (fun f — (particle f).Particle.width)
“constant_symbol;

initialized := Some { directory = dir; model = model }

let ufo_directory = ref Config.default_ UFO _dir

let load_UFO () =
if is_initialized _from 'ufo_directory then

0

else
init lufo_directory

let write_header dir =
Printf.printf "#_ WHIZARD_Model file derived,from UF0_ directory\n";
Printf.printf "#,00°%s’ \n\n" dir;
Printf .printf "model = \"%s\"\n\n" (Filename.basename dir)

let write_input_parameters parameters =
let open Parameter in
Printf.printf "#_Independent,,(input) Parameters\n";
List.iter
(funp —
Printf .printf "parameter s _=u%s\n" p.name (value_to_numeric p.value))
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parameters;
Printf.printf "\n"
let write_derived _parameters parameters =
let open Parameter in
Printf .printf "# Dependent,, (derived) Parameters\n";
List.iter
(funp —
Printf .printf "parameter_%s_=,%s\n" p.name (value_to_expr p.value))
parameters;
Printf.printf "\n"

let write_particles particles =
let open Particle in
Printf.printf "#_Particles\n";
Printf.printf "#_NB: Lhypercharge assignments appear to be unreliable\n";
Printf .printf "#, uuutherefore we can’t infer the_ isospin\n";
Printf.printf "# NB: jparton-, gauge- and lefthandedness are junavailable\n";
List.iter
(funp —
if = p.is_anti then begin

Printf .printf
"particle \"%s\"_%d_### _parton? gauge? left?\n"
p.name p.pdg-_code;

Printf .printf
"Luuspingsycharge %sycolor s ### isospin?\n"
(UFOz.Lorentz.rep_to_string p.spin)

(charge_to_string p.charge)
(UFOx.Color.rep_to_string p.color);

Printf .printf ", name \"%s\"\n" p.name;

Printf .printf ",oanti \"%s\"\n" p.antiname;

Printf .printf ", tex_name \"%s\"\n" p.texname;

Printf .printf ", tex_anti \"%s\"\n" p.antitexname;

Printf .printf ", mass_ %sywidth %s\n\n" p.mass p.width

end)
(values particles);
Printf.printf "\n"

let write_vertices model vertices =
Printf .printf "#,Vertices,(for phasespace generation only)\n";
Printf .printf "#_NB: uparticles;should be sorted increasing in mass.\n";
Printf.printf "#,0000Thisyis NOT implemented yet!\n";
List.iter
(funv —
let particles =
String.concat " "
(List.map
(fun s —
"\"" " (SMap.find s model.particles).Particle.name ~ "\"")
(Array.to_list v. Vertex.particles)) in
Printf .printf "%s\n" particles)
(values wvertices);
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Printf.printf "\n"

let write. WHIZARD () =

load_UFO ();

match linitialized with

| None — failwith "UFO.write_WHIZARD: can’t_happen"

| Some { directory = dir; model = model } —
let input_parameters, derived_parameters = classify_parameters model in
write_header dir;
write_input _parameters input_parameters;
write_derived -parameters derived -parameters;
write_particles model.particles;
write_vertices model model.vertices;

exit 0
let options = Options.create
[ ("UFO_dir", Arg.String (fun name — wufo_directory := name),

"UFO_model directory,(default: " " lufo_directory = ")");
("write_WHIZARD", Arg.Unit write- WHIZARD,

"write the WHIZARD model files,(required, once per model)");
("long_flavors",

Arg.Unit (fun () — Lookup.flavor_format := Lookup.Long),
"writeuuseuthquFO._,f1avor._lnames._linstead._lof._,integers");
("dump", Arg.Set dump_raw,

"dump, ,UFO_model for debugging the parser (must come,_before_ exec!) ");
("exec", Arg.Unit load_-UFO,

"load, the UFO, model files, (required ,-before_ using particles names) ");
("help", Arg.Unit (fun () — prerr_endline "..."),
"print._linformationuon._lthe._lmodel")]

end

module type Test =
sig
val example : unit — unit
val suite : OUnit.test
end
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15

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
module VM : Target. Maker

15.1.2 Potential Targets

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

module Dummy (F : Fusion.Maker) (P : Momentum.T) (M : Model. T) =
struct
type amplitudes = Fusion.Multi(F)(P)(M).amplitudes
type diagnostic = All | Arguments | Momenta | Gauge
let options = Options.empty

let amplitudes_to_channel - - = = failwith "Targets.Dummy"
let parameters_to_channel - = failwith "Targets.Dummy"
end

15.2.1 O’Mega Virtual Machine with Fortran 90/95
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Preliminaries

module VM (Fusion_Maker : Fusion.Maker) (P : Momentum.T) (M : Model.T) =
struct

open Coupling
open Format

module CM = Colorize. It(M)

module F' = Fusion_Maker(P)(M)

module CF = Fusion. Multi( Fusion_Maker)(P)(M)
module CFlow = Color.Flow

type amplitudes = CF.amplitudes

Options.
type diagnostic = All | Arguments | Momenta | Gauge

let wrapper _module = ref "ovm_wrapper"
let parameter _module_external = ref "some_external_module_with_model_info"
let bytecode_file = ref "bytecode.hbc"

let mdssum = ref None
let openmp = ref false
let kind = ref "default"
let whizard = ref false
let options = Options.create
[ "wrapper_module", Arg.String (fun s — wrapper_module = s),

"name ,0f wrapper module";
"bytecode_file", Arg.String (fun s — bytecode_file := s),
"bytecode file to be jused, in wrapper";
"parameter_module_external", Arg.String (fun s —

parameter _module_external = ),
"external parameter module ito be used in wrapper";
"md5sum", Arg.String (fun s — mdisum = Some s),

"transfer MD5 ,checksum ,in wrapper";
"whizard", Arg.Set whizard, "include WHIZARD interface in wrapper";
"openmp", Arg.Set openmp,
"activateuparallel._,computationuofuamplitudeuwithuopenMP"]

This is part of OCaml 4.01.

let (|>)fnz = z fn
let (QQ) fnz = fnx

Integers encode the opcodes (operation codes).

let ovm_ADD_MOMENTA = 1
let ovm_CALC_BRAKET = 2

let ovm_LOAD_SCALAR = 10

let ovm_LOAD_SPINOR_INC = 11

let ovm_LOAD_SPINOR_OUT = 12

let ovm_LOAD_CONJSPINOR_INC = 13
let ovm_LOAD_CONJSPINOR_OUT = 14
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let
let
let
let
let
let
let
let
let
let
let
let
let
let
let
let
let
let
let

let
let
let
let
let
let
let
let
let
let
let
let
let

ovm_LOAD_MAJORANA_INC = 15
ovm_LOAD_MAJORANA_OUT = 16
ovm_LOAD_VECTOR_INC = 17
ovm_LOAD_VECTOR_OUT = 18
ovm_LOAD_VECTORSPINOR_INC = 19
ovm_LOAD_VECTORSPINOR_OUT = 20
ovm_LOAD_TENSOR2_INC = 21
ovm_LOAD_TENSOR2_OUT = 22
ovm_LOAD_BRS_SCALAR = 30
ovm_LOAD_BRS_SPINOR_INC = 31
ovm_LOAD_BRS_SPINOR_OUT = 32
ovm_LOAD_BRS_CONJSPINOR_INC = 33
ovm_LOAD_BRS_CONJSPINOR_OUT = 34
ovm_LOAD_BRS_VECTOR_INC = 37
ovm_LOAD_BRS_VECTOR_OUT = 38
ovm_LOAD_MAJORANA_GHOST_INC = 23
ovm_LOAD_MAJORANA_GHOST_OUT = 24
ovm_LOAD_BRS_MAJORANA_INC = 35
ovm_LOAD_BRS_MAJORANA_OUT = 36

ovm_PROPAGATE_SCALAR = 51
ovm_PROPAGATE_COL_SCALAR = 52
ovm_PROPAGATE_GHOST = 53
ovm_PROPAGATE_SPINOR = 54
ovm_PROPAGATE_CONJSPINOR = 55
ovm_PROPAGATE_MAJORANA = 56
ovm_PROPAGATE_COL_MAJORANA = 57
ovm_PROPAGATE_UNITARITY = 58
ovm_PROPAGATE_COL_UNITARITY = 59
ovm_PROPAGATE_FEYNMAN = 60
ovm_PROPAGATE_COL_FEYNMAN = 61
ovm_PROPAGATE_VECTORSPINOR = 62
ovm_PROPAGATE_TENSOR2 = 63

@ ovm_PROPAGATE_NONE has to be split up to different types to work in
conjunction with color MC ...

let

let
let
let
let
let
let
let
let
let
let
let
let

ovm_PROPAGATE_NONE = 64

ovm_FUSE_V_FF = -1
ovm_FUSE_F_VF = -2
ovm_FUSE_F_FV = -3
ovm_FUSE_VA_FF = —4
ovm_FUSE_F_VAF = -5
ovm_FUSE_F_FVA = —6
ovm_FUSE_VA2_FF = -7
ovm_FUSE_F_VA2F = -8
ovm_FUSE_F_FVA2 = —9
ovm_FUSE_A_FF = —10
ovm_FUSE_F_AF = —11

ovm_FUSE_F_FA = —12
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let ovm_FUSE_VL_FF = —13
let ovm_FUSE_F_VLF = —14
let ovm_FUSE_F_FVL = —15
let ovm_FUSE_VR_FF = —16
let ovm_FUSE_F_VRF = —17
let ovm_FUSE_F_FVR = —18
let ovm_FUSE_VLR_FF = —19
let ovm_FUSE_F_VLRF = —20
let ovm_FUSE_F_FVLR = —21
let ovm_FUSE_SP_FF = —22
let ovm_FUSE_F_SPF = —23
let ovm_FUSE_F_FSP = —24
let ovm_FUSE_S_FF = —25

let ovm_FUSE_F_SF = —26

let ovom_FUSE_F_FS = —27

let ovm_FUSE_P_FF = —28

let ovm_FUSE_F_PF = —29

let oom_FUSE_F_FP = —30

let ovm_FUSE_SL_FF = —31
let ovm_FUSE_F_SLF = —32
let ovm_FUSE_F_FSL = —33
let ovm_FUSE_SR_FF = —34
let ovm_FUSE_F_SRF = —35
let ovm_FUSE_F_FSR = — 36
let ovm_FUSE_SLR_FF = —37
let ovm_FUSE_F_SLRF = —38
let ovm_FUSE_F_FSLR = -39
let ovm_FUSE_G_GG = —40
let ovm_FUSE_V_SS = —41

let ovm_FUSE_S_VV = —42

let ovm_FUSE_S_VS = —43

let ovm_FUSE_V_SV = —44
let ovm_FUSE_S_SS = —45

let ovm_FUSE_S_SVV = —46
let ovm_FUSE_V _SSV = —47
let ovm_FUSE_S_SS5S = —48
let ovm_FUSE_V_VVV = —49
let ovm_FUSE_S_G2 = —50

let ovm_FUSE_G_SG = —51
let ovm_FUSE_G_GS = —52
let ovm_FUSE_S_G2_SKEW = —53
let ovm_FUSE_G_SG_SKEW = —54
let ovm_FUSE_G_GS_SKEW = —155
let inst_length = 8

Some helper functions.

let printi “lhs : | “rhsl : r1 ?coupl : (cp

0) ?coeff : (co = 0)

?rhs2 : (r2 = 0) 7rhs3 : (r3 = 0) ?rhsq : (r4 = 0) code
printf "@\n%d_%d %d %A %A %hd kAL kA" code cp co I vl r2 r8 T4
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let nl () = printf "@\n"

let print_int_lst Ist =

let print_str_Ist Ist =

let break () = printi “lhs : 0 “rhsl : 0 0
Copied from below. Needed for header.

@ Could be fused with lorentz_ordering.

type declarations =

{ scalars : F.wf list;
spinors : F.wf list;
conjspinors : 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_congspinors : 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’
(match CM .lorentz (F.flavor wf) with

| Scalar — {acc with scalars = wf
|
|
|
|

Spinor — {acc with spinors = wf =
ConjSpinor — {acc with conjspinors =
Majorana — {acc with realspinors = wf

Maj_Ghost — {acc with ghostspinors = wf :

Vectorspinor —

{acc with vectorspinors = wf
Vector — {acc with vectors = wf
Massive_ Vector —

{acc with massive_vectors = wf ::

Implementation of Targets

nl (); Ist | > List.iter (printf "%doo")
nl (); Ist | > List.iter (printf "%s,")

acc.scalars}
acc.spinors}

wf

acc.conjspinors }
acc.realspinors}
acc.ghostspinors };

acc.vectorspinors}
acc.vectors}

acc.massive_vectors}
Tensor_1 — {acc with tensors_1 = wf :
Tensor_2 — {acc with tensors_2 = wf :
BRS Scalar — {acc with brs_scalars = wf ::
BRS Spinor — {acc with brs_spinors = wf ::
BRS ConjSpinor — {acc with brs_congspinors =

acc.tensors_1}

acc.tensors_2}

acc.brs_scalars}
acc.brs_spinors }

wf : ace.brs_congspinors}

379



Implementation of Targets

| BRS Majorana — {acc with brs_realspinors =

wf

acc.brs_realspinors }

| BRS Vectorspinor — {acc with brs_vectorspinors =

wf

acc.brs_vectorspinors}
| BRS Vector — {acc with brs_vectors =

wf i acc.brs_vectors}

| BRS Massive_Vector — {acc with brs_massive_vectors =

rest

let classify-wfs wfs =
{ scalars = [];
spinors = [];
congspinors = |[];
realspinors = [];
ghostspinors = [];
vectorspinors = ||
vectors = [];

ward _vectors = [];

massive_vectors =
tensors-1 = [];

tensors-2 = [];

brs_scalars = [|;
brs_spinors = [];
brs_conjspinors =
brs_realspinors =

wf

classify _wfs’

Y

)

(s

[1;
[1;

brs_vectorspinors = [|;

brs_vectors = [

brs_massive_vectors =

(]} wfs

Sets and maps

acc.brs_massive_vectors }
| BRS _ — invalid_arg "Targets.classify_wfs’: not_needed here")

The OVM identifies all objects via integers. Therefore, we need maps which
assign the abstract object a unique ID.
I want int lists with less elements to come first. Used in conjunction with the int
list representation of momenta, this will set the outer particles at first position
and allows the OVM to set them without further instructions.

