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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 G, p. 806)

Product : effcient tensor products for lists and sets (section L, p. 844)
Combinatorics : combinatorical formulae, sets of subsets, etc. (section O,

p. 855)

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. 88)

Omega : functor constructing an application from a model and a target
(section 18, p. 773)

1.3.3 Abstract interfaces

The domains and co-domains of functors (section 9, p. 138)
Coupling : all possible couplings (not comprensive yet)
Model : physical models

Target : target programming languages

1.3.4 Models
(section 13, p. 225)

Modellibs M .QED : Quantum Electrodynamics
Modellibs M.QCD : Quantum Chromodynamics (not complete yet)
Modellibs M .SM : Minimal Standard Model (not complete yet)

etc.



The Big To Do Lists

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. 611).

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. 773)

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 [r1; T3] = product ([z1; 2], [T1; 72]) = [(21, 21); (21, ¥2); (22, ¥1); (22, 2)]
(2.2)
but it is also well defined for polytuples, e.g. for pairs and triples

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

val power : « list - ot list
val power_fold : (at - 8 — B) = alist > f —

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

sym_power [x1; 2] = [(z1,21); (21, 72); (v2, 72)] (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 — ot 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 : ot — « list

The next one is only used for Fermi statistics below, but can not be imple-
mented if there are no binary tuples. It must be retired as soon as possible.

val of2_kludge : a« - a — «a't

val res : RCS.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 = ft > vt = «

e val fold_right2 : (¢ = f = v = 7) = at = ft = v = v

e val exists : (¢ — bool) — at — bool

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

o val ezxists2 : (¢ — B — bool) - at — Bt — bool
e val mem : a - at — bool
e val memq : @« - at — bool

e val find : (@ = bool) = at = «

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

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

e val stable_sort : (¢ —» a — int) - at - at

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

2.2 Implementation of Tuple

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

{ RCS.revision = "$Revision: ,6465,$";
RCS.date = "$Date: ,2015-01-10,16:22:31,,+0100.,(Sat,,10,,Jan;2015) $";
RCS.author = "$Author: jr_reuter $";
RCS.source

= "$URL:_svn+ssh://jr_reuter@login.hepforge.org/hepforge/svn/whizard/trunk/omega/s:

module type Mono =
sig

type o ¢
val arity : at — int
val max_arity : int
val compare : (& = a — int) - at - at — int
val for_all : (¢ — bool) — at — bool
valmap : (¢ —» 8) - at — Bt
val iter : (@« — wunit) — at — unit
val fold_left : (¢ - B8 — a) - a —» Bt = «
val fold_right : (o — B at - f = B
val fold_left_internal : (« @ a) > at - «
val fold_right_internal : (¢ - a — a) = at = «
val map2 @ (¢ - 8 — v) = at - Bt = vt
val split : (o x B)t - at x Bt

— —
- a —



Implementation of Tuple

val product : o listt — « t list
val product_fold : (ot — B — B) = alistt - f — f
val power : « list = « t list
val power_fold : (et — 8 — 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 —
g — B
val to_list : at — « list
val of2_kludge : @ — o — a't
val res : RCS.t
end

module type Poly =
sig
include Mono
exception Mismatched -arity
exception No_termination
end

2.2.1 Typesafe Combinatorics

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

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

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

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

2.2.2 Pairs

module type Binary =
sig
include Poly (* should become Mono! *)
val of2 : @ - a = a't
end

module Binary =

struct
let rcs = RCS.rename rcs-file "Tuple.Binary" ["Pairs"]
typeat = a X «

10
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let arity - = 2
let max_arity = 2

let of2 x y = (z, y)

let compare cmp (x1, y1) (22, y2) =
let cx = cmp x1 x2 in
if cx # 0 then
cx
else
cmp yl y2
let for_all p (z, y) = pz A py
let map f (z, y) = (f =z, fy)
let iter f (z, y) = fax; 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) = fzy
let fold_right_internal f (z, y) = fzy

exception Mismatched —arity
let map2 f (x1, y1) (22, y2) = (f =1 22, f y1 y2)

let split (1, x2), (y1, y2)) = ((z1, 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 z y) (choose2 set.(pred i)) acc
else

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

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

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

let to_list (z, y) = [z; Y]
let of2_kludge = of2

exception No_termination
end

11
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2.2.8 Triples

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

module Ternary =

struct
let rcs = RCS.rename rcs_file "Tuple.Ternary" ["Triples"|
typeat = a X a X «
let arity - = 3
let max_arity = 3

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

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

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

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

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

let fold_left f init (z, y, z) = f (f (f init z) 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 (a1, y1, 21) (22, y2, 22) = (f =1 22, f yl y2, f 21 22)
let split ((z1, a2), (y1, y2), (21, 22)) = ((¢1, yl, 21), (22, y2, 22))
let product (lx,ly,lz) =

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

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

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

type a graded = « list array

let fuseld f set (i, j, k) acc =
if # = j then begin
if 7 = k then

12
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List.fold_right (fun (z, y, 2) — f x y z) (choose3 set.(pred 1)) acc
else
Product.fold2 (fun (z, y) 2z — fzy z)
(choose2 set.(pred 1)) set.(pred k) acc
end else begin
if j = k then
Product.fold2 (fun z (y, z) — fz y 2)
set.(pred i) (choose2 set.(pred j)) acc
else
Product.fold3 (funzyz — fxy 2)
set.(pred i) set.(pred j) set.(pred k) acc
end

let graded_sym_power_fold rank f set acc =
let max_rank = Array.length set in
List.fold_right (fuse3 (funz y z — f (of3 z y 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 of2_kludge - = failwith "Tuple.Ternary.of2_kludge"
let to_list (z, y, z) = [z; y; 2]

end

2.2.4  Pairs and Triples

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

module type Mized23 =
sig
include Poly
val of2 : o - a — at
val of8 : @ - a - a = at
end

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

type a t = « pair_or_triple
let arity = function

| T2 - — 2

| T3 - = 3
let maz_arity = 3

let of2 2y = T2 (z, y)
let of3 .y z = T3 (z, y, 2)

let compare cmp m1 m2 =
match m1, m2 with

13
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| T2 ., T9 . — —1
| T9 ., T2 - > 1
| T2 («1, y1), T2 (22, y2) —

let cx = cmp x1 x2 in
if cx # 0 then
cx
else
cmp yl y2
| T3 (x1, yl1, z1), T3 (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 = function
| T2 (z, y) = pxz Apy
| T3 (z, y,2) = px ANpy Apz

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

let iter f = function

| T2 (z, y) = fa; fy

| T3 (2, y, z2) = [z fy [
let fold_left f init = function

| T2 (z, y) — f (finitz)y
| T3 (z, y, 2) = f(f (finit ) y) 2

let fold_right f m init =
match m with
| T2 (z, y) — [z (fyinit)
| T3 (z, y, 2) = fa(fyl(fzini))

let fold_left_internal f m =
match m with
| T2 (z, y) = fzy
| T3 (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)

14
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| T8 (z1, y1, 21), T3 (22, y2, 22) — T3 (f =1 22, f yl y2, [ z1 22)
| T2 _, T8 _ | T8 -, T2 _ — raise Mismatched _arity

let split = function
| T2 ((«1, 22), (y1, y2)) — (T2 (21, y1), T2 (2, y2))
| T3 ((z1, 22), (y1, y2), (21, 22)) — (T8 (x1, y1, 21), T3 (22, y2, 22))

let product = function

| T2 (lz, ly) — Product.list?2 (funzy — T2 (z, y)) lx ly

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

match m with

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

| T3 (lz, ly, Iz) —

Product.fold3 (funz y z — f (T8 (z, y, 2))) lz 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 maz_rank = Array.length set in
List.fold_right (Binary.fuse2 (fun z y — f (of2 z y)) set)
(Partition.pairs rank 1 mazx_rank)
(List.fold _right (Ternary.fuse3 (funz y z — f (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 to_list = function
| T2 (z, y) — [z; y]
| T8 (z, y, 2) — [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't
val of3 : o - a - a = a't
val of _list : « list > «t
end

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

15
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let recs = RCS.rename rcs_file "Tuple.Nary"
["Tupels of indefinite arity"]

typeat = a X « list

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

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

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

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

let ¢ = cmp z1 22 in
if ¢ # 0 then

c
else

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

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

match List.rev y with

| [] = =

| 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 y1, y2 = List.split y12 in
((z1, y1), (22, y2))

let product (zl, yl) =
Product.list (function
o5y = (@ 1)
| [] — failwith "Tuple.Nary.product") (al :: yl)
let product_fold f (zl, yl) init =
Product.fold (function
z oy o ()
| [] — failwith "Tuple.Nary.product_fold") (zl :: yl) init
let bounded -power_fold f | init =
List.fold_right (fun n — product_fold f (I, ThoList.clone (pred n) 1))
(ThoList.range 2 A.maz_arity) init

16
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let bounded -power | =
bounded _power _fold (fun t acc — t :: acc) l[]

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

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

type a graded = « list array

let fuse_n f set partition acc =
let choose (n, ) =
Printf.printf "chose: n=%d_r=Y%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 maz_arity in
let partitions =
ThoList.flatmap
(fun deg — Partition.tuples deg rank 1 maz_rank) degrees in
List.fold_right (fuse_n (fun wfs — f (of _list wfs)) set) partitions acc

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

let to_list (z, y) = = =y
let of2_kludge = of2

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

3.1 Interface of Topology

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

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

type partition

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

d

i=1

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

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

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

> ot (3.2)

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

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

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

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

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

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

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

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

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

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

val (+ ) :t =t = ¢
val (=) 1t = ¢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
Of course, native integers will provide the fastest implementation:
module Int : Integer

module type Count =

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

> ot (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+ng+...+ng
(3.4)
S(nk,n —nk) S(ni,na, ..., nk) ni,N2,...,Ng

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 S 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 a children = o Tuple.Binary.t

3.2 Implementation of Topology

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

{ RCS.revision = "$Revision: 6465,$";
RCS.date = "$Date: ,2015-01-10,16:22:31,+0100.,(Sat,,10,,Jan.,2015) $";
RCS.author = "$Author: jr_reuter, $";
RCS .source

= "$URL: svn+ssh://jr_reuter@login.hepforge.org/hepforge/svn/whizard/trunk/omega/s:

module type T =
sig
type partition
val partitions : int — partition list
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n | partitions n

4| (1,1,2)

51 (1,2,2)

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

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

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

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

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

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

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

Table 3.1:  partitions n for moderate values of n.

type « children
val keystones : « list — (« list x « list children list) list
val maz_subtree : int — int
val inspect_partition : partition — int list
val res : RCS.t
end

3.2.1 Factorizing Diagrams for ¢3

module Binary =

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

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

partitions : n — {(nl,ng,ng) [ni4+na+ns =nAn; <ng <ng< Ln/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 + ns +ng =n and n; < ng <ngisny < [n/3]:

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

[]

else
List.map (fun (n2, n8) — (ni, n2, n3))
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B/

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

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

(Partition.pairs (n — n1) nl (n / 2)) Q partitions’ n (succ nl)

let partitions n = partitions’ n 1

type a children = « Tuple.Binary.t

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

{1}{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

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.

FAN K AN

Figure 3.3: If ng = ny + no, 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.

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

3
(n1 4+ no + ng)! 2n1—3
N 3.7
(n1,n2,n3) = S(n1,n2,n3) };[1 (3.7)
where the symmetry factor from the above arguments is
3! for n1 = no = ng
2.2 forng=2n; =2
S(n1,n2,n3) = ot s = S = S (3.8)
2 for n1 = n9 Vng = ns
2 for ny + ng = ng
Indeed, the sum of all Feynman diagrams
Z N(ni,nz2,n3) = (2n — 5)!! (3.9)
ni+nst+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 nd, respectively. Common first lists are factored. This is nothing
more than a typedafe wrapper around Combinatorics.factorized_keystones.

exception Impossible of string
let tuple_of _list2 = function
| [z1; 2] — Tuple.Binary.of2 x1 x2
| - — raise (Impossible "Topology.tuple_of_list")
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Figure 3.4: Degenerate (1,1,1,3) and (1,2, 3).

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

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

let maz_subtree n = n /2

end

3.2.2  Factorizing Diagrams for »_, A, ¢"

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

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

type partition = int list
let inspect_partition p = p

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

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

[]

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

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

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

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

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

let maz_subtree n = n /2
end

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

3.2.8 Factorizing Diagrams for ¢*

module Ternary =

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

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

let collect/ acc = function
| [z; y; 23 u] = (2, vy, 2, u) = acc
| - — acc

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

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

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

3.2.4 Factorizing Diagrams for ¢* + ¢*

module Mized23 =
struct
let rcs = RCS.rename rcs_file "Topology.Mixed23"
["phi**3 +_ phix**4 topology"]
type partition =
| P3 of int x int x int
| P4 of int x int x int X int
let inspect_partition = function
| P3 (nl, n2, n8) — [nl; n2; n3]
| P4 (n1, n2, n3, n4) — [nl; n2; n3; n4|
type «a children = « Tuple.Mized23.t
let collect3} acc = function

26



Implementation of Topology

| [z; y; 2] = P3 (z, y, 2) = acc
| [2; y; 25 u| = P4 (z, 9y, z, u) = acc
| - — acc
let partitions n =
List.fold_left collect34 []| (Nary4.partitions n)
let collect23 acc = function
| [2; y] — Tuple.Mized23.0f2 z y :: acc
| [2; y; 2] = Tuple.Mized23.0f3 © y z :: acc
| - — acc
let keystones | =
List.map (fun (bra, kets) — (bra, List.fold_left collect23 [] kets))
(Nary4 .keystones’ 1)
let max_subtree = Nary4.max_subtree
end

3.2.5 Diagnostics: Counting Diagrams and Factorizations for

D0 A"

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

val (+ ) 1t >t > ¢
val (=) 1t =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

O’Caml’s native integers suffice for all applications, but in appendix S, 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
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et (+) =(+)
let (=) =(-)
et (x ) = ( x)

\_/X

let (/) = (/

let pred = pred
let succ = succ

— N

I I
o~ ——~——
S 3IVVIAAIKI

— —

IV VIA A

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) — inleger — 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 res = res_file
let description = ["(still_inoperational) phi n topology"]

type integer = I.t

open [

let two = of _int 2

let three = of —int 3

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

let min z y =
if z < y then
x
else
Yy

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

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

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

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

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

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

2P({ns,na,...}) + E({ng,na,...}) = > _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;
Prop = 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.
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exception Zero

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

Add one vertex of degree d, maintaining the invariants.

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

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

Count the number of diagrams. Any diagram can be obtained recursively either
from a diagram with one ternary vertex less by insertion if a ternary vertex in
an internal or external propagator or from a diagram with a higher order vertex
that has its degree reduced by one:

D({ng,n4, .. }) =
(P({ns — 1,n4,...}) + E({ns — 1,n4,...})) D{ns — 1,ngq,...})

+) (na1 + 1)D({nz,na, . g1+ Lna—1,...3)  (3.12)
d=4

let rec class-size cl =
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 eI’ = add (remove cl d) d' in
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multiplicity cl’ d’ x class_size cl’
with
| Zero — zero
end else
zero

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

c

E({n37n4,...,nd})—2=Zl(i—2)ni = sum (3.13)
i=3

The implementation is a variant of tuples above.

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

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

[]

else
List.fold_left (fun lll — ((d, n) == 1) = )
(distribute_degrees” d sum (pred n))
(distribute_degrees’ (pred d) (sum — (d — two) x n))

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

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

zero (distribute_degrees deg n)

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

let classify | =
let rec add_to_class a = function
| 1] = [ofint 1, a]
| (n, o) = rest —
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if a = a then
(succ n, a) :: rest
else
(n, @) = add_to_class a rest
in
let rec classify’ ¢l = function
[ [} =
| a = rest — classify’ (add_to_class a cl) rest
in

classify’ [] 1

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

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

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

permutation_symmetry |

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

F max> g 1
F(dmaxaNd,n) = i )

E&

3.15
|S(Ndn ‘O’ ng,n i:l ( )
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

Fldmasn) = Y > Fldmes M) (316)
d=3 N={n1i,nz,...,na}
nit+ne+--+ng=n
1<n1<ne < <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
let rcs = RCS.rename rcs_file "Topology.Helac"
["phi**n topology, Helac style"]
module Tuple = Tuple.Nary(B)

type partition = int list
let inspect_partition p = p

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

let rec partitions’ d sum =
let d = pred d in
if d < 2then

[]

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 = « Tuple.t

let keystones’ | =
match [ with

| 1] =]

| head :: tail —
[({head),
ThoList.flatmap (fun p — Combinatorics.partitions (List.tl p) tail)
(partitions (List.length 1)))]

let keystones | =

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

let max_subtree n = pred n
end

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

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

type partition = int X int X int
let inspect_partition (n1, n2, n8) = [nl; n2; n3]

let partitions sum =
List.map (fun (n2, n3) — (1, n2, n3))
(Partition.pairs (sum — 1) 1 (sum — 2))
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type a children = o Tuple.Binary.t

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

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

let max_subtree n = pred n

end
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— 4

DIRECTED ACYCLICAL (GRAPHS

4.1 Interface of DAG

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

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

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

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

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

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

4.1.1 Forests

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

-1 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

36



Interface of DAG

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 : «

38



Interface of DAG

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 — §) —

(a v =179 =0 —>a—>0a) = a— 57— nde >t > «
val eval_memoized : (node — «) — (node — edge — v — 0) —
(a =27y =79 >0 =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 874.
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 : nmode — t — int

val res : RCS.t
end

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

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

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

{ RCS.revision = "$Revision: 6465 3";
RCS.date = "$Date:,2015-01-10.,16:22:31,,+0100,,(Sat,,10,Jan;,2015) ,$";
RCS.author = "$Author: jr_reuter, $";
RCS.source

= "$URL:_svn+ssh://jr_reuter@login.hepforge.org/hepforge/svn/whizard/trunk/omega/s:

module type Ord =
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sig

type ¢

val compare : t — t — int
end

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

module type T =
sig

type node
type edge
type children
type ¢
val empty : t
val add_node : node — t — 1
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 — wunit
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 —
val size : t — int
val eval : (node — «) — (node — edge — v — §) —

(¢ v =179 = 0 —>a—>0a = a— v — node -t —
val eval_memoized : (node — a) — (node — edge — v — ) —

(a =y =279 >0 > a—a > a—=v— 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
val rcs : RCS.t

t — t
t > a — «

o

(67
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end

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

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

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

4.2.2  Gradings

module Chaotic (O : Ord) =

struct
include O
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 = unit
let compare - - = raise (Impossible "G.compare")
end
let rank - = raise (Impossible "G.compare")
end
module Grade_Forest (G : Grader) (F : Forest) =
struct

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

end

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

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

module type Graded_Map_Maker = functor (O : Graded_Ord) —
Graded _Map with type key = O.t and type rank = 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 = MI1.empty
let add key data mapl =
let rank = O.rank key in
let map2 = try M1.find rank mapl with Not_found — M2.empty in
M1.add rank (M2.add key data map2) mapl
let find key map = M2.find key (MI.find (O.rank key) map)
let mem key map =
M2.mem key (try M1.find (O.rank key) map with Not_found — M2.empty)
let iter f mapl = MI.iter (fun rank — M2.iter f) mapl
let fold f mapl accl = M1 .fold (fun rank — M2.fold f) mapl accl

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

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

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

4.2.3 The DAG Functor

module Maybe_Graded (GMM : Graded_Map_Maker) (F : Graded_Forest) =
struct
let recs = RCS.rename rcs_file "DAG.Graded ()"
["GradedudirecteduAcyclicaluGraphu";
"representing._lbinary\_,orun—aryutrees"]

module G = F.Nodes.G

type node = F.node

type rank = G.t

type edge = F.edge

type children = F.children

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

module Parents = GMM (F.Nodes)
module Offspring = Set.Make(F)

type t = Offspring.t Parents.t

let rank = F.Nodes.rank

let ranks = Parents.ranks
let min_maz_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 (funn — F.Nodes.compare n node < 0) offspring then
add_offspring_unsafe node offspring dag
else
raise Cycle
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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
| Not_found — false

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

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

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

let map fn fo dag =
Parents.fold (fun node offspring —
Parents.add (fn node)
(Offspring.fold (fun o — Offspring.add (fo node o))
offspring Offspring.empty)) dag Parents.empty

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

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

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
Tree2.cons
(Offspring.fold
(fun o acc —
(fst o,
node’,
F.fold (fun wf acc’ — dependencies’ wf :: acc’) o[]) :: acc)
offspring ()
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dependencies’ node

let lists dag =
Sort.list (fun (n1, -) (n2, =) — F.Nodes.compare n1 n2 < 0)
(Parents.fold (fun node offspring | —
(node, Offspring.elements offspring) :: 1) dag [])

let size dag =
Parents.fold (fun - - n — succ n) dag 0

let rec harvest dag node roots =
Offspring.fold
(fun offspring roots’ —
if is_offspring node offspring roots’ then
roots’
else
F.fold (harvest dag)
offspring (add - offspring _unsafe node offspring roots’))
(Parents.find node dag) (add_node node roots)

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

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

let eval f mule muln add null unit node dag =
let rec eval’ n =
if is_sterile n dag then
fn
else
Offspring.fold
(fun (e, - as offspring) v0 —
add (mule n e (F.fold muln’ offspring unit)) v0)
(Parents.find n dag) null
and muln’ n = muln (eval’ n) in
eval’ node

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

let build_forest evaluator node dag =
evaluator (fun n — [Tree.leaf (n, None) n])
(funn ep — List.map (fun p’ — Tree.cons (n, Some e) p’) p)

(fun pI 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 eval.

let eval_offspring f mule muln add null unit dag values (node, offspring)

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

let eval_memoized [ 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 : mnode — 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) = Maybe_Graded(Graded_Map)(F)

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

module Fake_Graded_-Map (O : Graded_-Ord) :
Graded_Map with type key = O.t and type rank = O.G.t =
struct
module M = Map.Make(O)
type key = O.t
type (+a) t = a M.t
let empty = M.empty
let add = M.add
let find = M.find
let mem = M.mem
let iter = M .iter
let fold = M .fold
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We make sure that the remaining three are never called inside DAG and are
not visible outside.

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

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

end

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

Maybe - Graded(Fake-Graded-Map)(Grade - Forest(Fake_ Grading)(F))

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

i [1]).
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MOMENTA

5.1 Interface of Momentum

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

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

Pn = Pn forng, +1<n<k

where momentum is conserved

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

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

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

module type T =

sig
type ¢

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

val of _ints : int — int list — ¢

No two indices may be the same. Implementions of of _ints can either raise
the exception Duplicate or ignore the duplicate, but implementations of add are
required to raise Duplicate.
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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
val res : RCS.t
end

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

Wolfgang’s funny tree codes:

(27,27 = (1,2,4,...,2"72)

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

let res_file = RCS.parse "Momentum" ["Finite_ disjoint_sums_of momenta"]

{ RCS.revision = "$Revision: ,6465,$";
RCS.date = "$Date: ,2015-01-10,16:22:31,,+0100.,(Sat,,10,,Jan;2015) $";
RCS.author = "$Author: jr_reuter $";
RCS.source

= "$URL:_svn+ssh://jr_reuter@login.hepforge.org/hepforge/svn/whizard/trunk/omega/s:

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 — nt list
val dim : t — int
val rank : t — nt
val singleton : int — int — t
val zero : int — t
val compare : t — t — int

valneg : t — t

val abs : t —
valadd : t - t — t

val sub : t — t — ¢

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

val less : t — t — bool
val lesseq : t — t — bool
val try_fusion : t — t — t — (bool x bool) option
val to_string : t — string
val split : int — int > t — t
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
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val spacelike : t — bool
end
val res : RCS.t
end

5.2.1 Lists of Integers

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

module Lists =
struct
let recs = RCS.rename rcs_file "Momentum.Lists ()"
(RCS.description rcs_file @Q

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

exception Range of int
exception Duplicate of int

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

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

[ pl p2
else
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mismatch s pl p2

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

let rec neg’ d i = function
=
if i < d then
i = neg’ d (succ i) []
else
[]
| &' :: restasp —
if ¢/ > d then
failwith "Integer_List.neg: internal, error"
else if i/ = i then
neg’ d (succ 1) rest
else
i = neg’ d (succ i) p

let negp = {d = pd; r = pd — pr; p = neg’ p.d 1 pp}

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

p

let rec add’ p1 p2 =
match pI, p2 with
| [lp =
| o, [l = p
| «1 = pl’, 22 o p2 —
if z1 < x2 then
xl : add' pl’ p2
else if 2 < zI then
z2 : add' pl p2’
else
raise (Duplicate x1)

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

let rec try_add’ d r acc pl p2 =
match pI, p2 with
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| I, p = Some ({d = d; r =
| p, [] = Some ({d = d; r =
| «1 = pl’, 22 = p2 —
if 1 < z2 then
try_add’ d r (z1 :: acc) p1’ p2
else if 2 < =zl then
try_add’ d r (z2 :: acc) pl p2’
else
None

= List.rev_append acc p })
= List.rev_append acc p })

33
ESTRS]

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

exception Negative

let rec sub’ pl p2 =
match pI, p2 with
| b, H - P
| [], - — raise Negative
| 1 = pl’, 22 = p2 —
if 1 < z2 then
zl : sub pl’ p2

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

raise Negative

let rec sub p1 p2 =
if pl1.d = p2.d then begin
if pl.r > p2.r then
{d =pld;r =plor — p2.r; p = sub pl.pp2.p}
else
neg (sub p2 pl)
end else
mismatch "sub" pl p2

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

else if z1 = xz2 then
try_sub’ d r acc p1’ p2’
else
None

let try_sub pl p2 =
if pI1.d = p2.d then begin
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if pl1.r > p2.r then
try_sub’ pl.d (pl.r — p2.r)[] pl.p p2.p

else
match try_sub’ pl.d (p2.r — pl.r) ][] p2.p pl.p with
| None — None
| Some p — Some (neg p)

end else
mismatch "try_sub" pl p2

let rec less’ equal pl p2 =
match p1, p2 with
| [], [I = — equal
| [], - — true
| 21 == _, [] — false
| 1 = pl’, 22 = p2 when 21 = 22 — less’ equal p1’ p2’
| «1 = pl’, 22 = p2 — less false p1 p2’

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

let rec lesseq’ pl p2 =
match p1, p2 with
| [], - — true
| 1 = _, [] — false
| «1 = pl’, 22 :: p2 when 2l = 22 — lesseq’ p1' p2’
| 1 == pl’, 22 = p2 — lesseq’ pl p2'

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

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

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

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

let s_channel p = s_channel_in p V s_channel_out p

let timelike p =
match p.p with
| pI = p2 o - = pl > 2V (pl =1A p2 = 2)
| pI = - — 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
| pI = - — pl > 1
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| [] — 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
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” — 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 =
letn’ = n — 1in
let rec split’ head = function
| [] = (p.r, List.rev head)
| il = odlist —
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 + n/,
List.rev_append head
((ThoList.range i1 (il + n')) @ (List.map ((+) n') ilist))) in
let v/, p’ = split’ [] p.p in
{d =pd+n;r=1rp=yp}

/

end
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5.2.2  Bit Fiddlings

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

module Bits =
struct
let recs = RCS.rename rcs_file "Momentum.Bits ()"
(RCS.description rcs_file Q

[ "using bitfields as representation." |)
type t = int

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 = (Llsln) — 1
let mask2 = mask 2
let maskd = mask 5

let mask21 = mask 21

let maskd = masks Isl 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 r b = dlor r lor b
let drb d r b = d sl 26 lor r 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 p1 p2 = raise (Mismatch (s, pl, p2))

let of _ints d p =
let r = 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 Isl (pred p'))
else

raise (Range p')) (drb d r 0) p

61



Implementation of Momentum

end else
raise (Range )

let zero d

drb d 00

let singleton d p = drb d 1 (1Isl (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)

let to_ints p = to—ints’ [] 1 (bits p)

let to_string p

"[" ° String.concat "," (List.map string_of _int (to_ints p)) *
’|/|’ ~

string_of —int (rank p) = "/" " string_of _int (dim p) " "1"
let compare p1 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 =
let d = dim pandr = 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 pl + rank0 p2) (b1 lor b2)
else

raise (Duplicate 0)
end else

mismatch "add" pl p2

bits p2 in

exception Negative

let rec sub p1 p2 =

let dI = dim0O pl1 and d2 = dim0 p2 in
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if dI = d2 then begin
let 1 = rank0 pl and r2 =
if r1 > r2 then begin
let b1 = bits pl and b2 = bits p2 in
if b1 lor b2 = b1 then

drb0 d1 (r1 — r2) (b1 Ixor b2)
else

rank0 p2 in

raise Negative
end else

neg (sub p2 pl)
end else

mismatch "sub" pl p2
let try_add p1 p2 =

let dI = dim0 pl and d2 = dim0 p2 in
if dI = d2 then begin

let b1 = bits p1 and b2
if b1 land b2 = 0 then

bits p2 in

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

None
end else

mismatch "try_add" pl p2
let rec try_sub pl p2

let d1 dim0 p1 and d2 dim0 p2 in
if d1 d2 then begin
let 1 = 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) (b1 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 dI = dim0 p1 and d2 =

= dim0 p2 in
if dI = d2 then begin

let r1 = rank0 pl and 12 rank0 p2 in

if 71 < 72 then begin
let b1 = bits pl and b2 bits p2 in
b1 lor b2 = b2

end else
false

end else
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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)

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

let timelike p =
(rank p > 0 A (mask-in land p = 0)) V (bits p = mask_in)

let spacelike p =
(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 = 0)

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 = 0)

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

let try_fusion p pl p2 =

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

else if test_sum p true pl 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 pl 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 1)
and mask_i = 1Isl (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) Isl delta_d
else if delta_d = 0 then
mask_high land b
else
(mask_high land b) lsr (—delta_d) in
drb (dim p + delta_d) (rank p + delta_r) (b_low lor b_med lor b_high)

end
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5.2.3 Whizard

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

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

let of _-momentum p =
let d = dim pin
let bit_in1 = 1land p
and bit_in2 = 1land (p Isr 1)
and bits_out = ((mask d) land p) Isr 2 in
bits_out lor (bit_in1 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
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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, ) ¢ =
| True
| False
| On_shell of flavor list x ’p
| On_shell_not of flavor list x ’p
| Off —shell of ’flavor list x ’p
| Off _shell_not of “flavor list x p
| Gauss of flavor list x p
| Gauss_not of flavor list x p
| Any_flavor of ’p
| Or of ('flavor, ’p) t list
| And of (flavor, ’p) t list

val mk_true : unit — (’flavor, p) t

val mk_false : unit — (’flavor, p) t

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

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

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

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

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

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

exception Syntaz_Error of string x int X int

6.2 Implementation of Cascade_syntax

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

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

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

let mk_true () = True

let mk_false () = False

let mk_on_shell f p = On_shell (f, p)

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

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

let mk_gauss_not f p = Gauss_not (f, p)

let mk_any_flavor p = Any_flavor p

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

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

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

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

| On_shell_not (fs, p) —

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

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

momentum_to_string p =~ """ 7

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

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

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

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

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

to_string’ ¢~ ")") cs)

to_string’ ¢~ ")") c¢s)in

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

exception Syntax_Error of string X int X int

6.3 Lexer

{

open Cascade_parser
let unquote s =

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

let digit = [70°—9°]

let upper = [PA>—Z7]

let lower = [*a’—’z’]

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

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

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

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

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

6.4 Parser

Header

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

Token declarations

%token < string > FLAVOR

%token < int > INT

%token LPAREN RPAREN

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

%left OR

%left AND

%left PLUS COLON

%left NOT

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

Grammar rules

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

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

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

momentum ::=
INT { $1}

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

6.5 Interface of Cascade

module type T =
sig

type flavor
type p

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

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

type selectors
val to_selectors : t — selectors

Don’t throw anything away:
val no_cascades : selectors

select_wf s is_timelike f p ps returns true iff either

e the flavor f and momentum p match the selection s or
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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

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
Diagnostics:
val description : selectors — string option
end

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

6.6 Implementation of Cascade

module type T =
sig

type flavor
type p

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

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

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

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

module CS = Cascade-syntaz

type flavor = M .flavor
type p = P.t
Since we have
p<q<(—q) < (-p) (6.1)

also for < as set inclusion lesseq, only four of the eight combinations are inde-
pendent

p<gq = (—q) <(-p)

q<p = (-p)<(—q)

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

let one_compatible p q =
let neg-q = P.neg q 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 [ < 2 then
one_compatible p q

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

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

|
|
| 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 ¢ list
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let of _string s =
Cascade_parser.main Cascade_lexer.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 import dim cascades =
let rec smport’ = function
| CS.True —
True
| CS.False —
Fulse
| CS.On_shell (f, p) —
On_shell (List.map M .flavor_of _string f, P.of _ints dim p)
| CS.On_shell_not (f, p) —
On_shell_not (List.map M .flavor_of _string f, P.of _ints dim p)
| CS.Off _shell (fs, p) —
Off _shell (List.map M .flavor_of _string fs, P.of —ints dim p)
| CS.Off _shell_not (fs, p) —
Off _shell_not (List.map M .flavor _of _string fs, P.of _ints dim p)
| CS.Gauss (f, p) —
Gauss (List.map M .flavor_of _string f, P.of _ints dim p)
| CS.Gauss_not (f, p) —
Gauss (List.map M .flavor_of _string f, P.of _ints dim p)
| CS.Any_flavor p —
Any_flavor (P.of _ints dim p)
| CS.0r cs —
invalid_-arg "Cascade: ,0R_patterns, (| |)_not supported,in this version!"
| CS.And cs — And (List.map import’ cs) in
import’ cascades

let of _string_list dim strings =
match List.map of _string strings with
| [] = True
| first @ next —
import dim (List.fold_right CS.mk_and next first)

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

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

let rec 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) —
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momentum_to_string p = "L=u!" " flavors_to_string fs
| Off _shell (fs, p) —

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

momentum_to_string p ~ ","u!'" "~ flavors_to_string fs
| 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 ~ ", L7"
| And cs —

String.concat " && " (List.map (func — " ("

to_string ¢~ ")") cs)

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;
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);
partition = [];
description = None }

let select_p s = s.select_p

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

let is_gauss s = s.is_gauss

let 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
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| 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 [ flavors V (if is_timelike p then false else List.mem f' flavors)
else
one_compatible p momentum N all_compatible p p_in momentum
| Onc_shell (flavors, momentum) | Gauss (flavors, momentum) —
if is_timelike p then begin
if p = momentum then
List.mem f' 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 ' 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) —

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
to_select—wf’ cascades

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

let to_on_shell cascades f p =
let /' = M.conjugate f in
let rec to_on_shell’ = function
| True | False | Any_flavor _
| Off —shell (-, =) | Off —shell_not (-, -)
| Gauss (-, =) | Gauss_not (-, _) — false
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| 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 e¢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 e¢s — List.for_all to_gauss’ cs in
to_gauss’ cascades

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

module TPowSet =
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 TPowSet.is_empty p then
[]
else
IPowSet.to_lists p

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

let partition_to_string = function
| H — nn
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| parts —
" ugrouping {" " String.concat "," (List.map part_to_string parts) ~ "}"
let to_selectors = function
| True — mno-cascades
| ¢ —
let partition = coarsest_partition c in
{ select_p = to_select_p c;
select_wf = to_select_wf c;
on_shell = to_on_shell c;
is—gauss = to_gauss c;
partition = partition;

description = Some (to_string ¢ * partition_to_string partition) }
end
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COLOR

7.1 Interface of Color

7.1.1  Quantum Numbers

Color is not necessarily the SU(3) of QCD. Conceptually, it can be any unbroken
symmetry (broken symmetries correspond to Model.flavor). In order to keep the
group theory simple, we confine ourselves to the fundamental and adjoint 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 a children

val sign : rhs — int

val coupling : rhs — constant Coupling.t

val coupling_tag : rhs — string option

In renormalized perturbation theory, couplings come in different orders of the
loop expansion. Be prepared: val order : rhs — int

This is here only for the benefit of Target and shall become val children : rhs —
wf children later . ..

val children : rhs — wf list

Fusions come in two types: fusions of wave functions to off-shell wave functions:
o(p+4q) = o(p)o(q)

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

and products at the keystones:
o(=p —q) - o(p)o(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 — 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

(f3,03, fa, 04, - - | T| f1, 01, fa, p2) (8.1a)

directly, O’'Mega calculates the—equivalent, but more symmetrical—crossed
amplitude

<fla_p17f27_p27f3>p37f47p47""T‘0> (81b)
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Internally, all flavors are represented by their charge conjugates

A(fh*plana7p2>f_37p37f_‘4ap4a"') (81C)

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

DAY (eF, AeT) (8.3)

which is more intuitive than the alternative (e™, A,e™). Also, when thinking in
terms of building wavefunctions from the outside in, the outgoing antiparticle
is represented by a particle propagator and vice versa'. incoming and outgoing
are the physical flavors as in (8.1a)

val incoming : amplitude — flavor list
val outgoing : amplitude — flavor list

externals are flavors and momenta as in (8.1c)
val externals : amplitude — wf list

val variables : amplitude — wf list

val fusions : amplitude — fusion list

val brakets : amplitude — braket list

val on_shell : amplitude — (wf — bool)
val is_gauss : amplitude — (wf — bool)
val constraints : amplitude — string option
val symmetry : amplitude — int

val allowed : amplitude — bool
Performance Hacks

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

Diagnostics

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

1Even if this choice will appear slightly counter-intuitive on the Target side, one must keep
in mind that much more people are expected to prepare Models.

90



Interface of Fusion

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

val res_list : RCS.t list
end

There is more than one way to make fusions.

module type Maker =
functor (P : Momentum.T) — functor (M : Model. T) —
T with type p = P.t
and type flavor = 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 Mized28 : 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

type fusion

type wf

type selectors
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type amplitudes
Construct all possible color flow amplitudes for a given process.

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

Precompute the vertex table cache.

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

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

val constraints : amplitudes — string option
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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 « 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

)

let res_file = RCS.parse "Fusion" ["General Fusions"]
{ RCS.revision = "$Revision: 7377, 3$";
RCS.date = "$Date:,2015-11-20,,16:59:02,,+0100,,(Fri, 20 Nov,,2015),$";
RCS.author = "$Author: jr_reuter, $";
RCS .source
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= "$URL:_svn+ssh://jr_reuter@login.hepforge.org/hepforge/svn/whizard/trunk/omega/s:
module type T =

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

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 — 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
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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
val res_list : RCS.t list
end

module type Maker =
functor (P : Momentum.T) — functor (M : Model. T) —
T with type p = P.t
and type flavor = 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
val rcs : RCS.t

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
let rcs = RCS.rename rcs-file "Fusion.Stat_Dirac()"
[ "Fermi_statistics for Dirac fermions"]

type flavor = M.flavor

Yuth (1) G p(2)7,0(3) — 7t (3) G* 4 (2) (1) (84)

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 =
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Y(3) Y(3)
0 b2 - 0 ¥(2)
1 Y(1)

Figure 8.1: Relative sign from Fermi statistics.

let s = M.fermion f in
if s = 0 then
Boson []
else if s < 0 then
AntiFermion (p, [])
else (x if s > 0 then x)
Fermion (p, [])

exception Impossible

let stat_fuse s1 s2 f =
match s1, s2 with
| Boson U1, Boson 12 — Boson (11 Q [2)
| Boson l1, Fermion (p, 12) — Fermion (p, 11 @ [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, l1), 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, 1)}) (8.5)

let permutation lines =
let fout, fin = List.split lines in
let eps_in, - = Combinatorics.sort_signed compare fin
and eps_out, - = Combinatorics.sort_signed compare fout in
(eps_in X eps_out)

This comparing of permutations of fermion lines is a bit tedious and takes a
macroscopic fraction of time. However, it’s less than 20 %, so we don’t focus
on improving on it yet.

let stat_sign = function
| Boson lines — permutation lines
| Fermion (p, lines) — permutation ((None, Some p) :: lines)
| AntiFermion (pbar, lines) — permutation ((Some pbar, None) :: lines)

end
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8.2.3 Tags

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

Implementation of Fusion

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 (+) ¢ wfs
let wf_to_string n = Some (string_of _int n)

let coupling_to_string n = Some (string_of _int n)
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end

module Order_Tags (PT : Tuple.Poly) =
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 (+) c 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
let recs = RCS.rename rcs_file "Fusion.Make()"
[ "Fusions for arbitrary topologies" |

type cache_mode = Cache_Use | Cache_Ignore | Cache_Querwrite
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),

"overwrite cached model jtables";

"qed", Arg.Int (fun n — ged_order := QCD_order n),
"set QCDyorder 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, ew_order with
| QCD_order n, EW _order n’ whenn < 0 A n/ > 0 —
raise Negative_ QCD _order
| QCD_order n, EW _order n’ whenn > 0 A n’ < 0 —
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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, n')

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 ) 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
type t =
{ 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

= nt

module Tagged_Coupling : Tagged_-Coupling =
struct

type sign = nt
type t =
{ sign : sign;
coupling : constant Coupling.t;
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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

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
val children : rths — 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;
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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}

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
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(fun (f, p) —
{ flavor = f;
momentum = P.singleton rank p;
wf_tag = Tags.null_wf })
particles

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

type coupling = Tagged_Coupling.t

type «a children = « PT.t

type hs = coupling x wf children

let sign (¢, -) = Tagged_Coupling.sign c

let coupling (¢, -) = Tagged_Coupling.coupling ¢

let coupling_tag (¢, -) = Tagged_Coupling.coupling_tag c
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) —
WFSet.add wfl (List.fold_left (fun set’ (-, wfs) —
PT.fold_right WFSet.add wfs set’) set wf23)) WESet.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
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let variables a = List.map lhs a.fusions
let dependencies a = a.dependencies
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 g is the Goldstone boson corresponding
to the gauge particle v.

let is_goldstone_of g v =
match M .goldstone v with
| None — false
| Some (¢, -) = g = ¢

@ 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.fuse8 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_mocache max_degree flavors : wvertices =
VSet.fold (fun f rhs v — (f, rhs) :: v)
(PT.power_fold collect_vertices flavors VSet.empty) []
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Performance hack:

type vertex_table =

((A.flavor x A.flavor x A.flavor) x constant Coupling.vertexd X
constant) list

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

module VCache =

Cache.Make (struct type t = wvertex_table end) (struct typet = RCS.t X
vertices end)

let vertices_cache = ref None
let hash = VCache.hash (M .vertices ())

Can we do better than the executable name provided by Config.cache_prefiz???