Using the Momentum module might give better performance than integer

lists?

let rec int_lst_compare (el

match el, e2 with

|
|
|
|
| ot hd2
let ¢ = compare

t2 —
hd1l hd2 in
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if (¢ # 0 A List.length tl1 = List.length t2) then
c

else
int_lst_compare tl1 tI2

We need a canonical ordering for the different types of wfs. Copied, and slightly
modified to order wfs, from fusion.ml.

let lorentz_ordering wf =
match CM .lorentz (F.flavor wf) with

Scalar — 0

Spinor — 1

ConjSpinor — 2

Majorana — 3

Vector — 4

Massive_ Vector — 5

Tensor_2 — 6

Tensor_1 — 7

Vectorspinor — 8

BRS Scalar — 9

BRS Spinor — 10

BRS ConjSpinor — 11

BRS Majorana — 12

BRS Vector — 13

BRS Massive_Vector — 14

BRS Tensor_-2 — 15

BRS Tensor_1 — 16

BRS Vectorspinor — 17

Maj_Ghost — invalid_arg "lorentz_ordering: not implemented"
BRS _ — invalid_arg "lorentz_ordering: not needed"

let wf —compare (wfl, multl) (wf2, mult2) =

let c1 = compare (lorentz_ordering wfl) (lorentz_ordering wf2) in
if ¢ # 0 then

cl
else

let c2 = compare wfl wf2 in

if ¢c2 # 0 then

c2
else

compare multl mult2

let amp_compare ampl amp?2 =
let cflow a = CM.flow (F.incoming a) (F.outgoing a) in

let ¢ = compare (cflow ampl) (cflow amp2) in
if ¢ # 0 then

cl
else

let process_sans_color a =
(List.map CM .flavor_sans_color (F.incoming a),
List.map CM.flavor_sans_color (F.oulgoing a)) in
compare (process_sans_color ampl) (process_sans_color amp2)
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let level_compare (f1, ampl) (f2, amp2) =
let pI = F.momentum_list (F.lhs fI)
and p2 = F.momentum_list (F.lhs f2) in
let c1 = int_lst_compare pl p2 in

if ¢ # 0 then
cl
else
let c2 = compare f1 f2 in
if ¢c2 # 0 then
c2
else

amp_compare ampl amp?2

module ISet = Set.Make (struct type t = int list

let compare = int_lst_compare end)
module WESet = Set.Make (struct type t = CF.wf X int
let compare = wf_compare end)

module CSet = Set.Make (struct type t = CM.constant
let compare = compare end)

module FSet = Set.Make (struct type t = F.fusion x F.amplitude
let compare = level_compare end)

It might be preferable to use a PMap which maps mom to int, instead of this
way. More standard functions like mem could be used. Also, get_ID would

be faster, O(log N) instead of O(N), and simpler. For 8 gluons: N=127
momenta. Minor performance issue.

module IMap = Map.Make (struct type t = int let compare = compare end)

For wfs it is crucial for the performance to use a different type of Maps.

module WFMap = Map.Make (struct type t = CF.wf X int
let compare = wf_compare end)

type lookups = { pmap : int list IMap.t;
wfmap : int WFMap.t;
cmap : CM.constant IMap.t x CM.constant IMap.t;
amap : F.amplitude IMap.t;
n_wfs : int list;
amplitudes : CF.amplitudes;
dict : F.amplitude — F.wf — int }

let largest_key imap =
if (IMap.is_empty imap) then
failwith "largest_key: Map,is empty!"
else
fst (IMap.max_binding imap)

OCaml’s compare from pervasives cannot compare functional types, e.g. for type
amplitude, if no specific equality function is given ("equal: functional value”).
Therefore, we allow to specify the ordering.
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let get_ID’' comp map elt : int =
let smallmap = IMap.filter (fun _ z — (comp z elt) = 0) map in
if IMap.is_empty smallmap then
raise Not_found
else
fst (IMap.min_binding smallmap)

Trying to curry map here leads to type errors of the polymorphic function
get_ID?

let get_ID map = match map with
| map — get_ID’' compare map

let get_const_ID map x = match map with
| (mapl, map2) — try get_ID' compare mapl x with
_ — try get_ID’' compare map2 x with
_ — failwith "Impossible"

Creating an integer map of a list with an optional argument that indicates where
the map should start counting.

let map_of _list ?start : (st =1) Ist =
let g (ind, map) wf = (succ ind, IMap.add ind wf map) in
Ist | > List.fold_left g (st, IMap.empty) | > snd

let wf —map_of _list ?start : (st = 1) lst =
let g (ind, map) wf = (succ ind, WFMap.add wf ind map) in
Ist | > List.fold_left g (st, WFMap.empty) | > snd

Header

It would be nice to safe the creation date as comment. However, the Unix
module doesn’t seem to be loaded on default.

let version =
String.concat " " [Config.version; Config.status; Config.date]
let model_name =

let basename = Filename.basename Sys.executable_name in
try

Filename.chop_extension basename
with

| - — basename

let print_description cmdline =
printf "Model_%s\n" model_name;
printf "OVM_,%s\n" version;

printf "@\nBytecode file generated automatically, by, 0’Mega for O0VM";

printf "@\nDo not delete any lines. You called, ,0’Mega with";
printf "@\ny,_%s" cmdline;
printf "@\n"

let num_classified_wfs wfs =
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let wfs’ = classify_wfs wfs in
List.map List.length
[ wfs’.scalars @ wfs'.brs_scalars;
wfs’.spinors Q wfs’.brs_spinors;
wfs’.conjspinors Q wfs’.brs_conjspinors;
wfs’.realspinors Q wfs’.brs_realspinors Q wfs’.ghostspinors;
wfs’ .vectors @ wfs’.massive_vectors @ wfs’.brs_vectors
Q@ wfs’.brs_massive_vectors Q wfs'.ward _vectors;
wfs’.tensors_2;
wfs’.tensors_1;
wfs’ .vectorspinors |

let description_classified —wfs =

[ "N_scalars";
"N_spinors";
"N_conjspinors";
"N_bispinors";
"N_vectors";
"N_tensors_2";
"N_tensors_1";
"N_vectorspinors" |

let num_particles_in amp =
match CF.flavors amp with
| ] =0
| (fin, =) = - — List.length fin

let num_particles_out amp =
match CF.flavors amp with
| ] =0
| (=, fout) :: - — List.length fout

let num_particles amp =
match CF.flavors amp with

| [l =0
| (fin, fout) :: - — List.length fin + List.length fout
let num-_color_indices_default = 2 (* Standard model and non-color-

exotica *)

let num_color_indices amp =
try CFlow.rank (List.hd (CF.color_flows amp)) with
- — num—color_indices_default

let num_color_factors amp =
let table = CF.color_factors amp in
let n_cflow = Array.length table
and n_cfactors = ref 0 in
for c1 = 0 to pred n_cflow do
for ¢2 = 0 to pred n_cflow do
if c1 < ¢2 then begin
match table.(c1).(c2) with

[ =0

| - — dncr n_cfactors
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end
done
done;
In_cfactors

let num_helicities amp = amp | > CF.helicities | > List.length

let num_flavors amp = amp | > CF.flavors | > List.length

let num_ks amp = amp | > CF.processes | > List.length

let num—color_flows amp = amp | > CF.color_flows | > List.length
Use fst since WFSet.t = F.wf X int.

let num_wfs wfset = wfset | > WFEFSet.elements | > List.map fst
—> num-classified - wfs

largest _key gives the number of momenta if applied to pmap.

let num_Ist lookups wfset =
[ largest_key lookups.pmap;

num _particles lookups.amplitudes;
num._particles_in lookups.amplitudes;
num ._particles_out lookups.amplitudes;
num_ks lookups.amplitudes;
num_helicities lookups.amplitudes;
num _color _flows lookups.amplitudes;
num . color_indices lookups.amplitudes;
num_flavors lookups.amplitudes;
num _color _factors lookups.amplitudes | @ num_wfs wfset

let description_lst =
[ "N_momenta";

"N_particles";
"N_prt_in";
"N_prt_out";
"N_amplitudes";
"N_helicities";
"N_col_flows";
"N_col_indices";
"N_flavors";
"N_col_factors" | @ description_classified _wfs

let print_header’ numbers =
let chopped_num_lst = TholList.chopn inst_length numbers
and chopped_desc_lst = ThoList.chopn inst_length description_lst
and printer a b = print_str_Ist a; print_int_Ilst b in
List.iter2 printer chopped_desc_lst chopped _num_lst

let print_header lookups wfset = print_header’ (num_lst lookups wfset)

let print_zero_header () =
let rec zero_list’ j =
if 7 < 1then []
else 0 :: zero_list’ (j — 1) in
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let zero_list i = zero_list’ (i + 1) in
description_lst | > List.length | > zero_list | > print_header’

Tables

let print_spin_table’ tuples =
match tuples with
[ 1= 0
| = — tuples | > List.iter ( fun (tuplel, tuple2) —
tuplel Q tuple2 | > List.map (Printf.sprintf "%d,")
—> String.concat "" —> printf "@\n%s" )

let print_spin_table amplitudes =
printf "@\nSpin states table";
print_spin_table’ QQ CF .helicities amplitudes

let print_flavor_table tuples =
match tuples with
[l =0
| - — List.iter ( fun tuple — tuple
—> List.map (fun f — Printf.sprintf "%d," QQ M .pdg f)
—> String.concat "" —> printf "@\n¥%s"
) tuples

let print_flavor _tables amplitudes =
printf "@\nFlavor states table";
print_flavor _table QQ List.map (fun (fin, fout) — fin Q fout)
@@ CF .flavors amplitudes

let print_color_flows_table’ tuple =
match CFlow.to_lists tuple with
[ [ =0
| ¢fs — printf "@\n%s" QQ String.concat "" QQ List.map
(fun ¢f — ¢f | > List.map (Printf.sprintf "%d,")
—> String.concat ""

) cfs
let print_color_flows_table tuples =
match tuples with

|1 =0

| - — List.iter print_color_flows_table’ tuples

let print_ghost_flags_table tuples =
match tuples with
[ =0
| - —
List.iter (fun tuple —
match CFlow.ghost_flags tuple with
1= 0
| gfs — printf "@\n"; List.iter (fun gf — printf "%s,"
(if gf then "1" else "O") ) gfs
) tuples
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let format_power
{ CFlow.num = num; CFlow.den = den; CFlow.power = pwr } =
match num, den, pwr with
| -, 0, - — invalid_arg "targets.format_power: zero denominator"
| n, d, p — [n; d; p]

let format_powers = function
| {1 — [0]
| powers — List.flatten (List.map format_power powers)

Straightforward iteration gives a great speedup compared to the fancier ap-
proach which only collects nonzero colorfactors.

let print_color_factor_table table =
let n_cflow = Array.length table in
if n_cflow > 0 then begin
for c1 = 0 to pred n_cflow do
for ¢c2 = 0 to pred n_cflow do
if c1 < c¢2 then begin
match table.(c1).(c2) with
I =0
| ¢f — printf "@\n"; List.iter (printf "%9d")
([succ cl1; suce ¢2] Q (format_powers cf));
end
done
done
end

let option_to_binary = function
| Some - — "1"
| None — "O"

let print_flavor_color_table n_flv n_cflow table =
if n_flv > 0 then begin
for ¢ = 0 to pred n_cflow do
printf "@\n";
for f = 0 to pred n_flv do
printf "hsy" (option_to_binary table.(f).(c))
done;
done;
end

let print_color_tables amplitudes =
let cflows = CF.color_flows amplitudes
and cfactors = CF.color_factors amplitudes in
printf "@\nColor flows table: [, (i,uj)uk, ,D)y->ulm, n)y...1"%
print_color_flows_table cflows;
printf "@\nColor ghost flags table:";
print_ghost_flags _table cflows;
printf "@\nColor factors,table:[,i, j: num den power], j%s"
"i,,juare,indexed color flows";
print_color_factor_table cfactors;
printf "@\nFlavor color combination_ is_allowed:";
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print_flavor _color_table (num_flavors amplitudes) (List.length
(CF .color_flows amplitudes)) (CF .process_table amplitudes)

Momenta

Add the momenta of a WFSet to a Iset. For now, we are throwing away the in-
formation to which amplitude the momentum belongs. This could be optimized
for random color flow computations.