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 := name

let initialize_cache dir =

Printf .eprintf
"u>>>_Initializing vertex table_ for model, %s.  This may take some time... "
(RCS.name M .rcs);

flush stderr;

VCache.write_dir hash dir !cache_name
(M .res, vertices_nocache (M.max_degree ()) (M.flavors()));

Printf.eprintf "“done._ <<<_\n"

let vertices maz _degree flavors : wertices =
match lvertices_cache with

| None —
begin match !cache_option with
| Cache_-Use —

begin match VCache.maybe_read hash !cache_name with
| VCache.Hit (rcs, result) —
result
| VCache.Miss —
Printf .eprintf
">>>_Initializing vertex table for model,%s. . This may, take some  time
(RCS.name M .rcs);
flush stderr;

let result = wertices_nocache max_degree flavors in
VCache.write hash !cache_name (M.rcs, result);
vertices_cache := Some result;

Printf.eprintf "done. <<<_\n";
flush stderr;
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result
| VCache.Stale file —
Printf .eprintf
"u>>> Re-initializing stale vertex table_ for model, s in file %s._ "
(RCS.name M .rcs) file;
Printf.eprintf "This_may take_ some_ time,. ... ";
flush stderr;

let result = wertices_nocache max_degree flavors in
VCache.write hash !cache_name (M.rcs, result);
vertices_cache := Some result;

Printf.eprintf "done. <<<_\n";
flush stderr;
result
end
| Cache_Overwrite —
Printf .eprintf
">>> 0verwriting vertex table_ for model J%s.  This may take some time.. .,
(RCS.name M .rcs);
flush stderr;

let result = wertices_nocache max_degree flavors in
VCache.write hash !cache_name (M.rcs, result);
vertices_cache := Some result;

Printf.eprintf "done. <<<_\n";
flush stderr;
result
| Cache_Ignore —
Printf .eprintf
">>>_ Ignoring vertex table_ for model js.  This may take_ some timey... "
(RCS.name M .rcs);
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

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.
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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 q2 g3 timelike case, but not in the other two.
(Property of how the DAG is built?). For the ZZZZ vertex I add the same
vertex again, but interchange 1 and 3 in the crossing vertex

let kmatriz_cuts ¢ momenta =
match ¢ with
| V4 (Vectorf -K_Matriz_tho (disc, -), fusion, _)
| V4 (Vector4 K _Matriz_jr (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, (F134 | F143 | F234 | F243 | F312 | F321 |
Fj12 | F421)
| 0, false, false, true, (F314 | F413 | F324 | F423 | F132 | F231 |
F142 | F241) —
true
| 1, true, false, false, (F841 | F431 | F342 | F432)
| 1, false, true, false, (F134 | F143 | F234 | F243)
| 1, false, false, true, (F314 | F413 | F324 | F423) —
true
| 2, true, false, false, (F123 | F213 | F124 | F214)
| 2, false, true, false, (F312 | F321 | F412 | F421)
| 2, false, false, true, (F132 | F231 | F142 | F241) —
true
| 3, true, false, false, (F143 | F413 | F142 | F412 | F321 | F231 |
F324 | F234)
| 3, false, true, false, (F314 | F341 | F214 | F241 | F132 | F123 |
F452 | F423)
| 3, false, false, true, (F134 | F431 | F124 | F421 | F312 | F213 |
F3/2 | F243) —
true
| - — false
end
| V4 (DScalar2_Vector2_K _Matriz_ms (disc, _), fusion, ) —
let s12, s23, s13 =
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begin match PT.to_list momenta with
| [q1; q2; ¢8] — (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, (F134 | F143 | F234 | F243 | F312 | F321 |
F12 | FJ21)
| 0, false, false, true, (F81/ | F413 | F824 | F423 | F132 | F231 |
F142 | F241) —
true
| 1, true, false, false, (F341 | F432 | F123 | F214)
| 1, false, true, false, (F134 | F243 | F312 | F421)
| 1, false, false, true, (F314 | F423 | F132 | F241) —
true
| 2, true, false, false, (F431 | F342 | F213 | F124)
| 2, false, true, false, (F143 | F234 | F321 | F412)
| 2, false, false, true, (F413 | F324 | F231 | F142) —
true
| 3, true, false, false, (F143 | F413 | F142 | F412 | F321 | F251 |
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
| 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 | F152 | F423)
| 5, false, false, true, (F134 | F421 | F312 | F248) —
true
| 6, true, false, false, (F134 | F132 | F314 | F812 | F241 | F2/3 |
FJ21 | F423)
| 6, false, true, false, (F213 | F413 | F2531 | F431 | F124 | F324 |
F142 | F342)
| 6, false, false, true, (F143 | F123 | F341 | F321 | F}12 | F21 |
F432 | F234) —
true
| 7, true, false, false, (F13/ | 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)
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| 8, false, false, true, (F123 | F341 | F214 | F234) —
true
| - — false
end
| V4 (DScalary - K _Matriz_ms (disc, -), fusion, _) —
let s12, s23, s13 =
begin match PT.to_list momenta with
| [q1; q2; ¢3] — (P.Scattering.timelike (P.add q1 ¢2),
P.Scattering.timelike (P.add q2 ¢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, (F134 | F143 | F234 | F243 | F312 | F321 |
F412 | FJ21)
| 0, false, false, true, (F314 | F413 | F32 | F423 | F132 | F231 |
F142 | F241) —
true
| 3, true, false, false, (F143 | F413 | F142 | F412 | F321 | F231 |
F324 | F234)
| 3, false, true, false, (F31/ | F341 | F21 | 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 | F4{23)
| 5, false, false, true, (F134 | F421 | F812 | F243) —
true
| 6, true, false, false, (F134 | F132 | F314 | F312 | F241 | F243 |
Fj21 | F423)
| 6, false, true, false, (F213 | F413 | F231 | F431 | F124 | F324 |
F142 | F342)
| 6, false, false, true, (F143 | F123 | F841 | F321 | F412 | F214 |
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 | F234) —
true
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| - — false
end
| - — true

Counting QCD and EW orders.

let gcd_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) f23 p23 [])

Produce all possible combinations of vertices (flavor keystones) and momenta by

forming the direct product. The semantically equivalent Product.list2 (flavor_keystone select _wf n) vertices k
with subsequent filtering would be a 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 —
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 wfss : (A.wf X stat x A.rhs) list =
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if PT.for_all (fun (wf, ) — is_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 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)) :: acc

else
acc)
[] (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.

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
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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 i + 1 momenta and their Fermistatistics.

[{¢1 (p1), P2(p2), #3(P3),-- -},

{p12(p1 + p2), Pra(p1 +p2), - s P13(p1 + P3), - P23(p2 + p3), ...}, (8.6)

{B1m(Pr++ -+ Pa) Ghn(Pr+ +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 tower =
let rank = succ (Array.length tower) in
List.sort Pervasives.compare
(PT.graded_sym_power_fold rank
(fun wfs acc — fuse select_wf wfs @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_maz select_wf tower dag : (A.wf X stat) list ar-
ray X A.D.t =
if Array.length tower > n_max then
(tower, dag)
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else
let tower’ = grow select_wf tower in
fusion_tower’ n_maz select _wf
(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 wfs : (A.wf — stat) x A.D.t =
let tower, dag =
fusion_tower’ height select_wf [|wfs|] (make_external_dag wfs) in
let stats = mized_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 wfs : (Awf — stat) x A.D.t =
fusion_tower (T.mazx_subtree n) select_wf wfs

Calculate the complete tower of fusions. It is much larger than required, but it
allows a complete set of gauge checks.

let complete_fusion_tower select_wf wfs : (A.wf — stat) x A.D.t =
fusion_tower (List.length wfs — 1) select_wf wfs

There is a natural product of two DAGs using fuse. Can this be used in a
replacement for fusion_tower? The hard part is to avoid double counting,
of course. A straight forward solution could do a diagonal sum (in order
to reject flipped offspring representing the same fusion) and rely on the
uniqueness in DAG otherwise. However, this will (probably) slow down the
procedure significanty, because most fusions (including Fermi signs!) will be
calculated before being rejected by 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
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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 (wfl, 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
| [] = 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) —
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({ 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 }

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 + 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
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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 wfs
else

manimal - fusion_tower n select_wf wfs in

Find all vertices for which all off shell wavefunctions are defined by the tower.

let brakets =
flavor_keystones (filter _keystone stats tower) select_p n

(vertices (M .mazx_degree ()) (M.flavors ()))
(T .keystones (ThoList.range 1 n)) in

Remove the part of the DAG that is never needed in the amplitude.

let dag =
if goldstones then
tower
else
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
Finally: package the results:

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

A.is_gauss = (fun wf — 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)
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module CA = Amplitude(PT)(P)(CM)

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

@ 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)

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) —
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(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
| [e-wf] = (c_wf, fibered_dag.bundle)
| [] — failwith "colorize_external: mnot, found"
| - — failwith "colorize_external: not 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 = c }

let colorize_fusion wf (coupling, children) fibered_dag =
let match_flavor (f, ) = (CM.flavor_sans_color [ = 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 =
List.fold_right
(fun (cowf, -) — 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)
acc (fuse_c_wf ket))
(find_colored wf) (PT.product (PT.map find_colored children)) []
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module CWFMap =
Map.Make (struct type t = CA.wf let compare = CA.order_wf end)

module CKetSet =
Set.Make (struct type ¢ = 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 TholList.factorize on page 807, but the latter keeps duplicate copies,
while we keep only one, with equality determined by CA.order_wf.

@ Isn’t Bundle M.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 CWFMap.empty brakets)

[]

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

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 = nmin + 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
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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 = dayg;
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)

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

let amplitudes goldstones selectors fin fout =
colorize _amplitudes (amplitude goldstones selectors fin fout)

type flavor = CA.flavor

type flavor_sans_color = A.flavor
typep = Ap

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
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let sign = CA.sign
let coupling = CA.coupling
let coupling_tag = CA.coupling_tag

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

type fusion = CA.fusion
let lhs = CA.lhs
let rhs = 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
List.filter
(fun flist — — (M.Ch.is—null (M.Ch.sum (List.map M .charges flist))))
(List.map (fun ((f1, f2, f3), -, =) — [f1; f2; [3]) vlist3
Q List.map (fun ((f1, f2, 13, f4), - =) — [f1; f25 135 }4]) vlists
Q@ 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.
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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 (2, 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)

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’ Qwfs’) = wfs") wfl wf2[])
(@) [[I} [[)] wf dag

let poles a =

ThoList.flatmap (fun (wfl, wf28) —
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)))
a.CA.brakets

module WFESet =
Set.Make (struct type ¢

CA.wf let compare

CA.order_wf end)
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let s_channel a =
WFSet.elements
(ThoList.fold _right2
(fun wf wfs —
if P.Scattering.timelike wf.CA.momentum then
WESet.add wf wfs
else
wfs) (poles a) WESet.empty)

g% 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
String.make 1 (Char.chr (Char.code A’ + p — 10))
else

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 —
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Printf.forintf ch "o \"%s\"u[Llabel = \"%s\"_ ];\n"
(variable wf) (variable wf)) dag;
List.iter (fun (=, wfs) —
Printf .fprintf ch " {Lrank = same;";
List.iter (fun n —
Printf.fprintf ch " \"%s\";" (variable n)) wfs;
Printf .fprintf ch "L};\n") (classify_nodes dag);
List.iter (funn —
Printf.forintf ch "o \"*\"u=->,\"%s\";\n" (variable n))
(flatten_keystones brakets);
CA.D.iter (fun n (-, ns) —
let p = wariable n in
PT.iter (fun n’ —
Printf .forintf ch "L \"%s\"u=>.\"%s\";\n" p (variable n’)) ns) dag;
Printf.fprintf ch "}\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

let res_list = [CA.D.rcs; T.res; P.rcs; CM.res; res]

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) =
struct
let rcs = RCS.rename rcs_file "Fusion.Stat_Majorana()"
[ "Fermi statistics with fermion number violation"]

type flavor = M .flavor

type stat =
| Fermion of int X int list
| AntiFermion of int x int list
| Boson of int list
| Majorana of int x int list

let stat f p =
let s = M.fermion f in
if s = 0 then
Boson []
else if s < 0 then
AntiFermion (p, [])
elseif s = 1then (xif s = 1 then %)
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Fermion (p, [])
else (x if s > 1 then %)
Magorana (p, [])

JR sez’ (regarding the Majorana Feynman rules): In the formalism of [7],
it does not matter to distinguish spinors and conjugate spinors, it is only
important to know in which direction a fermion line is calculated. So the
sign is made by the calculation together with an aditional one due to the
permuation of the pairs of endpoints of fermion lines in the direction they
are calculated. We propose a “canonical” direction from the right to the
left child at a fusion point so we only have to keep in mind which external
particle hangs at each side. Therefore we need not to have a list of pairs
of conjugate spinors and spinors but just a list in which the pairs are right-
left-right-left and so on. Unfortunately it is unavoidable to have couplings
with clashing arrows in supersymmetric theories so we need transmutations
from fermions in antifermions and vice versa as well. (JR’s probably right,
but I need to check myself ... )

exception Impossible

let stat_fuse s1 s2 f =

match s, s2, M.lorentz f with

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

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

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

| AntiFermion (p, l1), Boson 12, Coupling.Majorana

| Majorana (p, 11), Boson 12, Coupling. Majorana

| Boson U1, Majorana (p, 12), Coupling. Majorana —

Majorana (p, 11 @ [2)

| Boson 1, Fermion (p, 12), Coupling.Spinor

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

| Fermion (p, 11), Boson 12, Coupling.Spinor

| AntiFermion (p, l1), Boson 12, Coupling.Spinor

| Majorana (p, 11), Boson 12, Coupling.Spinor

| Boson U1, Majorana (p, 12), Coupling.Spinor —

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 11, Fermion (p, 12), Coupling. Vectorspinor
Boson 1, AntiFermion (p, 12), Coupling.Vectorspinor
Fermion (p, 1), Boson 12, Coupling. Vectorspinor
AntiFermion (p, I1), Boson 12, Coupling.Vectorspinor
Magjorana (p, 1), Boson (2, Coupling.Vectorspinor
Boson 11, Majorana (p, 12), Coupling. Vectorspinor —

Majorana (p, 11 @ [2)
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| Boson l1, Boson 2, - — Boson ({1 @ 2)
| AntiFermion (p1, l1), Fermion (p2, 12), -
| Fermion (pl1, 1), AntiFermion (p2, 12), _
| Fermion (p1, l1), Fermion (p2, 12), -
| AntiFermion (p1, 1), AntiFermion (p2, 12), -
| Fermion (p1, 1), Majorana (p2, 12), -
| Majorana (p1, 1), Fermion (p2, 12), -
| AntiFermion (p1, 1), Majorana (p2, 12), _
| Majorana (p1, 1), AntiFermion (p2, 12), -
| Majorana (pl, 1), Majorana (p2, 12), - —
Boson ([p2; p1] Q11 @ [2)
| Boson l1, Majorana (p, 12), - — Majorana (p, 11 @ [2)
| Boson U1, Fermion (p, 12), - — Fermion (p, 11 Q [2)
| Boson U1, AntiFermion (p, 12), - — AntiFermion (p, 11 Q [2)
| Fermion (p, 11), Boson 12, - — Fermion (p, 11 Q [2)
| AntiFermion (p, 1), Boson 12, - — AntiFermion (p, 11 Q [2)
| Majorana (p, 1), Boson 12, = — Majorana (p, 11 @ [2)

let permutation lines = fst(Combinatorics.sort_signed compare lines)
let stat_sign = function

| Boson lines — permutation lines

| Fermion (p, lines) — permutation (p :: lines)

| AntiFermion (pbar, lines) — permutation (pbar :: lines)
| Majorana (pm, lines) — permutation (pm :: lines)

end

module Binary-Majorana =
Make( Tuple. Binary)(Stat - Majorana)( Topology. Binary)

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. Mized28)(Stat - Dirac)( Topology. Mized23)
module Mized23_Majorana =

Make( Tuple. Mized23)(Stat- Magjorana)( 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
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type process = flavor list x flavor list

type amplitude

type fusion

type wf

type selectors

type amplitudes

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

val empty : amplitudes

val initialize_cache : string — wunit

val set_cache_name : string — unit

val flavors : amplitudes — process list

val vanishing_flavors : amplitudes — process list

val color_flows : amplitudes — Color.Flow.t list

val helicities : amplitudes — (int list x int list) list

val processes : amplitudes — amplitude list

val process_table : amplitudes — amplitude option array array

val 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

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)
gz} A kludge, at best ...

let options = Options.extend F.options
[ "progress", Arg.Unit (fun () — progress_option := Channel stderr),
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"report progress,to the standard error stream";
"progress_file", Arg.String (funs — progress_option = File s),
"report progress;to a 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.uwf

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

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 f =
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)
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let process_to_string fin fout =
String.concat " " (List.map M .flavor_to_string fin)
S M=>" 7 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 s, s2 with
| h1 = t1, h2 = 12 —

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

| - — nwvalid_arg "order_spin_table: inconsistent lengths"

let order_spin_table (s1_-in, s1_out) (s2_in, s2_out) =

let ¢ = compare s1_in s2_in in
if ¢ # 0 then

c
else

order_spin_tablel s1_out s2_out

let sort_spin_table table =
List.sort order_spin_table table

letide =

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
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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
(fun i 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
|1 =[]
| (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 =
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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 WFMap.find wf map with Not_found — WFTSet.empty in
WFMap.add wf (WFTSet.add dependencies set) map)
WFEFMap.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)))
duplicates WFMap2.empty in
let multiplicity wf =
WEMap.find wf multiplicity-map
and dictionary amplitude wf =
WFMap?2.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 WFSet2.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
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eliminate_common_fusionsl
(WFESet2.empty, []) processes in
List.rev rev_fusions

Calculate All The Amplitudes

let amplitudes goldstones unphysical 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
invalid_arg "Fusion.Multi.amplitudes: jincompatible 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 select_wf fi fo in
begin match amps with
| [] — Progress.end_step progress "forbidden"
| - — 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_indexr =
fst (List.fold _left
(fun (m, i) f — (FMap.add f i m, succ 7))
(FMap.empty, 0) flavors)
and c_indexr =
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fst (List.fold_left
(fun (m, i) ¢ — (CMap.add ¢ 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).(¢) + Some (a))

allowed,;

let ¢f _array = Array.of _list color_flows in
let nef = 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.(5);
color_factor _table.(5).(i) +
color _factor _table.(3).(5)

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;
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);
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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

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 16F) u FYY = —4(0,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.
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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(kr + ko) «1i- g(kM + 25 )1 (k2) Vi (k)

F13:  ¢1(ky + ks) 1 g(—kY — 2k5 )V, (k1) pa(ks)
F31: ¢1(ky +k3) i g(— k’“ — 2k5) 2 (k3 ) Vi (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) «1i-g((—k ) k3)x(k1)p2(k3)
F31:  ¢1(k1 + k3) < i-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
F15: Vy(ki +k3) < 1-g(—k1 — ka)ux(k1)o(ks
F31: Vi(ki + k) < 1-g(—ki — k3)d(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)

155



Interface of Coupling

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.
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GBG (Fermbar, MOM, Ferm): 1 (i) +m)g)s

F12: g+ —(F Fm)yY1 S F21: o+ —SEFm)yn

F13: S+ ¢ C(f £ m)yo F31: S+ 3 C(=(kF m)y)

F23: by < S(f £ m)iby F32: a1 < (F£m)yeS
GBG (Fermbar, MOM5, Ferm): 11 (i £ m)dy 1o

F12: ¢y« (FEm)y P F21: g < P(f £ m)y°¢r

F13: P+ pIC(F £ m)yoye F31: P+ IC(F £ m)y>

F23: apy < Pk £m)y o F32: = (F£m)y*hoP

GBG (Fermbar, MOML, Ferm): ¢1(id £ m)é(1 — v°)iy

F12: g+ —(1 =) FFm)red | F21: by —p(1 — ) (F Fm)yy

F13: ¢+ ] C(R£m)(1 —2%)hs | F31: ¢« I C(L = ") (=(k F m))

F23: 1+ d(F£m)(1 —4°)bo F32: apy + (FE£m)(1 —~5)beed

GBG (Fermbar, LMOM, Ferm): ¥1¢(1 —~°)(i@ + m)i,

F12: tho  =(kFm)Pi(1 —9°)¢ | F21: o —¢(FFm)(1 —7°)¢n

F13: ¢+ ] C(L=7°)(F£m)is | F31: ¢« 3 C(=(FFm)(1 —7°)¢n)

F23: ’l/)l < ¢(1 — ’75)(% + m)’l/}z F32: 1/)1 < (]. — ’YS)(}{I + m)'l/)Q(b

GBG (Fermbar, VMOM, Ferm): ¢1i@aVs[v*, 7?12

F12: by =[f, 7|1V F21: 4y < —[k, V]
F13: V4« 1/J1TC[%7%]¢2 F31: V, szC(*[kv'Ya]@[}l)
F23: wl <_Ué7 V]’(/)Q F52: ¢1 — [%a,}/a]wQVa

Table 9.23:  Combined dimension-4 trilinear fermionic couplings including a
momentum. Ferm stands for Psi and Chi. The case of MOM R is identical to
MOML if one substitutes 1++° for 1 —~5, as well as for LMOM and RMOM.
The mass term forces us to keep the chiral projector always on the left after
”inverting the line” for M OM L while on the right for LM OM.
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GBBG (Fermbar, S2LR, Ferm): 1/715152(9LPL + grPr)Y2

F123 F213 F132 F231 F312 F321:

o < S182(9rPr + 9. Pr)1

F}23 F2/3 F}32 F23) F342 F32/:

Py <= 5182(9L. P + grPR)Y2

F13) F1}3 F31/:

Sy + ¢{ CSa(grPrL + grPr)Y2

F124 F1}2 F21):

So I CS1(grPL + grPr)Y2

F}13 F431 F3)1:

Fj12 FJ21 F2)1:

)
( )
S1 93 CSy(grPr + gL Pr)in
Sy« 3 CS1(grPrL + 9L Pr)Y1

GBBG (Fermbar, S2, Ferm): 1151S27°s

F123 F213 F132 F231 F312 F321:

Yo 5152’751/)1

F}23 F2/3 F}32 F23) F342 F32/:

1 < S155751)s

F13) F1}3 F31/:

Sp <+ ¢{CSQ’YS?/12

F12) F12 F21}:

Sy T CS17 s

F}13 F431 F341:

Sy« 3 CSoySihy

Fj12 FJ21 F2)1:

Sy« PIC Sy

GBBG (Fermbar, V2, Ferm): {1[V1, V2]

F123 F213 F132 F231 F312 F321: by « —[V1,Va|in

F}23 F243 F432 F234 F342 F324: 1 « [V1, Vs
F184 F143 F31}: Via < 0T Clya, Valibs
F124 F142 F214: Vao < YTC(=[ya, V1])b2
F413 F431 F341: Vig 93 C(—[va, Vo)1
Fj12 F421 F241: Vaa + 0XClya, Viltn

Table 9.24:

Vertices with two fermions (Ferm stands for Psi and Chi, but

not for Grav) and two bosons (two scalars, scalar/vector, two vectors) for the
BRST transformations. Part I
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GBBG (Fermbar, SV, Ferm): 11V Sty
F123 F213 F132 F231 F312 F321: by « —V Sth
F}23 F243 F}32 F23} F342 F324: 1 < VS,
F134 F143 F314: Va T CyaSths
F124 F142 F214: S <+ T CVhs
F413 F431 F841: Vi + YIC(—v4Sv1)
F412 F421 F241: S« I C(=V)
GBBG (Fermbar, PV, Ferm): 1 V~°Pis
F123 F213 F132 F231 F312 F321: 1y « V~°Piy
F}23 F243 F}32 F23} F342 F324: 11 + VP
F1384 F148 F3814: Vy + I Cyay®Pipo
F124 F142 F214: P « TCV~ ),
F418 F431 F341: V< I Cryan®Pipy
F{12 F421 F241: P « I CV~%;
GBBG (Fermbar, S(L/R)V, Ferm): 11V (1 F~°)éts
F123 F213 F132 F231 F312 F321: 1y « —V (1 £~%)dty
F423 F243 F432 F234 F342 F324: 11 « V(1 F7°)dths
F134 F143 F31}: Va + TCya(1F~5)dths
F124 F142 F214: ¢« pTCV (1 F 75 )by
F}18 F431 F341: Vi  YTCya(—(1£+5)d1y)
FJ12 FJ21 F241: ¢« vTCV(—(1 £4%))

Table 9.25:  Vertices with two fermions (Ferm stands for Psi and Chi, but
not for Grav) and two bosons (two scalars, scalar/vector, two vectors) for the
BRST transformations. Part II
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GBG (Gravbar, POT, Psi): ,,Sv"1)
F12: 1) < —y#1),S F21: 4« —Syh,
F13: S« vTCyiy F31: S« ¢TC(—m),
F23: ), Sv 0 F32: 1, v, 08
GBG (Gravbar, S, Psi): ¥, fsSv"
F12: 4 < y"fsv,S F21: ) < Sy'ks,
F18: S« ¢l Chgyrep F31: S+ TCytfsip,
F23: 4, < Sksyut F32: b, < ksyupS
GBG (Gravbar, P, Psi): ¥, fp Py ys1)
F12: < y*kpysu P F21: o < Py*Epysiy
F13: P« wgC}{;p'y“’yg)d) F31: P+ pTCy pysy,
F23: , < Plkpy, s F32: , < kpyuysvP
GBG (Gravbar, V, Psi): ¢, [kv, VIv*y°¢
F12: ¥« P9 kv Va | F210 o < 9 kv, Vv
F18: V,  OICllv, v v* 7 | F31: V= T Cy¥ P [fy, vl
F23: < [Fv, Vv F32: < v, v 11 Ve

Table 9.26: Dimension-5 trilinear couplings including one Dirac, one Grav-
itino fermion and one additional particle.The option POT is for the coupling
of the supersymmetric current to the derivative of the quadratic terms in the

superpotential.
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GBG (Psibar, POT, Grav): Yy Si,
F12: W, ¢ —7,08 F21: 4, — —Sy
F18: S+ 9T CyHep, F31: Sl C(—y")p
F23: b+ Syh, F32: 1 < 1, S
GBG (Psibar, S, Grav): vy*sSv,
F12: 4, < ksvuS F21: < Sksyuv
F13: S« ¢TCyl Est, F31: S« T Chgyiy
F23: < Svytksy, F382: < y"fg,S
GBG (Psibar, P, Grav): Yy*y°Pfpi,
F12: 4, < —kpy,Y°yP F21: o, « —Pkpy,¥°¢
F13: P« TCyy kpy, F31: P« —TClpyiyst
F23: o+ Py*ySkpy, F32: 1) « A#~y5fpip, 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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Interface of Coupling

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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Interface of Coupling

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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Interface of Coupling

(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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Interface of Model

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: VJ'(ki+ ko) < i-g(T" (k1) + T"" (k1)) Vi, (k2)
F21: VJ'(ky + ko) < 1-gVi (ko) (TH (k1) + T (k1))
F18: VIF(ky + k3) <1 g(T* (k1) + T (k1)) Va,, (ks)
F31: V}(ki+ks) < i-gVa,(ks)(TH (ki) +T""(ky))

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 + k) < i- g(k§ — k§) (kS — k§)Va,u(ks) 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)
F31: V}(ky + ks) < i- g(k§ + 2k3) (kY + 2k5 )V (ks)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.

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 fuse3 : flavor — flavor — flavor — (flavor x constant Coupling.t) list

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

Later: val orders : constant — orders counting orders of couplings
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Interface of Model

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 BTEX
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
Revision control information.
val res : RCS.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

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

val setup :
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color : (flavor — Color.t) —
pdg : (flavor — int) —
lorentz : (flavor — Coupling.lorentz) —
propagator : (flavor — gauge Coupling.propagator) —
width : (flavor — Coupling.width) —
goldstone : (flavor — (flavor x constant Coupling.expr) option) —
conjugate : (flavor — flavor) —
fermion : (flavor — int) —
max_degree int —
vertices : (unit —
((((flavor x  flavor x flavor) x constant Coupling.vertex3 X
constant) list)
x (((flavor x flavor x flavor x flavor) x constant Coupling.vertexs X
constant) list)
X (((flavor list) x constant Coupling.vertexn X constant) list))) —

fuse : ((flavor — flavor — (flavor x constant Coupling.t) list)
x (flavor — flavor — flavor —
(flavor x constant Coupling.t) list)
X (flavor list — (flavor x constant Coupling.t) list)) —
flavors : ((string x flavor list) list) —
parameters : (unit — constant Coupling.parameters) —
flavor _of _string : (string — flavor) —
flavor _to_string : (flavor — string) —
flavor_to_TeX : (flavor — string) —
flavor_symbol : (flavor — string) —
gauge_symbol : (gauge — string) —
mass_symbol : (flavor — string) —
width_symbol : (flavor — string) —
constant_symbol : (constant — string) —
unit
end

9.2.3 Gauge Field Theories

The following signatures are used only for model building. The diagrammatics
and numerics is supposed to be completely ignorant about the detail of the
models and expected to rely on the interface T exclusively.

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.
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type gauge_boson

Higgses, Goldstones and all the rest:

type other
We can query the kind of field

type field =
| Matter of matter_field
| Gauge of gauge_boson
| Other of other

val field : flavor — field

and we can build new fields of a given kind:

val matter_field : matter_field — flavor
val gauge_boson : gauge_boson — flavor

val other : other — flavor
end

Interface of Model

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
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val massless : massive — gauge_boson
val massive : massive — gauge_boson

end

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
@ Interface vertex.mli unavailable!

@ Implementation vertex.ml unavailable!

9.8 Interface of Target

module type T =

sig
type amplitudes

val options : Options.t
type diagnostic = All | Arguments | Momenta | Gauge

Format the amplitudes as a sequence of strings.

val amplitudes_to_channel : string — out_channel —
(diagnostic x bool) list — amplitudes — unit

val parameters_to_channel : out_channel — unit
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val res_list : RCS.t list
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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Implementation of Charges

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

let res_file = RCS.parse "Colorize" ["Colorizing Monochrome Models"]
{ RCS.revision = "$Revision:,7372,$";
RCS.date = "$Date: ,2015-11-18,,19:07:59,+0100,,(Wed, ,18_Nov_2015) $";
RCS.author = "$Author: jr_reuter, $";
RCS.source

= "$URL:_svn+ssh://jr_reuter@login.hepforge.org/hepforge/svn/whizard/trunk/omega/s:

11.2.1  Colorizing a Monochrome Model
module It (M : Model.T) =
struct

let recs = RCS.rename rcs_file "Colorize.It ()"
[ "Colorizing Generic Monochrome Models"|

open Coupling
module C = Color

let incomplete s =
failwith ("Colorize.It()." " s~ "_not done yet!")

let invalid s =
invalid_arg ("Colorize.It()." "~ s " "_must _not_be_ evaluated!")
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Implementation of Colorize

let impossible s =

invalid _arg ("Colorize.It()." "

let sul s =
invalid_arg ("Colorize.It()."

let colored_vertex s
invalid_arg ("Colorize.It()."

let baryonic_vertex s
invalid _arg ("Colorize.It()."

": baryonic,(i.

let color_flow_ambiguous s =
invalid_arg ("Colorize.It()."

let color_flow_of _string s
let ¢ = int_of _string s in
if ¢ < 1then
invalid_arg ("Colorize.It()
else
c

nt
nt

type cf _in
type cf —out

type flavor =
| White of M.flavor
CF_in of M.flavor X cf_in

M Ts

s " "ucan’t_happen! (but,just, did. .

")

s~ ": found, SUCO)!")

s " ":,colored vertex!")

S
e. eps-ijk) vertices not_supported yet!")

s ~ ":pambiguouscolor flow! ")

o :uCOlOfuflOWu#u<u1 ! “)

|
| 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

let flavor_sans_color = function
| White f — f
| CP_in (f, ) — f
| CF_out (f, -) — 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

M .flavor

For the propagator we cannot use pullback because we have to add the case of

the color singlet propagator by hand.
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let ¢f _aux_propagator = function
| Prop_Scalar — Prop_Col_Scalar (* Spin 0 octets. x)
| Prop_Majorana — Prop_Col_Majorana (x Spin 1/2 octets. *)
| Prop_Feynman — Prop_Col_Feynman (x Spin 1 states, massless. *)
| Prop_Unitarity — Prop_Col_Unitarity (x Spin 1 states, massive. %)
| Auz_Scalar — Auz_Col_Scalar (x constant colored scalar propagator

*)

tor x)

| Auz_Vector — Aux_Col_Vector (x constant colored vector propaga-

| Auz_Tensor-1 — Aux_Col_-Tensor_1 (* constant colored tensor
propagator )
| Prop_Col_Scalar | Prop_Col_Feynman
| Prop_-Col_Majorana | Prop_Col_Unitarity
| Auz_Col_Scalar | Auxz_-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 (f', g) — Some (White f', 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, cl1, ¢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
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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, ¢)
| CF_io (f, c1, ¢2) — CF_io (M.conjugate f, c2, cl)
| CF_auz f — CF_auz (M.conjugate f)

let conjugate_sans_color = M .conjugate
let fermion = pullback M.fermion
let mazx_degree = M .max_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, scl, sc2)

with

| Not_found — (s, "","")

let flavor_of _string s =
try

191



Implementation of Colorize

let sf, scl, sc2 = split_color_string s in
let f = M.flavor_of _string sf in
match M.color f with
| C.Singlet — White f
| C.SUN nc —
if nc > 0 then
CF_in (f, color_flow_of _string scl)
else
CF _out (f, color_flow_of _string sc2)
| C.AdjSUN _ —
begin match scl, sc2 with
| "v,m — CF_auz f
| -, - = CF_io (f, color_flow_of _string scl, color_flow_of _string sc2)
end
with
| Failure "int_of _string" —
invalid_arg "Colorize() .flavor_of _string: expecting integer"

let flavor_to_string = function
| White f —
M .flavor _to_string f
| CF_in (f, ¢) —
M .flavor_to_string f = "/" ~ string_of _int ¢ =~ "/"
| CF_out (f, ¢) —
M .flavor_to_string f ~ "//" ~ string_of _int c
| CF_io (f, c1, ¢2) —
M .flavor_to_string f " "/" " string_of _int ¢1 " "/" " 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, ¢) —
v M.flavor_to-TeX f = "}_{\\mathstrut\\overline{" "
string_of _int ¢ ~ "} }"
| CF_io (f, cl1, ¢2) —
" * M.flavor_to_TeX f = "}_{\\mathstrut " *
string_of —int c¢1 ~ "\\overline{" " string_of _int c2 ~ "}}"
| CF_auz f —
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 c
| CF_out (f, ¢) —
M .flavor_symbol f = "__" " string_of _int ¢
| CF_io (f, c1, ¢2) —
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M .flavor_symbol f ~ "_" " string_of _int ¢c1 " "_" " 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
let width_symbol = pullback M .width_symbol

let constant_symbol = M .constant_symbol

Vertices

Auziliary functions

let mult _vertex8 x = function

FBF ((z x «¢), fb, coup, f)
PBP (¢, fb, coup, ) —

PBP ((z x c¢), fb, coup, f)
BBB (c, fb, coup, f) —

BBB (z x ), b, coup, )
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 c)
Scalar_ Vector_ Vector ¢ —

Scalar_ Vector_ Vector (z X c¢)
Auzx - Vector_ Vector ¢ —

Auz _ Vector_Vector (z x c¢)
Auz_Scalar_Vector ¢ —

Auz_Scalar_Vector (x X ¢)
Scalar_Scalar _Scalar ¢ —

Scalar _Scalar_Scalar (z X ¢)
Auzx_Scalar_Scalar ¢ —

Auz_Scalar_Scalar (z x ¢)
Vector_Scalar_Scalar ¢ —

Vector_Scalar_Scalar (z x c¢)
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 ¢ —

Dim/, _ Vector_ Vector_Vector . T (x X c¢)
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Dimy, _ Vector_ Vector_Vector_L ¢ —
Dimj _Vector_Vector_Vector_L (z x c¢)
Dimy _Vector_Vector_Vector_TH ¢ —
DimJ, _ Vector_ Vector_Vector - T5 (x X ¢)
Dim4 _Vector_Vector_- Vector_L5 ¢ —
Dimj _ Vector_Vector_Vector_L5 (x X c¢)
Dim6 _Gauge_Gauge_Gauge ¢ —
Dim6 _Gauge_Gauge_Gauge (x X c)
Dim6 _Gauge_Gauge_Gauge_5 ¢ —
Dim6 _Gauge_Gauge_Gauge_5 (x X ¢)
Auz_DScalar_DScalar ¢ —
Auz_DScalar_DScalar (z x ¢)
Auz_Vector_DScalar ¢ —
Auz_Vector_DScalar (z x c)
Dimb _Scalar-Gauge2 ¢ —
Dim& _Scalar-Gauge2 (z X c)
Dim5 _Scalar - Gauge2 _Skew ¢ —
Dimb _Scalar - Gauge2 _Skew (z X c¢)
Dimb _Scalar_ Vector_Vector_T ¢ —
Dim5 _Scalar - Vector_ Vector_T (z X ¢)
Dimb _Scalar_ Vector_ Vector_U ¢ —
Dim& _Scalar_ Vector_ Vector .U (x X ¢)
Dim5 _Scalar_ Vector_Vector _.TU ¢ —
Dimb _Scalar_ Vector _ Vector _TU (z X c¢)
Dim5 _Scalar_Scalar2 ¢ —
Dim& _Scalar_Scalar2 (x X c¢)
Scalar_ Vector_ Vector_t ¢ —
Scalar_ Vector_Vector_t (z x c)
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 (x X ¢)
Tensor_2_Scalar_Scalar_cf ¢ —
Tensor_2_Scalar_Scalar_cf (z x c)
Tensor_2_Vector_Vector_1 ¢ —
Tensor_2_Vector_Vector_1 (x X c¢)
Tensor_2_Vector_Vector_t ¢ —
Tensor_2_Vector_Vector_t (z x «c)
Dimb_Tensor_2_Vector_Vector_1 ¢ —
Dimb _Tensor_2_Vector_Vector_1 (z X c)
Dimb_Tensor_2_Vector_Vector_2 ¢ —
Dimb _Tensor_2_Vector_Vector_2 (x X c)
TensorVector_ Vector_ Vector ¢ —
TensorVector_ Vector_Vector (z x c¢)
TensorVector_ Vector _ Vector_cf ¢ —
TensorVector_ Vector _ Vector _¢f (z x ¢)
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| TensorVector_Scalar_Scalar ¢ —
TensorVector_Scalar_Scalar (z X ¢)
| TensorVector_Scalar_Scalar_cf ¢ —
TensorVector_Scalar_Scalar_cf (x X ¢)
| TensorScalar- Vector_Vector ¢ —
TensorScalar- Vector_ Vector (z x c)
| TensorScalar_ Vector_Vector_cf ¢ —
TensorScalar_ Vector_Vector_cf (z X c¢)
| TensorScalar_Scalar_Scalar ¢ —
TensorScalar_Scalar_Scalar (x X c¢)
| TensorScalar_Scalar_Scalar_cf ¢ —
TensorScalar_Scalar_Scalar_cf (xz x c¢)
| 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 c¢)
| Dim6-GGG ¢ —
Dim6_-GGG (z x c¢)
| Dim6_AWW _DP ¢ —
Dim6_AWW _DP (z x ¢)
| Dim6_AWW_DW ¢ —
Dim6_AWW _DW (z x c)
| Dim6_Gauge_Gauge_Gauge_i ¢ —
Dim6 _Gauge_Gauge_Gauge_i (z X c¢)
| Dim6_HHH ¢ —
Dim6_HHH (z x ¢)
| Dim6_WWZ_DPWDW ¢ —
Dim6_WWZ_DPWDW (z X c)
| Dim6_WWZ_DW ¢ —
Dim6_WWZ_DW (z x c)
| Dim6_WWZ_D ¢ —
Dim6_WWZ_D (z X c¢)

let mult_vertex/ x = function
| Scalary ¢ —
Scalar4 (z X ¢)
| Scalar2_Vector2 ¢ —
Scalar2 _Vector2 (x X c¢)
| Vectors icj_list —
Vectory (List.map (fun (¢, icl) — (x x ¢, icl)) ic-list)
| DScalary ic4 _list —
DScalary (List.map (fun (¢, icl) — (z X ¢, icl)) ic4 _list)
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DScalar2_Vector2 ic4 _list —
DScalar2_ Vector2 (List.map (fun (¢, icl) — (z X ¢, icl)) ic4 _list)
GBBG (c, fb, b2, f) —
GBBG ((z x «¢), fb, b2, f)
Vector4 - K _Matriz_tho (c, ic4 _list) —
Vector4 - K _Matriz_tho ((x X ¢), ic4 _list)
Vector - K _Matriz_jr (¢, ch2_list) —
Vector - K _Matriz_jr ((x x c¢), ch2_list)
DScalar2_Vector2 K - Matriz_ms (¢, ch2_list) —
DScalar2_Vector2 K _Matriz_ms ((z x c¢), ch2_list)
DScalar4 - K _Matriz_ms (c, ch2_list) —
DScalary _K _Matriz_ms ((x X ¢), ch2_list)
Dim8 _Scalar2_Vector2_1 ¢ —
Dim8_Scalar2_Vector2_1 (z X c¢)
Dim8 _Scalar?2_Vector2_2 ¢ —
Dim8_Scalar2_Vector2_1 (z X c¢)
Dim8 _Scalar} ¢ —
Dim8_Scalarj (z X c¢)
Dim6_H/_P2 ¢ —
Dim6_H/_P2 (z X c¢)
Dim6_AHWW _DPB ¢ —
Dim6_AHWW _DPB (z X c¢)
Dim6_AHWW _DPW ¢ —
Dim6 _AHWW _DPW (z X c¢)
Dim6_AHWW _DW ¢ —
Dim6_AHWW _DW (z X c)
Dim6_Vector4 _DW ¢ —
Dim6_Vector4 _-DW (z x c)
Dim6 _Vectory - W ¢ —
Dim6 _Vector4 W (z X «¢)
Dim6 _Scalar?2_Vector2_PB ¢ —
Dim6 _Scalar2_Vector2_PB (z x c)
Dim6 _Scalar2_Vector2_D ¢ —
Dim6 _Scalar2_Vector2_D (z X c¢)
Dim6 _Scalar2 _ Vector2_DP ¢ —
Dim6 _Scalar2_Vector2_DP (x 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¢)
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| Dim6_AHHZ_PB ¢ —
Dim6_AHHZ _PB (z X ¢)

let mult_vertexn © = function
| foo — ignore (incomplete "mult_vertexn"); foo

let mult_vertex x = function
| V3 (v, fuse, ¢) — V3 (mult_vertex3 x v, fuse, c)
| V4 (v, fuse, ¢) — V4 (mult_vertexf = v, fuse, c)
| 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 permutation =
| P123 | P231 | P312
| P213 | P321 | P132

let permute_contract{ = function
| P1258 —
begin function
| C_12_84 — C_12_34

| C_13_42 — C_13_42
| C_14_23 — C_14_23
end
| P231 —
begin function
| C_12_.34 — C_14_23
| C_13_42 — C_12_34
| 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_3
end
| P213 —
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_.84 — C_14_23
| C_15_42 — C_13_42
| C_14_-23 — C_12_34
end
| P132 —

begin function
| C_12_34 — C_13_42
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3 — C_12_34
4.28 — (C_14_23
end

let permute_contracts _list perm ic4 _list =
List.map (fun (i, ¢4) — (i, permute_contracti perm c4)) ic4 _list

let permute_vertex’ perm = function
| Scalar4 ¢ —
Scalary c
| Vectors icd_list —
Vector4 (permute_contracts _list perm ic4 _list)
| Vector4 - K _Matriz_jr (c, ic4 _list) —
Vector - K _Matriz_jr (¢, permute_contract] _list perm icj _list)
| DScalar2_Vector2_K _Matriz_ms (c, ic4-list) —
DScalar2_ Vector2 - K - Matriz_ms (¢, permute_contracts _list perm ic4 _list)
| DScalary -K _Matriz_ms (c, icf_list) —
DScalary - K _Matriz_ms (¢, permute_contract] _list perm ic4 _list)
| Scalar2_Vector2 ¢ —
incomplete "permute_vertex4’ Scalar2_Vector2"
| DScalary ic4 _list —
incomplete "permute_vertex4’ DScalar4d"
| DScalar2_Vector2 icq _list —
incomplete "permute_vertex4’ DScalar2_Vector2"
| GBBG (c, fb, b2, f) —
incomplete "permute_vertex4’ ,GBBG"
| Vector4 -K _Matriz_tho (¢, ch2_list) —
incomplete "permute_vertex4’ Vector4_K_Matrix_tho"
| Dim8_Scalar?_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_Scalary icq _list —
incomplete "permute_vertex4’ Dim8_Scalar4"
| Dim6_Hj_P2 icj_list —
incomplete "permute_vertex4’ Dim6_H4_P2"
| Dim6_AHWW _DPB ic4 _list —
incomplete "permute_vertex4’ Dim6_AHWW_DPB"
| Dim6_AHWW _DPW icj_list —
incomplete "permute_vertex4’ Dim6_AHWW_DPW"
| Dim6_AHWW _DW ic4 _list —
incomplete "permute_vertex4’ Dim6_AHWW_DW"
| Dim6_Vectorf -DW ic4 _list —
incomplete "permute_vertex4’ Dim6_Vector4_DW"
| Dim6_Vectors 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 ic4 _list —
incomplete "permute_vertex4’ Dim6_Scalar2_Vector2_DP"
| Dim6_Scalar2 - Vector2_PB icj _list —
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incomplete "permute_vertex4’ Dim6_Scalar2_Vector2_PB"
| Dim6_HHZZ_T icj_list —
incomplete "permute_vertex4’ Dim6_HHZZ_T"
| Dim6_HWWZ_DW icj_list —
incomplete "permute_vertex4’ Dim6_HWWZ_DW"
| Dim6_HWWZ_DPB ic/ _list —
incomplete "permute_vertex4’ Dim6_HWWZ_DPB"
| Dim6_HWWZ_DDPW ic4 _list —
incomplete "permute_vertex4’ Dim6_HWWZ_DDPW"
| Dim6_HWWZ_DPW icj _list —
incomplete "permute_vertex4’ Dim6_HWWZ_DPW"
| Dim6_AHHZ_D ic4 _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
| V3 (v, fuse, ¢) — V3 (v, fuse, c)
| V4 (v, fuse, ¢) — V4 (permute_vertexs’ perm v, fuse, c)
| Vn (v, fuse, ¢) — Vn (v, fuse, c)

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 f1, f2 with

| White _, White - —
[White f, v]
| CF_in (-, c1), CF_out (-, c2')
| CF_out (-, cl), CF_in (-, ¢2') —
if cI = c2' then
[White f, v]
else

[]

| CF_io (f1, c1, c1"), CF_io (f2, c2, ¢2') —
if c1 = ¢2 A ¢c2 = cl’ then
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[White f, v]
else

[]

| CF_auzx fI, CF_auz f2 —
[White f, mult_vertex (— (nc ())) v]

| CF_auz -, CF_io - | CF_io -, CF_auzx - —
(]

| (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 nctl —
begin match f1, f2 with

| CF_in (-, cl), (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 (-, c1'), (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 (-, c1), CF_io (-, c2, ¢2’)
| CF_io (_, ¢2, ¢2), CF_in (-, ¢1) —
if nc1 > 0 then begin
if c1 = c2’ then
[CF_in (f, c2), 1]
else
(]
end else
colored —vertex "colorize_fusion2"

| CF_out (-, c1’), CF_io (-, c2, c2')
| CF_io (-, ¢2, ¢2'), CF_out (-, c1') —
if nc1 < 0 then begin
if c1’ = c2 then
[CF_out (f, c2'), v]
else
(]
end else
colored_verter "colorize_fusion2"
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| 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
baryonic_verter "colorize_fusion2"
else
colored_verter "colorize_fusion2"

| CF_in -, CF_out - | CF_out -, CF_in _
| (White = | CF_-io - | CF_auzx _),
(White - | CF_io - | CF_auz =) —
colored_vertexr “"colorize_fusion2"

end

| C.AdjSUN _ —
begin match f1, f2 with

| White —, CF_io (-, c1, ¢2') | CF.io (-, c1, c2'), White - —
[CF_io (f, c1, c2'), v]

| White -, CF_auz - | CF_aux -, White - —
[CF_auz f, mult_vertex (— (nc ())) v]

| CF_in (-, c1), CF_out (-, ¢2')
| CF_out (-, ¢2), CF_in (-, ¢1) —
if c1 # c¢2' then
[CF_io (f, c1, c2'), v]
else
[CF_auz f, v]

In the adjoint representation
1

2 :gfalaQagculuzug(kl»kQakS) (1113)

with

CHir2bs ([ ko ks) =
(99192 (K™ — R5™) + "2 (RS — k) + " (k2 — k=) (11.1b)
while in the color flow basis find from
farazas =t (Ta, [Tag, Tas]) = tr (Ta, TayTay) — tr (Ta, Tay T, ) (11.2)
the decomposition

. it i o i i in o <o ia ciad in i ciai cind
lfalagagT ihTathagJB = §l1I2§t2I3 §e3J1 _ §r1I3 §t3J2 §P2J1 (113)
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The resulting Feynman rule is
1

9 = ig (6i1j36i2j15i3j2 _ 5i1j25i2j36isj1) CH1kzps (kl’ ks, k‘3)

3 (11.4)

@ We have to generalize this for cases of three particles in the adjoint that are
not all gluons (gluinos, scalar octets):

e scalar-scalar-scalar
e scalar-scalar-vector
e scalar-vector-vector
e scalar-fermion-fermion

e 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 _, _, _)
| V3 (Auz_Gauge_Gauge _, _, _) — 1
| V3 (FBF (-, -, -, =), fuse2, -) —

begin match fuse2 with
| F12 — 1 (x works, but needs theoretical underpinning

| F21 — —1 (x dto. %)

| F31 — 1 (* dto. x)

| F82 — —1 (x transposition of F12 (no testcase) *)
| F23 — 1 (* transposition of F21 (no testcase) *)

| F13 — —1 (% transposition of F12 (no testcase) *)
end

| V8 _ — 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’ = cI then
[CFio (f, c2, c1’), mult_vertex ( sign) v]
else

[]

| CF_aux -, CF_io _
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CF_io -, CF_auz _
CF_aux _, CF_aux _ —

[]

White -, White -
(White - | CF_io - | CF_auz -), (CF_-in - | CF_out _)
(CF_in - | CF_out _), (White - | CF_io - | CF_auz _)
CF_in _, CF_in _ | CF_out _, CF_out - —

colored _vertex "colorize_fusion2"

end

Quartic Vertices

let colorize_fusion3 f1 f2 3 (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 (-, c1), CF_out (-, )
(White - | CF_aux -), CF_out (-, c¢1), CF_in (-, ¢2’)
CF_in (-, cl), (White - | CF_auz -), CF_out (-, c2')
CF_out (-, c1), (White - | CF_auz _), CF_in (-, ¢2’)
CF_in (-, c1), CF_out (-, ¢2"), (White - | CF_auz -)
CF_out (-, c1), CF_in (-, ¢2’), (White - | CF_auz _)

if ¢cI = ¢2' then

[White f, v]
else

[]

White -, CF_io (-, c1, c1'), CF_io (-, ¢2, c2')
CF_io (-, cl, c1’), White _, CF_io (-, ¢2, c2')
CF_io (-, c1, c1’), CF_io (-, ¢2, c2'), White - —
if c1 = ¢2' A ¢2 = cl’ then
[White f, v]
else

[]

White _, CF_auzx —, CF_aux _

CF_aux _, White _, CF_aux _

CF_aux -, CF_aux -, White - —
[White f, mult_vertex (— (nc ())) v]

White _, CF_io _, CF_auz _
White _, CF_aux _, CF_io _
CF _io _, White _, CF_aux _
CF_aux -, White -, CF_io _
CF_io -, CF_aux -, White _
CF_auzx -, CF_io _, White _ —

%
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(]
CF_io (-, c1, c¢1’), CF_in (-, ¢2), CF_out (-, ¢8')
CF_io (-, cl, ¢1’), CF_out (-, ¢3"), CF_in (-, ¢2)
CF_in (-, ¢2), CF_io (-, cl, ¢1’), CF_out (-, ¢3’)
CF_out (-, ¢38’), CF_io (-, c1, c1’), CF_in (-, c2)
CF_in (-, ¢2), CF_out (-, ¢3’), CF_io (-, c1, c1’)
CF_out (-, ¢8"), CF_in (-, ¢2), CF_io (-, cl, cl’)

if c = ¢3 A cl’ = c2 then

[White f, v]
else

[]

CF_io (-, cl1, c1'), CF_io (-, ¢2, ¢2'), CF_io (-, ¢3, ¢3') —
if cl’” = ¢2 N c2 = ¢3 N ¢3 = cl then
[White f, mult_vertez (—1) v]
elseif c1’ = ¢33 AN ¢2 = ¢l N ¢3 = c2 then
[White f, mult_vertex (1) v]
else

[]

CF_io _, CF_io _, CF_aux _
CF_io _, CF_aux _, CF_io _
CF_aux _, CF_io _, CF_io _
CF_io -, CF_aux -, CF_aux _
CF_aux -, CF_io -, CF_aux _
CF_auz _, CF_aux -, CF_io _
CF_auzr _, CF_auzx -, CF_aux - —

[]

CF_in _, CF_in _, CF_in _
CF_out -, CF_out -, CF_out - —
baryonic_vertexr "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_auzx _), White _
(CF_io - | CF_aux _), White _, White _

(White - | CF_io - | CF_auz -), 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 ),

_>
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(White - | CF_io - | CF_aux -)

| (White - | CF_io - | CF_aux ),
(CF_in _ | CF_out ),
(White - | CF_io - | CF_aux -)

| (White - | CF_-io - | CF_auzx _),
(White - | CF_io - | CF_aux -),
(CF_in _ | CF_out _) —

colored _vertex "colorize_fusion3"

end

| C.SUN ncl —
begin match f1, f2, f3 with

| CF_in (-, c¢1), CF_io (-, ¢2, c¢2'), CF_io (-, ¢3, ¢3')
| CF_io (-, c2, ¢2"), CF_in (-, cl1), CF_io (-, ¢3, ¢3')
| CF_io (-, ¢2, ¢2"), CF_io (-, ¢8, ¢8"), CF_in (-, ¢1) —
if nc1 > 0 then
if c1 = c2° N c2 = c3' then
[CF_in (f, ¢3), v]
elseif c1 = ¢3 A ¢c8 = c2' then
[CF_in (f, c2), v]
else
(]
else
colored_verter "colorize_fusion3"

| CF_out (-, ¢1’), 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 (-, c1’) —
if ncl < 0 then
if c1’” = c2 A c2 = c3 then
[CF_out (f, ¢3'), v]
elseif c1’” = ¢8 N ¢33’ = c2 then
[CF_out (f, ¢2'), v]
else
(]
else
colored —vertex "colorize_fusion3"

| CF_auz -, CF_in (-, c¢1), CF_io (-, c2, c2')
| CF_auz -, CF_io (-, ¢2, ¢2'), CF_in (-, cl)
| CF_in (-, c¢l), CF_auz -, CF_io (-, ¢2, c2’)
| CF_io (-, c2, ¢2'), CF_aux -, CF_in (-, cl)
| CF_in (-, c1), CF_io (-, c2, c¢2'), CF_aux -
| CF_io (-, ¢2, ¢2'), CF_in (-, c1), CF_auz - —
if nc1 > 0 then
if cI = c2' then

[CF_in (f, ¢2), mult_vertex ( 2) v]
else

else
colored _vertex "colorize_fusion3"
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CF_auz -, CF_out (-, ¢1’), CF_io (-, c2, c2’
CF_auz _, CF_io (-, ¢2, ¢2'), CF_out (-, cl
CF_out (-, c1’), CF_auzx _, CF_io (-, c2, c2
CF_io (-, ¢2, ¢2'), CF_aux _, CF_out (-, ¢
CF_out (-, c1’), CF_io (_, ¢2, ¢2'), CF_auzx _
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
colored _vertex "colorize_fusion3"

White _, CF_in (-, c1), CF_io (-, ¢2, ¢2')
White _, CF_io (-, ¢2, ¢2'), CF_in (_, 1)
CF_in (-, c¢1), White -, CF_io (-, ¢2, ¢2')
CF_io (-, ¢2, ¢2'), White -, CF_in (-, cl)
CF_in (-, c1), CF_io (-, ¢2, c2'), White _
CF_io (-, ¢2, ¢2'), CF_in (-, c1), White - —
if ncl > 0 then
if c1 = c2’ then
[CF_in (f, c2), v]
else
(]
else
colored_verter "colorize_fusion3"

White -, CF_out (-, c¢1’), CF_io (-, ¢2, c2’
White _, CF_io (-, ¢2, ¢2'), CF_out (-, cl
CF_out (-, c1’), White _, CF_io (-, ¢2, c2
CF_io (-, ¢2, ¢2'), White -, CF_out (-, ¢
CF_out (-, c¢1’), CF_io (-, c2, ¢2'), White _
CF_io (-, ¢2, ¢2'), CF_out (-, c1’), White - —
if ncl < 0 then
if ¢2 = cl1’ then
[CF_out (f, c2'), v]
else
(]
else
colored _verter "colorize_fusion3"

CF_in (-, c¢1), CF_auz -, CF_aux _
CF_aux _, CF_in (-, c¢1), CF_aux _
CF_auz _, CF_auz _, CF_in (_, c1) —
if nc1 > 0 then
[CF_in (f, c1), mult_vertex ( 2) v]
else
colored —vertex "colorize_fusion3"

CF_in (-, c1), CF_auz -, White _
CF_in (-, c1), White _, CF_auz -

)
)
)
1)

)
)
)
1)
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CF_in (-, c1), White -, White _
CF_aux _, CF_in (-, c1), White _
White _, CF_in (-, cl1), CF_aux _
White _, CF_in (-, c1), White -
CF_aux _, White _, CF_in (-, cl)
White -, CF_aux _, CF_in (_, cl1)
White _, White -, CF_in (_, ¢1) —
if ncl > 0 then
[CF_in (f, c1), v]
else
colored _vertex "colorize_fusion3"

CF_out (-, c1’), CF_auz -, CF_auz _
CF_auz _, CF_out (-, c¢1’), CF_auz _
CF_auz _, CF_auz _, CF_out (-, cl’) —
if ncl < 0 then
[CF_out (f, c1'), mult_vertez ( 2) v]
else
colored —vertex "colorize_fusion3"

CF_out (-, c1'), CF_auz -, White _
CF _out (-, c1’), White _, CF_auz _
CF_out (-, c1’), White _, White _
CF_aux _, CF_out (-, c1’), White _
White -, CF_out (-, c¢1’), CF_aux _
White _, CF_out (-, c1'), White _
CF _auz _, White _, CF_out (-, cl1’)
White _, CF_auz -, CF_out (-, c1’)
White -, White —, CF_out (-, c1’) —
if ncl < 0 then
[CF_out (f, c1’), v]
else
colored _vertex "colorize_fusion3"

CF_in _, CF_in _, CF_out _
CF_in -, CF_out -, CF_in _
CF_out _, CF_in -, CF_in - —
if nc1 > 0 then
color_flow_ambiguous "colorize_fusion3"
else
colored _vertexr "colorize_fusion3"

CF_in _, CF_out _, CF_out _
CF_out _, CF_in -, CF_out _
CF_out _, CF_out -, CF_in - —
if nc1 < 0 then
color_flow_ambiguous "colorize_fusion3"
else
colored _vertexr "colorize_fusion3"

CF_in _, CF_in _, CF_in _
CF_out _, CF_out -, CF_out _
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| (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 _) —
colored_vertex "colorize_fusion3"

end

| C.AdjSUN nc —
begin match f1, f2, f3 with

| CF_in (-, cl), CF_out (-, c1'), White _
| CF_out (-, c¢1’), CF_in (-, c1), White -
| CF_in (-, cl), White -, CF_out (-, cl1’)
| CF_out (-, c1"), White -, CF_in (-, cl)
| White -, CF_in (-, c1), CF_out (-, c1’)
| White -, CF_out (-, c¢1’), CF_in (-, cl)

if c1 # c1’ then

[CF_io (f, c1, c1’), ]
else

[CF_auz f, v]

| CF_in (-, c1), CF_out (-, c1’), CF_auz _
| CF_out (-, c1’), CF_in (-, c1), CF_auzx -
| CF_in (-, cl), CF_auz -, CF_out (-, c1’)
| CF_out (-, c1’), CF_auz -, CF_in (-, cl)
| CF_auz -, CF_in (-, c¢1), CF_out (-, cl’)
| CF_aux -, CF_out (-, c1’), CF_in (-, cl)
if c1 # cl’ then
[CF_io (f, c1, c1), mult_vertex ( 2) v]
else
[CF_auz f, mult_vertex ( 2) v]

| CF_in (-, cl), CF_out (-, c1’), CF_io (-, ¢2, c2')
| CF_out (-, c1’), CF_in (-, c1), CF_io (-, c2, c2')
| CF_in (-, cl), CF_io (-, c2, ¢2'), CF_out (-, cl1’)
| CF_out (-, c1’), CF_io (-, ¢2, ¢2'), CF_in (-, cl)
| CF_io (-, ¢2, ¢2'), CF_in (-, cl), CF_out (-, cl’)
| CF_io (-, ¢2, ¢2'), CF_out (-, c¢1’), CF_in (-, cl)
if c = 2" A ¢2 = cl' then
[CF_auz f, mult_vertex ( 2) v]
else if ¢c1 = ¢2’ then
[CF_io (f, c2, c1'), V]
else if ¢2 = clI’ then

_>
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[CF_io (f, c1, ¢2'), ]

Using

’P4 = {{17 27 37 4}7 {17 37 4’ 2}’ {1’ 4’ 27 3}7 {17 27 47 3}7 {17 47 3) 2}) {1) 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 §lagday §iagiay §iagde

= {or}r=1,2,3,4€P4

/\ (Zgual oz Ittagtas — oy oy Itagbas — Jttay tay guagua4)

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:

@ 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 AN ¢2' = c¢3 then

[CF_io (f, c1, ¢8), permute_vertexs P123 v]
elseif c1’” = ¢3 A ¢8' = c2 then

[CF_io (f, cl, c2'), permute_vertex] P132 v
elseif c2' = ¢3 A ¢8 = cl then

[CF_io (f, c2, cl’), permute_vertex P231 v]
else if c2’ = ¢1 N cl’ = ¢3 then

[CF_io (f, c2, ¢8), permute_vertexs P213 v]
else if c8’ = ¢c1 N cl’ = c2 then

[CF_io (f, ¢3, ¢2'), permute_vertex P312 v]
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else if ¢’ = ¢2 N ¢2' = cl then
[CF_io (f, ¢3, c1’), permute_vertex P321 v]
else

CF_i0 -, CF_io -, CF_aux _
CF_io _, CF_aux -, CF_io _
CF_aux -, CF_i0 _, CF_io _
CF_io _, CF_aux _, CF_aux _
CF_aux -, CF_auzx -, CF_io _
CF_aux -, CF_io -, CF_aux _
CF_auzr _, CF_auzx -, CF_aux - —
(]
CF_io (-, cl, c¢1’), CF_io (-, ¢2, c2'), White _
CF_io (-, cl, c1’), White _, CF_io (-, ¢2, c2’)
White _, CF_io (-, c1, c1’), CF_io (-, ¢2, ¢2') —
if c1’ = ¢2 then
[CF_io (f, c1, ¢2"), mult_vertex (—1) v]

else if ¢2’ = c1 then
[CF_io (f, ¢2, c1'), mult_vertex (1) v]
else

[]

CF_io (-, c¢l, c1’), CF_aux _, White _

CF_aux _, CF_io (_, c1, c1”), White _

CF_io (-, cl, c1’), White -, CF_auzx _

CF_aux _, White _, CF_io (-, cl1, cl1')

White _, CF_io (-, c1, cl1’), CF_auz -

White _, CF_auz -, CF_io (-, c¢I, ¢l1’) —
(]

CF_aux _, CF_aux _, White _
CF_aux _, White _, CF_aux _
White _, CF_auzx -, CF_aux - —
(]
White -, White —, CF_io (-, c1, c1’)
White _, CF_io (-, c1, c1'), White _
CF_io (-, cl, c1’), White _, White - —
[CF_io (f, c1, cl1’), ]

White _, White _, CF_aux _
White _, CF_aux _, White _
CF_aux _, White _, White _ —

(]
White _, White _, White _

(White - | CF_io - | CF_aux _),
(White - | CF_io - | CF_aux ),
(CF_-in - | CF_out -)

(White - | CF_io - | CF_auzx -),
(CF_in - | CF_out ),

(White - | CF_io - | CF_aux _)
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| (CF_in - | CF_out -),
(White - | CF_io - | CF_aux _),
(White - | CF_io - | CF_aux _)

CF_in _, CF_in _, (White - | CF_io - | CF_auz -)
CF_in _, (White - | CF_io - | CF_aux -), CF_in _
(White - | CF_io - | CF_auz -), CF_in _, CF_in _

|
|
|
| CF_out _, CF_out _, (White - | CF_io - | CF_aux _)
| CF_out -, (White - | CF_io - | CF_auz -), CF_out -
| (White - | CF_io - | CF_aux _), CF_out -, CF_out _
|

(CF_in - | CF_out ),
(CF_in _ | CF_out ),
(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) *
"om>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.AdjSUN _ —
if List.for_all is_white flist then
colored —vertex "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))
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let fuse3 f1 f2 f3 =
ThoList.flatmap
(colorize_fusion3 f1 f2 f3)
(M .fuse3 (flavor_sans_color f1) (flavor_sans_color f2) (flavor_sans_color f3))

let fuse_list flist =
ThoList.flatmap
(colorize_fusionn flist)
(M .fuse (List.map flavor_sans_color flist))

let fuse = function
| [] ] [-] = invalid_arg "Colorize.It().fuse"
U5 f2] — fuse2 f1 2
U1 125 f3) > fuses 1 2 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
| [] = (n-in, n_out, n_glue)
in
count _color_strings’ 0 0 0 f_list
let external_color_flows f_list =
let n_in, n_out, n_glue = count_color_strings f_list in
if n_in # 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 =
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List.for_all (fun f — match M.color f with C.AdjSUN _ — true |
_ — false) f_list

let two_adjoints_couple_to_singlets () =
let vertices3, wverticess, 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, f3, f4), -, =) —
match M .color f1, M.color f2, M.color 8, M.color f4 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

| 1 =0

| - = tail — tail

let head_req = function
| [] =
invalid_arg "Colorize.It().colorize_crossed_amplitudel: insufficient, flows"
| z o 2 = 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]
[
invalid_arg "Colorize.It().colorize_crossed_amplitudel: leftover flows"
| f = rest, o, - —
begin match M.color f with
| C.Singlet —
colorize_crossed _amplitudel ghosts
(White [ :: acc)
rest (ecf -in, ecf _out)
| C.SUN nc —
if nc > 0 then
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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
sul) "colorize_flavor"
| C.AdjSUN _ —
let ecf_in' = head_req ecf_in
and ecf _out’ = head_req ecf_out in
if ecf_in’ = ecf_out’' then begin
if ghosts then
colorize_crossed _amplitudel ghosts
(CF_auzx 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; — (]
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| CF_io (-, ¢, ¢2) — Color.Flow.of _list [c1; — c2]
| CF_aux f — Color.Flow.ghost ()

let flow p_in p_out =
(List.map indices p_in, List.map indices p_out)

end

11.2.2  Colorizing a Monochrome Gauge Model

module Gauge (M : Model.Gauge) =
struct

let rcs = RCS.rename rcs_file "Colorize.Gauge()"
[ "Co1orizing,_,Monochrome._,GaugeL,Models"]

module CM = Tt(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 mazx_degree = CM.maz_degree
let vertices = CM .vertices

let fuse2 = CM.fuse2

let fuse3 = CM.fuse3

let fuse = CM.fuse

let flavors = CM.flavors

let 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
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let incomplete s =
failwith ("Colorize.Gauge()." "~ s ~ "_not_done_yet!")

type matter_field = M .matter_field
type gauge_boson = M .gauge_boson
type other = M.other

type field =
| Matter of matter_field
| Gauge of gauge_boson
| Other of other

let field f =
incomplete "field"

let matter_field f =
incomplete "matter_field"

let gauge_boson f =
incomplete "gauge_boson"

let other f =
incomplete "other"

let amplitude = CM.amplitude
let flow = CM.flow

end
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12

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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HARDCODED MODELS

13.1 Interface of Modeltools
13.1.1  Compilation

module type Flavor =
sig
type f
type ¢
val compare : f — f — int
val conjugate : f — f
end

module type Fusions =
Sig
type ¢
type f
type ¢
val fuse2 :
val fuse3 :
val fuse : t
val of _vertices :
(((f x f x f) x ¢ Coupling.vertex3 x c) list
X ((f x f x f x f) x ¢ Coupling.vertexs x c) list
x (f list x ¢ Coupling.vertexn x c) list) — t

(f x ¢ Coupling.t) list
f = (f x ¢ Coupling.t) list
f x ¢ Coupling.t) list

t f—=f =
t f—=f =

_>
_>
— f list —

—

end

module Fusions : functor (F' : Flavor) —
Fusions with type f = F.f and type ¢ = F.c

15.1.2 Mutable Models

module Mutable : functor (FGC : sig type f and g and ¢ end) —

Model. Mutable with type flavor = FGC.f and type gauge = FGC.g

and type constant = FGC.c
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13.2  Implementation of Modeltools

let res_file = RCS.parse "Modeltools" ["Lagragians"]

{ RCS.revision = "$Revision: ,6465,$";
RCS.date = "$Date: ,2015-01-10,16:22:31,,+0100.,(Sat,,10,,Jan;2015) $";
RCS.author = "$Author: jr_reuter $";
RCS.source

= "$URL:_svn+ssh://jr_reuter@login.hepforge.org/hepforge/svn/whizard/trunk/omega/s:

13.2.1  Compilation

Flavors and coupling constants: flavors can be tested for equality and charge
conjugation is defined.

module type Flavor =
sig
type f
type ¢
val compare : f — f — int
val conjugate : f — f
end

Compiling fusions from a list of vertices:

module type Fusions =
sig
type ¢
type f
type ¢
val fuse2 : t
val fuse3 : t
val fuse : t
val of _vertices :
(((f x f x f) x ¢ Coupling.vertex3 x c) list
x ((f x f x f x f) x ¢ Coupling.vertexs x c) list
x (f list x ¢ Coupling.vertexn x c¢) list) — t

f = f = (f x ¢ Coupling.t) list
f = f = f = (f x ¢ Coupling.t) list

%
%
— f x ¢ Coupling.t) list

~
§
-
b

—

end

module Fusions (F' : Flavor) : Fusions withtype f = F.fandtypec = F.c =

struct
type f = F.f
type c = F.c
module F2 =
struct

typet = f X f
let hash = Hashtbl.hash
let compare (f1, f2) (f1', f2') =
let c1 = F.compare f1 f1'in
if ¢c1 # 0 then
cl
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else
F.compare f2 f2'
let equal f f' = compare f f' = 0
end

module F3 =
struct
typet = f X f x f
let hash = Hashtbl.hash
let compare (f1, 12, f3) (f1', f2', 13') =
let cI = F.compare f1 f1’in

if ¢c1 # 0 then
cl
else
let ¢2 = F.compare f2 f2' in
if ¢2 # 0 then
c2
else

F.compare 3 f3'
let equal f f' = compare f [/ = 0
end

module Fn =
struct
type t = f list
let hash = Hashtbl.hash
let compare f f' = ThoList.compare ~cmp : F.compare f f'
let equal f f' = compare f [/ = 0
end

module H2 = Hashtbl.Make (F2)

module H3 = Hashtbl.Make (F'3)
module Hn = Hashtbl. Make (Fn)
type t =

{v3 : (f ¢ Coupling.t) list H2.t;

X
v : (f x ¢ Coupling.t) list H3.t;
wn : (f X

(
( ¢ Coupling.t) list Hn.t }

let fuse2 table f1 f2 =
try
H2.find table.v3 (f1, f2)
with
| Not_found — []
let fused table f1 2 f8 =
try
H3.find table.vj (f1, f2, [3)
with
| Not_found — []
let fusen table f =

try
Hn.find table.vn f
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with
| Not_found — []
let fuse table = function

| 1] ] [-] — invalid_arg "Fusions() .fuse"
| [f1; f2] — fuse?2 table f1 f2

| [f1; f2; f3] — fuse3 table f1 f2 f3

| f — fusen table f

Note that a pair or a triplet can appear more than once (e.g. eTe™ — «
and eTe~ — Z). Therefore don’t replace the entry, but augment it instead.

let add_fusion2 table f1 f2 fusions =
H2.add table.v3 (f1, f2) (fusions :: fuse2 table f1 f2)

let add-fusion3 table f1 f2 f3 fusions =
H3.add table.v4 (f1, f2, f3) (fusions :: fuse3 table f1 f2 f3)

let add_fusionn table f fusions =
Hn.add table.vn f (fusions :: fusen table f)

Do we need to take into account the charge conjugation of the coupling
constants here?

If some flavors are identical, we must not introduce the same vertex more than
once:

open Coupling

let permuted (f1, f2, f3) =
[ (f1, f2), F.conjugate f3, F12;
(f2, f1), F.conjugate f3, F21;
(f2, 13), F.conjugate f1, F23;
(f3, f2), F.conjugate f1, F32;
(f3, f1), F.conjugate f2, F31;
(f1, f3), F.conjugate f2, F13 ]

Here we add identical permutations of pairs only once:
module F2' = Set.Make (F2)

let add_permuted table v ¢ set ((f1, f2 as f12), f, p) =
if F2".mem f12 set then
set
else begin
add _fusion2 table f1 f2 (f, V3 (v, p, ¢));
F2'.add f12 set
end

let add_vertex3 table (f1253, v, ¢) =
ignore (List.fold_left (fun set f — add_permuted table v ¢ set f)
F2' .empty (permuted f123))

Handling all the cases explicitely is OK for cubic vertices, but starts to
become questionable already for quartic couplings. The advantage remains
that we can check completeness in Targets.
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let permuted (f1, f2, f3, f4) =
[ (f1, f2, 13), F.conjugate f}, F123;

Add identical permutations of triplets only once:

(f2, 13, fl) F.conjugate f4, F231;
(f3, f1, f2), F.conjugate f4, F312;
(2, f1, 13), F.conjugate f4, F213;
(f3, f2, f1), F.conjugate f4, F321;
(f1, 13, f2), F.conjugate f}, F132;
(f1, f2, f4), F.conjugate f3, F124;
(f? f4, f1), F.conjugate f3, F241;
(f4, f1, f2), F.conjugate {3, F412;
(2, f1, f4), F.conjugate f3, F214;
(f4, f2, f1), F.conjugate f3, F421;
(f1, f4, f2), F.conjugate f3, F142;
(f1, 13, f4), F.conjugate f2, F134;
(ff)’ f4, f1), F.conjugate f2, F341;
(f4, f1, f3) F.conjugate f2, F/13;
(f3, f1, f4), F.conjugate f2, F314;
(f4, 13, f1), F.conjugate f2, F431;
(f1, f4, 13), F.conjugate f2, F143;
(f2 13, f4), F.conjugate f1, F234;
(f3, f4, f2), F.conjugate f1, F342;
(f4, 12, 13), F.conjugate f1, F423;
(f3, f2, f4), F.conjugate f1, F324;
(f4, 13, f2), F.conjugate f1, F432;
(f2, f4, 13), F.conjugate f1, F243 ]

module F8' = Set.Make (F3)

let add_permutes table v ¢ set ((f1, f2, f3 as f123), f,

if F3'.mem f123 set then

set
else begin

Implementation of Modeltools

p) =

add _fusion3 table f1 2 f3 (f, V4 (v, p, ¢));
F3'.add f123 set

end

let add_vertexs table (f1234, v, ¢) =
ignore (List.fold_left (fun set f — add_permutej table v c set f)

F3’.empty (permuted f1234))

let of _vertices (vlist3, vlist4, vlistn) =
match vlistn with

I =
let table =
{v3 = H2.create 37; v4 = H3.create 37; vn = Hn.create 37 } in
List.iter (add-vertex3 table) vlist3;
List.iter (add_vertex4 table) vlist];
table
| - — failwith "Models.Fusions.of _vertices: incomplete"

end
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153.2.2 Mutable Models

module Mutable (FGC' : sig type f and g and ¢ end) =
struct
type flavor = FGC.f
type gauge = FGC.g
type constant = FGC.c

let options = Options.empty
module Ch = Charges.Null
let charges - = ()

exception Uninitialized of string
let unitialized name =
raise (Uninitialized name)

Note that lookup works, by the magic of currying, for any arity. But we need
to supply one argument to delay evaluation.