let momenta_set wfset =
let get_mom wf = wf | > fst | > F.momentum_list in
let momenta = List.map get_mom (WFSet.clements wfset) in
momenta | > List.fold_left (fun set t — set | > ISet.add ) ISet.empty

let chop_in_3 Ist =
let ceil_div i 5 = if (¢ mod j = 0) then i/j else i/j + 1in
ThoList.chopn (ceil_div (List.length Ist) 3) Ist

Assign momenta via instruction code. External momenta [-] are already set by
the OVM. To avoid unnecessary look-ups of IDs we seperate two cases. If we
have more, we split up in two or three parts.

let add_mom p pmap =
let print_mom lhs rhsl rths2 rhs3 = if (rhsl £ 0) then
printi ~lhs : lhs “rhsl : rhsl “rhs2 : rhs2 “rhs3 : rths3 ovm_ADD_MOMENTA in
let get_p_ID = get_ID pmap in
match p with
[ 1] [-] = print-mom 0000
| [rhsl;rhs2] — print-mom (get_p_ID [rhsl;rhs2]) rhsl rhs2 0
| [rhsl;rhs2;mhs3] — print_-mom (get_p_ID [rhsl;rhs2;rhs3]) rhsl rhs2 rhs3
| more —
let ids = List.map get_p_ID (chop_in_3 more) in
if (List.length ids = 3) then
print-mom (get_p_ID more) (List.nth ids 0) (List.nth ids 1)
(List.nth ids 2)
else
print_mom (get_p_-ID more) (List.nth ids 0) (List.nth ids 1) 0

Hand through the current level and print level seperators if necessary.

let add_all-mom lookups pset =
let add_all’ level p =
let level’ = List.length p in
if (level’ > level A level’ > 3) then break ();
add_mom p lookups.pmap; level’
in
ignore (pset | > ISet.elements | > List.fold_left add_all’ 1)
Expand a set of momenta to contain all needed momenta for the computation in
the OVM. For this, we create a list of sets which contains the chopped momenta
and unify them afterwards. If the set has become larger, we expand again.

let rec expand_pset p =
let momlst = ISet.elements p in
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let pset_of Ist = List.fold_left (fun s x — ISet.add x s) ISet.empty
Ist in

let sets = List.map (fun © — pset_of (chop_in_8 ) ) momlst in

let bigset = List.fold_left ISet.union ISet.empty sets in

let biggerset ISet.union bigset p in

if (List.length momlst < List.length (ISet.elements biggerset) ) then
expand_pset biggerset

else
biggerset

let mom_ID pmap wf = get_ID pmap (F.momentum_list wf)

Wavefunctions and externals

mult_wf is needed because the wf with same combination of flavor and momen-
tum can have different dependencies and content.

let mult_wf dict amplitude wf =
try
wf, dict amplitude wf
with
| Not_found — wf, 0

Build the union of all wfs of all amplitudes and a map of the amplitudes.

let wfset_amps amplitudes =
let amap = amplitudes | > CF .processes | > List.sort amp_compare
—> map-of _list

and dict = CF.dictionary amplitudes in

let wfset_amp amp =
let f = mult_wf dict amp in
let Ist = List.map f ((F.externals amp) @Q (F.variables amp)) in
Ist | > List.fold_left (fun s * — WFSet.add x s) WFSet.empty in

let list_of _sets = amplitudes | > CF .processes | > List.map wfset_amp in
List.fold_left WFSet.union WFSet.empty list_of _sets, amap

To obtain the Fortran index, we substract the number of precedent wave func-
tions.

let lorentz _ordering_reduced wf =
match CM .lorentz (F.flavor wf) with
| Scalar | BRS Scalar — 0
| Spinor | BRS Spinor — 1
| CongSpinor | BRS ConjSpinor — 2
| Majorana | BRS Majorana — 3
| Vector | BRS Vector | Massive-Vector | BRS Massive- Vector — 4
| Tensor_2 | BRS Tensor_2 — 5
| Tensor_1 | BRS Tensor_-1 — 6
| Vectorspinor | BRS Vectorspinor — 7
| Maj_Ghost — invalid_arg "lorentz_ordering: not_implemented"
| BRS - — invalid_arg "lorentz_ordering: not needed"

let wf _index wfmap num_lst (wf, i) =
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let wf_ID = WFMap.find (wf, i) wfmap
and sum Ist = List.fold_left (funz y — z+y) 0 lstin
wf_ID — sum (ThoList.hdn (lorentz_ordering_reduced wf) num_Ist)

let print_ext lookups amp_ID inc (wf, i) =
let mom = (F.momentum_list wf) in
let outer_index = if List.length mom = 1 then List.hd mom else
failwith "targets.print_ext: called with non-external particle"
and f = F.flavor wf in
let pdg = CM.pdg f
and wf _code =
match CM .lorentz f with
| Scalar — ovm_LOAD_SCALAR
| BRS Scalar — ovm_LOAD_BRS_SCALAR
| Spinor —
if inc then ovm_LOAD_SPINOR_INC
else ovm_LOAD_SPINOR_OUT
| BRS Spinor —
if inc then ovm_LOAD_BRS_SPINOR_INC
else ovm_LOAD_BRS_SPINOR_OUT
| ConjSpinor —
if inc then ovm_LOAD_CONJSPINOR_INC
else ovm_LOAD_CONJSPINOR_OUT
| BRS ConjSpinor —
if inc then ovm_LOAD_BRS_CONJSPINOR_INC
else ovm_LOAD_BRS_CONJSPINOR_OUT
| Vector | Massive_ Vector —
if inc then ovm_LOAD_VECTOR_INC
else ovm_LOAD_VECTOR_OUT
| BRS Vector | BRS Massive_Vector —
if inc then oum_LOAD_BRS_VECTOR_-INC
else ovm_LOAD_BRS_VECTOR_OUT
| Tensor_-2 —
if inc then ovom_LOAD_TENSOR2_INC
else ovm_LOAD_TENSOR2_OUT
| Vectorspinor | BRS Vectorspinor —
if inc then ovm_LOAD_VECTORSPINOR_INC
else ovm_LOAD_VECTORSPINOR_OUT
| Majorana —
if inc then ovm_LOAD_MAJORANA_INC
else ovm_LOAD_MAJORANA_OUT
| BRS Majorana —
if inc then ovm_LOAD_BRS_MAJORANA_INC
else ovm_LOAD_BRS_MAJORANA_OUT
| Maj_Ghost —
if inc then ovm_LOAD_MAJORANA_GHOST_INC
else ovm_LOAD_MAJORANA_GHOST_-OUT
| Tensor_-1 —
invalid_arg "targets.print_ext: Tensor_1 only internal"
| BRS - —
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failwith "targets.print_ext: Not_ implemented"
and wf_ind = wf_index lookups.wfmap lookups.n_wfs (wf, i)
in
printi wf —code ~lhs : wf —ind ~coupl : (abs(pdg)) “rhsl : outer_index ~rhsj :
amp_1D

let print_ext_amp lookups amplitude =

let incoming = (List.map (fun - — true) (F.incoming amplitude) Q
List.map (fun = — false) (F.outgoing amplitude))
and amp_ID = get_ID' amp_compare lookups.amap amplitude in

let wf _tpl wf = mult_wf lookups.dict amplitude wf in
let print_ext_wf inc wf = wf | > wf_tpl| > print_ext lookups amp_ID inc in
List.iter2 print_ext_wf incoming (F.externals amplitude)

let print_externals lookups 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) —
let amp_ID = get_ID’ amp_compare lookups.amap amplitude in
let wf_tpl = mult_wf lookups.dict amplitude wf in
if = (WFSet.mem wf_tpl seen) then begin
wf_tpl | > print_ext lookups amp_ID incoming
end;
WFESet.add wf _tpl seen) seen_wfs externals

print_externals and print_ext_amp do in principle the same thing but print_ezternals
filters out dublicate external wave functions. Even with print_externals the
same (numerically) external wave function will be loaded if it belongs to a differ-

ent color flow, just as in the native Fortran code. For color MC, print_ext_amp

has to be used (redundant instructions but only one flow is computed) and the
filtering of duplicate fusions has to be disabled.

let print_ext_amps lookups =
let print_external_amp s t = print_externals lookups s x in
ignore (
List.fold_left print_external_amp WFESet.empty
(CF .processes lookups.amplitudes)

)

Currents

*)

Parallelization issues: All fusions have to be completed before the propagation
takes place. Preferably each fusion and propagation is done by one thread.
Solution: All fusions are subinstructions, i.e. if they are read by the main loop
they are skipped. If a propagation occurs, all fusions have to be computed first.
The additional control bit is the sign of the first int of an instruction.
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let print _fermion_current code_a code_b code_c coeff lhs ¢ wfl wf2 fusion =
let printc code r1 r2 = printi code ~lhs : lhs ~coupl : ¢ ~coeff : coeff
“rhsl :r1 "rhs2 :r2 in
match fusion with

| F13 — printc code_a wfl wf2
| F81 — printc code_a wf2 wfl
| F28 — printc code_b wfl wf2
| F32 — printc code_b wf2 wfl
| F12 — printc code_c wfl wf2
| F21 — printc code_c wf2 wfl
let ferm_print_current = function

| coeff, Psibar, V, Psi — print_fermion_current
ovm_FUSE_V _FF ovm_FUSE_F_VF ovm_FUSE_F_FV coeff
| coeff, Psibar, VA, Psi — print_fermion_current
ovm_FUSE_VA_FF ovm_FUSE_F_VAF ovm_FUSE_F _FVA coeff
| coeff, Psibar, VA2, Psi — print_fermion_current
ovm_FUSE_VA2_FF ovm_FUSE_F_VA2F ovm_FUSE_F_FVA2 coeff
| coeff, Psibar, A, Psi — print_fermion_current
ovm_FUSE_A_FF ovm_FUSE_F_AF ovm_FUSE_F_FA coeff
| coeff, Psibar, VL, Psi — print_fermion_current
ovm_FUSE_VL_FF ovm_FUSE_F_VLF ovm_FUSE_F _FVL coeff
| coeff, Psibar, VR, Psi — print_fermion_current
ovm_FUSE_VR_FF ovm_FUSE_F_VRF ovm_FUSE_F_FVR coeff
| coeff, Psibar, VLR, Psi — print_fermion_current
ovm_FUSE_VLR_FF ovm_FUSE_F_VLRF ovm_FUSE_F_FVLR coeff
| coeff, Psibar, SP, Psi — print_fermion_current
ovm_FUSE_SP_FF ovm_FUSE_F _SPF ovm_FUSE_F _FSP coeff
| coeff, Psibar, S, Psi — print_fermion_current
ovm_FUSE_S_FF ovm_FUSE_F_SF ovm_FUSE_F_FS coeff
| coeff, Psibar, P, Psi — print_fermion_current
ovm_FUSE_P_FF ovm_FUSE_F_PF ovm_FUSE_F_FP coeff
| coeff, Psibar, SL, Psi — print_fermion_current
ovm_FUSE_SL_FF ovm_FUSE_F_SLF ovm_FUSE_F _FSL coeff
| coeff, Psibar, SR, Psi — print_fermion_current
ovm_FUSE_SR_FF ovm_FUSE_F_SRF ovm_FUSE_F _FSR coeff
| coeff, Psibar, SLR, Psi — print_fermion_current
ovm_FUSE_SLR_FF ovm_FUSE_F_SLRF ovm_FUSE_F_FSLR coeff
| _, Psibar, _, Psi — invalid_arg
"Targets.Fortran.VM: no superpotential here"
| -, Chibar, -, - | -, -, -, Chi — invalid_arg
"Targets.Fortran.VM: Majorana spinors not handled"
| -, Gravbar, _, - | _, -, -, Grav — invalid_arg
"Targets.Fortran.VM: Gravitinos not handled"
let children2 rhs =
match F'.children rhs with
| [wfts w2 — (wft, wf?2)
| - — failwith "Targets.children2: can’t_ happen"

let childrend rhs =
match F'.children rhs with
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| [wft; wf2; wfs] — (wfl, wf2, wf3)
| - — invalid_arg "Targets.children3: can’t_ happen"

let print_vector4 c lhs wfl wf2 wf3 fusion (coeff, contraction) =
let printc r1 r2 r8 = printi ovm_FUSE_V _VVV “lhs : lhs ~“coupl : c
“coeff : coeff “rhsl : 1l “rhs2 : 12 “rhs3 : 13 in
match contraction, fusion with
| C_12_34, (F341 | F431 | F842 | F432 | F1253 | 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) —
printc wfl wf2 wfs
| C_12_34, (F134 | F143 | F2534 | F243 | F312 | F321 | F412 | F421)
| C_15_42, (F124 | F142 | F324 | F342 | F213 | F231 | F413 | F431)
| C-14-23, (F123 | F132 | F423 | F432 | F214 | F241 | F314 |
F341) —
printc wf2 wf3 wfl
| C_12_384, (F31 | F413 | F824 | F423 | F182 | F231 | F142 | F241)
| C_15_42, (F214 | F412 | F258 | F432 | F123 | F321 | F143 | F341)
| C-14-23, (F213 | F312 | F248 | F342 | F124 | F421 | F134 |
F431) —
printc wfl wfd wf2

let print_current lookups lhs amplitude rhs =

let f = mult_wf lookups.dict amplitude in

match F.coupling rhs with

| V3 (vertex, fusion, constant) —
let chl, ch2 = children2 rhs in
let wfl = wf_index lookups.wfmap lookups.n_wfs (f chl)
and wf2 = wf_index lookups.wfmap lookups.n_wfs (f ch?2)
and p1 = mom_ID lookups.pmap chl
and p2 = mom_ID lookups.pmap ch2
and const_ID = get_const_ID lookups.cmap constant in
let ¢ = if (F.sign rhs) < 0 then - const_ID else const_ID in
begin match verter with
| FBF (coeff, fb, b, f) —

begin match coeff, fb, b, f with

| _, Psibar, VLRM, Psi | -, Psibar, SPM, Psi
| _, Psibar, TVA, Psi | _, Psibar, TVAM, Psi
| _, Psibar, TLR, Psi | -, Psibar, TLRM, Psi
| _, Psibar, TRL, Psi | _, Psibar, TRLM, Psi — failwith
"print_current: ,V3: Momentum dependent fermion ,couplings not implemented"
| -, - -, - —
ferm_print_current (coeff, fb, b, f) lhs ¢ wfl wf2 fusion
end
| PBP (-, -, -, ) —
failwith "print_current: ,V3: PBP not_ implemented"
| BBB (-, -, -, =) —
failwith “"print_current: V3: BBB_not implemented"
| GBG (-, -, -, ) >

failwith "print_current: ,V3: ,GBG not implemented"
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r3

| Gauge_Gauge_Gauge coeff —
let printc r1 2 r8 v4 = printi ovm_FUSE_G_GG
“lhs : lhs “coupl : ¢ ~coeff : coeff “rhsl : 11 “rhs2 :r2 “rhs3 :

“rhs4 : T4 in
begin match fusion with
| (F23 | F81|F12) — printc wfl pl wf2 p2
| (F32 | F138 | F21) — printc wf2 p2 wfl pl
end

| Auz_Gauge_Gauge - —
failwith "print_current: V3: not,implemented"

| Scalar_ Vector_ Vector coeff —
let printc code r1 r2 = printi code
“lhs : lhs “coupl : ¢ “coeff : coeff “rhsl : 1l “rhs2 : 712 in
begin match fusion with
| (F23 | F32) — printc oom_FUSE_S_VV wfl wf2
| (F12| F18) — printc ovm_FUSE_V_SV wfl wf2
| (F21 | F81) — printc ovm_FUSE_V _SV wf2 wfl
end

| Scalar_Scalar_Scalar coeff —
printi ovm_FUSE_S_SS ~lhs : lhs ~coupl : ¢ ~coeff : coeff "rhsi :

wfl “rhs2 : wf2

| Vector_Scalar_Scalar coeff —
let printc code ?flip : (f = 1) r1 r2 r3 rf = printi code
“lhs : lhs “coupl : (¢ X f) Tcoeff : coeff “rhsl : rl “rhs2 :

r2 “rhs3 : r3

“rhs4 : 14 in
begin match fusion with
| F23 — printc ovm_FUSE_V _SS wfl p1 wf2 p2
| F32 — printc ovm_FUSE_V_SS wf2 p2 wfl pl
| F12 — printc ovom_FUSE_S_VS wfl pl wf2 p2
| F21 — printc oom_FUSE_S_VS wf2 p2 wfl pl
| F13 — printc oom_FUSE_S_VS wfl p1 wf2 p2 ~flip : (—1)
| F81 — printc ovm_FUSE_S_VS wf2 p2 wfl p1 ~flip : (—1)
end

| Aux_Vector_Vector - —
failwith "print_current: V3: not implemented"

| Auz_Scalar_Scalar - —
failwith "print_current: V3: not_ implemented"

| Auzx_Scalar_Vector - —
failwith "print_current: V3: not implemented"

| Graviton_Scalar_Scalar - —
failwith "print_current: V3: not_implemented"

| Graviton_Vector_Vector - —
failwith "print_current: V3: not_ implemented"

394



Implementation of Targets

| Graviton_Spinor_Spinor - —
atlwith "print_current: V3: not_implemented"
p p

| Dim4 - Vector_Vector_Vector.T - —
fatlwith "print_current: V3: not implemented"

| Dim4 - Vector_Vector_ Vector_L - —
failwith "print_current: V3: not_ implemented"

| Dim6_Gauge_Gauge_Gauge - —
fatlwith "print_current: V3: not implemented"

| Dim4 - Vector_Vector_Vector.T5 - —
failwith "print_current: V3: not_ implemented"

| Dim4 _Vector_Vector_Vector _.L5 _ —
fatlwith "print_current: V3: not implemented"

| Dim6_Gauge_Gauge_Gauge_5 - —
failwith "print_current: V3: not_implemented"

| Auz_DScalar_DScalar - —
fatlwith "print_current: V3: not implemented"

| Auzx_Vector_DScalar - —
failwith "print_current: V3: not_ implemented"

| Dim5_Scalar_Gauge2 coeff —
let printc code r1 r2 r8 r4 = printi code
“lhs : lhs “coupl : ¢ ~coeff : coeff “rhsl : r1 “rhs2 :r2 "rhs3 :

rs
“rhs4 : T4 in
begin match fusion with
| (F23| F32) — printc ovm_FUSE_S_G2 wfl p1 wf2 p2
| (F12| F18) — printc ovm_FUSE_G_SG wfl pl wf2 p2
| (F21]F31) — printc ovom_FUSE_G_GS wf2 p2 wfl pl
end
| Dim5_Scalar_Gauge2_Skew coeff —
let printc code ?flip : (f = 1) r1 r2 r3 rf = printi code
“lhs : lhs “coupl : (¢ X f) Tcoeff : coeff “rhsl : rl “rhs2 :
r2 "rhs3 : r8

“rhs4 : T4 in
begin match fusion with
| (F23 | F32) — printc ovom_FUSE_S_G2_SKEW wfl p1 wf2 p2
| (F12| F18) — printc ovom_FUSE_G_SG_SKEW wfl p1 wf2 p2
| (F21 | F31) — printc ovm_FUSE_G_GS_SKEW wf2 p1 wfl p2 " flip :

end

| Dim5_Scalar_ Vector_Vector_T _ —
fatlwith "print_current: V3: not implemented"

| Dimb_Scalar- Vector_Vector_U - —
failwith "print_current: V3: not_ implemented"
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Dimb _Scalar_Scalar2 - —
failwith "print_current: V3: not_ implemented"

Dim6 _ Vector_ Vector_ Vector_T _ —
failwith "print_current: V3: not_ implemented"

Tensor_2_Vector_ Vector - —
failwith "print_current: V3: not_implemented"

Tensor_2_Scalar_Scalar - —
failwith "print_current: V3: not_ implemented"

Dimb _Tensor_2_Vector_ Vector_1 _ —
failwith "print_current: V3: not,implemented"

Dimb _Tensor_2_Vector_Vector_2 _ —
failwith "print_current: V3: not,implemented"

Dim7_Tensor_2_Vector_Vector_T _ —
failwith "print_current: V3: not implemented"

Dimb _Scalar_ Vector_ Vector.TU _ —
failwith "print_current: V3: not implemented"

Scalar_ Vector_ Vector_t _ —
fatlwith "print_current: V3: not implemented"

Tensor_2_Vector_Vector_cf - —
fatlwith "print_current: V3: not implemented"

Tensor_2_Scalar_Scalar_cf - —
fatlwith "print_current: V3: not implemented"

Tensor_2_Vector_Vector_1 _ —
failwith "print_current: V3: not_ implemented"

Tensor_2_Vector_ Vector_t - —
failwith "print_current: V3: not_ implemented"

TensorVector_ Vector _ Vector _ —
failwith "print_current: V3: not_ implemented"

TensorVector_ Vector - Vector_cf - —
failwith "print_current: V3: not_ implemented"

TensorVector _Scalar_Scalar - —
failwith "print_current: V3: not_implemented"

TensorVector_Scalar_Scalar_cf - —
failwith "print_current: V3: not_implemented"

TensorScalar_ Vector_ Vector - —
failwith "print_current: V3: not_ implemented"

TensorScalar_ Vector_ Vector_cf - —
failwith "print_current: V3: not,implemented"

TensorScalar_Scalar_Scalar _ —
failwith "print_current: V3: not,implemented"
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Flip the sign in ¢ to account for the i? relative to diagrams with only cubic
couplings.

wfl

end

and wf2 =
and wfs =

| TensorScalar_Scalar_Scalar_cf -
failwith "print_current: V3:

| Dim6 _Scalar - Vector - Vector_D

_>
pnotimplemented"

- —
failwith "print_current: V3:

ynotimplemented"

| Dim6_Scalar_ Vector_Vector_DP _ —

failwith "print_current: V3:

| Dim6_HAZ_D _ —

failwith "print_current: V3:

| Dim6_HAZ_DP _ —

failwith "print_current: V3:

| Dim6_HHH _ —

failwith "print_current: V3:

| Dim6_-Gauge-Gauge_Gauge_i —
failwith "print_current: ,V3:

| Gauge_Gauge_Gauge_i - —

failwith "print_current: V3:

| Dim6_GGG - —

failwith "print_current: V3:

| Dim6_AWW_DP _ —

failwith "print_current: V3:

| Dim6_AWW_DW _ —

failwith "print_current: V3:

| Dim6_WWZ_DPWDW _ —

failwith "print_current: ,V3:

| Dim6_WWZ_DW _ —

failwith "print_current: V3:

| Dim6_WWZ_.D _ —

failwith "print_current: V3:

| V4 (vertex, fusion, constant) —
children3 rhs in
wf —index lookups.wfmap lookups.n_wfs (f chl)
wf —index lookups.wfmap lookups.n_wfs (f ch2)
wf —index lookups.wfmap lookups.n_wfs (f chd)
and const_ID = get_const_ID lookups.cmap constant in

let ch1, ch2, chd =
let wfl =

let ¢ =

ynotimplemented"

pnotimplemented"

pnotimplemented"

pnotimplemented"

%

pnotimplemented"

pnotimplemented"

pnotimplemented"

ynotimplemented"

ynotimplemented"

pnotimplemented"

pnotimplemented"

pnotimplemented"

if (F.sign rhs) < 0 then const_ID else - const_ID in

begin match verter with
| Scalary coeff —

printi ovm_FUSE_S_S5S5S “lhs : lhs ~coupl : ¢ ~coeff : coeff “rhsl :
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“rhs2 : wf2 “rhs3 : wf3
| Scalar2_Vector2 coeff —
let printc code r1 r2 r8 = printi code
“lhs : lhs “coupl : ¢ ~coeff : coeff “rhsl : 11 “rhs2 :r2 "rhs3 :
r3 in
begin match fusion with
| F134 | F148 | F234 | F248 —
printc ovm_FUSE_S_SVV wfl wf2 wfs
| F314 | F413 | F324 | F423 —
printc ovm_FUSE_S_SVV wf2 wfl wfs
| F841 | F4381 | F342 | F432 —
printc ovm_FUSE_S_SVV wf8 wfl wf2
| F812 | F321 | Fy12 | Fj21 —
printc ovm_FUSE_V _SSV wf2 wf3 wfl
| F231 | F182 | F241 | F142 —
printc ovm_FUSE_V _SSV wfl wf3 wf2
| F123 | F213 | F124 | F214 —
printc ovm_FUSE_V _SSV wfl wf2 wf3
end

| Vector4 contractions —
List.iter (print_vector) c lhs wfl wf2 wf3 fusion) contractions

| Vectors K _Matriz_tho -
| Vectors K _Matriz_jr _
| DScalar2_Vector2_K - Matriz_ms _
| DScalarf-K_Matriz-ms - —
failwith "print_current: V4: K_Matrix not,implemented"
| Dim8_Scalar?_Vector2_1 _
| Dim8_Scalar2_Vector2_2 _
| Dim8_Scalary - —
failwith "print_current: V4: not_implemented"

| GBBG - —
failwith "print_current: V4: GBBG not implemented"
| DScalar) _

| DScalar2_Vector2 - —

failwith "print_current: V4: DScalars not implemented"
| Dim6_H4_P2 _ —

failwith "print_current: V3: not_ implemented"
| Dim6_AHWW _DPB _ —

failwith "print_current: V3: not_ implemented"
| Dim6_AHWW _DPW _ —

failwith "print_current: V3: not_implemented"
| Dim6_AHWW _DW _ —

failwith "print_current: V3: not_implemented"
| Dim6_Vectorf_DW _ —

failwith "print_current: V3: not_ implemented"
| Dim6_Vectors W _ —

failwith "print_current: V3: not,implemented"
| Dim6_Scalar2_Vector2_D _ —

failwith "print_current: V3: not_implemented"
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| Dim6_Scalar2_Vector2_DP _ —

failwith "print_current: V3: not_ implemented"
| Dim6_HWWZ_DW _ —

failwith "print_current: V3: not_ implemented"
| Dim6_HWWZ_DPB _ —

failwith "print_current: V3: not_implemented"
| Dim6_HWWZ_DDPW _ —

failwith "print_current: V3: not_ implemented"
| Dim6_HWWZ_DPW _ —

failwith "print_current: V3: not implemented"
| Dim6_AHHZ_D _ —

failwith "print_current: V3: not_ implemented"
| Dim6_AHHZ_DP _ —

failwith "print_current: V3: not_ implemented"
| Dim6_AHHZ_PB _ —

failwith "print_current: V3: not implemented"
| Dim6_Scalar2_Vector2_PB - —

failwith "print_current: V3: not_implemented"
| Dim6_HHZZ_T _ —

fatlwith "print_current: V3: not implemented"
end

| Vn(-, -, =) — invalid_arg "Targets.print_current: n-ary, fusion."