Also note that the references are not shared among results of functor applica-
tions. Simple module renaming causes sharing.

let declare template =

let reference = ref template in
let update fct = reference = fet
and lookup arg = !reference arg in

(update, lookup)

let set_color, color =

declare (fun f — wnitialized "color")
let set_pdg, pdg =

declare (fun f — wunitialized "pdg")
let set_lorentz, lorentz =

declare (fun f — wunitialized "lorentz")
let set_propagator, propagator =

declare (fun f — wnitialized "propagator")
let set_width, width =

declare (fun f — wunitialized "width")
let set_goldstone, goldstone =

declare (fun f — wunitialized "goldstone")
let set_conjugate, conjugate =

declare (fun f — wunitialized "conjugate")
let set_fermion, fermion =

declare (fun f — wunitialized "fermion")
let set_max_degree, mazx_degree =

declare (fun () — wnitialized "max_degree")
let set_vertices, vertices =

declare (fun () — wunitialized "vertices")
let set_fuse2, fuse2 =

declare (fun f1 f2 — wunitialized "fuse2")
let set_fuse3, fuse3 =

declare (fun f1 f2 f8 — wunitialized "fuse3")
let set_fuse, fuse =
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declare (fun f — wunitialized "fuse")
let set_flavors, flavors =
declare (fun () — [])
let set_external_flavors, external_-flavors =
declare (fun () — [("unitialized", [])])
let set_parameters, parameters =
declare (fun f — wunitialized "parameters")
let set_flavor_of _string, flavor_of _string =
declare (fun f — wunitialized "flavor_of_string")
let set_flavor_to_string, flavor_to_string =
declare (fun f — wunitialized "flavor_to_string")
let set_flavor_to_TeX, flavor_to_TeX =
declare (fun f — wunitialized "flavor_to_TeX")
let set_flavor_symbol, flavor_symbol =
declare (fun f — wunitialized "flavor_symbol")
let set_gauge_symbol, gauge_symbol =
declare (fun f — wunitialized "gauge_symbol")
let set_mass_symbol, mass_symbol =
declare (fun f — wunitialized "mass_symbol")
let set_width_symbol, width_symbol =
declare (fun f — wunitialized "width_symbol")
let set_constant_symbol, constant_symbol =
declare (fun f — wunitialized "constant_symbol")

let setup ~color ~pdg ~lorentz ~propagator ~width ~goldstone

“conjugate " fermion ~max_degree ~vertices
“fuse : (fuse2, fuse3, fusen)
“flavors ~parameters ~ flavor_of _string ~ flavor_to_string
“flavor_to_TeX ~ flavor _symbol
“gauge_symbol “mass_symbol ~width_symbol ~constant_symbol =

set_color color;

set_pdg pdg;

set_lorentz lorentz;

set_propagator propagator;

set_width width;

set_goldstone goldstone;

set_conjugate conjugate;

set_fermion fermion;

set_maz_degree (fun () — maz_degree);

set_vertices vertices;

set_fuse2 fuse2;

set_fuse3 fuse3;

set_fuse fusen;

set_external_flavors (fun f — flavors);

let flavors = TholList.flatmap snd flavors in

set_flavors (fun f — flavors);

set_parameters parameters;

set_flavor_of _string flavor_of _string;

set_flavor_to_string flavor_to_string;

set_flavor_to_TeX flavor_to_TeX;

231



Interface of Modellib_SM

set_flavor_symbol flavor_symbol,
set_gauge_symbol gauge_symbol;
set_mass_symbol mass_symbol;
set_width_symbol width_symbol;
set_constant_symbol constant_symbol

let rcs = RCS.rename rcs_file "Models.Mutable" ["Mutable Model"|
end

13.3 Interface of Modellib_SM
13.3.1 Hardcoded Models

module Phi8 : Model.T with module Ch = Charges.Null
module Phi4 : Model.T with module Ch = Charges.Null
module QED : Model.T with module Ch = Charges.ZZ
module QCD : Model.T with module Ch = Charges.ZZ

module type SM _flags =

sig
val higgs_triangle : bool (x H~yvy, Hgy and H ggcouplingsx)
val higgs_hmm : bool
val triple_anom : bool
val quartic_anom : bool
val higgs_anom : bool
val dim6 : bool
val k_matriz : bool
val ckm_present : bool
val top_anom : bool
val top_anom_4f : bool
val tt_threshold : bool

end

module SM _no_anomalous : SM _flags
module SM _anomalous : SM _flags

module SM _k_matriz : SM_flags

module SM _no_anomalous_ckm : SM _flags
module SM _anomalous_ckm : SM _flags
module SM _Higgs : SM_flags

module SM _anomalous_top : SM _flags
module SM _tt_threshold : SM _flags

module SM _dimé6 : SM _flags

module SM : functor (F : SM_flags) — Model.Gauge with module Ch = Charges.QQ
module SM _Rzi : Model.T with module Ch = Charges.QQ

module Groves : functor (M : Model.Gauge) — Model.Gauge with mod-
ule Ch = M.Ch
module SM _clones : Model.Gauge with module Ch = Charges.QQ
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13.4 Implementation of Modellitb_SM

let res_file = RCS.parse "Modellib_SM" ["Lagragians"]

{ RCS.revision = "$Revision:,7378.$";
RCS.date = "$Date: ,2015-11-20,17:08:49, +0100,,(Fri, ,20_Nov_2015) $";
RCS.author = "$Author: jr_reuter, $";
RCS .source

= "$URL: svn+ssh://jr_reuter@login.hepforge.org/hepforge/svn/whizard/trunk/omega/s:

18.4.1 ¢3

module Phi8 =
struct
let rcs = RCS.rename 1cs_file "Modellib.Phi3"
["phi**3 with a single flavor"]

open Coupling
let options = Options.empty

type flavor = Phi
let external_flavors () = [ "", [Phi]]
let flavors () = ThoList.flatmap snd (external_flavors ())

type gauge = unit
type constant = G

type orders = wunit
let orders = function
|- =0
let lorentz - = Scalar
let color - = Color.Singlet
let propagator - = Prop_Scalar
let width - = Timelike
let goldstone - = None
let conjugate f = f
let fermion - = 0
module Ch = Charges.Null
let charges - = ()
module F' = Modeltools. Fusions (struct
type f = flavor
type ¢ = constant
let compare = compare
let conjugate = conjugate
end)
let vertices () =
([(Phi, Phi, Phi), Scalar_Scalar_Scalar 1, G], [], [])
let table = F.of _vertices (vertices ())

let fuse2 = F.fuse2 table
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let fuse3 = F.fuse3 table
let fuse = F.fuse table
let mazx_degree () = 3

let parameters () = {input = [G, 1.0]; derived = []; derived_arrays = []}
let flavor_of _string = function
| "p" — Phi
| - — invalid_arg "Modellib.Phi3.flavor_of_string"
let flavor_to_string Phi = "phi"
let flavor_to_TeX Phi = "\\phi"
let flavor_symbol Phi = "phi"

let gauge_symbol () =
failwith "Modellib.Phi3.gauge_symbol: jinternal error"

let pdg - = 1
let mass_symbol - = "m"
let width_symbol - = "w"
let constant_symbol G = "g"
end
18.4.2 X3¢ + Mo
module Phij =
struct

let rcs = RCS.rename rcs_file "Modellib.Phid"
["phi**4 with a single flavor"]

open Coupling

let options = Options.empty

type flavor = Phi

let external_flavors () = ["", [Phi]]
let flavors () = ThoList.flatmap snd (external_flavors ())

type gauge unit
type constant = G3 | G4
type orders = wunit
let orders = function

|- =0
let lorentz - = Scalar
let color _ = Color.Singlet
let propagator _ = Prop_Scalar
let width - = Timelike
let goldstone - = None
let conjugate f = f
let fermion - = 0
module Ch = Charges.Null
let charges - = ()
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module F' = Modeltools. Fusions (struct
type f = flavor
type ¢ = constant
let compare = compare
let conjugate = conjugate
end)

let vertices () =
([(Phi, Phi, Phi), Scalar_Scalar_Scalar 1, G3],
[(Phi, Phi, Phi, Phi), Scalar{ 1, G4], [])

let fuse2 - = failwith "Modellib.Phi4.fuse2"
let fuse3 - = failwith "Modellib.Phi4.fuse3"
let fuse = function

| [1| [-] = invalid_arg "Modellib.Phi4.fuse"
| [-; -] — [Phi, V3 (Scalar-Scalar_Scalar 1, F23, G3)]
| [ =5 -] = [Phi, V4 (Scalary 1, F234, G4)]

| - = I
let maz_degree () = 4
let parameters () =
{ input = [G3, 1.0; G4, 1.0]; derived = []; derived_arrays = [] }
let flavor_of _string = function
| "p" — Phi
| - — invalid_arg "Modellib.Phi4.flavor_of_string"
let flavor_to_string Phi = "phi"
let flavor_to_TeX Phi = "\\phi"
let flavor_symbol Phi = "phi"

let gauge_symbol () =
failwith "Modellib.Phi4.gauge_symbol: jinternal error"

let pdg - = 1
let mass_symbol - = "m"
let width_symbol - = "w"
let constant_symbol = function
| G8 — "g3"
| G4 — ng4u
end

13.4.3  Quantum Electro Dynamics

module QED =
struct
let rcs = RCS.rename rcs-file "Modellib.QED"
["QED_with two leptonic flavors"]

open Coupling
let options = Options.empty

type flavor =
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| Electron | Positron
| Muon | AntiMuon
| Tau | AntiTau

| Photon

let external_flavors () =
[ "Leptons", [Electron; Positron; Muon; AntiMuon; Tau; AntiTaul;
"Gauge Bosons", [Photon] ]
let flavors () = ThoList.flatmap snd (external_flavors ())

type gauge = unit
type constant = @

type orders = wunit

let orders = function
| - = 0

let lorentz = function

| Electron | Muon | Tau — Spinor
| Positron | AntiMuon | AntiTau — ConjSpinor
| Photon — Vector

let color - = Color.Singlet

let propagator = function
| Electron | Muon | Tau — Prop_Spinor
| Positron | AntiMuon | AntiTau — Prop_ConjSpinor
| Photon — Prop_Feynman

let width - = Timelike
let goldstone - =

None
let conjugate = function

| Electron — Positron | Positron — Electron
| Muon — AntiMuon | AntiMuon — Muon
| Tau — AntiTau | AntiTou — Tau

| Photon — Photon

let fermion = function
| Electron | Muon | Tau — 1
| Positron | AntiMuon | AntiTau — —1
| Photon — 0

Taking generation numbers makes electric charge redundant.

module Ch = Charges.ZZ
let charges = function
| Electron — [1; 0; 0]
| Muon — [0; 1; 0]
| Tau — [0; 0; 1]
| Positron — [—1;0; 0]
| AntiMuon — [0;—1; 0]
| AntiTau — [0; 0;—1]
| Photon — [0; 0; 0]
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module F' = Modeltools. Fusions (struct
type f = flavor
type ¢ = constant
let compare = compare
let conjugate = conjugate
end)

let vertices () =

([(Positron, Photon, Electron), FBF (1, Psibar, V, Psi), Q;
(AntiMuon, Photon, Muon), FBF (1, Psibar, V, Psi), Q;
(AntiTau, Photon, Tau), FBF (1, Psibar, V, Psi), Q], [], [])

let table = F.of _vertices (vertices ())

let fuse2 = F.fuse2 table

let fuse3 = F.fuse3 table

let fuse = F.fuse table

let maz_degree () = 3

let parameters () = {input = [Q, 1.0]; derived = []; derived_arrays = [] }
let flavor_of _string = function

| "e=" — Flectron | "e+" — Positron

| "m-" — Muon | "m+" — AntiMuon

| "t-" = Tau | "t+" — AntiTau

| "A" — Photon

| - — invalid_arg "Modellib.QED.flavor_of_string"

let flavor_to_string = function

| Electron — "e-"| Positron — "e+"

| Muon — "m-"| AntiMuon — "m+"

| Tau — "t-"| AntiTau — "t+"

| Photon — "A"

let flavor_to_TeX = function

| Electron — "e~="| Positron — "e +"

| Muon — "\\mu~-"| AntiMuon — "\\mu +"

| Tau — "~\\tau"-"| AntiTau — "\\tau+ "

| Photon — "\\gamma"

let flavor_symbol = function
| Electron — "ele" | Positron — "pos"
| Muon — "muo" | AntiMuon — "amu"
| Tau — "tau" | AntiTau — "ata"
| Photon — "gam"

let gauge_symbol () =
failwith "Modellib.QED.gauge_symbol: internal error"

let pdg = function
| Electron — 11 | Positron — —11
| Muon — 13 | AntiMuon — —13
| Tauv — 15 | AntiTau — —15
| Photon — 22

let mass_symbol f =
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"mass (" " string_of _int (abs (pdg f)) =~ ")"

let width_symbol f =
"width(" * string_of —int (abs (pdg f)) = ")"

let constant_symbol = function
| @ — "qlep"

end

13.4.4  Quantum Chromo Dynamics

module QCD =
struct
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let recs = RCS.rename rcs_file "Modellib.QCD"
["QCD"]

open Coupling
let options = Options.empty

type flavor =
| U | Ubar | D | Dbar
| C | Cbar | S | Sbar
| T | Tbar | B | Bbar
| Gl

let external_flavors () =
[ "Quarks", [U; D; C; S; T; B; Ubar; Dbar; Cbar; Sbar; Tbar; Bbarl;
"Gauge Bosons", [GI]]
let flavors () = ThoList.flatmap snd (external_flavors ())

type gauge = wunit
type constant = Gs | G2 | 1_Gs

type orders = wunit

let orders = function
| - = 0

let lorentz = function

| U| D| C| S| T| B — Spinor
| Ubar | Dbar | Cbar | Sbar | Tbar | Bbar — ConjSpinor
| GI — Vector

let color = function
| U | D|C| S| T]| B — Color.SUN 3
| Ubar | Dbar | Cbar | Sbar | Tbar | Bbar — Color.SUN (—3)
| GI — Color.AdjSUN 3

let propagator = function
| U | D| C| S| T | B — Prop_Spinor
| Ubar | Dbar | Cbar | Sbar | Thar | Bbar — Prop-ConjSpinor
| GI — Prop_Feynman

let width - = Timelike

let goldstone - =
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None

let conjugate = function
| U — Ubar
| D — Dbar
| ¢ — Cbar
| § — Sbar
| T — Tbar
| B — Bbar
| Ubar — U
| Dbar
| Cbar
| Sbar
| Tbhar
| Bbar
| Gl - G

L1144l
R ®RAQy

let fermion = function
| U | D|C|S|T|B—=1
| Ubar | Dbar | Cbar | Sbar | Thar | Bbar — —1
| GI - 0

module Ch = Charges.ZZ
let charges = function
D — [1; 0; 0;

0; 0]
; 05 05 05
1 0

]
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1; 0
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0; 0]
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— 1

|

|

|

|

|

|

| Dbar
| 0
| [0; 0; —1; 0;
| 1
|

|

|

module ' = Modeltools. Fusions (struct
type f = flavor
type ¢ = constant
let compare = compare
let conjugate = conjugate

end)
This is compatible with CD+-.

let color_current =

[ ((Dbar, GI, D) FBF ((-1), Psibar, V, Psi), Gs);
((Ubar, GI, U), FBF ((—1), Psibar, V, Psi), Gs);
((Cbar, Gl, C), FBF ((-1), Psibar, V, Psi), Gs);
((Sbar, Gi, S), FBF ((—1), Psibar, V, Psi), Gs);
(( (

Tbar, Gl, T), FBF ((—1), Psibar, V, Psi), Gs);
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((Bbar, Gl, B), FBF ((-1), Psibar, V, Psi), Gs)]

let three_gluon =
[ ((Gl, GI, Gl), Gauge-Gauge-Gauge 1, I_GSs)]

let gauge = Vector [(2, C_13_-42); (=1, C_12_34); (-1, C_14_23)]

let four_gluon =
[ (G, GI, Gl, Gl), gauges, G2)]

let vertices8 =
(color_current @ three_gluon)

let vertices{ = four_gluon

let vertices () =
(vertices3, verticess, [])

let table = F.of _vertices (vertices ())
let fuse2 = F.fuse2 table

let fuse3 = F.fuse3 table

let fuse = F.fuse table

let maz_degree () = 4
let parameters () = {input = [Gs, 1.0]; derived = []; derived_arrays = []}
let flavor_of _string = function
| "u" - U
| "g" — D
| "e" — C
| "s"— §
| "t"— T
| "o" — B
| "ubar" — Ubar
| "dbar" — Dbar
| "cbar" — Cbhar
| "sbar" — Sbar
| "tbar" — Tbar
| "bbar" — DBbar
| "gl" — Gl
|

- — dnvalid_arg "Modellib.QCD.flavor_of_string"

let ﬂavor to- strmg = function

Ubar — "ubar"

| U

|

| D — ngn

| Dbar — "dbar"
| C —y nen

| Cbar — "cbar"
| S —y ngn

| Sbar — "sbar"
| T —y g

| Tbar — "tbar"
| B — np"

|

Bbar — "bbar"
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Gl — "gl"

= function
Ubar — "\\bar{u}"
D H ||d’|

Dbar — "\\bar{d}"
C — "c"

Cbar — "\\bar{c}"
S — n"s"

Sbar — "\\bar{s}"
T % llt’l

Tbar — "\\bar{t}"
B — "pr

Bbar — "\\bar{b}"
Gl — "g"

let ﬂavor symbol = function

let gauge_symbol ()

Ubar — "ubar"
D % ||dl|
Dbar —
C — "C"
Cbar — "cbar"
S _> "S"
Sbar —
T % ||tl|
Tbar — "tbar"
B % Ilbll

Bbar — "bbar"
Gl — "gi"

Ildbarll

"sbar"
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failwith "Modellib.QCD.gauge_symbol: internal, error"

let pdg = function

| D — 1| Dbar — -1
| U — 2| Ubar — —2
| § — 3| Sbar —» -3
| C — 4| Cbar —» —4
| B - 5| Bbar —» —5
| T — 6| Tbar — —6
| GI — 21

let mass_symbol f =

"mass("

let width_symbol f =
"width(" * string_of —int (abs (pdg f)) = ")"

let constant_symbol =

function
I_Gs — "(0,1)*gs"

Gs — "gs"

G2 — "gs*x2"
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end

18.4.5 Complete Minimal Standard Model (Unitarity Gauge)

module type SM _flags =

sig
val higgs_triangle : bool (x H~yvy, Hgy and Hgg couplings )
val higgs_hmm : bool
val triple_anom : bool
val quartic_anom : bool
val higgs_anom : bool
val dim6 : bool
val k_matriz : bool
val ckm_present : bool
val top_anom : bool
val top_anom_4f : bool
val tt_threshold : bool

end

module SM _no_anomalous : SM_flags =

struct
let higgs_triangle = false
let higgs_hmm = false
let triple_anom = false
let quartic_anom = false
let higgs_-anom = false
let dim6 = false
let k_matriz = false
let ckm_present = false
let top_anom = false
let top_anom_4f = false
let tt_threshold = false
end

module SM _no_anomalous_ckm : SM_flags =

struct
let higgs_triangle = false
let higgs_hmm = false
let triple_anom = false
let quartic_anom = false
let higgs_anom = false
let dim6 = false
let k_matrix = false
let ckm_present = true
let top_anom = false
let top_anom_4f = false
let tt_threshold = false
end
module SM _anomalous : SM_flags =
struct
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let higgs_triangle = false

let higgs_hmm = false
let triple_anom = true
let quartic_anom = true
let higgs_anom = true
let dim6 = false
let k_matriz = false
let ckm_present = false
let top_anom = false
let top_anom_4f = false
let tt_threshold = false
end

module SM _anomalous_ckm : SM_flags =

struct
let higgs_triangle = false
let higgs_hmm = false
let triple_anom = true
let quartic_anom = true
let higgs_anom = true
let dim6 = false
let k_matriz = false
let ckm_present = true
let top_anom = false
let top_anom_4f = false
let tt_threshold = false
end
module SM _k_matrix : SM_flags =
struct
let higgs_triangle = false
let higgs_hmm = false
let triple_anom = false
let quartic_anom = true
let higgs_-anom = false
let dim6 = false
let k_matriz = true
let ckm_present = false
let top_anom = false
let top_anom_4f = false
let tt_threshold = false
end
module SM _Higgs : SM_flags =
struct
let higgs_triangle = true
let higgs_hmm = true
let triple_anom = false
let quartic_anom = false
let higgs_-anom = false
let dim6 = false
let k_matriz = false
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let ckm_present = false

let top_anom = false

let top_anom_4f = false

let tt_threshold = false
end

module SM _anomalous_top : SM _flags =

struct
let higgs_triangle = false
let higgs_hmm = false
let triple_anom = false
let quartic_anom = false
let higgs_anom = false
let dim6 = false
let k_matrix = false
let ckm_present = false
let top_anom = true
let top_anom_4f = true
let tt_threshold = false
end
module SM _tt_threshold : SM _flags =
struct
let higgs_triangle = false
let higgs_hmm = false
let triple_anom = false
let quartic_anom = false
let higgs-anom = false
let dim6 = false
let k_matrix = false
let ckm_present = true
let top_anom = false
let top_anom_4f = false
let tt_threshold = true
end
module SM _dim6 : SM _flags =
struct

let higgs_triangle = false
let higgs_hmm = false

let triple_anom = false

let quartic_anom = false

let higgs_anom = false

let dim6 = true

let k_matriz = false

let ckm_present = false

let top_anom = false

let top_anom_4f = false

let tt_threshold = false
end
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13.4.6  Complete Minimal Standard Model (including some
extensions)

module SM (Flags : SM_flags) =
struct
let rcs = RCS.rename rcs-file "Modellib.SM"
[ "minimaluelectroweak|_,standardumodel\_,inuunitarityugauge"]

open Coupling

let default_width = ref Timelike
let use_fudged _width = ref false

let options = Options.create
[ "constant_width", Arg.Unit (fun () — default_width := Constant),

"use constant_ width (also in t-channel)";

"fudged_width", Arg.Set use_fudged —width,

"usefudge factor for ,charge particle width";
"custom_width", Arg.String (fun f — default_width := Custom f),

"usecustom width";
"cancel_widths", Arg.Unit (fun () — default_width := Vanishing),

"use_vanishing, width"]
type f_auz_top = TTGG | TBWA | TBWZ | TTWW | BBWW
| TCGG | QGUG | QBUB | QW | DL | DR
| QUQDIL | QUQDIR | QUQRDSL | QUQDSR

type matter_field = L of int | N of int | U of int | D of int
type gauge_boson = Ga | Wp | Wm | Z | GI
type other = Phip | Phim | Phi0 | H
| Auz_top of intxintxintx bool X f _auz _top type flavor = M of matter_field |
G of gauge_boson | O of other

let matter_field f = M f
let gauge_boson f = G f
let other f = O f

type field =
| Matter of matter_field
| Gauge of gauge_boson
| Other of other

let field = function
| M f — Matter f
| Gf — Gauge f
| Of — Other f

type gauge = unit

let gauge-symbol () =
failwith "Modellib.SM.gauge_symbol: jinternal error"

let family n = List.map matter_field [ L n; N n; U n; D n |

let rec auz_top_flavors (f,l, co,ch) = List.append
( List.map other [ Auz_top (I, co, ch/2,true,f);
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Auz _top (I, co, ch/2false,f) ] )
(if ch > 1 then List.append
( List.map other [ Auz_top (I, co,—ch/2,true,f);
Auz_top (I, co,—ch/2false,f) ] )
( auz_top_flavors (f,1, co,(ch —2)) )
else [])

let external_flavors () =
[ "1st Generation", ThoList.flatmap family [1; —1];
"2nd, Generation", ThoList.flatmap family [2; — 2];
"3rd, Generation", ThoList.flatmap family [3; — 3|;
"Gauge Bosons", List.map gauge_boson [Ga; Z; Wp; Wm; GlJ;
"Higgs", List.map other [H|;
"Goldstone Bosons", List.map other [Phip; Phim; Phi0] ]

let flavors () = List.append
( ThoList.flatmap snd (external_flavors ()) )
( ThoList.flatmap aux_top_flavors
[(TTGG,2,1,1); (TCGG,2,1,1); (TBWA,2,0,2); (TBWZ,2,0,2);
(TTWW,2,0,1); (BBWW,2,0,1);
(QGUG,1,1,1); (QBUB,1,0,1); (QW,1,0,3); (DL,0,0,3); (DR,0,0,3);
(QUQD1L,0,0,3); (QUQDIR,0,0,3); (QUQDSL,0,1,3); (QUQDSR,0,1,3)])

let spinor n =
if n > 0 then
Spinor
else
ConjSpinor

let lorentz_aur = function
| 2 = Tensor_1
| 1 — Vector
| 0 — Scalar
| - — dnvalid_arg ("SM.lorentz_aux: wrong value")

let lorentz = function

| M f —
begin match f with
| Ln — spinorn | N n — spinor n
| Un — spinorn | Dn — spinor n
end

| Gf —
begin match f with
| Ga | GI — Vector
| Wp | Wm | Z — Massive_Vector
end

| Of —
begin match f with
| Auz_top (I,-,-,-,-) — lorentz_aux l
| - — Scalar
end

let color = function
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) — Color.SUN (if n > 0 then 3 else -3)
) — Color.SUN (if n > 0 then 3 else -3)

Gl — Color.AdjSUN 3

(Auz_top (-, co, -, -, -)) — if co = 0then Color.Singlet else Color.AdjSUN 3
- — Color.Singlet

let prop_spinor n =
if n > 0 then
Prop_Spinor
else
Prop_ConjSpinor

let prop_aux = function
| 2 = Auz_Tensor_1
| 1 = Auzx_Vector
| 0 —» Auz_Scalar
| - — dnvalid_arg ("SM.prop-aux: wrong value")

let propagator = function

| M f —
begin match f with
| Ln — prop_spinor n | N n — prop_spinor n
| Un — prop_spinor n | D n — prop_spinor n
end

| Gf —
begin match f with
| Ga | Gl — Prop_Feynman
| Wp | Wm | Z — Prop_Unitarity
end

| Of —
begin match f with
| Phip | Phim | Phi0 — Only_Insertion
| H — Prop_Scalar
| Auz_top (I,-,-,-,-) — prop_aux |
end

Optionally, ask for the fudge factor treatment for the widths of charged particles.
Currently, this only applies to W+ and top.

let width f =
if luse_fudged _width then
match f with
| G Wp | GWm | M(U3) | M (U (-3)) — Fudged
| - — !default_width
else
ldefault —width

let goldstone = function
| Gf —
begin match f with
| Wp — Some (O Phip, Coupling.Const 1)
| Wm — Some (O Phim, Coupling.Const 1)
| Z — Some (O Phi0, Coupling.Const 1)
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| - — None
end
| - — None

let conjugate = function

| M f —
M (begin match f with
| Ln - L(-n) | Nn — N (—n)
| Un - U(-n) | Dn — D (—n)
end)

| Gf —
G (begin match f with
| Gl - Gl | Ga —» Ga | Z — Z
| Wp —» Wm | Wm — Wp
end)

| Of —
O (begin match f with
| Phip — Phim | Phim — Phip | Phi0 — Phi0

| H - H
| Auz_top (I, co,ch,n,f) — Auzx_top (I, co,(—ch), (= n),f)
end)
let fermion = function
| M f —

begin match f with
| Ln — if n > 0then 1 else-1
| Nn — if n > 0then 1 else-1
| Un — ifn > 0then 1 else-1
| Dn — if n > 0then 1 else-1
end

| Gf —
begin match f with
| Gl | Ga | Z | Wp | Wm — 0
end

| O_- =0

Electrical charge, lepton number, baryon number. We could avoid the rationals
altogether by multiplying the first and last by 3 ...

module Ch = Charges.QQ
let (//) = Algebra.Small_Rational.make

let generation’ = function
| 1 — [1//1; 0//1; 0//1]
| 2 = [0//1; 1//1; 0//1]
| 3 = [0//1; 0//1; 1//1]
| =1 — [-1//1;0//1; 0//1]
| =2 — [0//1; —1//1; 0//1]
| =3 = [0//1;0//1; —1//1]

| n — invalid_arg ("SM.generation’:," " string_of _int n)

Generation is not a good quantum number for models with flavor mixing, i.e.
if CKM mixing is present. Also, for the FCNC vertices implemented in the SM
variant with anomalous top couplings it is not a valid symmetry.
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let generation f =
if (Flags.ckm_present V Flags.top_anom) then
[]
else
match f with
| M(Ln | Nn | Un | Dn) — generation’ n
G- 0= [0//150//3; 0//1]

let charge = function

| M f —
begin match f with
| Ln — ifn > Othen-1//1else1//1
| Nn — 0//1
| Un — if n > 0then2//3 else-2//3
| Dn — ifn > 0then-1//3 else 1//3
end

| Gf —
begin match f with
| Gl | Ga | Z — 0//1

| Wp — 1//1
| Wm — —1//1
end

| Of —

begin match f with

| H | Phi0 — 0//1

| Phip — 1//1

| Phim — —1//1

| Auz_top (-, -,ch,_,_) — ch//1
end

let lepton = function
| M f —
begin match f with
| Ln | Nn — ifn > Othen1//1else-1//1
| U- | D_- = 0//1

end
| G- | O- = 0//1
let baryon = function
| M f —

begin match f with
| L_ | N_ — 0//1
| Un | Dn — ifn > Othen1//1else-1//1
end
| G- | O_- — 0//1
let charges f =
[ charge f; lepton f; baryon f] Q generation f
type constant =
| Unit | Half | Pi | Alpha-QED | Sin2thw
| Sinthw | Costhw | E | G-weak | I-G_weak | Vev
| Q-lepton | Q-up | Q_down | G_CC | G_CCQ of intxint
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| G_NC_neutrino | G_NC_lepton | G_-NC_up | G_NC_down
| G_TVA_ttA | G_-TVA_bbA | G_TVA_tcA | G_-TVA_tcZ
| G_VLR_ttZ | G_TVA_ttZ | G_VLR_tcZ | G_TVA_bbZ
| VALILC_ttA | VA_ILC_tiZ
| G_VLR_btW | G_VLR_tbW
| G_.TLR_btW | G_TRL_tbW
| G_TLR_btWZ | G_TRL_thWZ
| G_TLR_btWA | G_TRL_thWA
| G_TVA_ttWW | G_-TVA_bbWW
| G_TVA_#G | G_TVA_t#tGG | G_TVA_tcG | G_TVA_tcGG
| G_SP_ttH
| G_-VLR_qGuG | G_-VLR_qBuB
| G_VLR_qBuB_u | G_VLR_qBuB_d | G_VLR_qBuB_e | G_VL_qBuB_n
| G_VL_gW | G_VL_¢qW_u | G_-VL_qW_d
| G_SL_D#R | G_.SR_D#R | G_SL-Di#L | G_SLR_DbR |
G_SL_DbtL
| C_quqdiR_bt | C_quqdiR_tb | C_quqdlL_bt | C_quqd1L_tb
| C_qugd8R_bt | C_qugd8R_tb | C_quqd8L_bt | C_quqd8L_tb
| QW | I.G_ZWW
| G-WWWW | G_ZZWW | G_AZWW | G_AAWW
| I_GI_AWW | I_G1_ZWW
| I-G1_plus_kappa_plus_Gj_AWW
| 1-G1_plus_kappa_plus_G4_ZWW
| I_-G1_plus_kappa_minus_G4_AWW
| I-G1_plus_kappa_minus-G4_ZWW
| I-G1_minus_kappa_plus-G4_AWW
| I-G1_minus_kappa_plus-G4_ZWW
| I_G1_minus_kappa_minus_G4_AWW
| 1-G1_minus_kappa_minus_G4_ZWW
| I_lambda-AWW | I_lambda_ZWW
| G5_AWW | G5_ZWW
| I_kappa5 _ AWW | I_kappab_-ZWW
| I_lambda5_AWW | I_lambdab_ZWW
| Alpha- WWWWO | Alpha-ZZWW1 | Alpha- WWWW2
| Alpha_ZZWWO0 | Alpha_ZZZ2
| D_Alpha_ZZWWO0_S | D_Alpha_ZZWWO_T | D_Alpha-ZZWW1_8
| D_Alpha_ZZWW1_T | D_Alpha_ZZWW1_U | D_Alpha- WWWW0_S
| D_Alpha- WWWWO_T | D_Alpha- WWWWO_U | D_Alpha- WWWW2_S
| D_Alpha. WWWW2_T | D_Alpha_ZZZZ_S | D_Alpha_ZZZZ_T
| G_HWW | G_HHWW | G_HZZ | G_HHZZ
| G_Htt | G_-Hbb | G_Hce | G_-Hmm | G_Htautau | G_-H3 |
G_H
| G_HGaZ | G_-HGaGa | G_-Hyg
| G_HGaZ_anom | G_HGaGa_-anom | G_-HZZ_anom | G_HWW _anom
| G_HGaZ_u | G_HZZ_u | G_HWW _u
| Gs | I-Gs | G2
| Mass of flavor | Width of flavor
| K_Matriz_Coeff of int | K_Matriz_Pole of int
| I-Dim6_AWW _Gauge | I-Dim6_AWW _GGG | I_-Dim6_AWW _DP |
1_Dim6_AWW _DW
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| I-Dim6_WWZ_W | I_Dim6_WWZ_DPWDW | I_Dim6_WWZ_DW |
I1_Dim6_WWZ_D

| G_HZZ6_V3 | G_HZZ6_D | G_HZZ6_DP | G_HZZ6_PB

| G_LHWW_6_D | G_HWW_6_DP

| G_HGaZ6_D | G_-HGaZ6_DP | G_HGaZ6_PB

| G_HGaGab

| Dim6 _vev8 | Dim6_Cphi | Anom_Dim6_AAWW _DW | Anom_Dim6_AAWW _W

| Anom_Dim6_Hj _v2 | Anom_Dim6_Hj_P2

| Anom_Dim6_AHWW _DPB | Anom_Dim6_AHWW _DPW | Anom_-Dim6_AHWW _DW

| Anom_Dim6_HHWW _DW | Anom_Dim6_HHWW _DPW
| Anom_Dim6_HWWZ_DW | Anom_Dim6_HWWZ_DDPW | Anom_Dim6_HWWZ_DPW
| Anom_Dim6_HWWZ_DPB
| Anom_Dim6_AHHZ_D | Anom_Dim6_AHHZ_DP | Anom_Dim6_AHHZ_PB
| Anom_Dim6_AZWW _W | Anom_Dim6_AZWW _DWDPW

| Anom_Dim6 _WWWW_W | Anom_Dim6_WWWW _DWDPW |
Anom_Dim6_WWZZ_W

| Anom_Dim6_WWZZ_DWDPW

| Anom_Dim6_HHAA | Anom_Dim6_HHZZ_D | Anom_Dim6_HHZZ _DP

| Anom_Dim6_HHZZ_PB | Anom_Dim6_HHZZ_T

Two integer counters for the QCD and EW order of the couplings.
type orders = int X int

let orders = function
| Q-lepton | Q-up | Q_-down | G_NC_lepton | G_NC _neutrino
| G_NC_up | G_NC_down | G_CC | G-CCQ - | G_Htt | G_H3
| G_Hbb | G_-Hee | G_-Htautau | G_Hmm | I_-Q-W
| I_G_ZWW | I.GI_AWW | I_.G1_ZWW | I_G_weak
| G.HWW | GoHZZ | G_.HWW _v | G_HZZ_u | G_HGaZ_u
| G_HWW_anom | G_-HZZ_anom | G_-HGaZ | G_-HGaGa |
G_HGaZ _anom
| G_HGaGa-anom | Half | Unit
| I-G1_plus_kappa_plus_Gj_AWW
| I_G1_plus_kappa_plus_Gj_ZWW
| I-G1_minus_kappa_plus_GL_AWW
| I-G1_minus_kappa_plus_G4_ZWW
| I-G1_plus_kappa_minus_-G4_AWW
| I-G1_plus_kappa_minus_G4_ZWW
| I_G1_minus_kappa_minus_G4_AWW
| 1-G1_minus_kappa_minus_GL_ZWW | I_kappas5_AWW
| I_kappa5 _ZWW | G5_AWW | G5_ZWW
| I_lambda_ AWW | I_lambda_ZWW | I_lambdas_AWW
| I_lambda5_ZWW | G_TVA_ttA | G_TVA_bbA | G_TVA_tcA
| G_VLR_ttZ | G_TVA_ttZ | G_VLR_tcZ | G_TVA_tcZ |
G_TVA_bbZ
| VALILO_ttA | VA_ILC_ttZ
| G_VLR_BIW | G_VLR_toW | G_TLR_btW | G_TRL_thW
| G_TLR_bitWA | G_TRL_tbWA | G_TLR_btWZ | G_TRL_thWZ
| G_VLR_qBuB | G_VLR_gBuB_u | G_VLR_qBuB_d
| G_.VLR_qBuB_e | G_VL_qBuB_n | G_VL_qW | G_VL_qW_u |
G_VL_qW _d
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| G_SL_D#R | G_SR_D#tR | G_SL.DHL | G_SLR_DbtR |
G_SL_DbtL

| G_HZZ6_V3 | G_HZZ6_D | G_HZZ6_DP | G_HZZ6_PB

| G_HGaZ6_D | G_HGaZ6_DP | G_HGaZ6_.PB

| GCGHWW_6_D | G.HWW _6_DP

| G_HGaGab

| I-Dim6_AWW _Gauge | I-Dim6_AWW _GGG | I-Dim6_AWW _DP |
1_Dim6_AWW _DW

| I-Dim6_WWZ_W | I-Dim6_WWZ_DPWDW | I_Dim6_-WWZ_DW |
I_Dim6_WWZ_D

| Dim6_vev3 | Dim6_Cphi

| Anom_Dim6_H{ _v2 | Anom_Dim6_Hj_P2 | Anom_Dim6_AAWW _DW

| Anom_Dim6_AAWW _W

| Anom_Dim6_AHWW _DPB | Anom_Dim6_AHWW _DPW | Anom_Dim6_AHWW _DW

| Anom_Dim6 _HHWW _DW | Anom_Dim6_HHWW _DPW

| Anom_Dim6_HWWZ_DW | Anom_Dim6_HWWZ_DDPW | Anom_Dim6_HWWZ_DPW

| Anom_Dim6_HWWZ_DPB

| Anom_Dim6_AHHZ_D | Anom_Dim6_AHHZ_DP | Anom_Dim6_AHHZ_PB

| Anom_Dim6_AZWW _W | Anom_Dim6_AZWW _DWDPW

| Anom_Dim6 _WWWW_W | Anom_Dim6_WWWW _DWDPW |
Anom_Dim6_WWZZ_W

| Anom_Dim6_WWZZ_DWDPW

| Anom_Dim6_HHAA | Anom_Dim6_HHZZ_D | Anom_Dim6_HHZZ _DP

| Anom_Dim6_HHZZ_PB | Anom_Dim6_HHZZ_T

| G_TVA_tWW | G_TVA_bbWW | G_SP_ttH — (0,1)

| G_.HHWW | G_HHZZ | G_Hj

| G-WWWW | G-ZZWW | G_AZWW | G_AAWW

| Alpha. WWWWO | Alpha- WWWW2 | Alpha_ZZWWO0

| Alpha_ZZWW1 | Alpha_ZZ2Z

| D_Alpha. WWWWO0_S | D_Alpha- WWWWO_T | D_Alpha. WWWW0_U

| D_Alpha- WWWW2_S | D_Alpha- WWWW2_T | D_Alpha_ZZWW0_S

| D_Alpha_ZZWWO_T | D_Alpha_ZZWW1_S | D_Alpha_ZZWW1_T

| D_Alpha_ZZWW1_U | D_Alpha_-ZZZZ_S | D_Alpha_ZZZZ_T —

(0,2)

| Gs | I-Gs | G_TVA_ttG | G_TVA_ttGG | G_TVA_tcG |
G_TVA_tcGG

| G_VLR_qGuG

| C_quqdiR_bt | C_quqdiR_tb | C_quqdlL_bt | C_quqdlL_tb

| C_qugd8R_bt | C_qugd8R_tb | C_quqd8L_bt | C_quqd8L_tb —
(1,0)

| G2 | G_.Hgg — (2,0)
(* These constants are not used, hence initialized to zero. x)
| Sinthw | Sin2thw | Costhw | Pi
| Alpha-QFED | G-weak | K_Matriz_Coeff -
| K_Matriz_Pole - | Mass - | Width - | Vev | E — (0,0)

The current abstract syntax for parameter dependencies is admittedly te-
dious. Later, there will be a parser for a convenient concrete syntax as a
part of a concrete syntax for models. But as these examples show, it should
include simple functions.
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1
= 13.1
@QED = 137.0359895 (13.12)
sin? 6, = 0.23124 (13.1b)
let input_parameters =
[ Alpha_QED, 1. /. 137.0359895;
Sin2thw, 0.23124;
Mass (G Z), 91.187;
Mass (M (N 1)), 0.0; Mass (M (L 1)), 0.51099907 - 10~3;
Mass (M (N 2)), 0.0; Mass (M (L 2)), 0.105658389;
Mass (M (N 3)), 0.0; Mass (M (L 3)), 1.77705;
Mass (M (U 1)), 5.0-1073; Mass (M (D 1)), 3.0-1073;
Mass (M (U 2)), 1.2; Mass (M (D 2)), 0
Mass (M (U 3)), 174.0; Mass (M (D 3)), 42]

e = Vira (13.2a)
sin @, = 1/sin? 4, (13.2b)
cos B, = 1/1 —sin? 6, (13.2¢)

e
= 13.2d
g sin 0, ( )
mw = cosbl,myz (13.2¢)
p= W (13.2f)
g
g e
— = _ 13.2
gcc 532 /2 5in O ( g)
Qlepton = —(lepton€ = € (132}1)
2
Qup = —Qupe = —3¢ (13.2i)
Qdown = —qdown€ = ge (13'2j)
igwe = igyww = ie (13.2k)
igzww = ig cos 0y, (13.21)
igwww = ig (13.2m)

The quartic couplings can’t be correct, because the

@ ... to be continued ...

dimensions are wrong]!

m2
gaww = gmwy = 2—2 (13.3a)
m2 2
grEWW = 2— = v (13.3b)
v 2
9HZZ = g (13.3¢)
cos 6,
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m2 g
=22 = 13.3d
JHHzZ v2  2cosb, ( )
gree = Mt (13.3¢)
my
gHb = Ap = ﬁ)\t (13.3f)
t
39 m% m% 3g% m¥, m%
__3gmy _ o my _ o mw 13.
gme 2 my s p i 4 02 ’ v? (13.3¢)

let derived_parameters =
[ Real E, Sqrt (Prod [Const 4; Atom Pi; Atom Alpha_QED]);
Real Sinthw, Sqrt (Atom Sin2thw);
Real Costhw, Sqrt (Diff (Const 1, Atom Sin2thw));
Real G_weak, Quot (Atom E, Atom Sinthw);
Real (Mass (G Wp)), Prod [Atom Costhw; Atom (Mass (G Z))];
Real Vev, Quot (Prod [Const 2; Atom (Mass (G Wp))|, Atom G_weak);
Real Q_lepton, Atom FE;
Real Q_up, Prod [Quot (Const (—2), Const 3); Atom EJ;
Real Q-down, Prod [Quot (Const 1, Const 3); Atom E;
Real G_CC, Neg (Quot (Atom G_weak, Prod [Const 2; Sqrt (Const 2)]));
Complex I_Q_W, Prod [I; Atom EJ;
Complex I_G_weak, Prod [I; Atom G_weak];
Complex I_G_ZWW , Prod [I; Atom G_weak; Atom Costhw] ]

g
— 13.4
2 cos 0y, ( )
let g_over_2_costh =
Quot (Neg (Atom G_weak), Prod [Const 2; Atom Costhw))
9 _ 9 _ .2

Seos 0. Sy 0 (T5 — 2¢sin” 0,,) (13.5a)

— = — T 13.
2 cos 8y, ga 2 cos 0y, 3 (13.5b)

let nc_coupling c t3 q =
(Real_Array c,
[Prod [g-over_2_costh; Diff (t3, Prod [Const 2; ¢q; Atom Sin2thw)])];
Prod [g-over_2_costh; t3]])

let half = Quot (Const 1, Const 2)

let derived_parameter_arrays =
[ nc-coupling G_NC _neutrino half (Const 0);
ne_coupling G_NC _lepton (Neg half) (Const (—1));
ne_coupling G_NC _up half (Quot (Const 2, Const 3));
ne-coupling G_-NC _down (Neg half) (Quot (Const (—1), Const 3)) ]

let parameters () =
{ input = input_parameters;
derived = derived_parameters;
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derived _arrays = derived_parameter_arrays }

module F' = Modeltools. Fusions (struct
type f = flavor
type ¢ = constant
let compare compare
let conjugate = conjugate
end)
Len = —€ > qihif; (13.6)
2

let mom ((m1, o, m2), fof, ¢)
let electromagnetic_currents n
List.map mgm
[ (L (=n), Ga, Ln), FBF (1, Psibar, V, Psi), Q_lepton);
((U (=n), Ga, U n), FBF (1, Psibar, V, Psi), Q_up);
((D (—n), Ga, D n), FBF (1, Psibar, V, Psi), Q_down) ]
let color_currents n
List.map mgm

[ ((U (=n), Gl, U n), FBF ((-1), Psibar, V, Psi), Gs);
((D (=n), Gl, D n), FBF ((-1), Psibar, V, Psi), Gs) ]

= (M m1, O o, M m2), fof, ¢)

—7L 7. i ,
fve = 2cosewzi:¢zZ(9v 9475 )i (13.7)

let neutral_currents n =
List.map mgm

[ ((L (=n), Z, L n), FBF (1, Psibar, VA, Psi), G_NC_lepton);

((N (—n), Z, N n), FBF (1, Psibar, VA, Psi), G_-NC_neutrino);
((U (=n), Z, U n), FBF (1, Psibar, VA, Psi), G_NC_up);
(D (=

n), Z, D n), FBF (1, Psibar, VA, Psi), G_NC_down) |
Lcc = —;ﬁ Z@i(TJFWJr +T™W )1 = v5) (13.8)

let charged _currents’ n =
List.map mgm
[ ((L (=n), Wm, N n), FBF (1, Psibar, VL, Psi),
((N (=n), Wp, L n), FBF (1, Psibar, VL, Psi),
let charged_currents” n =
List.map mgm
let charged_currents_triv =

ThoList.flatmap charged_currents’ [1;2;3] Q

)

ThoList.flatmap charged_currents” [1;2; 3]

G_CC);
G_CC) ]

(1, Psibar, VL, Psi), G_CC);
(1, Psibar, VL, Psi), G_CC) ]
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let charged_currents_ckm =
let charged_currents-2 nl1 n2 =
List.map mgm
[((D(=n1), Wm, U n2), FBF (1, Psibar, VL, Psi), G_-CCQ (n2,nl));
((U (=n1), Wp, D n2), FBF (1, Psibar, VL, Psi), G_-CCQ (n1,n2))]in
ThoList.flatmap charged_currents’ [1;2;3] Q
List.flatten (Product.list2 charged_currents_2 [1;2;3] [1;2;3])

let yukawa =
[((M (U (-3)), O H, (U 3)), FBF (1, Psibar, S, Psi), G_Hit);
((M (D (-3)), O H, M (D 3)), FBF (1, Psibar, S, Psi), G_Hbb);
(M (U (-2), O H, M (U 2)), FBF (1, Psibar, S, Psi), G_Hcc);
((M(L(-3)), OH, M (L3)), FBF (1, Psibar, S, Psi), G_Htautau) ] Q

if Flags.higgs_hmm then

[((M (L (-2)), O H, M (L2)), FBF (1, Psibar, S, Psi), G_Hmm)]
else

(]

Lrao = —ed, A, WEWY + .. — ecot 0,0, Z, W'WY + ... (13.9)

let tge ((g1, 92, ¢93), t, ¢) = ((G g1, G g2, G ¢g3), t, ¢)

let standard_triple_gauge =
List.map tgc
[ ((Ga, Wm, Wp), Gauge_Gauge_Gauge 1, I_Q_W);
((Z, Wm, Wp), Gauge_-Gauge_Gauge 1, I_G_ZWW);
((Gl, GI, GI), Gauge_Gauge_Gauge 1, I_Gs)]

Lrce(gr k) = g Lo(V,WH W)

I LWLV W) = LWLV )

M

9 (ﬁL(W*, VW) — Le(WH,V, W*)) (13.10)

@ The whole thing in the LEP2 workshop notation:

iLrae,v/gwwyv =

" v kld - v >‘V _
gYV“(WpyW+’ — W/jVW ’ ) + K’VW;WD Vl" + %VuyprWjL’yp
195 o (WW"“)W*’” —WR(@W ) Ve

v

W, WHh erePy, .
miy

+igy W, WS (0" VY 40" V) — W;Wje“””"vpg—2
(13.11)

using the conventions of Itzykson and Zuber with 123 = +1.