Fusions

let print_fusion lookups lhs-momlID fusion amplitude =
if F.on_shell amplitude (F.lhs fusion) then
failwith "print_fusion: on_shell projectors not implemented!";
if F.is_gauss amplitude (F.lhs fusion) then
failwith "print_fusion: gauss amplitudes not,implemented!";
let ths_wf = mult_wf lookups.dict amplitude (F.lhs fusion) in
let lhs_wfID = wf_index lookups.wfmap lookups.n_wfs lhs_wf in
let f = F.flavor (F.lhs fusion) in
let pdg = CM.pdg f in
let w =
begin match CM .width f with
| Vanishing | Fudged — 0
| Constant — 1
| Timelike — 2
| Complex_Mass — 3
| Running — failwith "Targets.VM: jrunning width not available"
| Custom - — failwith "Targets.VM: custom width not,available"
end
in
let propagate code = printi code ~lhs : lhs_wfID ~rhsl : lhs_momlID
“coupl : (abs(pdg)) ~coeff : w “rhsq : (get_ID’ amp_compare lookups.amap amplitude)
in
begin match CM .propagator f with
| Prop_Scalar —
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propagate ovm_PROPAGATE_SCALAR
Prop_Col_Scalar —

propagate ovm_PROPAGATE_COL_SCALAR
Prop_Ghost —

propagate ovm_PROPAGATE_GHOST
Prop_Spinor —

propagate ovm_PROPAGATE_SPINOR
Prop_ConjSpinor —

propagate ovm_PROPAGATE_CONJSPINOR
Prop_Majorana —

propagate ovm_PROPAGATE _MAJORANA
Prop_Col_Majorana —

propagate ovm_PROPAGATE_COL_MAJORANA
Prop_ Unitarity —

propagate ovm_PROPAGATE_UNITARITY
Prop_Col_ Unitarity —

propagate ovm_PROPAGATE_COL_UNITARITY
Prop_Feynman —

propagate ovm_PROPAGATE_FEYNMAN
Prop_Col_Feynman —

propagate ovm_PROPAGATE_COL_-FEYNMAN
Prop_Vectorspinor —

propagate ovm_PROPAGATE_VECTORSPINOR
Prop_Tensor_2 —

propagate ovm_PROPAGATE_TENSOR2
Auz_Col_Scalar | Aux_Col_Vector | Auzx_Col_Tensor_1 —

failwith "print_fusion: Aux_Col_* not implemented!"
Auz_Vector | Auz_Tensor_-1 | Auz_Scalar | Aux_Spinor

Auz_ConjSpinor

Auz_Majorana | Only_Insertion —

propagate ovm_PROPAGATE_NONE
Prop_Gauge - —

failwith "print_fusion: Prop_Gauge mnot,implemented!"
Prop_Tensor_pure —

failwith "print_fusion: Prop_Tensor_pure mot,implemented!"
Prop_Vector_pure —

failwith "print_fusion: Prop_Vector_pure mnot,implemented!"
Prop_Rxzi - —

failwith "print_fusion: Prop_Rxi not, implemented!"

end;

Since the OVM knows that we want to propagate a wf, we can send the necessary
fusions now.

List.iter (print_current lookups lhs_wfID amplitude) (F.rhs fusion)

let print_all_fusions lookups =
let fusions = CF.fusions lookups.amplitudes in
let fset = List.fold_left (fun s x — FSet.add z s) FSet.empty fusions in
ignore (List.fold_left (fun level (f, amplitude) —

let wf = F.lhs f in
let (hs_momID = mom_ID lookups.pmap wf in
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let level’ = List.length (F.momentum_list wf) in
if (level’ > level A level’ > 2) then break ();
print_fusion lookups lhs_momlID f amplitude;
level”)

1 (FSet.elements fset) )

Brakets

let print_braket lookups amplitude braket =
let bra = F.bra braket
and ket = F.ket braket in
let bralD = wf_index lookups.wfmap lookups.n_wfs
(mult_wf lookups.dict amplitude bra) in
List.iter (print_current lookups braID amplitude) ket

iT = i#verticesi#propagators - in72in73 - 71(71)n L. (151)

All brakets for one cflow amplitude should be calculated by one thread to avoid
multiple access on the same memory (amplitude).

let print_brakets lookups (amplitude, i) =
let n = List.length (F.externals amplitude) in
let sign = if n mod 2 = 0 then -1 else 1
and sym = F.symmetry amplitude in
printi ovm_CALC_BRAKET “lhs : i “rhsl : sym ~coupl : sign;
amplitude | > F.brakets | > List.iter (print_braket lookups amplitude)

Fortran arrays/OCaml lists start on 1/0. The amplitude list is sorted by
amp_compare according to their color flows. In this way the amp array is
sorted in the same way as table_color_factors.

let print_all_brakets lookups =
let g i elt = print_brakets lookups (elt, i+ 1) in
lookups.amplitudes | > CF.processes | > List.sort amp_compare
—> TholList.iteri g 0

Couplings

For now we only care to catch the arrays gncneu, gnclep, gncup and gncdown
of the SM. This will need an overhaul when it is clear how we store the type

information of coupling constants.

let strip_array_tag = function
| Real_Array z — =z
| Complex_Array z — x

let array-constants_list =
let params = M .parameters()
and strip_to_constant (lhs, _) = strip_array_tag lhs in
List.map strip_to_constant params.derived - arrays

let is_array © = List.mem x array-constants_list
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let constants_-map =

let first = fun (z, _, =) — zin
let second = fun (-, y, -) — yin
let third = fun (-, -, 2) — zin

let v8 = List.map third (first (M .vertices () ))
and v4 = List.map third (second (M .vertices () )) in
let set = List.fold_left (fun sz — CSet.add x s) CSet.empty (v8 Q v/ )in
let (arrays, singles) = CSet.partition is_array set in
(singles | > CSet.elements | > map-of _list,
arrays | > CSet.elements | > map_of _list)

Output calls

let amplitudes_to_channel (cmdline : string) (oc : out_channel)
(diagnostics : (diagnostic x bool) list ) (amplitudes : CF.amplitudes) =

set_formatter _out_channel oc;

if (num_particles amplitudes = 0) then begin
print_description cmdline;
print_zero_header (); nl ()

end else begin

let (wfset, amap) = wfset_amps amplitudes in
let pset = expand_pset (momenta_set wfset)
and n_wfs = num_wfs wfset in

let wimap = wf_map_of _list (WFSet.elements wfset)
and pmap = map-of _list (ISet.elements pset)

and cmap = constants_map in
let lookups = {pmap = pmap; wfmap = wfmap; cmap = cmap; amap = amap;
n_wfs = n_wfs; amplitudes = amplitudes;

dict = CF .dictionary amplitudes} in

print_description cmdline;
print_header lookups wfset;
print_spin_table amplitudes;
print_flavor_tables amplitudes;
print_color_tables amplitudes;
printf "@\n%s" ("OVM_ instructions for momenta addition," ”
" fusions and, brakets start _here: |_,");
break ();
add_all_mom lookups pset;
print_ext_amps lookups;
break ();
print_all_fusions lookups;
break ();
print_all _brakets lookups;
break (); nl ();
print_flush ()
end

let parameters_to_fortran oc - =
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set_formatter_out_channel oc;
let arrays_to_set = — (IMap.is_empty (snd constants_map)) in
let set_coupl ty dim cmap = IMap.iter (fun key elt —
printf "uouu%s (%shd) u=uks" ty dim key (M .constant_symbol elt);
nl () ) cmap in
let declarations () =
printf ",complex(%s), dimension(%d),: : ovm_coupl_cmplx"
lkind (constants_map | > fst | > largest_key); nl ();
if arrays_to_set then
printf " complex (%s) , dimension (2, %d),: :yovm_coupl_cmplx2"
kind (constants_map | > snd | > largest_key); nl () in

let print_line str = printf "%s" str; nl() in
let print_mdbsum = function
| Some s —
print_line " function md5sum ()";

print_line " character(len=32) ,:: md5sum";

print_line ("L ubytecode_file =" " lbytecode_file = "’ ");

print_line " uucallyinitialize_vm,(vm, bytecode_file)";

print_line " Loy ! WDON? TUEVEN THINK of modifying the following line!";
print_line (",uoumd5sum =" "~ s "~ "");

print_line " end function md5sum";
| None — ()
in
let print_inquiry_function_openmp () = begin

print_line " pure_function openmp_supported () result,(status)";
print_line "uuoulogicaly,: :status";
print_line ("Luuustatus =" " (if lopenmp then " . true." else ".false."));
print_line " end function openmp_supported";
nl ()

end in

let print_interface whizard =

if whizard then begin
print_line " subroutine init,,(par, scheme)";
print_line " uuureal (kind=default) , dimension(*), intent (in): : par";
print_line "L uinteger, intent (in),: : scheme";
print_line ("Luouubytecode_file =" " lbytecode_file = "’ ");
print_line " uucall import_from_whizard,(par, scheme)";
print_line " uucallinitialize_vm,(vm, bytecode_file)";
print_line ", end ;subroutine init";
nl ();
print_line " subroutine final ()";
print_line " ,,ucall vm)final O";
print_line " end ;subroutine final";
nl ();
print_line " subroutine jupdate_alpha_s;(alpha_s)";
print_line ("Luouureal (kind=" " kind ~ "), intent (in) : : alpha_s");
print_line " u,call model_update_alpha_s;,(alpha_s)";
print_line " end subroutine jupdate_alpha_s";

nl ()

end
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else begin
print_line
print_line
print_line
print_line
print_line
end in

let print_lookup_functions ()

print_line
print_line
print_line
print_line
nl();

print_line
print_line
print_line
print_line
nl();

print_line
print_line
print_line
print_line
nl();

print_line
print_line
print_line
print_line
nl();

print_line
print_line
print_line
print_line
nl();

print_line
print_line
print_line
print_line
nl();

print_line
print_line
print_line
print_line
nl();

print_line
print_line
print_line
print_line
nl();

print_line
print_line

" subroutine init ()";
("Luuuubytecode_file =" " lbytecode_file = "’ ");
"Luuuucall init_parameters ()"
"Uuuuucallinitialize_vm,(vm, bytecode_file)";
"Luend subroutine"

= begin

" upure_function number_particles_in () result,(n)";
"Luuuintegery: i n';
"Luuun=uvmynumber _particles_in O";
"uuend function number_particles_in";

"uupure function number_particles_out, () result,(n)";
"Luuuintegery: i n";
"Luuun=uvmjnumber _particles_out () ";

"Luend function number_particles_out";

"uupure function number_spin_states () result,(n)";
"Luuuintegery i n';

"Luuun=uvmynumber _spin_states () ";

"Luend function number_spin_states";

"Lupureysubroutine spin_states;(a)";
"Luuuinteger, dimension(:,:), intent (out):: a";
"Uuuucall vmYspin_states(a)";

"Luend subroutine spin_states";

"uupure function number_flavor_states, () result,(n)";
"Luuuinteger i n";

"Luouny=pvmgnumber _flavor_states O ";

"uend function number_flavor_states";

"Luupureysubroutine flavor_states;(a)";
"uuuuinteger, dimension(:,:), intent (out)::a";
"Luuucall vmyflavor _states (a)";

" uend subroutine flavor_states";

"uupure function number_color_indices, () result,(n)";
"Uuuuinteger i n';

"Luuun = vmgnumber _color_indices O ";

"uend function number_color_indices";

"uupurefunction number_color_flows, () result,(n)";
"Uuuuinteger i n';

"Luouny = vmgnumber _color _flows, () ";

" uend function number_color_flows";

"Lupureysubroutine color_flows,(a, g)";
"uuuuinteger, dimension(:,:,:), intent (out)::a";
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print_line " uulogical, dimension(:,:), intent (out)::,g";

print_line " uuucallvmycolor_flows, (a,ug)";

print_line " end, subroutine color_flows";

nl();

print_line " pure function number_color_factors,() result,(n)";
print_line " uuintegery: : n";

print_line "L, n = vmjnumber_color_factors (";

print_line " end function number_color_factors";

nl();

print_line " pure subroutine color_factors,(cf)";

print_line " use omega_color";

print_line "L type (omega_color_factor), dimension(:), intent (out):: cf";
print_line " ,,,call vm)color_factors,(cf)";

print_line " end, subroutine color_factors";

nl();

print_line " ,'pure_unless OpenMP";

print_line "' pure function ,color_sum,(f1lv, hel) result,(amp2)";
print_line " function color_sum,(flv, hel) result,(amp2)";

print_line ", use_kinds";

print_line "uuLuinteger, intent (in),: :uflv, hel";

print_line " real (kind=default): : jamp2";

print_line " uLamp2 =, vmjcolor_sum  (f1lv, hel)";

print_line " end function color_sum";

nl();

print_line " subroutine new_event,(p)";

print_line ", use_kinds";

print_line ", real (kind=default), dimension(0:3,*),_ intent (in): :p";
print_line " uucall vmynew_event(p)";

print_line " ,end ;subroutine new_event";

nl();

print_line " subroutine reset_helicity_selectiony(threshold, cutoff)";
print_line ", use_kinds";

print_line ", real (kind=default),_ intent (in) : : threshold";

print_line " uuinteger, intent (in): : cutoff";

print_line "Luucall vm)reset_helicity_selection, (threshold, cutoff)";
print_line " ,end subroutine reset_helicity_selection";

nl();

print_line " pure_function is_allowed,,(f1lv, hel, col) result,(yorn)";
print_line " uulogicaly: :yorn";

print_line " uuuinteger, intent (in): :flv, hel, col";

print_line " uouyorn = vm%is_allowed,,(f1v, hel, col)";

print_line " end function_ is_allowed";

nl();

print_line " pure function get_amplitude,(flv, hel, col) result (amp_result)";
print_line ", use_kinds";

print_line "L ucomplex (kind=default),: :yamp_result";

print_line " LLuinteger, intent (in),: :,f1lv, hel, col";

print_line ", amp_result = vmjget_amplitude (flv, hel, col)";
print_line " end function get_amplitude";

nl();
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end in

print_line ("module," "~ lwrapper_module);

print_line ("Louse," " !parameter _module_external);

print_line " use iso_varying_string, string_t,=>_varying_string";

print_line " use_kinds";

print_line " use_omegavm95";

print_line " implicit none";

print_line " private";

print_line " type(vm_t): :,vm";

print_line " type(string_t),:: bytecode_file";

print_line (" upublic: : number_particles_in, number_particles_out,"”
" number_spin_states, &");

print_line ("uuuuspin_states,L,number_flavor_states,L,flavor_states, "
" number_color_indices, &");

print_line ("Luuunumber_color_flows, color_flows," ~
" number_color_factors, color_factors, &" );

print_line ("Lu ucolor_sum, new_event, reset_helicity_selection,"”
" is_allowed, get_amplitude, &");

print_line ("Luouinit, " "
(match !'mdbsum with Some - — "md5sum, "

| None — "") " "openmp_supported");
if lwhizard then
print_line (", public,:: final, update_alpha_s")
else
print_line (",upublic,:: initialize_vm");
declarations ();
print_line "contains";

print_line " subroutine setup_couplings ,(O";

set_coupl "ovm_coupl_cmplx" "" (fst constants_map);
if arrays_to_set then
set_coupl "ovm_coupl_cmplx2" ":," (snd constants_map);

print_line ", end subroutine setup_couplings";
print_line " subroutine initialize_vm,(vm, bytecode_file)";
print_line " ,,class(vm_t) , intent (out),: : vm";
print_line " uLutype(string_t), intent (in): : bytecode_file";
print_line " LLutype(string_t):: version";
print_line "L type (string_t): :umodel";
print_line ("Luuuversion, =_,’0VM," ~ version = "’");
print_line ("Luuumodel =, ’Model," ~ model_name "~ "’");
print_line " uLucall setup_couplings ,()";
print_line " uuucall vmkinit, (bytecode_file, version, model, verbose=.False., &";
print_line ", uuuucoupl_cmplx=ovm_coupl_cmplx, &";
if arrays_to_set then
print_line " uuuucoupl_cmplx2=ovm_coupl_cmplx2, &";
print_line ("_Luuu mass=mass, width=width, openmp=" " (if lopenmp then
".true." else ".false.") " ")");
print_line " end_ subroutine initialize_vm";

nl();

print_mddsum !md5sum;
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print _inquiry _function_openmp ();
print_interface 'whizard,
print _lookup_functions ();

print_line ("end module," " lwrapper_module)

let parameters_to_channel oc =
parameters_to_fortran oc (CM .parameters ())

end

15.2.2 Fortran 90/95

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
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val print_current : int X fermionbar X boson X fermion —
string — string — string — fuse2 — unit

val print_current_mom : int X fermionbar x boson X fermion —
string — string — string — 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 — wunit

val print_current_g4 : int X fermionbar X boson2 x fermion —
string — string — string — string — fuse8 — unit

val reverse_braket : lorentz — bool

val use_module : string

val require_library : string list

end

module Fortran_Fermions : Fermions =
struct
open Coupling
open Format

let psi_type = "spinor"

let psibar_type = "conjspinor"

let chi_type = "777"

let grav_type = "777"

let psi_incoming = "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"

let grav_projector = "777"
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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 = "(—"Ac’\ll)ll
| COeﬁ — String_of_mt coeﬁ S ongn ¢

let format_coupling_2 coeff ¢ =
match coeff with
| 1 = ¢
| —1 — n-n " e
| Coeﬁ — String_of_mt COeﬁ S onmgn ¢

@ JR’s coupling constant HACK, necessitated by tho’s bad design descition.

let fastener s i 7p 7q () =
try
let offset = (String.indexz 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 > (7) 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: uwrong usage of parentheses"

else
match p with
| None — s~ "(" " string_of _int i ~ ")"
| Some p —
match ¢ with
| None — s~ "(" " p """ p " """ gtring_of _int ¢ ~ ")"

| Some g — s So(n P L q LI stm'ng_of_mt gy

let print_fermion_current coeff f ¢ wfl wf2 fusion =
let ¢ = format_coupling coeff ¢ in
match fusion with
| F18 — printf "%s_££Chs,%s,%)" [ ¢ wfl wf2
| F31 — printf "%s-££Chs,%s,%)" [ ¢ wf2 wfl
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| F23 — printf "£_Y%st(%s,%s,%s)" [ ¢ wfl wf2
| F32 — printf "£_%stfChs,%s,%)" [ ¢ wf2 wfl
| F12 — printf "f_£hsChs,%s,%)" [ ¢ wfl wf2
| F21 — printf "f_f%s(%hs,%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_current? coeff f ¢ wfl wf2 fusion =
let ¢ = format_coupling_2 coeff c in
let ¢ = fastener ¢ 1 ()
and ¢2 = fastener ¢ 2 () in
match fusion with

| F13 — printf "hs_££(hs,%s,%s,%s)" f ¢l c2 wfl wf2
| F31 — printf "%s_££Chs,%s,%s,%hs)" [ ¢l ¢2 wf2 wfl
| F23 — printf "£_%stfChs,%s,%s,%hs)" f ¢l ¢2 wfl wf2
| F82 — printf "£_%st(%s,%s,%s,%s)" f ¢l c2 wf2 wfl
| F12 — printf "f_f%s(%s,%s,%s,%s)" f ¢l c2 wfl wf2
| F21 — printf "f_fhs (s, %s,%s,%s)" f ¢l c2 wf2 wfl
let print_fermion_current_mom_v1 coeff f ¢ wfl wf2 p1 p2 p12 fusion =
let ¢ = format_coupling coeff c in
let c1 = fastener ¢ 1 and
c2 = fastener ¢ 2 in

match fusion with

| F13 — printf "hs_ff(Us,%hs,%s,%s)" f (c1 "p:pl12 () (c2 "p:
p12 ()) wft uf?

| F31 — printf "hs_£f(%s,%s,%s,%s)" f (c1 "p:pl2 () (¢2 "p:
p12 () wf2 wft

| F28 — printf "f_%sf (s, %s,%hs,%s)" f (¢ "p:pl () (2 "p:
p1 () wfl wf2

| F32 — printf "£_%st(hs,%s,%hs,hs)" f (c1 "p:p2 () (c2 "p:
p2 () wf2 wfl

| F12 — printf "f_£%ss,%s,%s,%s)" f (¢l "p : p2 () (¢2 "p:
p2 () wfl wf2

| F21 — printf "f_£%hs(s,%s,%hs,%s)" f (¢l "p : pl () (¢2 "p:
p1 () wf2 wfl

let print_fermion_current_mom_v2 coeff f ¢ wfl wf2 p1 p2 p12 fusion =

let ¢ = format_coupling coeff c in
let c1 = fastener ¢ 1 and
c2 = fastener ¢ 2 in

match fusion with
| F138 — printf "%s_££f(hs,%s,0,%s,%s,%s)" f (¢l "p:p12 () (c2 "p:
p12 () wfl wf2 p12
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| F81 — printf "%s_£f(hs,%s,0,%s,%s,%s)" f (¢l "p:p12 () (c2 "p:
p12 () wf2 wfl p12

| F28 — printf "£_%sf (%s,%s,0,%s,%s,%s)" f (cl "p:pl () (c2 p:
p1 () wfl wf2 pl

| F82 — printf "£_%sft(%s,%s,0,%s,%s,%s)" f (¢ "p:p2() (c2 "p:
p2 () wf2 wfl p2

| F12 — printf "£_£%s(%s,%s,0,%s,%s,%s)" f (¢l "p:p2 () (c2 "p:
p2 () wfl wf2 p2

| F21 — printf "f_£%s(%s,%s,0,%s,%s,%)" f (¢l "p:pl () (c2 p:
p1 () wf2 wfl p1

let print_fermion_current_mom_[ff coeff f ¢ wfl wf2 p1 p2 p12 fusion =

let ¢ = format_coupling coeff c in
let c1 = fastener ¢ 1 and
c2 = fastener ¢ 2 in

match fusion with

| F18 — printf "hs_££ s, %s,%s,%hs)" f (¢l "p:pl "q:p2 () (c2 "p:
pl "q:p2 () wfl wf2

| F31 — printf "hs_££(%s,%s,%hs,%s)" f(cl "p:pl "q:p2()) (c2 p:
pl "q:p2 () wf2 wft

| F23 — printf "£_%sf(Chs,%s,%hs,%hs)" f (¢l "p:pl2 "q:p2()) (c2 "p:
p12 “q:p2 () wfl wf2

| F82 — printf "£_%st(hs,%s,%hs,%hs)" f (¢l "p:p12  q:pl())(c2 "p:
pl2 “q:pl () w2 wfl

| F12 — printf "f_£%s(%s,%s,%hs,%s)" f (¢l "p:pl2 "q:p1 () (c2 p:
pl2 “q:pl () wfl wf2

| F21 — printf "£_£%sChs,%s,%hs,%hs)" f (¢l "p:p12 "q:p2()) (c2 "p:
p12 “q:p2 () wf? 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, VA3, Psi — print_fermion_current coeff "va3"
| 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"
| _, 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"
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let print_current_mom = function

| coeff, Psibar, VLRM, Psi — print_fermion_current_mom_vl coeff "vlr"

| coeff, Psibar, VAM, Psi — print_fermion_current_mom_ff coeff "va"

| coeff, Psibar, VASM, Psi — print_fermion_current_mom_ff coeff "va3"

| coeff, Psibar, SPM, Psi — print_fermion_current_mom_vl coeff "sp"

| coeff, Psibar, TVA, Psi — print_fermion_current_mom_vl coeff "tva"

| coeff, Psibar, TVAM, Psi — print_fermion_current_mom_v2 coeff "tvam"

| coeff, Psibar, TLR, Psi — print_fermion_current_mom_v1 coeff "t1lr"

| coeff, Psibar, TLRM, Psi — print_fermion_current_-mom_v2 coeff "tlrm"

| coeff, Psibar, TRL, Psi — print_fermion_current_mom_vl coeff "trl"

| coeff, Psibar, TRLM, Psi — print_fermion_current_mom_v2 coeff "trlm"

| —, Psibar, _, Psi — invalid_arg
"Targets.Fortran_Fermions: only sigma tensor ,coupling here"

| -, Chibar, -, - | -, -, -, Chi — invalid_aryg
"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
| -, -, -, - — 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) (M : Model. T) =
struct

let require_library =
Fermions.require _library @Q
[ "omega_vectors_2010_01_A"; "omega_polarizations_2010_01_A";
"omega_couplings_2010_01_A"; "omega_color_2010_01_A";
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"omega_utils_2010_01_A" ]

module CM = Colorize. It(M)
module F' = Fusion_Maker(P)(M)

module CF = Fusion. Multi( Fusion_Maker)(P)(M)
type amplitudes = CF.amplitudes

open Coupling
open Format

type output_mode =
| Single_Function
| Single-Module of int
| Single_File of int
| Multi_File of int

let line_length = ref 80

let continuation_lines = ref (—1) (% 255 %)
let kind = ref "default"

let fortran95 = ref true

let module_name = ref "omega_amplitude"
let output_mode = ref (Single-Module 10)
let use_modules = ref []

let whizard = ref false

let parameter _module = ref ""

let mdssum = ref None

let no_write = ref false

let km_write = ref false

let km_pure = ref false

let km_2_write = ref false

let km_2_pure = ref false

let openmp = ref false

let pure_unless_openmp = false

let options = Options.create

[ "90", Arg.Clear fortran95,
"don’t juse 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), "maximum line length";
"continuation", Arg.Int (fun | — continuation_lines = 1),
"maximum #_0f continuation lines";

"module", Arg.String (fun s — module_name := s), "module name";

"single_function", Arg.Unit (fun () — output_-mode := Single_Function),
"compute the matrix element (s) in_ a monolithic function";
"split_function", Arg.Int (funn — output_mode := Single_Module n),
"splitthe matrix element(s) into,small, functions[default, size =,10]";
"split_module", Arg.Int (fun n — output_mode := Single_File n),

"split,the matrix element(s) into_small modules";

"split_file", Arg.Int (fun n — output_mode := Multi_File n),

"split,the matrix element(s) into,small files";