@ This is equivalent to the notation of Hagiwara et al. [?], if we remember that
they have opposite signs for gywwy:
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Lywwv/(—gwwv) =

A

ig (W1W* = WIWR) VY +iky WIW, VR 4wl w, v
w

i nd
— gf WIW, (0"VY + 0" V) 4 gi 7 (Wg O W,,) V,

- A -
+ iRy WIW, VI 4 im—gwjﬂwmﬂA (13.12)
w

Here V# stands for either the photon or the Z field, W* is the W™ field,
W/LD = a/LWu - auW;u ‘/,uu = 8/1.‘/1/ - au‘//u and ‘//l.l/ = %‘Epu)\av)\a-

let anomalous_triple_gauge =
List.map tgc
[ ((Ga, Wm, Wp), Dim/ _Vector_Vector_Vector_T (—1),

I_G1_AWW);

((Z, Wm, Wp), Dim4 _Vector_Vector_Vector_T (—1),
[-G1_ZWW);

((Wm, Ga, Wp), Dimi _Vector_Vector_Vector_T 1,
I_G1_plus_kappa_minus_Gf_AWW);

((Wm, Z, Wp), Dim4 _Vector_Vector_Vector_T 1,
I_G1_plus_kappa_minus_ G4 _ZWW);

((Wp, Ga, Wm), Dim4 _Vector_Vector_Vector_T (—1),
I1_G1 _plus_kappa_plus_GJ _AWW);

((Wp, Z, Wm), Dim/ _Vector_Vector_Vector T (—1),
I_G1_plus_kappa_plus-G4_ZWW);

((Wm, Ga, Wp), Dim4 _Vector_Vector_Vector_L (—1),
I_G1_minus_kappa_plus_ G4 _AWW);

((Wm, Z, Wp), Dim4 _Vector_Vector_Vector_L (—1),
I_G1_minus_kappa_plus_ G4 _ZWW);

((Wp, Ga, Wm), Dim/ _Vector_Vector_Vector_L 1,
I_G1_minus_kappa_minus_Gj_AWW);

((Wp, Z, Wm), Dim4 _Vector_Vector_Vector_L 1,
I_G1_minus_kappa_minus_Gj_ZWW);

((Ga, Wm, Wp), Dim4 _Vector_Vector_Vector_L5 (—1),
I_kappab _AWW);

((Z, Wm, Wp), Dim4 _Vector_Vector_Vector_L5 (—1),
I_kappab _ZWW);

((Ga, Wm, Wp), Dim4 _Vector_Vector_Vector_T5 (—1),
G5_AWW);

((Z, Wm, Wp), Dim4 _Vector_Vector_Vector_T5 (—1),
G5_ZWW);

((Ga, Wp, Wm), Dim6_Gauge_Gauge_Gauge (—1),
I_lambda- AWW);

((Z, Wp, Wm), Dim6_Gauge_Gauge_Gauge (—1),
I_lambda_ZWW);

((Ga, Wp, Wm), Dim6_Gauge_Gauge_Gauge_5 (—1),
I_lambda5 _AWW);

((Z, Wp, Wm), Dim6_Gauge_Gauge_Gauge_5 (—1),
I_lambdab _ZWW) ]
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let anomalous_dim6 _triple_gauge =
List.map tgc
[ ((Ga, Wm, Wp), Dim6_Gauge_Gauge_Gauge_i 1,

I_Dim6_AWW _GGG);
((Ga, Wm, Wp), Dim6_AWW_DP 1,
[_Dim6_AWW _DP);
((Ga, Wm, Wp), Dim6_AWW _DW 1,
I_Dim6 _AWW _DW);
((Wm, Wp, Z), Dimé6_Gauge_Gauge_Gauge_i 1,
[-Dim6_WWZ_W);
(Wm, Wp, Z), Dim6-WWZ_DPWDW 1,
I_Dim6_WWZ_DPWDW);
((Wm, Wp, Z), Dim6_WWZ_DW 1,
I_Dim6_WWZ_DW);
((Wm, Wp, Z), Dim6_WWZ_D 1,
[-Dim6_WWZ_D) |

let triple_gauge =
if Flags.triple_anom then
anomalous_triple _gauge
else if Flags.dim6 then
standard _triple_gauge @ anomalous_dim6 _triple_gauge
else
standard _triple - gauge

Lqce = —g* Wi WV_ ,WEWY + ... (13.13)

Actually, quartic gauge couplings are a little bit more straightforward using
auxiliary fields. Here we have to impose the antisymmetry manually:

(Wit Wy = Wi Wy My (Wt W, — Wit W)
= Wi W3 (Wy W) — 2(W W, ) (Wy W5h) - (13.14a)

also (V can be A or 7)

(Wi — Wi VY (W, Vi = Wy, Vi)
= AW W5 ) (VaVi) — 20W Vi) (VaWy ) (13.14b)

WHrW =YW IEW,  (13.15a)

let ggc ((91, g2, 93, 94), t, ¢) = ((G g1, G g2, G g3, G ¢4), t, c)

let gauge = Vector) [(2, C-158_42); (-1, C_12_84); (-1, C_14_23)]
let minus_gauge4 = Vectors [(—2, C_13_42); (1, C_12_34); (1, C_14_23)]
let standard —quartic_gauge =
List.map qgc
[ (Wm, Wp, Wm, Wp), gaugel, G-WWWW;
(Wm, Z, Wp, Z), minus_gauges, G_ZZWW,
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(Wm, Z, Wp, Ga), minus_gauges, G_AZWW;
(Wm, Ga, Wp, Ga), minus_gauges, G_AAWW;
(Gl, Gl, Gl, Gl), gauge, G2]

4
g - AT — TAS — 1
Li=au (2 (WFW=m)2 4 W Wy =)
94 n 94 2
Wrzrw o Zz¥ + ———(Z, 7" 13.16
+c052 0, ™ v + 4 cost Qw( n2") ) ( 2)

4

4
Ls = as (94(W;W 2 4 —y WiW ™ H 2,2 + e 0 (ZMZ“)2>
(13.16b)

or

1
Ly+Ls = (044 + 2045)945(W;W_”u)2

1 g4
4 + +, - - + — 7V
+204g" TW,W HWLW TR 4 ey W, Z'w, Z
gt 1 gt 1 2
+ 205 ~WIW™HrZ,7" + (2a4 + 2a5) —(Z2,2"? (13.17)

cos20,2 * cost 0, 8
and therefore

aww), = (a1 + 2as)g" (13.18a)

AUWW), = 200,9% (13.18b)

g
YWZ) = 20‘5@ (13.18c¢)
g
=g 13.18d
AWz), = 3 0. (13.18d)
gt
azz = (204 + 2045)M (13.18¢)

let anomalous_quartic_gauge =
if Flags.quartic_anom then
List.map qgc
[ (Wm, Wm, Wp, Wp),
Vectord [(1, C-15_42); (1, C_14_-23)], Alpha- WWWW0);
(Wm, Wm, Wp, Wp),
Vector4 [1, C_12_34], Alpha- WWWW2);
(Wm, Wp, Z, Z),
Vector4 [1, C_12_34], Alpha_ZZWW0);
(Wm, Wp, Z, Z),
Vectord [(1, C-158-42); (1, C-14-23)], Alpha-ZZWW1);
((Zv Z, 4, Z)7
Vectors [(1, C_12_84); (1, C_13_42); (1, C_14_23)], Alpha_ZZ77)]
else

[]
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let anomalous_dim6 _quartic_gauge =
if Flags.dim6 then
List.map qgc
[ ((Ga, Ga, Wm, Wp),
Dim6 _Vectorf _-DW 1, Anom_Dim6_AAWW _DW);
((Ga, Ga, Wm, Wp),
Dim6 _Vector4 - W 1, Anom_Dim6_AAWW _W);,
((Ga, Z, Wm, Wp),
Dim6 _Vectorf - W 1, Anom_Dim6_AZWW _W);
((Ga, Z, Wm, Wp),
Dim6 _Vector4 -DW 1, Anom_Dim6_AZWW _DWDPW);
((Wm, Wp, Wm, Wp),
Dim6 _Vector4 - W 1, Anom_Dim6_WWWW _W);
((Wm, Wp, Wm, Wp),
Dim6 _Vectorf _DW 1, Anom_Dim6_WWWW _DWDPW);
((z, Z, Wm, Wp),
Dim6 _Vector4 - W 1, Anom_Dim6_WWZZ_W);,
((Z, Z, Wm, Wp),
Dim6 _Vector4 _.DW 1, Anom_Dim6_WWZZ_DWDPW)
]

else

[]

In any diagonal channel x, the scattering amplitude a,(s) is unitary iff*

Im (axl(s)> =1 (13.20)

For a real perturbative scattering amplitude r, (s) this can be enforced easily—
and arbitrarily—by

- —i (13.21)

let k_matriz_quartic_gauge =
if Flags.k_matriz then
List.map qgc

[ ((Wm, Wp, Wm, Wp), Vector4 K _Matriz_jr (0,
[(1, C_12_84)]), D_Alpha- WWWW0_S);

((Wm, Wp, Wm, Wp), Vectors _K _Matriz_jr (0,

(1, C_14_23)]), D-Alpha- WWWWO_T);

((Wm, Wp, Wm, Wp), Vectors_K _Matriz_jr (0,

(1, C_13_42)]), D-Alpha- WWWWO_U);

((Wp, Wm, Wp, Wm), Vectors-K _Matriz_jr (0,

[(1, C_12_84)]), D_Alpha- WWWW0_S);

((Wp, Wm, Wp, Wm), Vector4 -K _Matriz_jr (0,

(1, C_14_23)]), D_Alpha- WWWWO0_T);

ITrivial proof:

1 ) _ Im(aj (s)) _ Im(ay(s))

=T P T (o) (13.19)
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((Wp, Wm, Wp, Wm), Vectors -K _Matriz_jr (0,
(1, C_13_42)]), D-Alpha- WWWW0_U);
((Wm, Wm, Wp, Wp), Vectors_K _Matriz_jr (0,
(1, C-12_3})]), D-Alpha- WWWW2_5):
((Wm, Wm, Wp, Wp), Vectors-K _Matriz_jr (0,
(1, C_13_42); (1, C_1/_23)]), D_Alpha- WWWW2_T);
((Wm, Wp, Z, Z), Vectorj K _Matriz_jr (0,
(1, C_12_3})]), D-Alpha-ZZWW0_S):
((Wm, Wp, Z, Z), Vector4 K _Matriz_jr (0,
(1, C_13.42); (1, C_14_23)]), D-Alpha-ZZWWO0_T);
((Wm, Z, Wp, Z), Vector4_K_Matriz_jr (0,
(1, C_12_34)]), D-Alpha_ZZWW1_S);
((Wm, Z, Wp, Z), Vectorj_K _Matriz_jr (0,
(1, C-13_42)]), D-Alpha-ZZWW1_T);
((Wm, Z, Wp, Z), Vector4_-K _Matriz_jr (0,
(1, C-14_23)]), D_Alpha_ZZWW1_U);
((Wp, Z, Z, Wm), Vector4 K _Matriz_jr (1,
(1, C_12_3})]), D-Alpha-ZZWW1_S):
((Wp, Z, Z, Wm), Vectorj K _Matriz_jr (1,
(1, C_13_42)]). D-Alpha-ZZWW1_U);
((Wp, Z, Z, Wm), Vector4 K _Matriz_jr (1,
(1, C_14_23)]), D_Alpha_ZZWW1_T);
((Z, Wp, Wm, Z), Vectorj _K_Matriz_jr (2,
(1, C_12_3})]), D-Alpha-ZZWW1_S):
((Z, Wp, Wm, Z), Vectorj-K _Matriz_jr (2,
(1, C_13_42)]), D-Alpha_ZZWW1_U);
((Z, Wp, Wm, Z), Vector4_K_Matriz_jr (2,
(1, C_14_23)]), D_Alpha_ZZWWI1_T);
(Z, Z, Z, Z), Vectorf _K _Matriz_jr (0,
(1, C-12_34)]), D-Alpha_ZZZZ_S);
(Z, z, Z, Z), Vector) -K _Matriz_jr (0,
(1, C_13_42); (1, C_14_23))), D-Alpha_ZZZ%_T);
, Z, Z), Vector) K _Matriz_jr (3,
1, C_14-23)]), D_Alpha_ZZ7Z_5);
, Z), Vector) K _Matriz_jr (3,
(1, C-13_42); (1, C-12_34)]), D-Alpha_ZZZZ_T)]

N
N

N
N

)

=N

else

[]

let quartic_gauge =
standard _quartic_gauge Q anomalous_quartic_gauge Q
anomalous_dim6 _quartic-gauge Q k_matriz_quartic-gauge

let standard-gauge_higgs =
[((O H, G Wp, G Wm), Scalar_Vector_Vector 1, G_HWW);
((OH, GZ, GZ), Scalar_Vector_Vector 1, G_HZZ) ]

let standard_gauge_higgs4 =
[(O H, OH, GWp, G Wm), Scalar2_Vector2 1, G_HHWW,
(OH, OH, GZ, GZ), Scalar2_Vector2 1, G_HHZZ ]

let standard_higgs =
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[(OH, OH, OH), Scalar_Scalar_Scalar 1, G_H3 |

let standard_higgs4 =
[(OH, OH, OH, OH), Scalar4 1, G_H/ |

WXK’s couplings (apparently, he still intends to divide by AZyp = 167%0%):
9202 2
L] = {(@LH)(&“H) + ZLFVMV”] (13.22a)
9202 2
LI = {(aﬂH)(ayH) + ZLFVHV,,] (13.22b)
with

LS (13.23)

1 . _
ViV = 5 (WIW, + WIW) + 52,

(note the symmetrization!), i.e.

4,4

Ly = a4%(vﬂvy)2 (13.24a)
gho
Ls = as 16F (V, V)2 (13.24b)
Breaking thinks up
EZ,H“ = [(0,H) (0" H)]? (13.25a)
ot = (0, H) (0" H))? (13.25b)
and
T, H2V? 92?’1% 1 w
] = =5 (0. H) (" H)V,.V (13.26a)
T, H2V? 927)12?
cl = (O H) (0, H)V,V, (13.26b)
i.e.
ET,HQVZ _ g*vp G H)(@“H)W+W7’”+#(3 H)(0*H)Z,z"
4 ) 1 v 2cos2 6, " Y
(13.27a)
LoV 2 S g, ) (W ra,H) L (200, H)(270,H)
5 ) " v 2cos? 6, " Y
(13.27b)

Tg by =
2,2
1
-4 QUF 2T§§(iauH)(15“H)W:”W_’” + 73 (W9, H) (W~ id, H)
27—51 L 1OM v T85 1 s Ve
oo o, 1 WO (" D)2, 2% + 703 (2"10,H)(2"i0,H) | (13.28)
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where the two powers of i make the sign conveniently negative, i.e.

O‘%aHVW? = 759 0R (13.29a)
54202
2y = 92 F (13.29b)
4.2 9
2 _ T89"Vp
Mom)2z> = (o2 0., (13.29¢)
52,2
2 _ T897Vg
a(aHZ)2 = m (1329(31)

let anomalous_gauge_higgs =
[ (O H, G Ga, G Ga), Dimb_Scalar_Gauge2 1, G_HGaGa_anom;

(O H, G Ga, G Z), Dim5_Scalar_Gauge2 1, G_HGaZ _anom;
(OH, GZ, GZ), Dimb_Scalar_Gauge2 1, G_HZZ _anom;
(O H, G Wp, G Wm), Dimb_Scalar_Gauge2 1, G_HWW _anom;
(O H, G Ga, G Z), Dim5 _Scalar_Vector_Vector_TU 1, G_HGaZ _u;
(OH, GZ, GZ), Dimb_Scalar_Vector_Vector .U 1, G_HZZ _u;
(O H, G Wp, G Wm), Dimb_Scalar_Vector_Vector .U 1, G_HWW _u

]

let anomalous_dim6 _gauge_higgs =
[(OH, GZ, GZ), Scalar_Vector_Vector 1, G_HZZ6_V3,;
(OH, GZ, GZ), Dim6_Scalar_Vector_Vector_D 1, G_HZZ6_D;
(OH, GZ, GZ), Dim6_Scalar_Vector_Vector_DP 1, G_HZZ6 _DP;
(0 H G Z G Z) Scalar_ Vector_Vector_t 1, G_HZZ6 _PB;
(0 H, G Ga, G Z), Dim6_HAZ_D 1, G_HGaZ6_D:;
(0 H, G Ga, G Z), Dim6_HAZ_DP 1, G_HGaZ6_DP;
(O H, G Ga, G Z), Scalar_Vector_Vector_t 1, G_HGaZ6_PB;
(O , G Ga, G Ga), Scalar_Vector_Vector_t 1, G_HGaGab,;
(O H G Wm, G Wp), Dim6_Scalar_Vector_Vector_D 1, G_.HWW _6_D;
(0 H7 G Wm, G Wp), Dim6_Scalar_Vector_Vector_DP 1, G_HWW _6_DP

]
let anomalous_gauge_higgs{ =

[]

let anomalous_dim6 _gauge_higgs4 =
(G Ga, O H, G Wm, G Wp), Dim6_AHWW _DPB 1, Anom_Dim6_AHWW _DPB;
(G Ga, O H, G Wm, G Wp), Dim6_AHWW _DPW 1, Anom_Dim6_AHWW _DPW;
(G Ga, O H, G Wm, G Wp), Dim6_AHWW _DW 1, Anom_Dim6_AHWW _DW,
(0 H, G Wm, G Wp, G Z), Dim6_HWWZ_DW 1, Anom_Dim6_HWWZ_DW:;
(OH, G Wm, G Wp, GZ), Dim6_HWWZ_DDPW 1, Anom_Dim6_HWWZ_DDPW;
(0 H, G Wm, G Wp, G Z), Dim6_HWWZ_DPW 1, Anom_Dim6_HWWZ_DPW
(O H, G Wm, G Wp, G Z), Dim6_HWWZ_DPB 1, Anom_Dim6_HWWZ_DPB;
(G Ga, OH, O H, G Z), Dim6_AHHZ_D 1, Anom_Dim6_AHHZ_D:
(G Ga, OH, OH, G Z), Dim6_AHHZ _DP 1, Anom_Dim6_AHHZ_DP;
(G Ga, OH, O H, G Z), Dim6_AHHZ_PB 1, Anom_Dim6_AHHZ_PB;
(OH, OH, G Ga, G Ga), Dim6_Scalar2_Vector2_PB 1, Anom_Dim6_HHAA;
(OH, OH, GWm, G Wp), Dim6_Scalar2_Vector2_D 1, Anom_Dim6_HHWW _DW
(OH, OH, G Wm, G Wp), Dim6_Scalar2_Vector2_DP 1, Anom_Dim6_HHWW _DPW;
(OH, OH, GZ, GZ), Dim6_HHZZ_T 1, Anom_Dim6_HHZZ _T;
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(OH, OH, GZ, GZ), Dim6_Scalar2_Vector2_D 1, Anom_Dim6_HHZZ _D;
(OH, OH, GZ, GZ), Dim6_Scalar2_Vector2_DP 1, Anom_Dim6_HHZZ _DP;
(OH, OH, G Z, G Z), Dim6_Scalar2_Vector2_PB 1, Anom_Dim6_HHZZ _PB

]
let anomalous_higgs =

(]

let anomalous_dim6 _higgs =
(O H, O H, O H), Scalar_Scalar_Scalar 1, Dim6 _vev3;
(OH, OH, OH), Dim6_HHH 1, Dim6_Cphi |

let higgs_triangle_vertices =
if Flags.higgs_triangle then
[(O H, G Ga, G Ga), Dimb5_Scalar_Gauge2 1, G_HGaGa;
(O H, G Ga, G Z), Dimb_Scalar_Gauge2 1, G_HGaZ;
(O H, G Gl, G GI), Dim5_Scalar_Gauge2 1, G_Hgyg ]
else

[]

let anomalous_higgs4 =

(]

let anomalous_dim6 _higgs4 =
[((OH, OH, OH, OH), Scalarf 1, Anom_Dim6_H/ _v2;
(OH, OH, OH, OH), Dim6_Hj_P2 1, Anom_Dim6 _H/ _P2]

let gauge_higgs =
if Flags.higgs_anom then
standard-gauge_higgs Q anomalous_gauge_higgs
else if Flags.dim6 then
standard _gauge_higgs @ anomalous_dim6 _gauge_higgs
else
standard - gauge _higgs

let gauge_higgs4 =
if Flags.higgs_anom then
standard_gauge_higgs4 Q anomalous_gauge_higgs4
else if Flags.dim6 then
standard _gauge _higgs4 Q anomalous_dim6 _gauge_higgs/
else
standard _gauge _higgs4

let higgs =
if Flags.higgs_anom then
standard_higgs Q anomalous_higgs
else if Flags.dim6 then
standard_higgs Q anomalous_dim6 _higgs
else
standard_higgs

let higgs4 =
if Flags.higgs_anom then

standard_higgs4 Q anomalous_higgs4
else if Flags.dim6 then
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standard_higgs4 @Q anomalous_dim6 _higgs/
else
standard _higgs/

let goldstone_vertices =
[ ((O Phi0, G Wm, G Wp), Scalar_Vector_Vector 1, I_G_ZWW);
((O Phip, G Ga, G Wm), Scalar_Vector_Vector 1, I_Q_W);
((O Phip, G Z, G Wm), Scalar_Vector_Vector 1, I_G_ZWW);
((O Phim, G Wp, G Ga), Scalar_Vector_Vector 1, I_Q_W);
((O Phim, G Wp, G Z), Scalar_Vector_Vector 1, I_G_ZWW) ]

Anomalous trilinear interactions f; f;V and ttH:

v

Aﬁtt’y = —€A2

tio" ky, (dy (k*) + ida(k*)ys)t A, (13.30)

AL, = —e%t‘wu”ku(dv(ﬁ) +id o (K2)ys)cA, + h.c. (13.31)
let anomalous_ttA =
if Flags.top_anom then
[((M (U (-3)), G Ga, M (U 3)), FBF (1, Psibar, TVAM, Psi), G_TVA_ttA);
(M (U (-3)), G Ga, M (U 2)), FBF (1, Psibar, TVAM, Psi), G_-TVA_tcA);
(M (U (-2)), G Ga, M (U 3)), FBF (1, Psibar, TVAM, Psi), G_TVA_tcA)]
else

[]

let tt_threshold_ttA =
if Flags.tt_threshold then
[((M (U (-3)), G Ga, M (U 3)), FBF (1, Psibar, VAM, Psi), VA_LILC_ttA) |
else

[]

V= .
A‘C’bb’y = —epbszﬂ ku(dv(kQ) + ’LdA(kQ)’}%)bAH (1332)
let anomalous_bbA =
if Flags.top_anom then
[((M (D (-3)), G Ga, M (D 3)), FBF (1, Psibar, TVAM, Psi), G_TVA_bbA)]
else

[]

ALy, = _gs%wwwku(dv(k?) +ida (k) ys)t G (13.33)
ALpeg = _gS%EA%Wk,,(dV(k2) +ida(k?)75)eG + hoc, (13.34)

let anomalous_ttG =
if Flags.top_anom then
[((M (U (-3)), G Gl, M (U 3)), FBF (1, Psibar, TVAM, Psi), G_TVA_ttG);
((M (U (-3)), GGI, M (U?2)), FBF (1, Psibar, TVAM, Psi), G_TVA_tcG);
((M (U (-2)), G GI, M (U 3)), FBF (1, Psibar, TVAM, Psi), G-TVA_tcG)]
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else
[]
g V2 [ 9 9 _ioMk, 9 . 9
A,Cttz = T 5. 2 tZ(XL(k )PL +XR(]€ )PR)t+t (dv(k )+ZdA(k )’}/5)tZH
26W A mz
(13.35)
g v 9 1ok, o 9
ALz = "oy AZ tZ( X (k*)Pr + Xr(k*)PR)c+t —~ (dv (K*) +ida(k*)vs)cZ, | +hc.

(13.36)

let anomalous_ttZ =
if Flags.top_anom then

[((M (U (=3)), G Z, M (U 3)), FBF (1, Psibar, VLRM, Psi), G_VLR_ttZ);
(M (U (-3)), G Z, M(UQ)), FBF (1, Psibar, VLRM, Psz), G_VLR_tcZ);
(M (U (-2)), GZ, M (U 3)), FBF (1, Psibar, VLRM, Psi), G_VLR_tcZ);
(M (U (=3)), G Z, M (U3)), FBF (1, Psibar, TVAM, Psi), G_TVA_ttZ);
(M (U (-2)), GZ, M (U3)), FBF (1, Psibar, TVAM, z), G_-TVA_tcZ);
(M (U (=3)), G Z, M (U 2)), FBF (1, Psibar, TVAM, Psi), G_TVA_tcZ)]

let tt_threshold_ttZ =
if Flags.tt_threshold then
[(M (U (-3)), GZ, M (U3)), FBF (1, Psibar, VAM, Psi), VA_LILC_ttZ) |
else

[]

g V2. iochEk,

Az =5 82,

(dv (k) + ida(K?)15)bZ, (13.37)

let anomalous_bbZ =
if Flags.top_anom then
[((M (D (-3)), GZ, M (D3)), FBF (1, Psibar, TVAM, Psi), G_TVA_bbZ)]
else

[]

v? —joMk,

ALpw = — el bW~ (Vi (k*) P + Vr(k*)Pr)t + b p—

(91 (K*) P + gR(k2)PR)tWM_:| +hec.
(13.38)

9
V2

let anomalous_tbW =
if Flags.top_anom then
[((M (D (-3)), G Wm, M (U 3)), FBF (1, Psibar, VLRM, Psi), G_VLR_btW);
(M (U (-3)), G Wp, M (D 3)), FBF (1, Psibar, VLRM, Psi), G_-VLR_tbW);
(M (D (-3)), G Wm, M (U 3)), FBF (1, Psibar, TLRM, Psi), G_TLR_btW);
(M (U (-3)), G Wp, M (D 3)), FBF (1, Psibar, TRLM, Psi), G_-TRL_tbW) |
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ALyy = ——=t(Yy (k) 4+ iYa(E*)ys)tH (13.39)

7
let anomalous_ttH =
if Flags.top_anom then
[((M (U (-3)), OH, M (U 3)), FBF (1, Psibar, SPM, Psi), G_SP_ttH) |
else

[]

quartic fermion-gauge interactions f;f;V1 V> emerging from gauge-invariant ef-
fective operators:

ALiygy = % = fave sz SN (dy (K?) + ida(K)s G G, (13.40)

ALicgy = g 2 fave s N (dy (k) + ida(K)s)eGhGE +hie. (13.41)

let anomalous_ttGG =
if Flags.top_anom then
[ (M (U (-3)), O (Auz_top (2,1,0,true, TTGG)), M (U 3)),
FBF (1, Psibar, TVA, Psi), G_-TVA_itGG);
(M (U (=3)), O (Auz_top (2,1,0,true, TCGG)), M (U 2)),
FBF (1, Psibar, TVA, Psi), G_TVA_tcGG);
(M (U (-2)), O (Auz_top (2,1,0,true, TCGG)), M (U 3)),
FBF (1, Psibar, TVA, Psi), G_-TVA_tcGQG);
((O (Auz_top (2,1,0,false, TTGG)), G Gl, G GI),
Auz_Gauge_Gauge 1, I_Gs);
((O (Auz_top (2,1,0,false, TCGG)), G Gl, G Gl),
Auz_Gauge_Gauge 1, I_Gs) ]
else

2 U2 O.;UJ

ik |

ALywa = —ising, ( L (k*)Pr, + gR(kQ)PR)tAHW;] +h.c.

(13.42)

let anomalous_tbWA =
if Flags.top_anom then
[((M (D (=3)), O (Auz_top (2,0,—1,true, TBWA)), M (U 3)), FBF (1, Psibar, TLR, Psi), G_-TL
((O (Aux_top (2,0, 1,false, TBWA)), G Ga, G Wm), Aux_Gauge_Gauge 1, I_G_weak);
((M (U (-3)), O (Aux_top (2,0, 1,true, TBWA)), M (D 3)), FBF (1, Psibar, TRL, Psi), G_TRI
((O (Auz_top (2,0, —1,false, TBWA)), G Wp, G Ga), Auz_Gauge_Gauge 1, I_G_weak) ]
else

[]

2 U2 O_/u/

ke !

ALywz = —icosly, (gL(kQ)PL + gR(kQ)PR)tZHWV} +h.c.

(13.43)
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let anomalous_tbWZ =
if Flags.top_anom then
[ ((M (D (-3)), O (Auz_top (2,0, —1,true,TBWZ)), M (U 3)),
FBF (1, Psibar, TLR, Psi), G_-TLR_btWZ);
((O (Auz_top (2,0,1,false, TBWZ)), G Z, G Wm),
Auz_Gauge_Gauge 1, I_G_weak);
(M (U (=3)), O (Auz_top (2,0,1,true, TBWZ)), M (D 3)),
FBF (1, Psibar, TRL, Psi), G_TRL_tbWZ);
((O (Auz_top (2,0,—1false, TBWZ)), G Wp, G Z),
Auz_Gauge_Gauge 1, I_G_weak) |
else

[]

.92 ’U2 _ghv
1 45t
2 A mw

ALyww = — (dv (K?) + ida(k*)ys)tW,; W, (13.44)
let anomalous_ttWW =
if Flags.top_anom then
[((M (U (-3)), O (Auz_top (2,0,0,true, TTWW)), M (U 3)), FBF (1, Psibar, TVA, Psi), G_TV.
((O (Auz_top (2,0,0,false, TTWW)), G Wm, G Wp), Auz_Gauge_Gauge 1, I_G_weak) ]
else

[]

g7 v° ot 9 ) 9 _
ALpww = _Z?Ebmw (dy (k) + ida(k?)ys) bW ; W,F (13.45)

let anomalous_bbWW =
if Flags.top_anom then
[((M (D (=3)), O (Auz_top (2,0,0,true, BBWW)), M (D 3)), FBF (1, Psibar, TVA, Psi), G_TV:
((O (Auz_top (2,0,0,false, BBWW)), G Wm, G Wp), Aux_Gauge_Gauge 1, I_G_weak) |
else

[]

4-fermion contact terms emerging from operator rewriting:

let anomalous_top_qGuG_tt =
[((M (U (-3)), O (Auz_top (1,1,0,true, QGUG)), M (U 3)), FBF (1, Psibar, VLR, Psi), G_VLR_q

let anomalous_top_qGuG_ff n =
List.map mom

[((U (—=n), Auz_top (1,1,0,false, QGUG), U n), FBF (1, Psibar, V, Psi), Unit);
((D (—n), Auz_top (1,1,0,false, QGUG), D n), FBF (1, Psibar, V, Psi), Unit)]

let anomalous_top_qGuG =
if Flags.top_anom_4f then
anomalous_top_qGuG _tt @ ThoList.flatmap anomalous_top_qGuG_ff [1;2; 3]

else
[]

let anomalous_top_qBuB_tt =
[((M (U (-3)), O (Auz_top (1,0,0,true, QBUB)), M (U 3)), FBF (1, Psibar, VLR, Psi), G_VLR_q

let anomalous_top_qBuB_ff n =
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List.map mom
[((U (=n), Auz_top (1,0,0,false, QBUB), U n), FBF (1, Psibar, VLR, Psi), G_VLR_qBuB_u);
((D (—=n), Auz_top (1,0,0,false,QBUB), D n), FBF (1, Psibar, VLR, Psi), G_VLR_qBuB_d);
((L(—n), Auz_top (1,0,0,false, QBUB), Ln), FBF (1, Psibar, VLR, Psi), G_VLR_qBuB_e¢);
((N (—n), Auz_top (1,0,0,false, QBUB), N n), FBF (1, Psibar, VL, Psi), G_VL_qBuB_n) ]

let anomalous_top_qBuB =
if Flags.top_anom_4f then
anomalous_top_qBuB _tt Q@ ThoList.flatmap anomalous_top_qBuB _ff [1;2; 3]
else

[]

let anomalous_top_qW _tq =
[((M (U (-3)), O (Aux_top (1,0,0,true,QW)), M (U 3)), FBF (1, Psibar, VL, Psi), G_VL_qW);
((M (D (-3)), O (Auz_top (1,0, —1,true,QW)), M (U 3)), FBF (1, Psibar, VL, Psi), G_-VL_qW)
((M (U (-3)), O (Auz_top (1,0, 1,true,QW)), M (D 3)), FBF (1, Psibar, VL, Psi), G_VL_qW)]

let anomalous_top_qW _ff n =
List.map mom
[((U (=n), Auz_top (1,0,0,false, QW), U n), FBF (1, Psibar, VL, Psi), G_VL_qW _u);

(D (—n), Auz_top (1,0,0,false, QW), D n), FBF (1, Psibar, VL, Psi), G_VL_qW_d);
(N (—n), Auz_top (1,(),O,fa|se,QW)7 n), FBF (1, Psibar, VL, Psi), G_VL_qW _u);
(L (—n), Auz_top (1,0,0,false, QW), L n), FBF (1, Psibar, VL, Psi), G_VL_qW _d);

(D (—n), Auz_top (1,0,—1,fa|se,QW), U n), FBF (1, Psibar, VL, Pst), Half);
(U )
(L

(
D

(—n), Auz_top (1,0,1,false, QW), D n), FBF (1, Psibar, VL, Psi), Half);
(=n), Auz_top (1,0,—1,false, QW), N n), FBF (1, Psibar, VL, Psi), Half);
((N (=n), Auz_top (1,0,1,false, QW), Ln), FBF (1, Psibar, VL, Psi), Half) ]

(
(
(
(
(
(

let anomalous_top_qW
if Flags.top_anom_4f then
anomalous_top_qW _tq @ ThoList.flatmap anomalous_top_qW _ff [1;2; 3]
else

[]

let anomalous_top_-DuDd =
if Flags.top_anom_4f then
[((M (U (-3)), O (Auz_top (0,0,0,true,DR))

M (U 3)), FBF (1, Psibar, SR, Psi), Half);
U 3)), FBF (1, Psibar, SL, Psi), G-SL_DttR

(M (U (-3)), O (Auz_top (0,0,0,false,DR)), M (

(M (D (—3)), O (Auz_top (0,0,0,false,DR)), M (D 3)), FBF (1, Psibar, SR, Psi), G_SR_DitE
((M (U (-3)), O (Auz_top (0,0,0,true,DL)), M (U 3)), FBF (1, Psibar, SL, Psi), Half);

((M (D (-3)), O (Auz_top (0,0,0,false,DL)), M (D 3)), FBF (1, Psibar, SL, Psi), G_SL_DttL)
((M (D (=3)), O (Auz_top (0,0, —1,true,DR)), M (U 3)), FBF (1, Psibar, SR, Psi), Half);
((M (U (-3)), O (Aux_top (0,0,1,fa|se DR)), M (D 3)), FBF (1, Psibar, SLR, Psi), G_SLR_D
((M (D (-3)), O (Auz_top (0,0, —1,true,DL)), M (U 3)), FBF (1, Psibar, SL, Psi), Half);

((M (U (-3)), O (Auz_top (0, O,l,false DL)), M (D 3)), FBF (1, Psibar, SL, Psi), G_SL_DbtL)

else

[]

let anomalous_top_quqgdl _tqg =

[((M (D (=3)), O (Auz_top (0,0, —1,true, QUQDIR)), M (U 3)), FBF (1, Psibar, SR, Psi), C_quqd
((M (U (-3)), O (Auz_top (0, O 1,true,QUQDIR)), M (D 3)), FBF (1, Psibar, SL, Psi), C_quqd
((M (D (=3)), O (Auz_top (0,0, —1,true,QUQDIL)), M (U 3)), FBF (1, Psibar, SL, Psi), C_quqc
((M (U (-3)), O (Auz_top (O O 1,true,QUQDIL)), M (D 3)), FBF (1, Psibar, SR7 Psi), C_quqd.
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let anomalous_top_quqdl _ff n =
List.map mom
[((U (=n), Auz_top (0,0, 1,false, QUQDIR), D n), FBF (1, Psibar, SR, Psi), Half);
((D (—n), Auz_top (0,0, —1 false, QUQDIR), U n), FBF (1, Psibar, SL, Psi), Half);
((U (=n), Auz_top (0,0, 1,false, QUQDIL), D n), FBF (1, Psibar, SL, Psi), Half);
((D (=n), Auxz_top (0,0, —1,false, QUQDIL), U n), FBF (1, Psibar, SR, Psi), Half)]

let anomalous_top_quqdl =
if Flags.top_anom_4f then
anomalous_top_qugdl _tq Q@ ThoList.flatmap anomalous_top-quqd _ff [1;2; 3]
else

[]

let anomalous_top_quqd8_tq =
[((M (D (=3)), O (Auz_top (0,1, —1,true, QUQDSR)), M (U 3)), FBF (1, Psibar, SR, Psi), C_quqd
((M (U (-3)), O (Auz_top (0,1, 1,true, QUQDSR)), M (D 3)), FBF (1, Psibar, SL, Psi), C_quqd.
((M (D (-3)), O (Auz_top (0,1, —1,true,QUQDSL)), M (U 3)), FBF (1, Psibar, SL, Psi), C_quqc
((M (U (-3)), O (Auz_top (0,1, 1,true,QUQDSL)), M (D 3)), FBF (1, Psibar, SR, Psi), C_quqd.

let anomalous_top_quqd8_ff n =
List.map mom
[((U (=n), Auz_top (0,1, 1,false, QUQDSR), D n), FBF (1, Psibar, SR, Psi), Half);
((D (=n), Auxz_top (0,1, —1 false, QUQDSR), U n), FBF (1, Psibar, SL, Psi), Half);
((U (=n), Auz_top (0,1, 1false, QUQDSL), D n), FBF (1, Psibar, SL, Psi), Half);
((D (—n), Auz_top (0,1, —1,false, QUQDSL), U n), FBF (1, Psibar, SR, Psi), Half) |

let anomalous_top_quqd8 =
if Flags.top_anom_4f then
anomalous_top_quqd8 _tq @ ThoList.flatmap anomalous_top_quqd8 _ff [1;2; 3]
else

[]

let vertices8 =

(ThoList.flatmap electromagnetic_-currents [1;2;3] @
ThoList.flatmap color_currents [1;2;3] @
ThoList.flatmap neutral_currents [1;2;3] @

(if Flags.ckm_present then

charged _currents_ckm
else
charged _currents_triv) @

yukawa Q triple_gauge Q

gauge_higgs @Q higgs Q higgs_triangle_vertices

Q@ goldstone_vertices Q

tt_threshold_ttA Q tt_threshold_ttZ Q
anomalous_ttA @ anomalous_bbA Q
anomalous_-ttZ @Q anomalous_bbZ Q@
anomalous_tbW Q@ anomalous_tb WA @ anomalous_tbWZ Q
anomalous _ttWW Q anomalous_bbWW @
anomalous_ttG @Q anomalous_ttGG Q@
anomalous_ttH Q

anomalous_top_qGuG Q anomalous_top_qBuB Q
anomalous_top_qW Q@ anomalous_top_DuDd @
anomalous_top_quqdl @Q anomalous_top_quqd8)
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let verticesf =
quartic_gauge @ gauge_higgs4 Q higgs4

let vertices () = (vertices3, verticess, [])

For efficiency, make sure that F.of _vertices vertices is evaluated only once.

let table = F.of _vertices (vertices ())
let fuse2 = F.fuse2 table

let fuse3 = F.fuse3 table

let fuse = F.fuse table

let maz_degree () = 4

let flavor_of _string = function
"e-" — M (L1) | "et" — M (L (-1))
"mu-" — M (L2) | "mu+" — M (L (—
"tau-" — M (L 3) | "tau+" — M (L (-3))
"nue" — M (N 1) | "nuebar" — M ( 1
"numu" — M (N 2) | "numubar" — M (N (-2))

=27
~

— ~

\

~—

~

"nutau" — M (N r

"w'"—- M (U 1) | "ubar" — M (U (-1))
"e" - M (U 2) | "cbar" — M (U (-2))
nev s M (U 3) | "tbar" — M (U (—3))
"d" - M (D 1) | "dbar" — M (D (-1))
"s" - M (D 2) | "sbar" — M (D (-2))
"b" — M (D 3) | "bbar" — M (D (-3))
ngu‘ "gl" - G Gl

|

|

|

|

|

|

|

|

|

|

|

|

|

| "A" - G Ga | "Z"| "Z0" —» G Z

| "Ww+" — G Wp | "Ww-" = G Wm

| "H" - O H

| "Aux_t_ttGGO" — O (Auxz_top (2,1, O,true, TTGQG))
| "Aux_ttGGO" — O (Auz_top (2,1, 0,false, TTGG))

| "Aux_t_tcGGO" — O (Auz_top (2,1, 0,true, TCGQ))
| "Aux_tcGGO" — O (Auz_top (2,1, 0,false, TCGG))

| "Aux_t_tbWA+" — O (Auz_top (2,0, 1,true,TBWA))
| "Aux_tbWA+" — O (Auz_top (2,0, 1,(false, TBWA))

| "Aux_t_tbWA-" — O (Auxz_top (2,0,—1,true, TBWA))
| "Aux_tbWA-" — O (Auz_top (2,0, —1,false, TBWA))

| "Aux_t_tbWZ+" — O (Auz_top (2,0, 1,true, TBWZ))
| "Aux_tbWZ+" — O (Auz_top (2,0, 1,false, TBWZ))

| "Aux_t_tbWz-" — O (Auz_top (2,0,—1true, TBWZ))
| "Aux_tbWZ-" — O (Auz_top (2,0,—1,false, TBWZ))

| "Aux_t_ttWWwo" — O (Auxz_top (2,0, O,true, TTWW))
| "Aux_ttWWo" — O (Auz_top (2,0, 0,false, TTWW))

| "Aux_t_bbWWO" — O (Auz_top (2,0, 0,true, BBWW))
| "Aux_bbWWO" — O (Auz_top (2,0, 0,false, BBWW))

| "Aux_t_qGuG0" — O (Auxz_top (1,1, O,true, QGUG))
| "Aux_qGuG0" — O (Auz_top (1,1, 0,false,QGUG))

| "Aux_t_qBuB0" — O (Auz_top (1,0, 0,true,QBUB))
| "Aux_qBuB0" — O (Auz_top (1,0, 0,false, QBUB))

| "Aux_t_qWo" — O (Auz_top (1,0, O,true,QW))

| "Aux_qW0" — O (Auz_top (1,0, 0,false,QW))
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| "Aux_t_gw+" — O (Auz_top (1,0, 1true,QW))

| "Aux_qW+" — O (Auz_top (1,0, 1,false,QW))

| "Aux_t_gW-" — O (Auz_top (1,0,—1,true,QW))

| "Aux_qW-" — O (Auz_top (1,0,—1 false,QW))

| "Aux_t_dLO" — O (Auz_top (0,0, O,true,DL))

| "Aux_dLO" — O (Auz_top (0,0, 0,false,DL))

| "Aux_t_dL+" — O (Auz_top (0,0, 1,true,DL))

| "Aux_dL+" — O (Auz_top (0,0, 1,false,DL))

| "Aux_t_dL-" — O (Auz_top (0,0, —1,true,DL))

| "Aux_dL-" — O (Auz_top (0,0, —1,false,DL))

| "Aux_t_dRO" — O (Auz_top (0,0, O,true,DR))

| "Aux_dRO" — O (Auz_top (0,0, 0,false,DR))

| "Aux_t_dR+" — O (Auz_top (0,0, 1,true,DR))

| "Aux_dR+" — O (Auz_top (0,0, 1,false,DR))

| "Aux_t_dR-" — O (Auz_top (0,0, —1,true,DR))

| "Aux_dR-" — O (Auz_top (0,0, —1,false,DR))

| "Aux_t_quqdil+" — O (Auz_top (0,0, 1,true, QUQDIL))
| "Aux_qugdil+" — O (Auz_top (0,0, 1,(false, QUQDIL))

| "Aux_t_quqdlL-" — O (Auz_top (0,0,—1,true,QUQDIL))
| "Aux_quqdiL-" — O (Auz_top (0,0,—1,false, QUQDI1L))

| "Aux_t_quqdiR+" — O (Auz_top (0,0, 1true, QUQDIR))
| "Aux_quqdiR+" — O (Auz_top (0,0, 1,false, QUQDIR))

| "Aux_t_quqdiR-" — O (Auz_top (0,0, —1,true, QUQDIR))
| "Aux_qugdiR-" — O (Auz_top (0,0, —1,false, QUQDIR))

| "Aux_t_quqd8L+" — O (Auz_top (0,1, 1,true, QUQDSL))
| "Aux_quqd8L+" — O (Auz_top (0,1, 1,false, QUQDSL))

| "Aux_t_quqd8L-" — O (Auz_top (0,1,—1,true,QUQDSL))
| "Aux_quqd8L-" — O (Auz_top (0,1, —1,false, QUQDSL))

| "Aux_t_quqd8R+" — O (Auz_top (0,1, 1,true, QUQDSR))
| "Aux_quqd8R+" — O (Auz_top (0,1, 1,false, QUQDSR))

| "Aux_t_quqd8R-" — O (Auz_top (0,1, —1,true, QUQDSR))
| "Aux_quqd8R-" — O (Auz_top (0,1, —1,false, QUQDSR))

| - — idnvalid_arg "Modellib.SM.flavor_of_string"

let flavor_to_string = function
| M f —
begin match f with
| L1 — "e-"| L(-1) — "e+"
| L2 — "mu-"| L (-2) — "mu+"
| L3 — "tau-"| L (-3) — "tau+"
| L - — invalid_arg
"Modellib.SM.flavor_to_string: invalid lepton"
| N1 — "nue"| N (-1) — "nuebar"
| N2 — "numu" | N (—2) — "numubar"
| N3 — "nutau"| N (—3) — "nutaubar"
| N _ — invalid_arg
"Modellib.SM.flavor_to_string: invalid, neutrino"
| U1 - "u"| U (-1) — "ubar"
| U2 — "¢"| U (-2) — "cbar"
| U3 — "t"| U (-3) — "tbar"
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| U - — invalid_arg
"Modellib.SM.flavor_to_string: invalid, up typey,quark"
| D1 —- "d"| D (-1) — "dbar"
| D2 — "s"| D (-2) — "sbar"
| D3 — "b"| D (-3) — "bbar"
| D_ — invalid_arg
"Modellib.SM.flavor_to_string: invalid, down type quark"
end
| Gf —
begin match f with
| GI — "gl"
| Ga — "A" | Z — "Z"
| Wp — "w+"| Wm — "W-"
end
| Of —
begin match f with
| Phip — "phi+" | Phim — "phi-"| Phi0 — "phiO"
| H — "H"
| Auz_top (-, —, ch,n,v) — "Aux_" " (if n then "t_" else "") " (
begin match v with
| TTGG — "ttGG" | TBWA — "tbwA" | TBWZ —
"tbWzZ"
| TTWW — "ttWW" | BBWW — "bbWwW" | TCGG —
||tcgg||
| QGUG — "qGuG" | QBUB — "qBuB"
| QW — "qw"| DL — "dL"| DR — "dR"
| QUQDIL — "quqdil" | QU@DIR — "qugdiR"
| QUQDSL — "quqd8L" | QU@DSR — "quqd8R"
end ) " (if ch > 0then "+" elseif ch < 0 then "-" else "0" )
end

let flavor_to_TeX = function

| M f —
begin match f with
| L1l — "e™="| L(=1) — "e +"
| L2 — "\\mu"-"| L (-2) — "\\mu"+"
| L3 — "\\tau™-"| L (-3) — "\\tau +"
|

L - — invalid_-arg
"Modellib.SM.flavor_to_TeX: invalid, lepton"
| N1 — "\\nu_e" | N (—=1) — "\\bar{\\nu}_e"
| N2 = "\nu_\\mu" | N (-2) — "\\bar{\\nu}_\\mu"
| N3 — "\\nu-\\tau" | N (=3) — "\\bar{\\nu}-\\tau"
| N _ — invalid_arg
"Modellib.SM.flavor_to_TeX: invalid neutrino"
| U1 — "u"| U(-1) — "\\bar{u}"
| U2 — "e¢"| U (-2) — "\\bar{c}"
| U3 — "t"| U (-3) — "\\bar{t}"
| U - — invalid-arg
"Modellib.SM.flavor_to_TeX: invalid, jup type,quark"
| D1 — "d"| D (1) — "\\bar{d}"
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| D2 — "s"| D (-2) = "\\bar{s}"
| D3 — "b"| D (-3) — "\\bar{b}"
| D_ — idnvalid_arg

"Modellib.SM.flavor_to_TeX: invalid down type quark"

end

| Gf =

begin match f with

| Gl — llgll

| Ga — "\\gamma" | Z — "Z"
| Wp — ||w—~+n‘ Wm - nwA_u
end

| Of =

begin match f with

| Phip — "\\phi~+" | Phim — "\\phi~-" | Phi0
"\\phi~0"
| H — "H"
| Auz_top (-, -, ch,n,v) —
"\\textnormal{Aux_" " (if n then "t_" else "") ~ (
begin match v with
| TTGG — "ttGG" | TBWA — "tbWA" | TBWZ
"tbWzZ"
| TTWW — "ttWww" | BBWW — "bbwW" | TCGG
lltcggll
| QGUG — "qGuG" | QBUB — "qBuB"
| QW — "qw"| DL — "dL"| DR — "dR"
| QUQDIL — "quqdil" | QU@DIR — "qugdiR"
| QUQDSL — "quqd8L" | QU@DSR — "qugdsR"
end ) "
(if ch > 0then "~+" else if ch < 0 then
n~_n else neon ) ~ ||}n
end
let flavor_symbol = function
| M f —

begin match f with

| Lnwhenn > 0 — "1" " string-of —int n
| Ln — "1" " string_of —int (abs n) ~ "b"

| Nnwhenn > 0 — "n" " string_of —int n
| Nn — "n" " string_of —int (abs n) =~ "b"

| Unwhenn > 0 — "u" " string_of _int n
| Un — "u" " string_of _int (abs n) = "b"

| Dnwhenn > 0 — "d" " string_of —int n
| Dn — "d" " string_of _int (abs n) ~ "b"
end

| Gf =

begin match f with

| Gl — "gl

| Ga - ||an| Z —y Ngn

| Wp — "Wp"| Wm — "wm"
end
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| Of —
begin match f with
| Phip — "pp" | Phim — "pm" | Phi0 — "pO"
| H — "n"
| Auz_top (-, -, ch,n,v) — "aux_" " (if n then "t_" else "") ~ (
begin match v with
| TTGG — "ttgg"| TBWA — "tbwa" | TBWZ —
"tbwz"
| TTWW — “ttww" | BBWW — "bbww" | TCGG —
||tcggl|
| QGUG — "qgug" | QBUB — "qbub"
| QW — "qu"| DL — "dl" | DR — "dr"
| QUQDIL — "quqdll" | QU@DIR — "quqdlir"
| QUQDSL — "quqd8l" | QUQDSR — "quqd8r"
end )~ "_" " (if ch > 0then "p" else
if ch < 0 then "m" else "0" )
end

let pdg = function
| M f —
begin match f with
| Lnwhenn >0 — 9 + 2xn
| Ln - — 9 4+ 2xn
| Nnwhenn > 0 — 10 + 2xn
| Nn - — 10 + 2xn
| Unwhenn >0 — 2xn
| Un — 2xn
| Dnwhenn >0 — — 1+ 2xmn
| Dn = 1 + 2xn
end
| Gf —
begin match f with
| GI — 21
| Ga — 22 | Z — 23
| Wp — 24 | Wm — (—24)
end
| Of —
begin match f with
| Phip | Phim — 27 | Phi0 — 26
| H — 25
| Auz_top (_,_,ch,t,f) — letn =
begin match f with
| QW — 0
| QUQDIR — 1 | QUQDIL —
| QUQDSR — 3 | QUQRDSL — 4
| - = 5
end
in (602 + 3xn — ch) x (if ¢tthen (1) else (—1))
end

[\

let mass_symbol [ =
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if ( Flags.tt_threshold A (abs (pdg f)) = 6 ) then
"ttv_mtpole (pl12*p12)"

else
"mass (" " string-of —int (abs (pdg f)) = ")"

let width_symbol f =
"width(" " string_of —int (abs (pdg f)) = ")"

let constant_symbol = function
| Unit — "unit" | Half — "half"| Pi — "PI"
| Alpha_QED — "alpha" | E — "e" | G_weak — "g"| Vev —

vev
| I-G_weak — "ig"
| Sm?thw —  "sin2thw" | Sinthw — "sinthw" | Costhw —
"costhw
| Q lepton — "qlep" | Q-up — "qup" | Q-down — "qdwn"
| G_NC_lepton — "gnclep" | G_NC_neutrino — "gncneu"
| G_NC_up — "gncup" | G_NC_down — "gncdwn"
| G_.TVA_ttA — "gtva_tta" | G_TVA_bbA — "gtva_bba"
| G_VLR_ttZ — "gvlr_ttz" | G_TVA_ttZ — "gtva_ttz"
| G_VLR_tcZ — "gvlr tez" | G.TVA_teZ — "gtva tcz"
| G_-TVA_bbZ — "gtva_bbz"| G_TVA_tcA — "gtva_tca"
| VA_LILC_ttA — "va_ilc_tta" | VA_ILC_ttZ — "va_ilc_ttz"
| G_VLR_btW — "gvlr_btu" | G_VLR_tbW — "gvlr_tbw"
| G_.TLR_btW — "gtlr_btw" | G_TRL_tbW — "gtrl_tbw"
| G_TLR_btWA — "gtlr_btwa" | G_TRL_tbWA — "gtrl_tbwa"
| G_TLR_WWZ — "gtlr_btwz" | G_TRL_tbWZ — "gtrl_tbwz"
| G_TVA_(UWW — "gtva_ttwu" | G_-TVA_bBbWW — "gtva_bbuw"
| G_TVA_ttG — "gtva_ttg" | G_-TVA_itGG — "gtva_ttgg"
| G_TVA_tcG — "gtva_tcg" | G_-TVA_tcGG — "gtva_tcgg"
| G_SP_ttH — "gsp_tth"
| G_-VLR_qGuG — "gvlr_qgug"
| G_VLR_qBuB — "gvlr_gbub"
| G_.VLR_qBuB_u — "gvlr_gbub_u"| G_VLR_qBuB_d — "gvlr_qbub_d"
| G_VLR_qBuB_e — "gvlr_gbub_e"| G_VL_qBuB_n — "gvl_gbub_n"
| G_VL_gW — "gvl_qu"
| G_VL_gW_u — "gvl_qw-u" | G_-VL_¢qW_d — "gvl_qu-d"
| G_SL_D#tR — "gsl_dttr" | G_SR_DitR — "gsr_dttr"
| G_SL_Di#tL — "gsl_dttl"
| G_SLR_DbtR — "gslr_dbtr" | G_SL_DbtL — "gsl_dbtl"
| C_qugdiR_bt — "c_quqdl_1"| C_quqdIR_tb — "conjg(c_quqdl_1)"
| C_qugdiL_bt — "conjg(c_quadl_2)"| C_quqdlL_tb — "c_quqdl_2"
| C_quqd8R_bt — "c_quqd8-1"| C_quqd8R_tb — "conjg(c_quqd8_1)"
| C_quqd8L_bt — "conjg(c_quqd8_-2)"| C_quqd8L_tb — "c_quqd8_2"
| G_.CC — "gcc"
| G_CCQ (n1,n2) — "gccq" "~ string_of _int nl ~ string_of _int n2
| I-Q-W — "iqu" | I_-G_ZWW — "igzww"
| G_-WWWW — "gud" | G_-ZZWW — "gzzuu"
| GLAZWW — "gazwu" | G_AAWW — "gaaww"
| I_GI_AWW — vigla" | I_.GI_ZWW — "iglz"
| I-G1_plus_kappa_plus_-G4_AWW — "iglpkpgia"
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1_G1_plus_kappa_plus_G4 _ZWW — "iglpkpglz"
I1_G1_plus_kappa_minus_G4 _AWW — "iglpkmgda"
I_G1_plus_kappa_minus_G4_ZWW — "iglpkmgdz"
1_G1_minus_kappa_plus-G4 _AWW — "igimkpgda"
I1_G1_minus_kappa_plus-G4_ZWW — "igimkpgdz"
1_G1_minus_kappa_minus_Gj_AWW — "igimkmgda"
I1_G1_minus_kappa_minus_G4_ZWW — "igimkmgdz"

I_lambda_ AWW — "ila"

I_lambda-ZWW — "ilz"

G5_AWW — "rgba"

G5_ZWW — '"rgbz"

I_kappa5 _AWW — "ikba"

I _kappas _ZWW — "ikbz"

I_lambdab5 _AWW — "ilba" | I_-lambda5_ZWW — "ilbz"
Alpha . WWWW0 — "alwwO" | Alpha- WWWW2 — "alww2"
Alpha_ZZWW0 — "alzwO" | Alpha_ZZWWI1 — "alzwl"
Alpha_ZZ77Z — "alzz"

D_Alpha_ZZWW0_S — "dalzzO_s(gkm,mkm,"

D_Alpha_ ZZWWO_T — "dalzzO_t(gkm,mkm,"
D_Alpha-ZZWW1_S — "dalzzl_s(gkm,mkm,"
D_Alpha_ZZWWI1_T — "dalzzl_t(gkm,mkm,"
D_Alpha_ZZWW1_U — "dalzzl_u(gkm,mkm,"

D_Alpha  WWWW0_S — "dalwwO_s(gkm,mkm,"

D_Alpha WWWWO_T — "dalwwO_t(gkm,mkm,"

D_Alpha- WWWW0_U — "dalwwO_u(gkm,mkm,"

D_Alpha- WWWW2_S — "dalww2_s(gkm,mkm,"

D_Alpha  WWWW2_T — "dalww2_t(gkm,mkm,"
D_Alpha_ZZZ7_S — "dalz4_s(gkm,mkm,"

D_Alpha_-ZZZZ_T — "dalz4_t(gkm,mkm,"

G_HWW — "ghww" | G_HZZ — "ghzz"

G_-HHWW — "ghhww" | G_HHZZ — "ghhzz"

G_Hit — "ghtt" | G_Hbb — "ghbb"

G_Htautau — "ghtautau" | G_-Hecc — "ghcc" | G_Hmm —
llghmm
G_HGaZ — ‘"ghgaz" | G_HGaGa — ‘"ghgaga" | G_Hgg —
"ghgg
G_HGaGa_anom — "ghgaga_ac"| G_-HGaZ_anom — "ghgaz_ac"
G_HZZ_anom — "ghzz_ac" | G_-HWW _anom — "ghww_ac"
G_-HGaZ_u — "ghgaz_u" | G_HZZ_u — "ghzz_u"

G_HWW _u — "ghww_u"

G_-H3 — "gh3"| G_H/, — "gh4"

Gs — "gs" | I-Gs — "igs" | G2 — "gs¥¥2"

Mass f — "mass" ~ flavor_symbol f

Width f — "width" "~ flavor_symbol f

K_Matriz_Coeff i — "kc" = string_of _int i

K _Matriz_Pole i — "kp" " string_of _int i

G_-HZZ6_V3 — "ghzz6v3" | G_-HZZ6_D — "ghzz6d"
G_HZZ6_DP — "ghzz6dp" | G_-HZZ6_PB — "ghzz6pb"
G_HGaZ6_D — "ghaz6d" | G_HGaZ6_DP — "ghaz6dp"
G_HGaZ6_PB — "ghaz6pb" | G_HGaGa6 — "ghgaga6"
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| G_LHWW_6_D — "ghww6d" | G_HWW_6_DP — "ghwwédp"

| I-Dim6_AWW _Gauge — "dimBawwgauge" | [_Dim6_AWW_GGG —
"dim6awwggg"

| I-Dim6_AWW_DP — "dim6awwdp" | [_-Dim6_AWW_DW —
"dim6awwdw"

| I-Dim6_WWZ_W — "dim6wwzw" | [_Dim6_WWZ_DPWDW —
"dim6wwzdpwdw"

| I-Dim6_WWZ_DW — "dim6wwzdw" | I_Dim6_WWZ_D —
"dim6wwzd"

| Dim6_vev3 — "dim6vev3" | Dim6_Cphi — "dim6cphi"

| Anom_Dim6_Hj_v2 — "adim6h4v2" | Anom_Dim6_H{_P2 —
"adim6h4p2"

| Anom_Dim6_AHWW _DPB — "adim6ahwwdpb"

| Anom_Dim6_AHWW _DPW — "adim6ahwwdpw"

| Anom_Dim6_AHWW _DW — "adim6ahwwdw"

| Anom_Dim6_AAWW _DW — "adimbaawwdw" | Anom_Dim6_AAWW_W —
"adim6aawww"

| Anom_Dim6_HHWW _DW — "adim6hhwwdw"

| Anom_Dim6_HHWW _DPW — "adim6hhwwdpw"

| Anom_Dim6_HWWZ_DW — "adim6hwwzdw"

| Anom_Dim6_HWWZ_DDPW — "adim6hwwzddpw"

| Anom_Dim6_HWWZ_DPW — "adim6hwwzdpw"

| Anom_Dim6_HWWZ_DPB — "adim6hwwzdpb"
| Anom_Dim6_AHHZ_D — "adim6ahhzd" | Anom_Dim6_AHHZ_DP —
6

| Anom_Dim6_AHHZ_PB — "adim6ahhzpb"

| Anom_Dim6_AZWW _W — "adimbazwww"

| Anom_Dim6_AZWW _DWDPW — "adim6azwwdwdpw"

| Anom_Dim6_WWWW_W — "adimbwwwww"

| Anom_Dim6_WWWW _DWDPW — "adim6wwwwdwdpw"

| Anom_Dim6_WWZZ_W — "adimbwwzzw"

| Anom_Dim6_WWZZ_DWDPW — "adimbwwzzdwdpw"

| Anom_Dim6_HHAA — "adim6hhaa"

| Anom_Dim6_HHZZ_D — "adim6hhzzd" | Anom_Dim6_HHZZ _DP —
"adim6hhzzdp"

| Anom_Dim6_HHZZ_PB — "adim6hhzzpb" | Anom_Dim6_HHZZ_T —
"adim6hhzzt"

end

13.4.7 Incomplete Standard Model in Re Gauge

At the end of the day, we want a functor mapping from gauge models in
unitarity gauge to R¢ gauge and vice versa. For this, we will need a more
abstract implementation of (spontaneously broken) gauge theories.

module SM_Rzi =

struct
let rcs = RCS.rename rcs_file "Modellib.SM_Rxi"
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[ "minimal ,electroweak standard model in R-xi gauge";
"NB: very,incomplete still!, mno CKM matrix" ]

open Coupling

module SM = SM (SM _no_anomalous)
let options = SM .options
type flavor = SM.flavor
let flavors = SM.flavors

let external_flavors = SM .external_flavors
(* Later: type orders = SM.orders *)

type constant = SM.constant

(x Later: let orders = SM.orders )

let lorentz = SM .lorentz

let color = SM.color

let goldstone = SM.goldstone
let conjugate = SM .conjugate
let fermion = SM.fermion

Check if it makes sense to have separate gauge fixing parameters for each
vector boson. There’s probably only one independent parameter for each
group factor.

type gauge =
| Xid | XiZ | XiW

let gauge_symbol = function
XiA — "xia" | XiZ — "xio" | XiW — ‘"xipm"
| p
Change the gauge boson propagators and make the Goldstone bosons propagat-
ing.

let propagator = function
| SM.G SM.Ga — Prop-Gauge XiA
| SM.G SM.Z — Prop_Rxi XiZ
| SM.G SM.Wp | SM.G SM.Wm — Prop_Rxi XiW
| SM.O SM.Phip | SM.O SM.Phim | SM.O SM.Phi0 — Prop_Scalar
| f — SM.propagator f

let width = SM.width

module Ch = Charges.QQ
let charges = SM.charges

module F' = Modeltools. Fusions (struct
type f = flavor
type ¢ = constant
let compare = compare
let conjugate = conjugate
end)
let vertices = SM .vertices
let table = F.of _vertices (vertices ())

let fuse2 = F.fuse2 table
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let fuse3 = F.fuse3 table
let fuse = F.fuse table
let mazx_degree () = 3

let parameters = SM .parameters

let flavor_of _string = SM .flavor_of _string
let flavor_to_string = SM.flavor_to_string
let flavor_to_TeX = SM.flavor_to_TeX
let flavor_symbol = SM .flavor_symbol

let pdg = SM.pdg

let mass_symbol = SM.mass_symbol

let width_symbol = SM .width_symbol

let constant_symbol = SM .constant_symbol
end

18.4.8 Groves

module Groves (M : Model. Gauge) : Model. Gauge with module Ch = M.Ch =
struct
let max_generations = 5
let rcs = RCS.rename M .rcs
("Modellib.Groves (" ~ (RCS.name M.rcs) =~ ")")
([ "experimental, Groves functor";
Printf .sprintf "for maximally, %d flavored  legs"
(2 X maz_generations) | @
RCS.description M .res)

let options = M .options

type matter_field = M .matter_field x int
type gauge_boson = M .gauge_boson
type other = M .other
type field =

| Matter of matter_field

| Gauge of gauge_boson

| Other of other
type flavor = M of matter_field | G of gauge_boson | O of other
let matter_field (f, g) = M (f, g)
let gauge_boson f = G f
let other f = O f
let field = function

| M f — Matter f

| Gf — Gauge f

| Of — Other f
let project = function

| M (f, -) — M.matter_field f

| Gf — M.gauge_boson f

| Of — M.other f
let inject g f =

match M.field f with
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| M.Matter f — M (f, g)
| M.Gauge f — G f
| M.Other f — O f
type gauge = M .gauge
let gauge_symbol = M .gauge_symbol
let color f = M.color (project f)
let pdg f = M.pdg (project f)
let lorentz f = M.lorentz (project f)
let propagator f = M .propagator (project f)
let fermion f = M.fermion (project f)
let width f = M .width (project f)
let mass_symbol f = M .mass_symbol (project f)
let width_symbol f = M .width_symbol (project f)
let flavor_symbol f = M .flavor_symbol (project f)

type constant = M .constant

(* Later: type orders = M.orders x)

let constant_symbol = M .constant_symbol
let max_degree = M .mazx_degree

let parameters = M .parameters

(* Later: let orders = M.orders x)

let conjugate = function

| M (-, g)asf — inject g (M.conjugate (project f))
| f — inject 0 (M.conjugate (project f))

let read_generation s =

try
let offset = String.index s */’ in
(int_of _string

(String.sub s (succ offset) (String.length s — offset — 1)),

String.sub s 0 offset)

with

| Not_found — (1, s)

let format_generation ¢ s =
s~ /" " string_of _int c

let flavor_of _string s =
let g, s = read_generation s in
inject g (M .flavor_of _string s)

let flavor_to_string = function
| M (-, g)asf — format_generation g (M.flavor_to_string (project f))
| f — M.flavor_to_string (project f)

let flavor_to_TeX = function
| M (-, g)asf — format_generation g (M.flavor_to_TeX (project f))
| f = M.flavor_to_TeX (project f)

let goldstone = function
| G_asf —
begin match M .goldstone (project f) with
| None — None
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| Some (f, ¢) — Some (inject 0 f, ¢)
end
| M_ | O_- — None

let clone generations flavor =
match M.field flavor with
| M.Matter f — List.map (fun g — M (f, g)) generations
| M.Gauge f — [G f]
| M.Other f — [O f]

let generations = TholList.range 1 max_generations

let flavors () =
ThoList.flatmap (clone generations) (M .flavors ())

let external_flavors () =
List.map (fun (s, fl) — (s, ThoList.flatmap (clone generations) fl))
(M .external _flavors ())

module Ch = M.Ch
let charges f = M .charges (project f)

module F' = Modeltools. Fusions (struct
type f = flavor
type ¢ = constant
let compare = compare
let conjugate = conjugate
end)
In the following functions, we might replace _ by (M.Gauge - | M.Other _),

in order to allow the compiler to check completeness. However, this makes the
code much less readable.

let cloned ((f1, f2, [3), v, ¢) =
match M.field f1, M.field 2, M.field f3 with
| M.Matter -, M.Matter -, M.Matter - —
invalid_arg "Modellib.Groves () .vertices: jthree matter fields!"
| M.Matter f1’', M.Matter f2', _ —
List.map (fun g — ((M (f1', g), M (f2', g), inject 0 f3), v, ¢))
generations
| M.Matter f1’, _, M.Matter f3' —
List.map (fun g — (M (f1', g), inject 0 f2, M (f3’, g)), v, c))
generations
| -, M.Matter f2', M.Matter f3' —
List.map (fun g — ((inject O f1, M (f2', g), M (f3', g)), v, ¢))

generations
| M.Matter _, _, - | -, M.Matter _, _ | -, -, M.Matter - —
1nvalid_arg "Modellib.Groves () .vertices: jlone matter field!"
| o o, - —

[(inject O f1, inject O f2, inject O f3), v, ]

let cloned ((f1, f2, f3, f4), v, ¢) =
match M .field f1, M.field f2, M.field f3, M.field f} with
| M.Matter -, M.Matter -, M.Matter _, M.Matter - —
tnvalid_arg "Modellib.Groves () .vertices: four matter fields!"
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| M.Matter _, M.Matter _, M.Matter _, _
| M.Matter _, M.Matter _, _, M.Matter _
| M.Matter _, _, M.Matter _, M.Matter _
| -, M.Matter -, M.Matter -, M.Matter - —
invalid_arg "Modellib.Groves () .vertices: jthree matter fields!"
| M.Matter f1', M.Matter 2/, _, - —
List.map (fun g —
(M (f1’, g), M (f2', g), inject O f3, inject O f4), v, ¢))
generations
| M.Matter f1', -, M.Matter f3', - —
List.map (fun g —
(M (f1, g), inject 0 f2, M (f3', g), inject 0 f4), v, <))
generations
| M.Matter f1’, _, -, M.Matter f|' —
List.map (fun g —
generations
| _, M.Matter f2', M.Matter f3', _ —
List.map (fun g —
((inject O f1, M (f2', g), M (f3', g), inject 0 f}), v, ¢))
generations
| -, M.Matter f2’, _, M.Matter f|' —
List.map (fun g —
((ingect O f1, M (f2', g), inject O f3, M (f4', g)), v, ¢))
generations
| -, -, M.Matter f3', M.Matter f4' —
List.map (fun g —

((inject O f1, inject 0 f2, M (f3', ¢), M (f4', g)), v, ©))

generations
| M.Matter _, _, _, _ | -, M.Matter _, _, _
| -, -, M.Matter _, _ | -, _, -, M.Matter - —
invalid_arg "Modellib.Groves () .vertices: jlone matter field!"
| -y =) =) = _>

[(inject O f1, inject O f2, inject O f3, inject O f4), v, c]

let clonen (fl, v, ¢) =
match List.map M .field fl with
| - — failwith "Modellib.Groves() .vertices: incomplete"

let vertices () =
let vertices3, vertices4, verticesn = M .vertices () in
(ThoList.flatmap clone8 vertices3,
ThoList.flatmap clone/ verticess,
ThoList.flatmap clonen verticesn)

let table = F.of _vertices (vertices ())
let fuse2 = F.fuse2 table

let fuse3 = F.fuse3 table

let fuse = F.fuse table

The following (incomplete) alternative implementations are included for il-
lustrative purposes only:
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let injectl g fel =
List.map (fun (f, ¢) — (inject g f, ¢)) fel

let alt_fuse2 f1 f2 =
match fI, f2 with
| M (f1', g1"), M (f2', g2") —
if g1’ = g2’ then
ingectl 0 (M .fuse2 (M .matter_field f1') (M .matter_field f2'))
else

[]
| M (f1', ¢'), - — injectl g’ (M.fuse2 (M .matter_field f1') (project f2))
| -, M (f2', ¢') — injectl ¢’ (M .fuse2 (project f1) (M .matter_field f2'))
| -, - — ingectl 0 (M.fuse2 (project f1) (project f2))
let alt_fuse3 f1 f2 f8 =
match fI, f2, f3 with
| M (f1', g1"), M (f2', g2'), M (f5', ¢5') —
invalid_arg "Modellib.Groves () .fuse3: three matter fields!"
| M (f1', g1"), M (f2', g2), - —
if g1’ = ¢2' then
injectl O
(M .fuse3 (M .matter_field f1') (M .matter_field f2") (project f3))

else
[]
| M (f', g1"), -, M (f3', g3') —
if g1’ = g3’ then
injectl 0
(M .fuse83 (M .matter_field f1") (project f2) (M .matter_field f3'))
else

]
| L M2, g2), M (f, g3') —
if g2/ = g3’ then
injectl O
(M .fuse3 (project f1) (M .matter_field f2') (M .matter_field f3'))
else

[]

M ),

injectl ¢' (M .fuse3 (M .matter_field f1') (project f2) (project f3))
LM, g, -

injectl g’ (M .fuse8 (project f1) (M .matter_field f2') (project f3))
| - - M (3, ¢") —

injectl g’ (M .fuse3 (project f1) (project f2) (M .matter_field f3'))
| -, -, = — injectl 0 (M.fuse3 (project f1) (project f2) (project f3))

end

13.4.9 MSM With Cloned Families

module SM _clones = Groves(SM (SM _no_anomalous))
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13.5 Interface of Modellib_BSM
13.5.1 More Hardcoded BSM Models

module type BSM _flags =
sig
val ul _gauged : bool
val anom_ferm_ass : bool

end
module type THDM _flags =

sig
val ckm_present : bool

end

module BSM _bsm : BSM _flags

module BSM _ungauged : BSM _flags

module BSM _anom : BSM _flags

module Littlest : functor (F : BSM_flags) — Model.Gauge with mod-
ule Ch = Charges.QQ

module Littlest_Tpar : functor (F' : BSM_flags) — Model.T with mod-
ule Ch = Charges.QQ

module Simplest : functor (F : BSM _flags) — Model.T with module Ch = Charges.QQ
module Xdim : functor (F : BSM_flags) — Model.Gauge with mod-
ule Ch = Charges.QQ

module UED : functor (F : BSM_flags) — Model.Gauge with mod-
ule Ch = Charges.QQ

module GravTest : functor (F : BSM_flags) — Model.Gauge with mod-
ule Ch = Charges.QQ

module THDM : THDM _flags

module THDM _CKM : THDM _flags

module TwoHiggsDoublet : functor (F : THDM _flags) — Model. Gauge with mod-
ule Ch = Charges.QQ

module Template : functor (F : BSM_flags) — Model.Gauge with mod-
ule Ch = Charges.QQ

module HSExzt : functor (F : BSM_flags) — Model.Gauge with mod-
ule Ch = Charges.QQ

module type Threeshl_options =
sig
val include_ckm : bool
val include_hf : bool
val diet : bool
end

module Threeshl_no_ckm : Threeshl_options

module Threeshl_ckm : Threeshl_options

module Threeshl_no_ckm_no_hf : Threeshl_options

module Threeshl_ckm_no_hf : Threeshl_options

module Threeshl_diet_no_hf : Threeshl_options

module Threeshl_diet : Threeshl_options

module Threeshl : functor (Module_options : Threeshl_options) —
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Model. T with module Ch = Charges.QQ

module type SSC_flags =
sig
val higgs_triangle : bool (x H~yvy, Hgvy and Hgg couplings *)
val higgs_hmm : bool
val triple_anom : bool
val quartic_anom : bool
val higgs_anom : bool
val k_matriz : bool
val ckm_present : bool
val top_anom : bool
val top_anom_4f : bool
val ¢f _arbitrary : bool
val higgs_matriz : bool
end

module SSC _kmatriz : SSC_flags
module SSC_kmatriz_2 : SSC_flags
module SSC' : functor (F : SSC_flags) — Model. Gauge with module Ch = Charges.QQ

module SSC_AltT : functor (F : SSC_flags) — Model.Gauge with mod-
ule Ch = Charges.QQ

18.6  Implementation of Modellib_ BSM

let res_file = RCS.parse "Modellib_BSM" ["BSM_ Models"]

{ RCS.revision = "$Revision:,7367,$";
RCS.date = "$Date: ,2015-11-13,,18:28:39,+0100,(Fri, 13 Nov_2015)_$";
RCS.author = "$Author: jr_reuter, $";
RCS.source

= "$URL:_svn+ssh://jr_reuter@login.hepforge.org/hepforge/svn/whizard/trunk/omega/s:

13.6.1 Littlest Higgs Model

module type BSM _flags =
sig
val ul _gauged : bool
val anom_ferm_ass : bool

end
module BSM _bsm : BSM _flags =
struct
let ul _gauged = true
let anom_ferm_ass = false
end
module BSM _ungauged : BSM _flags =
struct
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let ul _gauged = false

let anom_ferm_ass = false
end
module BSM _anom : BSM_flags =
struct
let ul _gauged = false
let anom_ferm_ass = true
end
module Littlest (Flags : BSM_flags) =
struct
let res = res_file

open Coupling

let default_width = ref Timelike
let use_fudged_width = ref false

let options = Options.create

[ "constant_width", Arg.Unit (fun () — default_width := Constant),
"use constant_ width (also in_ t-channel)";
"fudged_width", Arg.Set use_fudged —width,
"usefudge factor for ,charge particle width";
"custom_width", Arg.String (fun f — default_width := Custom f),
"use,custom width";
"cancel_widths", Arg.Unit (fun () — default_width := Vanishing),
"use_vanishing, width" |

let gauge_symbol () =
failwith "Modellib_BSM.Littlest.gauge_symbol: jinternal error"

type matter_field = L of int | N of int | U of int | D of int
| TopH | TopHb

type gauge_boson = Ga | Wp | Wm | Z | Gl | WHp | WHm
| ZH | AH

type other = Phip | Phim | Phi0 | H | Eta | Psi0
| Psil | Psip | Psim | Psipp | Psimm

type flavor = M of matter_field | G of gauge_boson | O of other

let matter_field f = M f
let gauge_boson f = G f
let other f = O f

type field =
| Matter of matter_field
| Gauge of gauge_boson
| Other of other

let field = function
| M f — Matter f
| Gf — Gauge f
| Of — Other f

type gauge = wunit
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let gauge_symbol () =
failwith "Modellib_BSM.Littlest.gauge_symbol: internal error"

let family n = List.map matter_field [ L n; N n; U n; D n ]

Since Phi already belongs to the EW Goldstone bosons we use Psi for the TeV
scale complex triplet.

let external_flavors () =
[ "1st_Generation", ThoList.flatmap family [1; —1];
"2nd, Generation", ThoList.flatmap family [2; — 2];
"3rdGeneration", ThoList.flatmap family [3; — 3];
"Heavy Quarks", List.map matter_field [TopH; TopHb];
"Heavy Scalars", List.map other
[Psi0; Psil; Psip; Psim; Psipp; Psimm];
"Gauge Bosons", List.map gauge_boson
(if Flags.ul _gauged then
[Ga; Z; Wp; Wm; Gl; WHp, WHm; ZH; AH]
else
[Ga; Z; Wp; Wm; Gl; WHp; WHm; ZH));
"Higgs", List.map other
(if Flags.ul_gauged then [H]
else [H; Etal);
"Goldstone Bosons", List.map other [Phip; Phim; Phi0] |

let flavors () = ThoList.flatmap snd (external_flavors ())

let spinor n =

if n > 0 then
Spinor
else
ConjSpinor
let lorentz = function
| M f —

begin match f with
| Ln — spinorn | Nn — spinorn
| Un — spinorn | Dn — spinor n
| TopH — Spinor | TopHb — ConjSpinor
end
| Gf —
begin match f with
| Ga | Gl — Vector
| Wp | Wm | Z | WHp | WHm | ZH | AH —
Massive_ Vector
end
| Of —
begin match f with
| Phip | Phim | Phi0 | H | Eta | Psi0
| Psil | Psip | Psim | Psipp | Psimm — Scalar
end

let color = function
| M (Un) — Color.SUN (if n > 0 then 3 else -3)
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| M (D n) — Color.SUN (if n > 0 then 3 else -3)

| M TopH — Color.SUN 3 | M TopHb — Color.SUN (—3)
| G GI — Color.AdjSUN 3

| - — Color.Singlet

let prop_spinor n =
if n > 0 then
Prop_Spinor
else
Prop_ConjSpinor

let propagator = function
| M f —
begin match f with
| Ln — prop_spinor n | N n — prop_spinor n
| Un — prop_spinor n | D n — prop_spinor n
| TopH — Prop_Spinor | TopHb — Prop_ConjSpinor
end
| Gf —
begin match f with
| Ga | GI — Prop_-Feynman
| Wp | Wm | Z | WHp | WHm | ZH | AH —
Prop_Unitarity
end
| Of —
begin match f with
| Phip | Phim | Phi0 — Only_Insertion
| H | Eta | Psi0 | Psil | Psip | Psim
| Psipp | Psimm — Prop_Scalar
end