"use", Arg.String (fun s — wuse_modules = s :: luse_modules),
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"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_2 _write, "write K matrix functions";
"kmatrix_2_write", Arg.Set km_write, "write K matrix 2 functions";
"kmatrix_write_pure", Arg.Set km_pure, "write K _matrix pure_ functions";
"kmatrix_2_write_pure", Arg.Set km_2_pure, "write Kmatrix2pure functions";
"openmp", Arg.Set openmp, "activate OpenMP support,in generated, code"]

Fortran style line continuation:
Default function to output spaces (copied from format.ml).

let blank_line = String.make 80 ° °
let rec display_blanks oc n =
if n > 0 then
if n < 80 then
output oc blank_line 0 n
else begin
output oc blank_line 0 80;
display_blanks oc (n — 80)
end

Default function to output new lines (copied from format.ml).

let display_newline oc () =
output oc "\n" 0 1

current_continuation_line
e < 0: not continuing: print a straight newline,

e > (: continuing: append "_&" until we run up to !continuation_lines.
NB: !continuation_lines < 0 means unlimited continuation lines.

let current_continuation_line = ref 1
exception Continuation_Lines of int

let fortran_newline oc () =
if lcurrent_continuation_line > 0 then begin
if lcontinuation_lines > 0 A lcurrent_continuation_line > !continuation_lines then
raise (Continuation_Lines !current_continuation_line)
else begin
output oc " &" 0 2;
incr current_continuation_line
end
end;
display -newline oc ()

let nl () =
current _continuation_line = 0;
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print_newline ();
current_continuation_line = 1

Make a formatter with default functions to output spaces and new lines.

let setup_fortran_formatter width oc =
set_all_formatter _output_functions
“out : (output oc)
“flush : (fun () — flush oc)
“newline : (fortran_newline oc)
“spaces : (display_blanks oc);
set_margin (width — 2)

let print_list = function
=0
| a = rest —
print_string a;
List.iter (fun s — printf ", %s" s) rest

Variables and Declarations
"NC" is already used up in the module "constants":

let nc_parameter = "N_"

let omega_color_factor _abbrev = "OCF"

let openmp_tld_type = "thread_local_data"
let openmp_tld = "t14"

let flavors_symbol ?(decl = false) flavors =
(if lopenmp A — decl then openmp_tld = "%" else "" ) ~
"oks_" " 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))

else
n n

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
| [n] — n
| - — invalid_arg "Targets.Fortran.ext_momentum"

module PSet = Set.Make (struct type t = int list let compare = compare end)
module WFESet = Set.Make (struct type t = F.wf let compare = compare end)

let add_tag wf name =
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match F.wf_tag wf with
| None — name

| Some tag — name "~ "_" " tag
let variable ?(decl = false) wf =
(if lopenmp A - decl then openmp_tld = "%" else "")
"~ add_tag wf ("owf_" "~ 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 ?(decl = false) wf i =
variable ~decl : decl wf =~ "_X" " string_of _int i
let multiple_variable ?(decl = false) amplitude dictionary wf =
try

format_multiple_variable ~decl : decl wf (dictionary amplitude wf)
with
| Not_found — wvariable wf

let multiple_variables ?(decl = false) multiplicity wf =
try
List.map
(format_multiple_variable ~decl : decl wf)
(ThoList.range 1 (multiplicity wf))
with
| Not_found — [variable ~decl : decl wf]

let declaration_chunk_size = 64

let declare_list_chunk multiplicity t = function
[ =0
| wfs —

p’I“ZTLtf "|_||_||_||_|© [<2>%S|_|: :|_|" t;
print _list (ThoList.flatmap (multiple _variables ~decl :true multiplicity) wfs); nl ()

let declare_list multiplicity t = function
=0
| wfs —
List.iter
(declare_list - chunk multiplicity t)
(ThoList.chopn declaration_chunk_size wfs)

type declarations =

{ 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;
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brs_scalars : F.wf list;
brs_spinors : F.wf list;
brs_conjspinors : 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 conjspinors = 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_congspinors =

wf i ace.brs_congspinors}
BRS Majorana — {acc with brs_realspinors =

wf i acc.brs_realspinors}
BRS Vectorspinor — {acc with brs_vectorspinors =
wf : ace.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’
{ scalars = []; spinors = []; congspinors = []; 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
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Parameters
type a parameters =
{ real_singles : « list;
real_arrays : (o X int) list;
o« list;

complex _singles

complex_arrays : (o X int) list }

let rec classify—_singles acc = function

| [] = acc
rest — classify_singles
i acc.real _singles } rest

| Real p :
{ acc with real_singles = p
rest — classify_singles
= p : acc.complex_singles

} rest

| Complex p ::

{ acc with complez_singles
let rec classify_arrays acc = function
rest — classify_arrays

[] = acc

|
| (Real_-Array p, rhs) :

{ acc with real_arrays
acc.real_arrays } rest

(p, List.length rhs) ::
rest — classify-arrays

| (Complex_Array p, rhs)
{ acc with complex_arrays
: acc.complex_arrays } rest

(p, List.length rhs) :

let classify_parameters params

classify_arrays
(classify_singles

{ real_singles

real_arrays = [J;

= [k

= []7

compler _singles
= [}

complex _arrays
(List.map fst params.derived)) params.derived _arrays

@ Unify this with the other code using ThoList.chopn.

let rec schisma n |
if List.length I < n then

[7]
else
let a, b = TholList.splitn n [ in

[a] @ (schisma n b)

let rec schisma_num i n [
if List.length I < n then

[(4, )]
else
let a, b = TholList.splitn n [ in
[(i,a)] @ (schisma_num (i+ 1) n b)
let declare_parameters’ t = function

[l =0
| plist —
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printf ",,0[<2>%s (kind=%s) , public, save:: " ¢t 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 (x, v) =
printf "Q %hs =uhg-%s" (CM.constant_symbol z) v kind

let declare_default _parameters t = function
[l =0
| p o plist —
printf ",,0[<2>%s(kind=%s) , public, save,::" t lkind;
default —parameter p;

List.iter (fun p’ — printf ","; default_parameter p') plist;
nl ()
let format_constant = function

| I — sprintf "cmplx(0.0_%s, 1.0_%s)" kind 'kind
| Const ¢ when ¢ < 0 — sprintf "(%d.0_%s)" ¢ 'kind
| Const ¢ — sprintf "%d.0_%s" ¢ \kind

| - — invalid_arg "format_constant"

let rec eval_parameter’ = function
| I — printf "cmplx,(0.0_%s, 1.0_%s)" 'kind 'kind
| Const ¢ when ¢ < 0 — printf "(%d.0_%s)" ¢ 'kind
| Const ¢ — printf "%hd.0_%s" c \kind
| Atom x — printf "%s" (CM.constant_symbol x)
| Sum [] — printf "0.0_%s" kind
| Sum [x] — eval_parameter’ x
| Sum (z :: zs) —
printf "@, ("; eval_parameter’ x;
List.iter (fun z — printf "@, +,"; eval_parameter’ x) xs;
printf ")"
| Diff (z, y) —
printf "@, ("; eval_parameter’ x;
printf "Lu-u"; eval_parameter’ y; printf ")"
| Neg z — printf "@, (u-."; eval_parameter’ z; printf ")"
| Prod [| — printf "1.0_%s" kind
| Prod [x] — eval_parameter’ x
| Prod (z :: xzs) —
printf "@, ("; eval_parameter’ x;
List.iter (fun z — pringf "_*,"; eval_parameter’ ) xs;
printf ")"
| Quot (z, y) —
printf "@, ("; eval_parameter’ x;
printf "L/0"; eval_parameter’ y; printf ")"
| Recx —
printf "Q,,(1.0_%s./" 'kind; eval_parameter’ z; printf ")"
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| Pow (z, n) —
printf "Q, ("; eval_parameter’ x; printf "**x%d" n; printf ")"

| Sgrt x — printf "@,sqrt,("; eval_parameter’ x; printf ")"

| Sin x — printf "@,sin,("; eval_parameter’ x; printf ")"

| Cos x — printf "@,cos,("; eval_parameter’ x; printf ")"

| Tan z — printf "@,tan,("; eval_parameter’ x; printf ")"

| Cot x — printf "@,cot,("; eval_parameter’ x; printf ")"

| Atan2 (y, ) — printf "@,atan2,,("; eval_parameter’ y;
printf ",@."; eval_parameter’ z; printf ")"

| Conj x — printf "@,conjg ("; eval_parameter’ z; printf ")"

let strip_single_tag = function
| Real z — =z
| Complex z — =

let strip_array_tag = function
| Real_Array z — =z
| Complex_Array z — x

let eval_parameter (lhs, Ths) =
let z = CM.constant_symbol (strip_single_tag lhs) in
printf "LLLu@<2>%su=." x; eval_parameter’ rhs; nl ()

let eval_para_list n l =
printf " subroutine setup_parameters¥s, ()" (string_of _int n); nl ();
List.iter eval_parameter [;
printf "_end subroutine setup_parameters’s" (string_of —int n); nl ()

let eval_parameter_pair (lhs, rhs) =
let £ = CM.constant_symbol (strip_array_tag lhs) in
let - = List.fold_left (fun i ths' —
printf "Louu@[<2>%s (hd) u=u" = i; eval_parameter’ rhs’; nl ();
succ i) 1 rhs in
0

let eval_para_pair_list n | =
printf " subroutine setup_parameters¥%s ()" (string_of _int n); nl ();
List.iter eval_parameter_pair [;
printf " end_ subroutine setup_parameters¥s" (string_of —_int n); nl ()

let print_echo fmt p =
let s = CM.constant_symbol p in
printf "Loouuwritey (unit = *, fmt = fmt_%s) \"%s\", %s"
fmt s s; nl ()

let print_echo_array fmt (p, n) =
let s = CM.constant_symbol p in
for i = 1to n do
printf "Louowritey (unity=*, fmt = fmt_Ys_array) " fmt ;
printf "\"%s\", %d, %s (hd)" s i s i; nl ()
done

let parameters_to_fortran oc params =
setup _fortran _ formatter line_length oc;
let declarations = classify_parameters params in

420



Implementation of Targets

printf "module %s" !parameter_module; nl ();
printf " use kinds"; nl ();
printf " use constants"; nl ();
printf ",uimplicit none"; nl ();
printf "yoprivate"; nl ();
printf ",,@[<2>publicy: : setup_parameters";
if lno_write then begin
printf "! No_print_parameters"; nl ();
end else begin
printf "Q,, 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 "Luuu!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 "Luouoo ! length: Ys" (string_of —int (List.length params.derived));
nl ();
printf "Loooy ' Num_Sub:%s" (string-of —int num_sub); nl ();
List.iter (fun (i,1) — eval_para_list i 1) shredded;
List.iter (fun (i,1) — eval_para_pair_list (num_sub + ) [)
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 "Luend subroutine setup_parameters"; nl (),
if lno_write then begin
printf "' No_print_parameters"; nl ();
end else begin
printf ", subroutine print_parameters,()"; nl ();
printf "LLuu@[<2>character(len=*), jparameter;::";
printf "@_fmt_real = \"(A12,4X,’ =’ ,E25.18)\",";
printf "@_fmt_complex = \"(A12,4X,’ =’ ,E25.18,’ #+_i*’ ,E25.18)\",";
printf "@ fmt_real_array = \"(A12,°(’,12.2,°)°,7 =’ ,E25.18)\",";
printf "@_fmt_complex_array, =_";
printf "\"(A12,°(*,12.2,%)’,’ =, ,E25.18, 7+ i*’ ,E25.18)\""; nl ();
printf "Looo@[<2>writey (unit = %, fmt = \" (A)\") @Q,";
printf "\"default values for the_ input_ parameters:\""; nl ();
List.iter (fun (p, =) — print_echo "real" p) params.input;
printf "Louu@[<2>write (unit =%, fmt = \" (A)\")_ @,";
printf "\"derived parameters:\""; nl ();
List.iter (print_echo "real") declarations.real_singles;
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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 ", end_ subroutine print_parameters"; nl (),

end;

printf "end module  %s" !parameter_module; nl ();

printf "' ,0’Mega revision control information:"; nl ();

printf "1 program test_parameters"; nl ();
printf "1 use %s" lparameter —module; nl ();
printf "'11,,,call setup_parameters (O"; nl ();
printf "'11,,,call print_parameters ("; nl ();
printf "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

||panicl|
else
IIWarnll
let diagnose_arguments = ref Off
let diagnose_momenta = ref Off