Optionally, ask for the fudge factor treatment for the widths of charged particles.
Currently, this only applies to W* and top.

let width f =
if luse_fudged _width then
match f with
| GWp | GWm | M(US3) | M(U(-3))
| G WHp | G WHm | GZH | G AH
| M TopH | M TopHb — Fudged
| - — ldefault_width

else
default _width
let goldstone = function
| Gf —

begin match f with
| Wp — Some (O Phip, Coupling.Const 1)
| Wm — Some (O Phim, Coupling.Const 1)
| Z — Some (O Phi0, Coupling.Const 1)
| - — None
end

| - — None
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let conjugate = function
| M f —
M (begin match f with
| Ln - L(-n) | Nn — N (—n)
| Un - U(=n) | Dn — D (—n)
| TopH — TopHb | TopHb — TopH
end)
| Gf —
G (begin match f with
| Gl - Gl | Ga - Ga | Z — Z
| Wp - Wm | Wm — Wp | WHm — WHp
| WHp — WHm | ZH — ZH | AH — AH
end)
| Of —
O (begin match f with
| Psi0 — Psi0 | Psil — Psil | Psip — Psim
| Psim — Psip | Psipp — Psimm | Psimm — Psipp
| Phip — Phim | Phim — Phip | Phi0 — Phi0
| H - H | Eta — Eta
end)

let fermion = function

| M f —
begin match f with
| Ln — if n > 0then1else-1
| Nn — if n > 0then 1 else-1
| Un — if n > 0then1else-1
| Dn — if n > 0then 1 else-1
| TopH — 1 | TopHb — —1
end

| Gf —
begin match f with
| Gl | Ga | Z | Wp | Wm | WHp
| WHm | AH | ZH — 0
end

| Of —
begin match f with
| Psi0 | Psil | Psip | Psim | Psipp | Psimm
| Phip | Phim | Phi0 | H | Eta — 0
end

This model does NOT have a conserved generation charge even in absence of
CKM mixing because of the heavy top admixture.

module Ch = Charges.QQ
let ( //) = Algebra.Small_Rational.make

let charge = function
| M f —
begin match f with
| Ln — if n > Othen-1//1else1//1
| Nn — 0//1
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| Un — if n > 0then2//3 else-2//3
| Dn — if n > 0then-1//3 else 1//3
|

TopH — 2//3
| TopHb — —2//3
end
| Gf —

begin match f with
| Gl | Ga | Z | AH | ZH — 0//1
| Wp | WHp — 1//1
| Wm | WHm — —-1//1
end
| Of —
begin match f with
| H | Phi0 | Eta | Psil | Psi0 — 0//1
| Phip | Psip — 1//1
| Phim | Psim — —1//1
| Psipp — 2//1
| Psimm — —2//1
end

let lepton = function
| M f —
begin match f with
| Ln | Nn — ifn > Othen1//1else-1//1
| U- | D_ | - —=0//1
end
| G- | O- = 0//1

let baryon = function
| M f —
begin match f with
| L. | N_- — 0//1
| Un | Dn — ifn > Othen1//1else-1//1

| TopH — 1//1
| TopHb — —1//1
end

lG_ | 0. = o/

let charges f =
[ charge f; lepton f; baryon f]

type constant =

| Unit | Pi | Alpha-QED | Sin2thw

| Sinthw | Costhw | E | G_weak | Vev | VHeavy

| Supp | Supp2

| Sinpsi | Cospsi | Atpsi | Sces (x+ Mixing angles of SU(2) x)

| Q-lepton | Q-up | Q_-down | Q_-Z_up | G_CC | G_CCtop

| G_NC_neutrino | G_NC_lepton | G_NC_up | G_NC_down |
G_NC_heavy

| G_NC_h_neutrino | G_-NC_h_lepton | G_NC_h_up | G_-NC_h_down

| G-CC_heavy | G-ZHTHT | G_-ZTHT | G-AHTHTH |
G_AHTHT | G_AHTT
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| G_.CC_WH | G_CC_W

| I.Q_W | I.G_ZWW | I.G_WWW

| I_G_AHWW | I_.G_ZHWW | I_.G_ZWHW | I_.G_AHWHWH |
I_.G_ZHWHWH

| I.G_AHWHW | I.Q_H

| G_WWWW | G_ZZWW | G_AZWW | G_AAWW

| G_WH} | G.WHWHWW | G_-WHWWW | G_WHSW

| G_WWAAH | G_WWAZH | G_WWZZH | G_WWZAH |
G_WHWHAAH

| G.WHWHAZH | G_-WHWHZZH | G_-WHWHZAH | G.-WWZHAH

| G_.-WHWHZHAH | G_.WHWZZ | G_-WHWAZ | G_-WHWAAH |
G_-WHWZAH

| G_.WHWZHZH | G_.WHWZHAH | G_-WHWAZH | G_-WHWZZH

| G_HWW | G_HHWW | G_HZZ | G_HHZZ

| G_PsiWW | G_PsiWHW | G_PsiZZ | G_PsiZHZH

| G_PsiZHZ | G_PsiZAH | G_PsiZHAH | G_PsiAHAH

| G_PsiZW | G_PsiZWH | G_PsiAHW | G_PsiAHWH

| G_PsiZHW | G_PsiZHWH

| G_PsippWW | G_PsippWHW | G_PsippWHWH

| G_PsiHW | G_PsiHWH | G_PsiOW | G_Psi0OWH

| G_PsitlW | G_PsilWH | G_PsiPPW | G_PsiPPWH

| G_-PsilHAH | G_Psi0lAH | G-AHPsip | G_PsilHZ

| G_PsilHZH | G_Psi01Z | G_Psi01ZH | G_-ZPsip | G_-ZPsipp |
G_ZHPsipp

| G.HHAA | G_.HHWHW | G_.HHZHZ | G_-HHAHZ | G_HHZHAH

| G_HPsiOWW | G_HPsiOWHW | G_HPsi0ZZ

| G_HPsi0ZHZH | G_HPsi0ZHZ | G_HPsiOAHAH | G_HPsi0ZAH |
G_HPsi0ZHAH

| G_HPsipWA | G_HPsipWHA | G_HPsipWZ | G_HPsipWHZ |
G_HPsipWAH

| G_HPsipWHAH | G_HPsipWZH | G_HPsipWHZH | G_HPsippWW |
G_HPsipp WHWH

| G_HPsippWHW | G_Psi00ZH | G_Psi00AH | G_Psi00ZHAH

| G_PsiOpWA | G_PsiOpWHA | G_PsiOpWZ | G_PsiOpWHZ |
G_PsiOpWAH

| G_PsiOpWHAH | G_PsiOpWZH | G_PsiOpWHZH | G_PsiOppWW |
G_PsiOppWHWH

| G_PsiOppWHW | I-G_PsiOpWA | I_G_PsiOpWHA | I_G_PsiOpWZ |
1_G_PsiOpWHZ

| I-G_PsiOpWAH | I_G_PsiOpWHAH | I_G_PsiOpWZH | I_G_PsiOpWHZH

| I-G_PsiOppWW | I_G_PsiOppWHWH | I_-G_PsiOppWHW

| G_PsippZZ | G_PsippZHZH | G_PsippAZ | G_PsippAAH |
G_PsippZAH

| G_PsippWA | G_PsippWHA | G_PsippWZ | G_PsippWHZ |
G_PsippWAH

| G_PsippWHAH | G_PsippWZH | G_PsippWHZH

| G_PsiccZZ | G_-PsiccAZ | G-PsiccAAH | G_-PsiccZZH |
G_PsiccAZH

| G_PsiccZAH

| G_Hit | G_Hbb | G_Hce | G_Htautauw | G_-H3 | G_Hj
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| G_Hthth | G_Htht | G_Ethth | G_Etht | G_Ett
| G_HHtt | G_HHthth | G_HHtht
| G_PsiOtt | G_PsiObb | G_PsiOcc | G_PsiOtautau
| G_Psiltt | G_Psilbb | G_-Psilec | G-Psiltautau
| G_-Psipg3 | G_Psipg2 | G_Psipl3 | G_-PsiOtth | G_-Psiltth
| G_Psipbth | G_Ebb
| G_HGaGa | G_.HGaZ | G_EGaGa | G_-EGaZ | G_EGIGI
| Gs | I-Gs | G2
| G_.HWHW | G_HWHWH | G_.HAHAH | G_HZHZ | G_HZHAH |
G_HAHZ
| Mass of flavor | Width of flavor

Two integer counters for the QCD and EW order of the couplings.

type orders = int X int
let orders = function
| - — (0,0)

let input_parameters =
(]
let derived_parameters =

(]

let g_over_2_costh =
Quot (Neg (Atom G_weak), Prod [Const 2; Atom Costhw))

let nc_coupling c t3 q =
(Real_Array c,
[Prod [g-over_2_costh; Diff (t3, Prod [Const 2; q; Atom Sin2thw])];
Prod [g-over_2_costh; t3]])

let half = Quot (Const 1, Const 2)

let derived_parameter_arrays =
[ ne_coupling G_NC _neutrino half (Const 0);
nc-coupling G_NC _lepton (Neg half) (Const (—1));
ne-coupling G_NC _up half (Quot (Const 2, Const 3));
nc-coupling G_NC _down (Neg half) (Quot (Const (—1), Const 3));
nc-coupling G_NC _h_neutrino half (Const 0);
ne_coupling G_NC _h_lepton (Neg half) (Const (—1));
ne_coupling G_NC _h_up half (Quot (Const 2, Const 3));
ne-coupling G-NC _h_down (Neg half) (Quot (Const (—=1), Const 3))]

let parameters () =
{ input = input_parameters;
derived = derived_parameters;
derived _arrays = derived_parameter_arrays }

module F' = Modeltools. Fusions (struct
type f = flavor
type ¢ = constant
let compare = compare
let conjugate = conjugate
end)
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let mgm ((m1, g, m2), fof, ¢) = (M m1, G g, M m2), fof, ¢)

let mhm ((m1, h, m2), fof, c) (M mt, Oh, M m2) fof, ¢)

let tge ((g1, 92, ¢3), t, ¢) = ((G g1, Gg? GgS’) c)

let qgc (91, 92, g3, o4), 1, &) = (G g1, G g2. G g3, G g4), 1, )

let hgg ((h, g1, g2), coup, ¢) = ((O h, G g1, G ¢2), coup, c)

let ghh ((g, k1, h2), coup, ¢) = ((G g, O k1, O h2), coup, c)

let hhgg ((R1, h2, g1, g2), coup, ¢) = ((Ohl, Oh2, G g1, G g2), coup, c)

—
I |

let electromagnetic_currents n =
List.map mgm
[ ((L(=n), Ga, L n), FBF (1, Psibar, V, Psi), Q_lepton);
((U (=n), Ga, U n), FBF (1, Psibar, V, Psi), Q_up);
((D (=n), Ga, D n), FBF (1, Psibar, V, Psi), Q_down) |

let neutral_currents n =
List.map mgm
[ (L (—=n), Z, L n), FBF (1, Psibar, VA, Psi), G_NC_lepton);
((N (=n), Z, N n), FBF (1, Psibar, VA, Psi), G_NC_neutrino);
((U (=n), Z, U n), FBF (1, Psibar, VA, Psi), G_NC_up);
((D (=n), Z, D n), FBF (1, Psibar, VA, Psi), G_NC_down) |

The sign of this coupling is just the one of the T3, being -(1/2) for leptons and
down quarks, and +(1/2) for neutrinos and up quarks.

let neutral _heavy_currents n =
List.map mgm

([((L(=n), ZH, Ln), FBF ((-1), Psibar, VL, Psi), G_NC_heavy);
((N (=n), ZH, N n), FBF (1, Psibar, VL, Psi), G_NC_heavy);
((U (=n), ZH, U n), FBF (1, Psibar, VL, Psi), G_NC_heavy);
((D (—n), ZH, D n), FBF ((-1), Psibar, VL, Psi), G_NC_heavy)]

(if Flags.ul _gauged then
[ ((L(=n), AH, Ln), FBF (1, Psibar, VA, Psi), G_NC_h_lepton);
N (—n), AH, N n), FBF (1, Psibar, VA, Psi), G_NC_h_neutrino);
D (—n), AH, D n), FBF (1, Psibar, VA, Psi), G_NC_h_down)]

let color_currents n =
List.map mgm
[ (D (=n), GlI, D n), FBF ((-1), Psibar, V, Psi), Gs);
((U (=n), Gl, U n), FBF ((-1), Psibar, V, Psi), Gs)]

let heavy_top_currents =
List. map mgm

([ ((TopHb, Ga, TopH), FBF (1, Psibar, V, Psi), Q_up);
(TopHb, Z, TopH), FBF (1, Psibar, V, Psi), Q_-Z_up);
TopHb, Z, U 3), FBF (1, Psibar, VL, Psi), G_ZTHT);

( Z

(U (=3), Z, TopH), FBF (1, Psibar, VL, Psi), G_ZTHT);
(TopHb, ZH, U 3), FBF (1, Psibar, VL, Psi), G_ZHTHT);
(U (-3), ZH, TopH), FBF (1, Psibar, VL, Psi), G_ZHTHT);
(U (-3), Wp, D 3), FBF (1, Psibar, VL, Psi), G_CCtop);
(D (-3), Wm, U 3), FBF (1, Psibar, VL, Psi), G_CCtop);
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((TopHb, WHp, D 3), FBF (1, Psibar, VL, Psi), G_-CC_WH);,
((D (—3), WHm, TopH), FBF (1, Psibar, VL, Psi), G_CC_WH);
((TopHb, Wp, D 3), FBF (1, Psibar, VL, Psi), G_CC_W);

((D (=3), Wm, TopH), FBF (1, Psibar, VL, Psi), G_CC_W)]

(if Flags.ul _gauged then
[ ((U (-3), AH, U 3), FBF (1, Psibar, VA, Psi), G_AHTT);
((TopHb, AH, TopH), FBF (1, Psibar, VA, Psi), G_AHTHTH );
((TopHb, AH, U 3), FBF (1, Psibar, VR, Psi), G_AHTHT):
(U (=3), AH, TopH), FBF (1, Psibar, VR, Psi), G_AHTHT)]
else

()

Lo = _ﬁ Zj@mwﬁ + T W)L —95)¢ (13.46)

let charged_currents n =
List.map mgm
[ (L (=n), Wm, N n), FBF (1, Psibar, VL, Psi), G_-CC);
((N (=n), Wp, Ln), FBF (1, Psibar, VL, Psi), G_CC)
((D (—=n), Wm, U n), FBF (1, Psibar, VL, Psi), G_CC);
((U (=n), Wp, D n), FBF (1, Psibar, VL, Psi), G

let charged _heavy_currents n =
List.map mgm

([ (L (=n), WHm, N n), FBF (1, Psibar, VL, Psi), G_CC_heavy);
((N (—n), WHp, Ln), FBF (1, Psibar, VL, Psi), G_CC_heavy);
((D (=n), WHm, U n), FBF (1, Psibar, VL, Psi), G_CC_heavy);
((U (=n), WHp, D n), FBF (1, Psibar, VL, Psi), G_-CC_heavy)]
@

(if Flags.ul _gauged then

[ ((U (=n), AH, U n), FBF (1, Psibar, VA, Psi), G_NC_h_up)]
else

(1)

We specialize the third generation since there is an additional shift coming from
the admixture of the heavy top quark. The universal shift, coming from the

mixing in the non-Abelian gauge boson sector is unobservable. (Redefinition of
coupling constants by measured ones.

let yukawa =
List.map mhm
[ ((U (-3), H, U3), FBF (1, Psibar, S, Psi), G_Htt);
((D (-3), H, D 3), FBF (1, Psibar, S, Psi
((U (-2), H, U 2), FBF (1, Psibar, S, Psi), G_Hcc);
((L (-3), H, L3), FBF (1, Psibar, S, Psi), G_Htautau)]
let yukawa_add’ =
List.map mhm
[ ((TopHb, H, TopH), FBF (1, Psibar, S, Psi), G_Hthth);
((TopHb, H, U 3), FBF (1, Psibar, SLR, Psi), G_Htht);
((U (-3), H, TopH), FBF (1, Psibar, SLR, Psi), G_Htht);
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—-3), Psi0, U 3), FBF
), Psi0, D 3), FBF
)

(1, Psibar, S, Psi), G_PsiOtt);
( )
—2), Psi0, U 2), FBF (1, Psibar, S, Psi), G_Psi0cc);
1
(
(

U

D 1, Psibar, S, Psi), G_Psi0bb);
U
L (-3), Psi0, L 3), FBF (1, Psibar, S, Psi), G_PsiOtautau);
U (-3), Psz] U 3), FBF (1, Psibar, P, Psi), G_Psiltt);

D ), Psil, D 3), FBF (1, Psibar, P, Psi), G_Psilbb);

U (-2), Psil, U 2), FBF (1, Psibar, P, Psi), G_Psilcc);

L (-3), Psil, L3), FBF (1, Psibar, P, Psi), G_Psiltautau);
U (-3), Psip, D 3), FBF (1, Psibar, SLR, Psi), G_Psipq3);
U (-2), Psip, D 2), FBF (1, Psibar, SLR, Psi), G_Psipq2);
N (=3), Psip, L3), FBF (1, Psibar, SR, Psi), G_Psipl3);

D (=3), Psim, U 3), FBF (1, Psibar, SLR, Psi), G_Psipq3);
D (=2), Psim, U 2), FBF (1, Psibar, SLR, Psi), G_Psipq2);
L (-3), Psim, N 3), FBF (1, Psibar, SL, Psi), G_Psipl3);
TopHb, Psi0, U 3), FBF (1, Psibar, SL, Psi), G_PsiOtth);

U (-3), Psi0, TopH), FBF (1, Psibar, SR, Psi), G_Psi0Otth);
TopHb, Psil, U 3), FBF (1, Psibar, SL, Psi), G_Psiltth);

U (-3), Psil, TopH), FBF (1, Psibar, SR, Psi), G_Psiltth);
TopHb, Psip, D 3), FBF (1, Psibar, SL, Psi), G_Psipbth);
((D (=3), Psim, TopH), FBF (1, Psibar, SR, Psi), G_-Psipbth)]

let yukawa_-add =
if Flags.ul _gauged then
yukawa_add’
else
yukawa_add’ Q
List.map mhm
[ ((U (-3), Eta, U 3), FBF (1, Psibar, P, Psi), G_Ett);
((TopHb, Eta, U 3), FBF (1, Psibar, SLR, Psi), G_FEtht);
((D (-3), Eta, D 3), FBF (1, Psibar, P, Psi), G_Ebb);
((U (-3), Eta, TopH), FBF (1, Psibar, SLR, Psi), G_FEtht)]

Lrac = —ed, AL WE{WY + ... —ecot 0,0, Z, WWY + ... (13.47)

let standard_triple_gauge =
List.map tgc
[ ((Ga, Wm, Wp), Gauge_Gauge_-Gauge 1, I_Q_W);
((Z, Wm, Wp), Gauge_-Gauge_Gauge 1, I_G_ZWW);
((Gl, GI, Gl), Gauge_Gauge_Gauge 1, I_Gs) ]

let heavy_triple_gauge =

List.map tgc

([ (Ga, WHm, WHp), Gauge_Gauge_Gauge 1, I_Q_W);
((Z, WHm, WHp), Gauge_Gauge_Gauge 1, I_G_ZWW);
((ZH, Wm, Wp), Gauge_Gauge_Gauge 1, I_G_ZHWW);
((Z, WHm, Wp), Gauge_Gauge_Gauge 1, I_G_ZWHW );
((Z, Wm, WHp), Gauge_Gauge_Gauge (—1), I_-G_ZWHW);
((ZH, WHm, Wp), Gauge_Gauge_Gauge 1, I_G_WWW);
((ZH, Wm, WHp), Gauge_Gauge_Gauge (—1)
((ZH, WHm, WHp), Gauge-Gauge_Gauge (—1

I_G_WWW):;
), I_G_ZHWHWH))
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(if Flags.ul _gauged then
[ ((AH, Wm, Wp), Gauge_Gauge_Gauge 1, I_G_AHWW);
((AH, WHm, Wp), Gauge_Gauge_Gauge 1, I_.G_AHWHW);
((AH, Wm, WHp), Gauge_Gauge_Gauge (—1), I_.G_AHWHW);
((AH, WHm, WHp), Gauge_Gauge_Gauge 1, I_G_AHWHWH )]
else

)

let triple_gauge =
standard _triple_gauge Q heavy_triple_gauge

let gauge = Vector [(2, C_13_-42); (=1, C_12_34); (-1, C_14_23)]
let minus_gauged = Vector] [(—2, C_13_-42); (1, C_12_34); (1, C_14_23)]
let standard - quartic_gauge =
List.map qgc
[ (Wm, Wp, Wm, Wp), gaugel, G_-WWWW,

(Wm, Z, Wp, Z), minus_gauges, G_ZZWW;

(Wm, Z, Wp, Ga), minus_gauges, G_AZWW;

(Wm, Ga, Wp, Ga), minus_gaugel, G_AAWW,;

(Gl, Gl, Gl, Gl), gauge, G2]

let heavy_quartic_gauge =

List.map qgc

([ (WHm, Wp, WHm, Wp), gaugel, G_-WWWW,;
(Wm, WHp, Wm, WHp), gaugel, G_WWWW;
(WHm, WHp, WHm, WHp), gaugel, G_-WHJ;
(Wm, Wp, WHm, WHp) gauged, G_-WHWHWW;
(Wm, Wp, Wm, WHp), gauges, G_-WHWWW;
(Wm, Wp, WHm, Wp), gauges, G_-WHWWW;
(WHm, WHp, Wm, WHp), gaugel, G_WH3W;
(WHm, WHp, WHm, Wp), gauged, G_WHIW;
(WHm, Z, WHp, )7 minus_gauged, G_ZZWW;
(WHm, Z, WHp, Ga), minus_gauges, G_AZWW;
(WHm, Ga WHp, ZH), minus_gauge4, G_AAWW;
(WHm, Z, WHp, ZH), minus_gauges, G_ZZWW;
(Wm, ZH, Wp, ZH), minus_gauges, G_WWWW;
(Wm, Ga, Wp, ZH), minus_gauges, G_-WWAZH;
(Wm, Z, Wp, ZH), minus_gauged, G_-WWZZH,;
(WHm, Ga WHp, ZH), minus_gauge4, G_WHWHAZH;
(WHm, Z, WHp, ZH), minus_gauge4, G_WHWHZZH;
(WHm, ZH, WHp, ZH), minus_gauges, G_WH/;
(WHm, Z, Wp, Z), minus_gauge4, G_-WHWZZ,
(Wm, Z, WHp, Z), minus_gauge4, G_-WHWZZ,
(WHm, Ga Wp, Z), minus_gauge, G_-WHWAZ,
(Wm, Ga, WHp, Z), minus_gauge4, G_WHWAZ;
(WHm, ZH, Wp, ZH), minus_gauge4, G_-WHWZHZH;
(Wm, ZH, WHp, ZH), minus_gauge4, G_WHWZHZH;
(WHm, Ga Wp, ZH), minus_gauged, G_WHWAZH;
(Wm, Ga, WHp, ZH), minus_gauge4, G_-WHWAZH;
(WHm, Z, Wp, ZH), minus_gaugel, G_-WHWZZH;
(Wm, Z, WHp, ZH), minus_gauges, G_WHWZZH|
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@
(if Flags.ul _gauged then
[ (Wm, Ga, Wp, AH), minus_gauges, G_WWAAH,

(Wm, Z, Wp, AH), minus_gauges, G_-WWZAH,;
(WHm, Ga, WHp, AH), minus_gaugel, G- WHWHAAH;
(WHm, Z, WHp, AH), minus_gauged, G_-WHWHZAH,
(Wm, ZH, Wp, AH), minus_gauges, G-WWZHAH;
(WHm, ZH, WHp, AH), minus_gaugel, G_WHWHZHAH,
(WHm, Ga, Wp, AH), minus_gauged, G_WHWAAH,
(Wm, Ga, WHp, AH), minus_gauged, G_WHWAAH,
(WHm, Z, Wp, AH), minus_gauge4, G_WHWZAH,
(Wm, Z, WHp, AH), minus_gauge4, G_WHWZAH,
(WHm, ZH, Wp, AH), minus_gauge, G_WHWZHAH;
(Wm, ZH, WHp, AH), minus_gauge4, G_-WHWZHAH)

else

(1)

let quartic_gauge =
standard _quartic_gauge Q heavy_quartic_gauge

let standard -gauge_higgs’ =
List.map hgg
[ (H, Wp, Wm), Scalar_Vector_Vector 1, G_HWW);
((H, Z, Z), Scalar_Vector_Vector 1, G_HZZ) ]

let heavy_gauge_higgs =
List.map hgg
([ ((H, Wp, WHm), Scalar_Vector_Vector 1, G_HWHW );
((H, WHp, Wm), Scalar_Vector_Vector 1, G_.HWHW );
((H, WHp, WHm), Scalar_Vector_Vector 1, G_HWHWH);
((H, ZH, ZH), Scalar_Vector_Vector 1, G_.HWHWH);
((H, ZH, Z), Scalar_Vector_Vector 1, G_HZHZ);
((H, Wp, Wm), Scalar_Vector_Vector 1, G_-HZHAH )]
@
(if Flags.ul _gauged then
[((H, AH, AH), Scalar_Vector_Vector 1, G_HAHAH);
((H, Z, AH), Scalar_Vector_Vector 1, G_-HAHZ)]

else

(1)

let triplet_gauge_higgs =

List.map hgg

([ ((Psi0, Wp, Wm), Scalar-Vector_Vector 1, G_PsiWW);
(Psi0, WHp, WHm), Scalar-Vector_Vector (—1), G_PsiWW);
(Psi0, WHp, Wm), Scalar_Vector_Vector 1, G_PsiWHW);
(Psi0, WHm, Wp), Scalar_Vector_Vector 1, G_PsiWHW);
(Psi0, Z, Z), Scalar_Vector_Vector 1, G_PsiZZ);
(Psi0, ZH, ZH), Scalar_Vector_Vector 1, G_PsiZHZH);
(Psi0, ZH, Z), Scalar_Vector_Vector 1, G_PsiZHZ);
(Psim, Wp, Z), Scalar_Vector_Vector 1, G_PsiZW);
(Psip, Wm, Z), Scalar_Vector_Vector 1, G_PsiZW);
(Psim, WHp, Z), Scalar_Vector_Vector 1, G_PsiZWH);

298



Implementation of Modellib_ BSM

((Psip, WHm, Z), Scalar-Vector_Vector 1, G_PsiZWH);,
((Psim, Wp, ZH), Scalar_Vector_Vector 1, G_PsiZHW );
((Psip, Wm, ZH), Scalar_Vector_Vector 1, G_PsiZHW );
((Psim, WHp, ZH), Scalar_Vector_Vector 1, G_PsiZHWH);
((Psip, WHm, ZH), Scalar_Vector_Vector 1, G_PsiZHWH);
((Psimm, Wp, Wp), Scalar_Vector_Vector 1, G_PsippWW);
((Psipp, Wm, Wm), Scalar_Vector_Vector 1, G_PsippWW);
((Pstimm, WHp, Wp), Scalar_Vector_Vector 1, G_Psipp WHW );
((Psipp, WHm, Wm), Scalar- Vector_Vector 1, G_PsippWHW);
((Psimm, WHp, WHp), Scalar_ Vector_ Vectorl G_PsippWHWH );
((Psipp, WHm, WHm), Scalar_Vector_Vector 1, G_Psipp WHWH )]
@
(if Flags.ul _gauged then
[((Psi0, AH, Z), Scalar-Vector_Vector 1, G_PsiZAH);
((Psi0, AH, ZH), Scalar_Vector_Vector 1, G_PsiZHAH);
((Psi0, AH, AH), Scalar_Vector_Vector 1, G_PsiAHAH);
((Psim, Wp, AH), Scalar_Vector_Vector 1, G_PsiAHW);
((Psip, Wm, AH), Scalar_Vector_Vector 1, G_PsiAHW);
((Psim, WHp, AH), Scalar_Vector_Vector 1, G_PsiAHWH);
((Psip, WHm, AH), Scalar_Vector_Vector 17 G_PsiAHWH))

else

(1)

let triplet_gauge2 _higgs =

List.map ghh

([ ((Wp, H, Psim), Vector_Scalar_Scalar 1, G_PsiHW);
((Wm, H, Psip), Vector_Scalar_Scalar 1, G_PsiHW);
((WHp, H Psim), Vector_Scalar_Scalar 1, G_PsiHWH );
((WHm, H Psip), Vector_Scalar_Scalar 1, G_PsiHWH );
((Wp, Psi0, Psim), Vector_Scalar_Scalar 1, G_Psi0W);
((Wm, PszO Psip), Vector_Scalar_Scalar 1, G_Psi0W);
((WHp, Psi0, Psim), Vector_Scalar_Scalar 1, G_Psi0WH );
((WHm, PszO Psip), Vector_Scalar_Scalar 1, G_Psi0OWH);
((Wp, Psil, Psim), Vector_Scalar_Scalar 1, G_PsilW);
((Wm, Pszl Psip), Vector_Scalar_Scalar (—1), G_PsilW);
((WHp, Psz] Psim), Vector_Scalar_Scalar 1, G_PsilWH);
((WHm, Pszl Psip), Vector_Scalar_Scalar (—1), G_PsilWH);
((Wp, Psip, Pszmm), Vector_Scalar_Scalar 1, G_PsiPPW);
((Wm, Psim, Psipp), Vector_Scalar_Scalar 1, G_PsiPPW);
((WHp, Pszp, Psimm), Vector_Scalar_Scalar 1, G_PsiPPWH);
((WHm, Psim, Psipp), Vector_Scalar_Scalar 1, G_PsiPPWH);
((Ga, Psip, Pszm), Vector _Scalar_Scalar 1, Q_lepton);
((Ga, Psipp, Psimm), Vector_Scalar_Scalar 2, Q_lepton);
((z, H Psil), Vector_Scalar_Scalar 1, G_PsilHZ);
((ZH, H, Psil), Vector_Scalar_Scalar 1, G_PsilHZH);
((Z, Psi0, Psil), Vector_Scalar_Scalar 1, G_Psi017);
((ZH, Psi0, Psil), Vector_Scalar_Scalar 1, G_Psi01ZH);
((Z, Psip, Pszm) Vector _Scalar_Scalar 1, G_ZPsip);
((Z, Psipp, Psimm), Vector_Scalar_Scalar 2, G_ZPsipp);
((ZH, Psipp, Psimm), Vector_Scalar_Scalar 2, G_ZHPsipp)]
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@
(if Flags.ul _gauged then
[(((AH, H, Psil), Vector_Scalar_Scalar 1, G_PsilHAH);
((AH, Psi0, Psil), Vector_Scalar_Scalar 1, G_Psi01AH);
((AH, Psip, Psim), Vector_Scalar_Scalar 1, G_AHPsip);
((AH, Psipp, Psimm), Vector_Scalar_Scalar 2, G_AHPsip)]

else []))

let standard_gauge_higgs =
standard_gauge_higgs’ Q heavy_gauge_higgs Q triplet_gauge_higgs Q@
triplet _gauge?2 _higgs

let standard_gauge_higgs4 =
List.map hhgg
[(H, H, Wp, Wm), Scalar2_Vector2 1, G_.HHWW;
(H, H, Z, Z), Scalar2_Vector2 1, G_HHZZ |

let littlest_gauge_higgsd =
List.map hhgg
([(H, H, WHp, WHm), Scalar2_Vector2 (—1), G_.HHWW,
(H, H, ZH, ZH), Scalar2_Vector2 (—1), G_HHWW,
, H, Wp, WHm), Scalar2_Vector2 1, G_HHWHW,
, H, WHp, Wm), Scalar2_Vector2 1, G_HHWHW,
, H, ZH, 7Z), Scalar2_Vector?2 (—1), G_HHZHZ,
, Psi0, Wp, Wm), Scalar2_Vector2 1, G_HPsi0WW;
, Psi0, WHp, WHm), Scalar2_Vector2 (—1), G_HPsi0OWW,
, Psi0, WHp, Wm), Scalar2_Vector2 1, G_HPsi0OWHW ;
, Psi0, Wp, WHm), Scalar2_Vector2 1, G_HPsiOWHW;
, Psi0, Z, Z), Scalar2_Vector2 1, G_HPsi0ZZ;
, Psi0, ZH, ZH), Scalar2_Vector2 1, G_HPsi0ZHZH
, Psi0, ZH, Z), Scalar2_Vector2 1, G_HPsi0ZHZ,
, Psim, Wp, Ga), Scalar2_Vector2 1, G_HPsipWA;
, Psip, Wm, Ga), Scalar2_Vector2 1, G_HPsipWA;
, Psim, WHp, Ga), Scalar2_Vector2 1, G_HPsipWHA,
, Psip, WHm, Ga), Scalar2_Vector2 1, G_HPsipWHA,
, Psim, Wp, Z), Scalar2_Vector2 1, G_HPsipWZ;
, Psip, Wm, Z), Scalar2_Vector2 1, G_HPsipWZ;
, Psim, WHp, Z), Scalar2_Vector2 1, G_-HPsipWHZ,
, Psip, WHm, Z), Scalar2_Vector2 1, G_HPsipWHZ,
),
)

=

, Psim, Wp, ZH), Scalar2_Vector2 1, G_HPsipWZH,;

, Psip, Wm, ZH), Scalar2_Vector2 1, G_HPsipWZH,

, Psim, WHp, ZH), Scalar2_Vector2 1, G_HPsipWHZH;

, Psip, WHm, ZH), Scalar2_Vector2 1, G_-HPsipWHZH;

, Psimm, Wp, Wp), Scalar2_Vector2 1, G_HPsippWW,;

, Psipp, Wm, Wm), Scalar2_Vector2 1, G_HPsippWW;

, Psimm, WHp, WHp), Scalar2_Vector2 1, G_HPsipp WHWH;;
, Psipp, WHm, WHm), Scalar2_Vector2 1, G_HPsipp WHWH;;
, Psimm, WHp, Wp), Scalar2_Vector2 1, G_HPsippWHW,

, Psipp, WHm, Wm), Scalar2_Vector2 1, G_HPsippWHW;

PszO Psi0, Wp, Wm), Scalar2_Vector2 2, G_HHWW,

Psi0, Psi0, WHp, WHm), Scalar2_Vector2 (—2), G_.HHWW,
Psi0, Psi0, Z, Z), Scalar2_Vector2 4, G_HHZZ,

::::mmm::::mmmmm:cmmm::::mmm:::qmmmm
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Psi0, Psi0, ZH, ZH), Scalar2_Vector2 1, G_Psi00ZH,;

Psi0, Psi0, WHp, Wm), Scalar2_Vector2 2, G_HHWHW

Psi0, Psi0, Wp, WHm), Scalar2_Vector2 2, G_HHWHW

Psi0, Psi0, Z, ZH), Scalar2_Vector2 4, G_HHZHZ,

Psi0, Psim, Wp, Ga), Scalar2_Vector2 1, G_PsiOpWA;

Psi0, Psip, Wm, Ga), Scalar2_Vector2 1, G_PsiOp WA,

Psi0, Psim, WHp, Ga), Scalar2_Vector2 1, G_Psi0p WHA;
Psi0, Psip, WHm, Ga), Scalar2_Vector2 1, G_PsiOp WHA;
Psi0, Psim, Wp, Z), Scalar2_Vector2 1, G_PsiOpWZ,

Psi0, Psip, Wm, Z), Scalar2_Vector2 1, G_PsiOpWZ,

Psi0, Psim, WHp, Z), Scalar2_Vector2 1, G_PsiOpWHZ,

Psi0, Psip, WHm, Z), Scalar2_Vector2 1, G_PsiOpWHZ,

Psi0, Psim, Wp, ZH), Scalar2_Vector2 1, G_PsiOpWZH,

Psi0, Psip, Wm, ZH), Scalar2_Vector2 1, G_PsiOpWZH,

Psi0, Psim, WHp, ZH), Scalar2_Vector2 1, G_Psi0pWHZH;
Psi0, Psip, WHm, ZH), Scalar2_Vector2 1, G_Psi0pWHZH;;
Psi0, Psimm, Wp, Wp), Scalar2_Vector2 1, G_PsiOppWW,
Psi0, Psipp, Wm, Wm), Scalar2_Vector2 1, G_PsiOppWW,
Psi0, Psimm, WHp, WHp), Scalar2_Vector2 1, G_PsiOpp WHWH,
Psi0, Psipp, WHm, WHm), Scalar2_Vector2 1, G_PsiOppWHWH;
Psi0, Psimm, WHp, Wp), Scalar2_Vector2 1, G_PsiOppWHW ;
Psi0, Psipp, WHm, Wm), Scalar2_Vector2 1, G_PsiOppWHW
Psil, Psil, Wp, Wm), Scalar2_Vector2 2, G_.HHWW;

Psil, Psil, WHp, WHm), Scalar2_Vector2 (—2), G_.HHWW,
Psil, Psil, Z, Z), Scalar2_Vector2 4, G_-HHZZ,

Psil, ZH, ZH), Scalar2_Vector2 1, G_Psi00ZH;

Psil, Psil, WHp, Wm), Scalar2_Vector2 2, G_.HHWHW,

Psil, Psil, Wp, WHm), Scalar2_Vector2 2, G_.HHWHW,

Psil, Psil, Z, ZH), Scalar2_Vector2 4, G_HHZHZ,

Psil, Psim, Wp, Ga), Scalar2_Vector2 1, I_G_PsiOpWA;

Psil, Psip, Wm, Ga), Scalar2_Vector2 (—1), I-G_PsiOpWA;
Psil, Psim, WHp, Ga), Scalar2_Vector2 1, I1_G_PsiOpWHA;
Psil, Psip, WHm, Ga), Scalar2_Vector2 (—1), I-G_PsiOpWHA;
Psil, Psim, Wp, Z), Scalar2_Vector2 1, I_G_PsiOpWZ;

Psil, Psip, Wm, Z), Scalar2_Vector2 (—1), I-G_PsiOpWZ,
Psil, Psim, WHp, Z), Scalar2_Vector2 1, I_G_PsiOpWHZ,
Psip, WHm, Z), Scalar2_Vector2 (—1), I-G_PsiOpWHZ,
Psil, Psim, Wp, ZH), Scalar2_Vector2 1, I_G_PsiOpWZH,
Psil, Psip, Wm, ZH), Scalar2_Vector2 (—1), I_G_PsiOpWZH;
Psil, Psim, WHp, ZH), Scalar2_Vector2 1, I_G_PsiOpWHZH,
Psil, Psip, WHm, ZH), Scalar2_Vector2 (—1), I-G_PsiOpWHZH,
Psimm, Wp, Wp), Scalar2_Vector2 1, I_G_PsiOppWW,
Psil, Psipp, Wm, Wm), Scalar2_Vector2 (1), I-G_PsiOppWW,
Psil, Psimm, WHp, WHp), Scalar2_Vector2 1, I_G_PsiOpp WHWH,;
Psil, Psipp, WHm, WHm), Scalar2_Vector2 (—1), I_-G_PsiOpp WHWH,;
Psi1, Psimm, WHp, Wp), Scalar2_Vector2 1, I_G_PsiOpp WHW
Psil, Psipp, WHm, Wm), Scalar2_Vector2 (—1), I-G_PsiOppWHW
Psip, Psim, Wp, Wm), Scalar2_Vector2 4, G_.HHWW;

Psip, Psim, WHp, WHm), Scalar2_Vector2 1, G_Psi00ZH;
Psip, Psim, WHp, Wm), Scalar2_Vector2 4, G_HHWHW;
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(
(
(
(
(
(
(

@

Psim, Wp, WHm), Scalar2_Vector2 4, G_.HHWHW;
Psim, Z, Z), Scalar2_Vector2 1, G_PsippZZ,

Psim, Ga, Ga), Scalar2_Vector2 2, G_AAWW,

Psim, ZH, ZH), Scalar2_Vector2 1, G_PsippZHZH,;
Psim, Ga, Z), Scalar2_Vector2 4, G_PsippAZ;

Psimm, Wp, Ga), Scalar2_Vector2 1, G_Psipp WA,
Psipp, Wm, Ga), Scalar2_Vector2 1, G_PsippWA;
Psimm, WHp, Ga), Scalar2_Vector2 1, G_PsippWHA;
Psipp, WHm, Ga), Scalar2_Vector2 1, G_PsippWHA;
Psimm, Wp, Z), Scalar2_Vector2 1, G_PsippWZ;
Psipp, Wm, Z), Scalar2_Vector2 1, G_PsippWZ;
Psimm, WHp, Z), Scalar2_Vector2 1, G_PsippWHZ;
Psipp, WHm, Z), Scalar2_Vector2 1, G_PsippWHZ;
Psimm, Wp, ZH), Scalar2_Vector2 1, G_PsippWZH;
Psipp, Wm, ZH), Scalar2_Vector2 1, G_PsippWZH,;
Psimm, WHp, ZH), Scalar2_Vector2 1, G_PsippWHZH,;
Psipp, WHm, ZH), Scalar2_Vector2 1, G_PsippWHZH;
Psimm, Wp, Wm), Scalar2_Vector?2 2, G_.HHWW,
Psimm, WHp, WHm), Scalar2_Vector2 (—2), G_.HHWW,
Psimm, WHp, Wm), Scalar2_Vector2 2, G_.HHWHW,
Psimm, Wp, WHm), Scalar2_Vector2 2, G_.HHWHW
Psimm, Z, Z), Scalar2_Vector2 1, G_PsiccZZ,
Psimm, Ga, Ga), Scalar2_Vector2 8, G_AAWW,
Psimm, ZH, ZH), Scalar2_Vector2 1, G_Psi00ZH;
Psimm, Ga, Z), Scalar2_Vector2 1, G_PsiccAZ;
Psimm, Z, ZH), Scalar2_Vector2 4, G_PsiccZZH;
Psimm, Ga, ZH), Scalar2_Vector2 4, G_PsiccAZH]