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
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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_chunk = function
[ 1= 0
| momenta —
printf "LouL@[<2>type (momentum) : :,";
print_list (List.map format_momentum momenta); nl ()

let declare_momenta = function
1= 0
| momenta —
List.iter
declare—momenta - chunk
(ThoList.chopn declaration_chunk_size momenta)

let declare_wavefunctions multiplicity wfs =
let wfs’ = classify_wfs wfs in
declare_list multiplicity ("complex (kind=" " lkind ~ ")")
(wfs’.scalars Q wfs'.brs_scalars);
declare_list multiplicity ("type (" ~ Fermions.psi_type ~ ")")
(wfs’.spinors @ wfs’.brs_spinors);
declare _list multiplicity ("type(" ~ Fermions.psibar_type ~ ")")
(wfs’.conjspinors @ wfs’.brs_conjspinors);
declare_list multiplicity ("type(" ~ Fermions.chi_type ~ ")")
(wfs’.realspinors @ wfs’.brs_realspinors Q wfs’.ghostspinors);
declare_list multiplicity ("type ("~ Fermions.grav_type " ")") wfs’.vectorspinors;
declare _list multiplicity "type (vector)" (wfs’.vectors Q wfs’.massive_vectors Q
wfs’.brs_vectors @ wfs’.brs_massive_vectors @ wfs’.ward _vectors);
declare_list multiplicity "type (tensor2odd)" wfs’.tensors_1;
declare_list multiplicity "type (tensor)" wfs’.tensors_2

let flavors a = F.incoming a Q F.outgoing a
let declare_brakets_chunk = function
[ —= 0

| amplitudes —
printf "LouL@[<2>complex (kind=%s): : " kind;
print _list (List.map (fun a — flavors_symbol ~decl :true (flavors a)) amplitudes); nl ()

let declare_brakets = function

=0

| amplitudes —
List.iter
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declare_brakets_chunk
(ThoList.chopn declaration_chunk_size amplitudes)

let print_variable_declarations amplitudes =
let multiplicity = CF.multiplicity amplitudes
and processes = CF .processes amplitudes in
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 processes));
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 processes));
if lopenmp then begin
printf "L type hs@[<2>" openmp_tld_type;
nl ();
end ;
declare _wavefunctions multiplicity
(WFSet.elements
(List.fold _left
(fun set a —
WESet.union set (List.fold -right WFSet.add (F.externals a) WFSet.empty))
WESet.empty processes));
declare _wavefunctions multiplicity
(WFSet.elements
(List.fold _left
(fun set a —
WESet.union set (List.fold _right WESet.add (F.variables a) WFSet.empty))
WFSet.empty processes));
declare_brakets processes;
if lopenmp then begin
printf @] end type_ks\n" openmp_tld_type;
printf "Lotype(%s)y: iuks" openmp_tld _type openmp_tid;
nl ();

end

print_current is the most important function that has to match the functions in
omega9b (see appendix X). 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
| [wft; wf2] — (wfl, wf2)
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_ — failwith "Targets.children2: ,can’t_ happen"
g 19 Y

let children3 rhs =
match F'.children rhs with
| [wfl; wf2; wf3] — (wfl, wf2, wf3)
| - — dnvalid_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 ...

let format_coeff = function
| 1 — mn
| —1 sy n_m
| coeff — "(" " string-of —int coeff = ")*"

let format_coupling coeff ¢ =
match coeff with
|1 = ¢
|1 n(en oy
| coeff — string_of _int coeff ~ "x" " ¢

gz} The following is error prone and should be generated automagically.

let print_vector4 ¢ wfl wf2 wf3 fusion (coeff, contraction) =
match contraction, fusion with
| C_12_34, (F3841 | F431 | F342 | F432 | F123 | F213 | F124 | F214)
| C_13_42, (F241 | F421 | F248 | F423 | F182 | F812 | F134 | F31})
| C_14-23, (F231 | F321 | F23} | F32/ | F142 | F/12 | F143 |
Fj13) —
printf " ((hshs) * (hs*%s) ) *%s" (format_coeff coeff) ¢ wfl wf2 wf3
| C_12_34, (F134 | F143 | F234 | F243 | F312 | F321 | F412 | F421)
| C_13_42, (F124 | F142 | F324 | F342 | F213 | F231 | F413 | F431)
| C_14-23, (F123 | F132 | F423 | F482 | F214 | F241 | F31 |
F341) —
printf " ((hshs)* (hs*%s) ) *%s" (format_coeff coeff) ¢ wf2 wfs wfl
| C_12_34, (F314 | F413 | F324 | F423 | F152 | F231 | F142 | F241)
| C_13_42, (F214 | F412 | F234 | F482 | F123 | F821 | F143 | F8/1)
| C_14-23, (F213 | F312 | F2/3 | F342 | F124 | F421 | F13] |
Fj31) —
printf " ((hs%hs) * (hs*%s) ) *%s" (format_coeff coeff) ¢ wfl wfs wf?2

let print_add_vector4 ¢ wfl wf2 wfs fusion (coeff, contraction) =
printf "@_+,";
print_vector ¢ wfl wf2 wf3 fusion (coeff, contraction)

let print_vectorf _km ¢ pa pb wfl wf2 wf3 fusion (coeff, contraction) =
match contraction, fusion with
| C_12_34, (F341 | F431 | F342 | F482 | F123 | F213 | F124 | F21})
| C_13_42, (F241 | F421 | F248 | F423 | F182 | F812 | F13} | F381})
| C_14-23, (F231 | F321 | F23} | F32/ | F142 | F{12 | F143 |
F/13) —
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printf " (Chshshsths) ) * (hs*xls) ) *)s"
(format_coeff coeff) ¢ pa pb wfl wf2 wfs
| C_12_34, (F13} | F143 | F234 | F243 | F312 | F321 | F412 | F421)
| C_13_42, (F12) | F142 | F324 | F342 | F213 | F231 | F{13 | F431)
| C_14.23, (F123 | F132 | FJ23 | F432 | F214 | F241 | F31} |
F341) —
printf " (Chshshsths) ) * (hs*ls) ) *)s"
(format_coeff coeff) ¢ pa pb wf2 wf3 wfl
| C_12_34, (F31 | F413 | F324 | F423 | F132 | F231 | F142 | F241)
| C_13_42, (F21/ | F412 | F234 | F432 | F123 | F321 | F143 | F341)
| C_14_23, (F213 | F312 | F243 | F342 | F124 | Fj21 | F13} |
F431) —
printf " (Chshshs+%hs) ) * (hs*)s) ) *%s"
(format_coeff coeff) ¢ pa pb wfl wf3 wf2

let print_add_vector4 _km ¢ pa pb wfl wf2 wf3 fusion (coeff, contraction) =
printf "@ +,";
print_vectorf _km ¢ pa pb wfl wf2 wf3 fusion (coeff, contraction)

let print_dscalarf c wfl wf2 wf8 pl p2 p3 p123
fusion (coeff, contraction) =
match contraction, fusion with
| C_12_34, (F341 | F431 | F342 | F432 | F123 | F213 | F12} | F21})
| C_15_42, (F241 | F421 | F243 | F423 | F132 | F312 | F134 | F314)
| C_1/.23, (F231 | F321 | F23) | F324 | F142 | F/12 | F1/3 |
Fj13) —
printf " (Chshs) * (hsx¥s) * (%s*s) */s*ls*%s) "
(format_coeff coeff) ¢ p1 p2 p3 p123 wfl wf2 wfs
| C_12_34, (F13/ | F143 | F23/ | F243 | F312 | F321 | F412 | F421)
| C_13_42, (F124 | F142 | F324 | F342 | F213 | F231 | F{13 | F431)
| C_14.23, (F123 | F132 | FJ23 | F432 | F214 | F241 | F31/ |
F341) —
printf " (Chshs) * (hsx¥s) * (%s*s) */s*ls*%s) "
(format_coeff coeff) ¢ p2 p3 pl p123 wfl wf2 wf3
| C_12_34, (F314 | F413 | F52/ | F423 | F152 | F231 | F142 | F241)
| C_15_42, (F214 | F412 | F23] | F432 | F123 | F321 | F143 | F341)
| C_1/.23, (F213 | F312 | F243 | F342 | F124 | F421 | F13} |
Fi31) —
printf " (Chshs) * (hsxhs) * (hs*ls) ¥ls*s*x)s) "
(format_coeff coeff) ¢ p1 p3 p2 p123 wfl wf2 wf3

let print_add_dscalar4 ¢ wfl wf2 wf3 p1 p2 ps p123
fusion (coeff, contraction) =
printf "G +.";
print_dscalar4 ¢ wfl wf2 wf3 pl p2 p3 p123 fusion (coeff, contraction)

let print_dscalar2 _vector2 ¢ wfl wf2 wf3 pl p2 p3 p123 fusion (coeff, contraction) =
match contraction, fusion with
| C_12_34, (F123 | F218 | F124 | F21/) —
printf " (hshs)* (hs*%hs) * (hsx¥s) *)s"
(format_coeff coeff) ¢ p1 p2 wfl wf2 wf3
| C_12_34, (F134 | F143 | F23/ | F243) —
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printf " (hshs) * Chs*s) * (hs*¥%s) *)s"
(format_coeff coeff) ¢ pl p123 wf2 wf3 wfl
C_12_34, (F132 | F231 | F1/2 | F241) —
printf " (hshs)* (hs*hs) * (hsxls) *hs"
(format_coeff coeff) ¢ p1 p3 wfl wf3 wf2
C_12_34, (F812 | F821 | F412 | F421) —
printf " (hshs) * Chs*s) * (hs*¥%s) *)s"
(format_coeff coeff) ¢ p2 p3 wf2 wfs wfl
C_12_34, (F31/ | F413 | F32/ | F423) —
printf " (hshs)* (hs*%hs) * (hsx¥s) *hs"
(format_coeff coeff) ¢ p2 p123 wfl wf3 wf2
C_12_34, (F841 | F431 | F342 | F432) —
printf " (hshs) * Chs*s) * (hs*¥%s) *)s"
(format_coeff coeff) ¢ p3 p123 wfl wf2 wf3
C_13_42, (F123 | F21])
C_14_23, (F12} | F213) —
printf " (Chshs) * (hsxlhs*ls) *lhs*%s) "
(format_coeff coeff) ¢ wfl pl wf3 wf2 p2
C_13_42, (F12/ | F213)
C_14_23, (F123 | F21}) —
printf " (Chshs) * Chs*hs*%s) xls*%s) "
(format_coeff coeff) ¢ wf2 p2 wf3 wfl pl1
C_13_42, (F132 | F241)
C_1/_23, (F142 | F231) —
printf " (Chshs)* Chsxhs*hs) ¥hs*%s) "
(format_coeff coeff) ¢ wfl pl wf2 wf3 p3
C_15_42, (F142 | F231)
C_14_23, (F132 | F241) —
printf " (Chshs) * (hsxlhs*ls) *ls*%s) "
(format_coeff coeff) ¢ wf3 p3 wf2 wfl pi
C_13_42, (F312 | F421)
C_1/_23, (F412 | F321) —
printf " (Chshs) * (hsxlhs*ls) *lhs*%s) "
(format_coeff coeff) ¢ wf2 p2 wfl wf3 p3
C_13_42, (F321 | F{12)
C_14_23, (F421 | F312) —
printf " (Chshs) * Chs*hs*%s) xls*%s) "
(format_coeff coeff) ¢ wf3 p3 wfl wf2 p2
C_18_42, (F134 | F243)
C_1/_23, (F143 | F23{) —
printf " (Chshs) * (hsx¥%s) * (hs*s*%s) )"
(format_coeff coeff) ¢ wf3 p123 wfl pl wf2
C_18_42, (F143 | F23})
C_14_23, (F13} | F243) —
printf " (Chshs) * (hsx%s) * (hs*ls*ls) )"
(format_coeff coeff) ¢ wf2 p128 wfl pl wf3
C_15_42, (F381} | F423)
C_14_23, (F413| F32}) —
printf " (Chshs) * (hsx¥s) * (hs*ls*s) )"
(format_coeff coeff) ¢ wfs p123 wf2 p2 wfl
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| C_13_42, (F32 | F413)
| C_14_23, (F423 | F314) —
printf " (Chshs) * (hsx¥%s) * (hs*s*%s) )"
(format_coeff coeff) ¢ wfl p123 wf2 p2 wf3
| C_13_42, (F341 | F432)
| C_14_23, (F431 | F3}2) —
printf " (Chshs) * (hsx¥s) * (hs*ls*ls) )"
(format_coeff coeff) ¢ wf2 p123 wf3 p3 wfl
| C_15_42, (F342 | F431)
| C_14_23, (F432 | F3}1) —
printf " (Chshs) * (Chsx¥%s) * (hs*ls*¥%s) )"
(format_coeff coeff) ¢ wfl p123 wf3 p3 wf2

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_dscalar2 _vector2_km c pa pb wfl wf2 wf3 p1 p2 p3 p123 fusion (coeff, contraction) =
match contraction, fusion with
| C_12_84, (F123 | F213 | F12 | F21}) —
printf " (hshshs+hs) ) * (hs*ls)* (%s*%s) *)s"
(format_coeff coeff) ¢ pa pb p1 p2 wfl wf2 wf3
| C_12_34, (F13} | F143 | F23/ | F243) —
printf " (hshshs+hs) ) * (hs*%s) * (s*xhs) *)s"
(format_coeff coeff) ¢ pa pb p1 p128 wf2 wf3 wfl
| C_12_84, (F132 | F251 | F142 | F2/1) —
printf " (hshshs+hs) ) * (hs*ls) * (%s*%s) *)s"
(format_coeff coeff) ¢ pa pb p1 p3 wfl wf3 wf2
| C_12_34, (F312 | F521 | F412 | F421) —
printf " (hshshs+%s) ) * (hs*%s) * (hs*xhs) *)s"
(format_coeff coeff) ¢ pa pb p2 p3 wf2 wf3 wfl
| C_12_34, (F314 | F413 | F324 | F423) —
printf " (hshshs+hs) ) * (hs*ls) * (%s*%s) *)s"
(format_coeff coeff) ¢ pa pb p