(if Flags.ul _gauged then

[(H,
(H,

TR EE R TS

H, AH, AH), Scalar2_Vector2 1, G_HHAA;

H, AH, Z), Scalar2_Vector? (—1), G_-HHAHZ;

H, ZH, AH), Scalar2_Vector2 (—1), G_.HHZHAH,
Psi0, AH, AH), Scalar2_Vector2 1, G_HPsi0AHAH;
Psi0, Z, AH), Scalar?_Vector2 1, G_HPsi0ZAH,
Psi0, ZH, AH), Scalar2_Vector2 1, G_HPsi0ZHAH;
Psim, Wp, AH), Scalar2_Vector2 1, G_HPsipWAH,;
Psip, Wm, AH), Scalar2_Vector2 1, G_HPsipWAH,;
Psim, WHp, AH), Scalar2_Vector2 1, G_HPsipWHAH;
Psip, WHm, AH), Scalar2_Vector2 1, G_HPsipWHAH;

Psi0, Psi0, AH, AH), Scalar2_Vector2 1, G_Psi00AH;

Psi0, Psi0, AH, ZH), Scalar2_Vector2 1, G_Psi00ZHAH;
Psi0, Psim, Wp, AH), Scalar2_Vector2 1, G_PsiOpWAH;
Psi0, Psip, Wm, AH), Scalar2_Vector2 1, G_PsiOpWAH,
Psi0, Psim, WHp, AH), Scalar2_Vector2 1, G_PsiOpWHAH,
Psi0, Psip, WHm, AH), Scalar2_Vector2 1, G_PsiOpWHAH;;
Psil, Psil, AH, AH), Scalar2_Vector2 1, G_Psi00AH;

Psil, Z, AH), Scalar2_Vector2 4, G_HHAHZ,

Psil, Psil, AH, ZH), Scalar2_Vector2 1, G_Psi00ZHAH;
Psil, Psim, Wp, AH), Scalar2_Vector2 1, I_G_PsiOpWAH;

(
(
(
(
(
(
(
E
(Psi0, Psi0, Z, AH), Scalar2_Vector2 4, G_HHAHZ;
(
(
(
(
(
(
(
(
(
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(Psil, Psip, Wm, AH), Scalar2_Vector2 (—1), I-G_PsiOpWAH;
(Psil, Psim, WHp, AH), Scalar2_Vector2 1, I_G_Psi0pWHAH;
(Psil, Psip, WHm, AH), Scalar2_Vector2 (—1), I_G_PsiOpWHAH;
(Psip, Psim, AH, AH), Scalar2_Vector2 1, G_Psi00AH;

(Psip, Psim, Ga, AH), Scalar2_Vector2 4, G_PsippAAH,;
(Psip, Psim, Z, AH) Scalar2_Vector2 4, G_PsippZAH,

(Psip, Pszmm Wp7 AH), Scalar2_Vector2 1, G_PsippWAH;;
(Psim, Psipp, Wm, AH), Scalar2_Vector2 1, G_PsippWAH;
(Psip, Psimm, WHp, AH), Scalar2_Vector2 1, G_PsippWHAH ;
(Psim, Psipp, WHm, AH), Scalar2_Vector2 1, G_PsippWHAH ;
(Psipp, Psimm, AH, AH), Scalar2_Vector2 1, G_Psi00AH;
(Psipp, Psimm, AH, ZH), Scalar2_Vector2 (—1), G_Psi00ZHAH;
(Psipp, Psimm, Ga, AH), Scalar2_Vector2 4, G_PsiccAAH;
(Psipp, Psimm, Z, AH), Scalar2_Vector2 4, G_PsiccZAH)

else []))

let standard_-higgs =
[(O H, O H, OH), Scalar_Scalar_Scalar 1, G_H3 |

let anomaly_higgs =
List.map hgg
[ (Eta, Gl, Gl), Dimb5_Scalar_Gauge2_Skew 1, G_EGIGI;
(Eta, Ga, Ga), Dim5_Scalar_-Gauge2_Skew 1, G_EGaGa;
(Eta, Ga, Z), Dim5 _Scalar_Gauge2_Skew 1, G_EGaZ]
(*x@Q (H, Ga, Ga), Dimb5_Scalar_Gauge2 1, G_HGaGa; (H, Ga, Z), Dim5_Scalar_Gauge2 1, G_HGaZ
%)
let standard_higgs4 =
[(OH, OH, OH, OH), Scalarf 1, G_H/ ]

let gauge_higgs =
standard - gauge_higgs

let gauge_higgs4y =
standard _gauge _higgs4

let higgs =
standard _higgs

let higgs4 =
standard_higgs4

let top_quartic =

[((M (U (-3)), OH, OH, M (U 3)), GBBG (1, Psibar, S2, Psi), G_HHit);
((M (TopHb), O H, O H, M TopH), GBBG (1, Psibar, S2, Psi), G_HHthth);
(M (U (=3)), O H, O H, M TopH), GBBG (1, Psibar, S2LR, Psi), G_HHtht):
((M (TopHb), O H, O H, M (U 3)), GBBG (1, Psibar, S2LR, Psi), G_HHtht)]

let goldstone_vertices =
List.map hgg
[ ((Phi0, Wm, Wp), Scalar_Vector_Vector 1, I_G_ZWW);,
((Phip, Ga, Wm), Scalar_Vector_Vector 1, I_Q_-W);
((Phip, Z, Wm), Scalar_Vector_Vector 1, I_G_ZWW);
((Phim, Wp, Ga), Scalar-Vector_Vector 1, I_Q_-W);
((Phim, Wp, Z), Scalar_Vector_Vector 1, I_.G_ZWW) |
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let vertices3 =
(ThoList.flatmap electromagnetic_currents [1;2;3] Q
ThoList.flatmap color_currents [1;2;3] @
ThoList.flatmap neutral-currents [1;2;3] @
ThoList.flatmap neutral _heavy_currents [1;2;3] @
ThoList.flatmap charged_currents [1;2;3] @
ThoList.flatmap charged _heavy_currents [1;2;3] @
heavy_top_currents @
(if Flags.ul _gauged then []
else anomaly_higgs) @
yukawa Q yukawa-add Q triple_gauge Q
gauge_higgs Q higgs @ goldstone_vertices)

let vertices{ =
quartic_gauge Q gauge_higgs{ Q higgs4 Q top_quartic

let vertices () = (vertices3, vertices, [])
For efficiency, make sure that F.of _vertices vertices is evaluated only once.

let table = F.of _vertices (vertices ())
let fuse2 = F.fuse2 table

let fuse3 = F.fuse3 table

let fuse = F.fuse table

let maz_degree () = 4

let flavor_of _string = function

"e-" — M (L1) | "e+" — M (L (-1))

"mu-" — M (L2) | "mu+" — M (L (-2))
"tau-" — M (L 3) | "tau+" — M (L (-3))
"nue" — M (N 1) | "nuebar" — M (N (-1))
"numu" — M (N 2) | "numubar" — M (N (—2))
3) | "nutaubar" — M (N (-3))

"nutau" — M (N

"w" - M (U 1) | "ubar" — M (U (-1))
"e" - M (U 2) | "cbar" — M (U (-2))
"t" — M (U 3) | "tbar" — M (U (-3))
"g" - M (D 1) | "dbar" — M (D (-1))
"s" - M (D 2) | "sbar" — M (D (-2))
"b" — M (D 3) | "bbar" — M (D (-3))
"th" — M TopH | "thbar" — M TopHb

| "gl" —» G GI

"A" = G Ga | "z"| "20" = G Z

"AH" | "AHO" | "Ah" | "AhO" — G AH

n7H" | "7ZHO" | nzH" | "7Zho" — G ZH

W G Wp | "W = G Wm

"WH+" — G WHp | "WH-" — G WHm

"H' | "h" — O H | "eta" | "Eta" — O Eta
"Psi" | "PsiO" | "psi" | "psi0O" — O Psi0
"Psil" | "psil" — O Psil

"Psi+" | "psi+" | "Psip" | "psip" — O Psip

|
|
|
|
|
|
|
|
|
|
|
|
|
| ngu
}
|
|
|
|
|
|
|
|
|
|

"Pgi-" | "psi-"| "Psim" | "psim" — O Psim
"Pgi++" ‘ llpsi++ll | "PSipp" | "PSipp" — 0 PSpr
"Psi--"| "psi--"| "Psimm" | "psimm" — O Psimm

304



Implementation of Modellib_ BSM

| - — idnvalid_arg "Modellib_BSM.Littlest.flavor_of_string"

let flavor_to_string = function
| M f —

begin match f with
| L1 — "e-"| L(-1) — "e+"
| L2 - "mu-"| L (-2) — "mu+"
| L3 — "tau-"| L(-3) — "tau+"
| L_ — invalid_arg "Modellib_BSM.Littlest.flavor_to_string"
| N1 — "nue" | N (—1) — "nuebar"
| N2 — "numu" | N (—2) — "numubar"
| N3 — "nutau" | N (—3) — "nutaubar"
| N _ — invalid_arg "Modellib_BSM.Littlest.flavor_to_string"

| U1 - "u"| U (-1) — "ubar"
| U2 — "¢"| U (-2) — "cbar"
| U3 — "t"| U (-3) — "tbar"
| U~ — invalid_arg "Modellib_BSM.Littlest.flavor_to_string"
| D1 — "d"| D (-1) — "dbar"
| D2 — "s"| D (—-2) — "sbar"
| D3 - "b"| D (—3) — "bbar"
| D_ — invalid_-arg "Modellib_BSM.Littlest.flavor_to_string"
| TopH — "th" | TopHb — "thbar"
end
| Gf —
begin match f with
| GI — "g"

| Ga — "A" | Z — "Z"
| Wp — "w+" | Wm — "w-"
| ZH — "ZH"| AH — "AH"| WHp — "WHp"| WHm — "WHm"
end
| Of —
begin match f with
| Phip — "phi+"| Phim — "phi-"| Phi0 — "phiQO"
| H — "H" | Eta — "Eta"
| Psi0 — "PSiO"| Psil — "Psil"| Psip — "Psi+"
| Psim — "Psi-"| Psipp — "Psi++" | Psimm — "Psi--"
end

let flavor_to_TeX = function

| M f —
begin match f with
| Ll — |ve'~_n| L(—l) —y MgT4n
| L2 — "\\mu"-"| L (-2) — "\\mu"+"
| L3 — "\\tau™-"| L (—3) — "\\tau +"
| L_ — invalid_arg "Modellib_BSM.Littlest.flavor_to_TeX"
| N1 — "\\nu_e" | N (=1) — "\\bar{\\nu}_e"
| N2 = "\\nu_\\mu" | N (-=2) — "\\bar{\\nu}_\\mu"
| N3 — "\\nu_\\tau" | N (=3) — "\\bar{\\nu}_\\tau"
| N - — invalid_arg "Modellib_BSM.Littlest.flavor_to_TeX"
| U1 — "u"| U (-1) — "\\bar{u}"
| U2 — "e"| U (-2) = "\\bar{c}"
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| U3 — "t"| U (=3) — "\\bar{t}"
| U _ — invalid_arg "Modellib_BSM.Littlest.flavor_to_TeX"
| D1 — "d" | D (-1) — "\\bar{d}"
| D2 — "s"| D (-2) — "\\bar{s}"
| D3 — "b"| D (-3) — "\\bar{b}"
| D _ — invalid_arg "Modellib_BSM.Littlest.flavor_to_TeX"
| TopH — "T" | TopHb — "\\bar{T}"
end
| Gf —
begin match f with
| GI — "g"

| Ga — "\\gamma" | Z — "Z"

| Wp — "W +"| Wm — "W -"

| ZH — "Z_H" | AH — "\\gamma_H" | WHp — "W_H +" |
WHm — "W_H"-"

end
| Of —
begin match f with
| Phip — "\\Phi~+" | Phim — "\\Phi~-" | Phi0 —
"\\Phi”O"
| H — "H" | Eta — "\\eta"
| Psi0 — "\\Psi_S" | Psil — "\\Psi_P"| Psip — "\\Psi +"
| Psim — "\\Psi~-"| Psipp — "\\Psi~{++}" | Psimm —
"\\Psi~{--}"
end
let flavor_symbol = function
| M f —

begin match f with

| Lnwhenn > 0 — "1" " string_of _int n
| Ln — "1" " string-of —int (abs n) = "b"

| Nnwhenn > 0 — "n" " string_of —int n
| Nn — "n" " string_of —int (abs n) ~ "b"

| Unwhenn > 0 — "u" " string_of _int n
| Un — "u" " string_of _int (abs n) = "b"

| Dnwhenn > 0 — "d" " string-of —int n
| Dn — "d" " string_of _int (abs n) ~ "b"

| TopH — "th" | TopHb — "thb"

end

| Gf —
begin match f with
| GI — "gl"

| Ga — "a" | Z — "z"
| Wp — "wp"| Wm — "wn"
| ZH — "zh"| AH — "ah"| WHp — "whp"| WHm — "whm"
end
| Of —
begin match f with
| Phip — "pp" | Phim — "pm" | Phi0 — "pO"
| H — "h" | Eta — "eta"
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| Psi0 — "psiO" | Psil — "psil" | Psip — "psip"
| Psim — "psim" | Psipp — "psipp" | Psimm — "psimm"
end

There are PDG numbers for Z’, Z”, W’, 32-34, respectively. We just introduce a
number 38 for YO as a Z”’. As well, there is the number 8 for a t’. But we cheat
a little bit and take the number 35 which is reserved for a heavy scalar Higgs
for the Eta scalar. For the heavy Higgs states we take 35 and 36 for the neutral
ones, 37 for the charged and 38 for the doubly-charged. The pseudoscalar gets
the 39.

let pdg = function
| M f —
begin match f with
| Lnwhenn >0 — 9 4+ 2xn
| Ln - — 9+ 2xn
| Nnwhenn >0 — 10 + 2xn
| Nn - — 10 + 2xn
| Unwhenn > 0 — 2xn
| Un — 2xn
| Dnwhenn >0 - — 1+ 2xn
| Dn - 1 + 2xn
| TopH — 8 | TopHb — (—8)
end
| Gf —
begin match f with
| GI — 21
| Ga — 22 | Z — 23
| Wp — 24 | Wm — (—24)
| AH — 32 | ZH — 33 | WHp — 34 | WHm — (—34)
end
| Of —
begin match f with
| Phip | Phim — 27 | Phi0 — 26
| Psi0 — 35 | Psil — 36 | Psip — 37 | Psim — (—37)
| Psipp — 38 | Psimm — (—38)
| H — 25 | Eta — 39
end

let mass_symbol f =
"mass (" * string_of _int (abs (pdg f)) = ")"

let width_symbol f =
"width(" * string_of —int (abs (pdg f)) =~ ")"

let constant_symbol = function

| Unit — "unit" | Pi — "PI"| VHeavy — "vheavy"

| Alpha_QED — "alpha" | E — "e"| G_weak — "g"| Vev —
Hvevll

| Sin2thw — "sin2thw" | Sinthw — “"sinthw" | Costhw —
"costhw"

| Sinpsi — "sinpsi" | Cospsi — "cospsi"

| Atpsi — "atpsi"| Seccs — "sccs"
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Supp — "vF" | Supp2 — "v2F2"

|

| Q-lepton — "qlep" | Q-up — "qup" | Q-down — "qdwn"

| Q-Z_up — "qzup"

| G_ZHTHT — "gzhtht" | G_ZTHT — "gzhtht"

| G_LAHTHTH — "gahthth" | G_AHTHT — "gahtht" | G_AHTT —
"gahtt"

| G_NC_lepton — "gnclep" | G_NC_neutrino — "gncneu"

| G_LNC_up — "gncup" | G_NC_down — "gncdwn"

| G-CC — n"gecc" | G-CCtop — ‘"gcctop" | G-CC_heavy —
"gcch"

| G_.CC_-WH — "gccwh" | G_-CC_-W — "gccu"

| G_NC_h_lepton — "gnchlep" | G_NC_h_neutrino — "gnchneu"

| G_NC_h_up — "gnchup" | G_NC_h_down — "gnchdwn"

| G_NC.- he(wy — "gnch"

| 1-Q-W "iqu" | I-G_ZWW — ‘igzww" | I_.G_-WWW —
"igwww"

| I_.G_AHWW — "igahww" | I_.G_ZHWW — "igzhww"| [_.G_ZWHW —
"igzwhw"

| I_.G_AHWHWH — "“igahwhwh" | [_.G_ZHWHWH — "igzhwhwh"

| I-G_AHWHW — "igahwhw"

| I-Q_-H — "igh"

| G_-WWWW — "gud" | G_-ZZWW — "gzzuw"

| GLAZWW — "gazwu" | G_AAWW — "gaaww"

| G.WH/, — "gwhd"| G_.WHWHWW — "gwhwhww" | G_-WHWWW —
"gwhwww"

| G_-WHSW — "gwh3uw"

| G_-WWAAH — "guwaah" | G_-WWAZH — "guwazh"| G_-WWZZH —
"gwwzzh"

| G_.WWZAH — "gwwzah" | G_.WHWHAAH — "gwhwhaah"

| G_.WHWHAZH — "gwhwhazh"| G_WHWHZZH — "gwhwhzzh"

| G_-WHWHZAH — "gwhwhzah"

| G-WWZHAH — ‘“"guwzhah" | G_.WHWHZHAH — "gwhwhzhah"

| G_-WHWZZ — “"gwhwzz" | G_-WHWAZ — "gwhwaz"

| G_.WHWAAH — "gwhwaah" | G_WHWZAH — "gwhwzah"

| G_.WHWZHZH — ‘"gwhwzhzh" | G_WHWZHAH — "gwhwzhah"

| G_-WHWAZH — ‘“gwhwazh" | G_.WHWZZH — "gwhwzzh"

| G_.HWW — '"ghww" | G_HZZ — "ghzz"

| G.HHWW — "ghhww" | G_HHZZ — "ghhzz"

| G_.HWHW — "ghwhw" | G_HWHWH — "ghwhwh"| G_HAHAH —
"ghahah"

| G_.HZHZ — "ghzhz" | G_HZHAH — "ghzhah"

| G_.HAHZ — "ghahz"

| G_Hit — "ghtt"| G_Hbb — "ghbb"

| G_-Htautau — "ghtautau" | G_Hec — "ghcc"

| G_Hthth — "ghthth" | G_Htht — "ghtht"

| G_HHtt — "ghhtt" | G_HHthth — "ghhthth" | G_HHtht —
"ghhtht"

| G_PsiOtt — "gpsiOtt" | G_Psi0bb — "gpsiObb"

| G_PsiOcc — "gpsiOcc" | G_PsiOtautau — "gpsiOtautau"

| G_Psiltt — "gpsiltt" | G_-Psilbb — "gpsilbb"
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| G_Psilcc — "gpsilcc" | G_Psiltautau — "gpsiltautau"
| G_Psipg3 — "gpsipq3" | G_Psipg2 — "gpsipq2" | G_Psipls —
"gpSilS"
| G_PsiOtth — "gpsiOtth" | G_Psilith — "gpsiltth"
| G_Psipbth — "gpsipbth"
| G_Ethth — "gethth" | G_Etht — "getht"
| G_Ett — "gett" | G_Ebb — "gebb"
| G_.HGaGa — "ghgaga" | G_HGaZ — "ghgaz"
| G_EGaGa — "geaa" | G_EGaZ — "geaz"| G_EGIGl — "gegg"
| G_H3 — "gh3" | G_H/ — "ghd"
| G_PsiWW — "gpsiww" | G_PsiWHW — "gpsiwhuw"
| G_PsiZZ — "gpsizz" | G_PsiZHZH — "gpsizhzh"
| G_PsiZHZ — "gpsizhz" | G_PsiZAH — "gpsizah"
| G_PsiZHAH — "gpsizhah" | G_PsiAHAH — "gpsiahah"
| G_PsiZW — "gpsizw"| G_PsiZWH — "gpsizwh"| G_PsiAHW —
"gpsiahw"
| G_PsiAHWH — "gpsiahwh" | G_PsiZHW — "gpsizhu"
| G_PsiZHWH — "gpsizhwh"
| G_PsippWW — "gpsippww" | G_PsippWHW — "gpsippwhw"
| G_PsippWHWH — "gpsippwhwh"
| Gs — "gs"| G2 — "gsxx2" | I_Gs — "igs"
| G_PsiHW — "gpsihw" | G_-PsiHWH — "gpsihwh"
| G_Psi0OW — "gpsiOw" | G_Psi0WH — "gpsiOwh"
| G_PsilW — "gpsilw" | G_PsilWH — "gpsilwh"
| G_-PsiPPW — "gpsippw" | G_-PsiPPWH — "gpsippwh"
| G_PsiilHAH — "gpsihah" | G_Psi0lIAH — "gpsiOah"
| G_AHPsip — "gahpsip" | G_PsilHZ — "gpsilhz"
| G_PsilHZH — "gpsilhzh" | G_Psi01Z — "gpsiOlz"
| G_Psi01ZH — "gpsiOlzh" | G_ZPsip — "gzpsip"
| G_ZPsipp — "gzpsipp" | G_-ZHPsipp — "gzhpsipp"
| G_.HHAA — "ghhaa"| G_.HHWHW — "ghhwhw" | G_HHZHZ —
"ghhzhz"
| G_HHAHZ — "ghhahz" | G_HHZHAH — "ghhzhah"
| G_HPsi0OWW — "ghpsiOww" | G_HPsi0OWHW — "ghpsiOwhw"
| G_HPsi0ZZ — "ghpsiOzz" | G_HPsi0ZHZH — "ghpsiOzhzh"
| G_HPsi0ZHZ — "ghpsiOzhz" | G_HPsi)AHAH — "ghpsiOahah"
| G_HPsi0ZAH — "ghpsiOzah" | G_-HPsi0ZHAH — "ghpsiOzhah"
| G_HPsipWA — "ghpsipwa" | G_HPsipWHA — "ghpsipwha"
| G_HPsipWZ — “"ghpsipwz" | G_HPsipWHZ — "ghpsiwhz"
| G_HPsipWAH — "ghpsipwah"| G_HPsipWHAH — "ghpsipwhah"
| G_HPsipWZH — "“ghpsipwzh"| G_HPsipWHZH — "ghpsipwhzh"
| G_HPsippWW — "ghpsippww"| G_HPsippWHWH — "ghpsippwhwh"
| G_HPsippWHW — "ghpsippwhw" | G_Psi00ZH — "gpsiOOzh"
| G_Psi00AH — "gpsiOOah" | G_Psi00ZHAH — "gpsiOOzhah"
| G_PsiOpWA — "gpsiOpwa" | G_Psi0pWHA — "gpsiOpwha"
| G_PsiOpWZ — "gpsiOpwz" | G_Psi0pWHZ — "gpsiOpwhz"
| G_Psi0OpWAH — "gpsiOpwah" | G_Psi0pWHAH — "gpsiOpwhah"
| G_PsiOpWZH — "gpsiOpwzh" | G_Psi0pWHZH — "gpsiOpwhzh"
| G_PsiOppWW — "gpsiOppww" | G_PsiOppWHWH — "gpsiOppwhwh"
| G_PsiOppWHW — "gpsiOppwhw"
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_PsiOpWHA — "i_gpsiOpwha"
_PsiOpWHZ — "i_gpsiOpwhz"
_G_Psi0pWHAH — "i_gpsiOpwhah"

| I_-G_PsiOpWA — "i_gpsiOpwa" | I_G

| I-G_PsiOpWZ — "i_gpsiOpwz"| I_-G

| I-G_PsiOpWAH — "i_gpsiOpwah" | |

| I-G_PsiOpWZH — "i_gpsiOpwzh"| I_G_PsiOpWHZH — "i_gpsiOpwhzh"
| I_-G_PsiOppWW — "i_gpsiOppww" | I_G_PsiOppWHWH —
S

| I-G_PsiOppWHW — "i_gpsiOppwhw"

| G_PsippZZ — "gpsippzz" | G_PsippZHZH — "gpsippzhzh"

| G_PsippAZ — "gpsippaz" | G_-PsippAAH — "gpsippaah"

| G_PsippZAH — "gpsippzah"

| G_PsippWA — "gpsippwa" | G_PsippWHA — "gpsippwha"

| G_PsippWZ — "gpsippwz" | G_PsippWHZ — "gpsippwhz"

| G_PsippWAH — "gpsippwah" | G_PsippWHAH — "gpsippwhah"
| G_PsippWZH — "gpsippwzh" | G_PsippWHZH — "gpsippwhzh"
| G_PsiccZZ — "“gpsicczz" | G_PsiccAZ — “"gpsiccaz"

| G_PsiccAAH — "gpsiccaah" | G_PsiccZZH — "gpsicczzh"
| G_PsiccAZH — "gpsiccazh" | G_PsiccZAH — "gpsicczah"
| Mass f — "mass" " flavor_symbol f
| Width f — "width" ~ flavor_symbol f

end
module Littlest_ Tpar (Flags : BSM _flags) =
struct
let res = res_file

open Coupling

let default_width = ref Timelike
let use_fudged_width = ref false

let options = Options.create

[ "constant_width", Arg.Unit (fun () — default_width := Constant),
"use constant_ width (also in_ t-channel)";
"fudged_width", Arg.Set use_fudged_width,
"usefudge factor for ,charge particle width";
"custom_width", Arg.String (fun f — default_width := Custom f),
"usecustom_ width";
"cancel_widths", Arg.Unit (fun () — default_width := Vanishing),
"use vanishing width" |

type flavor = Lof int | N of int | U of int | D of int
| Topp | Toppb
| Ga | Wp | Wm | Z | Gl | Lodd of int | Nodd of int
| Uodd of int | Dodd of int
| WHp | WHm | ZH | AH | Phip | Phim | Phi0 | H | Eta |
Psi0
| Psil | Psip | Psim | Psipp | Psimm

type gauge = wunit

let gauge_symbol () =
failwith "Modellib_BSM.Littlest_Tpar.gauge_symbol: internal error"
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let family n = [Ln; N n; U n; D n; Dodd n; Nodd n; Lodd n; Uodd n ]

Since Phi already belongs to the EW Goldstone bosons we use Psi for the TeV
scale complex triplet.
We use the notation Todd1l = Uodd 3, Todd2 = Uodd 4.

let external_flavors () =
[ "1st Generation", ThoList.flatmap family [1; —1];

"2nd, Generation", ThoList.flatmap family [2; — 2];
"3rdGeneration", ThoList.flatmap family [3; — 3];
"Heavy Quarks", [Topp; Toppb; Uodd 4; Uodd (—4)];
"Heavy Scalars", [Psi0; Psil; Psip; Psim; Psipp; Psimml];
"Gauge Bosons", if Flags.ul _gauged then

[Ga; Z; Wp; Wm; Gl; WHp; WHm; ZH; AH]

else

[Ga; Z; Wp; Wm; GI; WHp; WHm; ZH];
"Higgs", if Flags.ul_gauged then [H|
else [H; Etal;
"Goldstone Bosons", [Phip; Phim; Phi0] ]

let flavors () = ThoList.flatmap snd (external_flavors ())

let spinor n =
if n > 0 then
Spinor
else
ConjSpinor

let lorentz = function

| Ln — spinorn | N n — spinor n

| Un — spinorn | Dn — spinor n

| Topp — Spinor | Toppb — ConjSpinor

| Ga | Gl — Vector

| Wp | Wm | Z | WHp | WHm | ZH | AH — Massive_Vector
| - — Scalar

let color = function

| Un — Color.SUN (if n > 0 then 3 else -3)

| Uodd n — Color.SUN (if n > 0 then 3 else -3)

| Dn — Color.SUN (if n > 0 then 3 else -3)

| Dodd n — Color.SUN (if n > 0 then 3 else -3)

| Topp — Color.SUN 3 | Toppb — Color.SUN (—3)
| GI — Color.AdjSUN 3
| - — Color.Singlet

let prop_spinor n =
if n > 0 then
Prop_Spinor
else
Prop_ConjSpinor

let propagator = function
| Ln — prop_spinor n | N n — prop_spinor n
| Lodd n — prop_spinor n | Nodd n — prop_spinor n
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Un — prop_spinor n | D n — prop_spinor n

Uodd n — prop_spinor n | Dodd n — prop_spinor n

Topp — Prop_Spinor | Toppb — Prop_ConjSpinor

Ga | GI — Prop_Feynman

Wp | Wm | Z | WHp | WHm | ZH | AH — Prop_Unitarity
Phip | Phim | Phi0 — Only_Insertion

H | FEta | Psi0 | Psil | Psip | Psim | Psipp | Psimm —

Prop_Scalar

Optionally, ask for the fudge factor treatment for the widths of charged particles.
Currently, this only applies to W+ and top.

let width f =
if luse_fudged _width then

match f with

| Wp | Wm [ U3 | U (=3)

| WHp | WHm | ZH | AH

| Uodd - | Dodd _ | Nodd _ | Lodd -
| Topp | Toppb — Fudged

| - — !default_width

else

ldefault _width

let goldstone = function

Wp — Some (Phip, Coupling.Const 1)
Wm — Some (Phim, Coupling.Const 1)
Z — Some (Phi0, Coupling.Const 1)

let conjugate = function

Ln - L(-n) | Nn — N (-n)

Lodd n — L (—n) | Nodd n — N (—n)

Un —- U(-n) | Dn — D (—n)

Uodd n — U (—n) | Dodd n — D (—n)

Topp — Toppb | Toppb — Topp

Gl - Gl | Ga - Ga | Z — Z

Wp — Wm | Wm — Wp | WHm — WHp
WHp — WHm | ZH — ZH | AH — AH
Psi0 — Psi0 | Psil — Psil | Psip — Psim
Psim — Psip | Psipp — Psimm | Psimm — Psipp
Phip — Phim | Phim — Phip | Phi0 — Phi0
H — H | Eta — Eta

let fermion = function

Ln — ifn > 0thenlelse-1
Nn — ifn > 0then 1 else-1
Un — if n > 0then 1 else-1
Dn — ifn > 0then 1 else-1
Lodd n — if n > 0then 1 else -1
Nodd n — if n > 0then 1 else -1
Uodd n — if n > 0 then 1 else -1
Dodd n — if n > 0then1 else-1
Topp — 1 | Toppb — —1
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| Gl | Ga | Z | Wp | Wm | WHp | WHm | AH | ZH — 0
| - =0

module Ch = Charges.QQ
let ( //) = Algebra.Small-Rational.make

let charge = function
| Ln | Loddn — if n > Othen-1//1else1//1
| Nn | Nodd n — 0//1
| Un | Uodd n — if n > 0then 2//3 else-2//3
| Dn | Dodd n — if n > 0then-1//3else 1//3
| Topp — 2//3
| Toppb — —2//3
| Gl | Ga | Z | AH | ZH — 0//1
| Wp | WHp — 1//1
| Wm | WHm — —1//1
| H | Phi0 | Eta | Psit | Psi0 — 0//1
| Phip | Psip — 1//1
| Phim | Psim — —1//1
| Psipp — 2//1
| Psimm — —2//1
let lepton = function
| Ln | Nn | Lodd n | Nodd n
— ifn > Othen1//1else-1//1
| U- | D- |- =0/
let baryon = function
| L. | N_ — 0//1
| Un | Dn | Uodd n | Dodd n
— ifn > Othen1//1else-1//1

| Topp — 1//1
| Toppb — —1//1
| - — 0//1

let charges f =
[ charge f; lepton f; baryon f]

type constant =
| Unit | Pi | Alpha-QED | Sin2thw
| Sinthw | Costhw | E | G-weak | Vev | VHeavy
| Supp | Supp2
| Sinpsi | Cospsi | Atpsi | Seces (x Mixing angles of SU(2) x*)
| Q-lepton | Q-up | Q_-down | Q_-Z_up | G_CC | G_CCtop
| G-NC_neutrino | G_-NC_lepton | G_NC_up | G_-NC_down |
G_NC_heavy
| G_NC_h_neutrino | G_-NC_h_lepton | G_NC_h_up | G_-NC_h_down
| G_CC_heawy | G_ZHTHT | G_ZTHT | G_AHTHTH |
G_AHTHT | G_AHTT
| G.CC_WH | G-CC_W
| Gs | I_-Gs | G2
| I-Q-W | I_.G_ZWW | I_.G_-WWW
| [_G_AHWW | I_.G_ZHWW | I_.G_ZWHW | I_.G_AHWHWH |
I_G_-ZHWHWH
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| I_G_AHWHW | I_Q_H
| GOWWWW | G_ZZWW | G_AZWW | G_AAWW
| G_WH} | G_-WHWHWW | G.WHWWW | G_WH3IW
| G_WWAAH | G_-WWAZH | G_.WWZZH | G-WWZAH |
G_WHWHAAH
| G_.WHWHAZH | G_-WHWHZZH | G_-WHWHZAH | G_-WWZHAH
| G_WHWHZHAH | G-WHWZZ | G_-WHWAZ | G_WHWAAH |
G_WHWZAH
| G_.WHWZHZH | G_-WHWZHAH | G-WHWAZH | G-WHWZZH
| G_LHWW | G_HHWW | G_HZZ | G_HHZZ
| G_PsiWW | G_-PsiWHW | G_PsiZZ | G_PsiZHZH
| G_PsiZHZ | G_PsiZAH | G_PsiZHAH | G_PsiAHAH
| G_PsiZW | G_PsiZWH | G_PsiAHW | G_PsiAHWH
| G_PsiZHW | G_PsiZHWH
| G_PsippWW | G_PsippWHW | G_PsippWHWH
| G_PsiHW | G_PsiHWH | G_PsiOW | G_PsiOWH
| G_PsitlW | G_PsitWH | G_PsiPPW | G_PsiPPWH
| G_PsilHAH | G_Psi0lAH | G_AHPsip | G_PsilHZ
| G_PsilHZH | G_Psi01Z | G_Psi01ZH | G_ZPsip | G_ZPsipp |
G_ZHPsipp
| G_.HHAA | G_.HHWHW | G_HHZHZ | G_-HHAHZ | G_HHZHAH
| G_HPsiOWW | G_HPsiOWHW | G_HPsi0ZZ
| G_HPsi0ZHZH | G_HPsi0ZHZ | G_HPsiOAHAH | G_HPsi0ZAH |
G_HPsi0ZHAH
| G_HPsipWA | G_HPsipWHA | G_HPsipWZ | G_-HPsipWHZ |
G_HPsipWAH
| G_HPsipWHAH | G_HPsipWZH | G_HPsipWHZH | G_HPsippWW |
G_HPsippWHWH
| G_HPsippWHW | G_Psi00ZH | G_Psi00AH | G_Psi00ZHAH
| G_PsiOpWA | G_PsiOpWHA | G_PsiOpWZ | G_PsiOpWHZ |
G_PsiOpWAH
| G_PsiopWHAH | G_PsiOpWZH | G_PsiOpWHZH | G_PsiOppWW |
G_PsiOppWHWH
| G_PsiOppWHW | I_G_PsiOpWA | I_G_PsiOpWHA | I_G_PsiOpWZ |
I_G_PsiOpWHZ
| I-G_PsiOpWAH | I-G_PsiOpWHAH | I_G_PsiOpWZH | I_-G_PsiOpWHZH
| I-G_PsiOppWW | I_G_PsiOppWHWH | 1_G_PsiOppWHW
| G_PsippZZ | G_PsippZHZH | G_PsippAZ | G_PsippAAH |
G_PsippZAH
| G_PsippWA | G_PsippWHA | G_PsippWZ | G_PsippWHZ |
G_PsippWAH
| G_PsippWHAH | G_PsippWZH | G_-PsippWHZH
| G_PsiccZZ | G_-PsiccAZ | G_PsiccAAH | G_-PsiccZZH |
G_PsiccAZH
| G_PsiccZAH
| G_Htt | G_Hbb | G_Hce | G_Htautaw | G_H3 | G_Hj
| G_Hthth | G_-Htht | G_Ethth | G_Etht | G_Ett
| G_HHtt | G_HHthth | G_HHtht
| G_PsiOtt | G_PsiObb | G_-PsiOcc | G_-PsiOtautau
| G_Psiltt | G_Psilbb | G_Psilec | G_Psiltautau
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| G_Psipg3 | G_Psipg2 | G_Psipl3 | G_-PsiOtth | G_-Psiltth

| G_Psipbth | G_Ebb

| G_.HGaGa | G_HGaZ | G_-EGaGa | G_EGaZ | G_EGIGI

| G_.HWHW | G_.HWHWH | G_HAHAH | G_HZHZ | G_HZHAH |
G_HAHZ

| Mass of flavor | Width of flavor

Two integer counters for the QCD and EW order of the couplings.

type orders = int X int
let orders = function
| - — (0,0)

let input_parameters =

[]

let derived_parameters =

[]

let g_over_2_costh =
Quot (Neg (Atom G_weak), Prod [Const 2; Atom Costhw))

let nc_coupling c t3 q =
(Real_Array c,
[Prod [g-over_2_costh; Diff (t3, Prod [Const 2; q; Atom Sin2thw])];
Prod [g-over_2_costh; t3]])

let half = Quot (Const 1, Const 2)

let derived_parameter_arrays =
[ ne-coupling G_NC _neutrino half (Const 0);
nc-coupling G_NC _lepton (Neg half) (Const (—1));
ne_coupling G_NC _up half (Quot (Const 2, Const 3));
ne-coupling G_-NC_down (Neg half) (Quot (Const (—1), Const 3));
ne—coupling G_NC_h_neutrino half (Const 0);
nc-coupling G_NC _h_lepton (Neg half) (Const (—1));
nc-coupling G_NC_h_up half (Quot (Const 2, Const 3));
ne_coupling G_NC _h_down (Neg half) (Quot (Const (1), Const 3))]

let parameters () =
{ input = input_parameters;
derived = derived_parameters;
derived_arrays = derived_parameter_arrays }

module F' = Modeltools. Fusions (struct
type f = flavor
type ¢ = constant
let compare = compare
let conjugate = conjugate
end)
let electromagnetic_currents n =
[ ((L(=n), Ga, L n), FBF (1, Psibar, V, Psi), Q_lepton);
((U (=n), Ga, U n), FBF (1, Psibar, V, Psi), Q_up);
((D (=n), Ga, D n), FBF (1, Psibar, V, Psi), Q_down) |
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let color_currents n =
[((U (=n), Gl, U n), FBF ((-1), Psibar, V, Psi), Gs);
((D (=n), Gl, D n), FBF ((-1), Psibar, V, Psi), Gs) ]

let neutral_currents n =
[ ((L(—n), Z, Ln), FBF (1, Psibar, VA, Psi), G_NC_lepton);
((N (—n), Z, N n), FBF (1, Psibar, VA, Psi), G_-NC_neutrino);
((U (=n), Z, U n), FBF (1, Psibar, VA, Psi), G_NC_up);
((D (=n), Z, D n), FBF (1, Psibar, VA, Psi), G_-NC_down) |

The sign of this coupling is just the one of the T3, being -(1/2) for leptons and
down quarks, and +(1/2) for neutrinos and up quarks.

let neutral -heavy-currents n =

(I((L(—n), ZH, Ln), FBF ((—1), Psibar, VL, Psi), G_NC_heavy);
((N (=n), ZH, N n), FBF (1, Psibar, VL, Psi), G_NC_heavy);
((U (=n), ZH, U n), FBF (1, Psibar, VL, Psi), G_NC_heavy);
((D (=n), ZH, D n), FBF ((-1), Psibar, VL, Psi), G_-NC_heavy)]

Q

(if Flags.ul _gauged then
[((L(—=n), AH, L n), FBF (1, Psibar, VA, Psi), G_NC_h_lepton);
N (=n), AH, N n), FBF (1, Psibar, VA, Psi), G_NC_h_neutrino);
D (—n), AH, D n), FBF (1, Psibar, VA, Psi), G_NC_h_down)]

let heavy_top_currents =

([ ((Toppdb, Ga, Topp), FBF (1, Psibar, V, Psi), Q_up);
((Toppd, Z, Topp), FBF (1, Psibar, V, Psi), Q_Z_up);
((Toppd, Z, U 3), FBF (1, Psibar, VL, Psi), G_ZTHT);
((U (-3), Z, Topp), FBF (1, Psibar, VL, Psi), G_ZTHT);
((Toppb, ZH, U 3), FBF (1, Psibar, VL, Psi), G_ZHTHT);
((U (-3), ZH, Topp), FBF (1, Psibar, VL, Psi), G_ZHTHT);
((U (-3), Wp, D 3), FBF (1, Psibar, VL, Psi), G_CCtop);
((D (=3), Wm, U 3), FBF (1, Psibar, VL, Psi), G_-CCtop);
((Toppb, WHp, D 3), FBF (1, Psibar, VL, Psi), G_.CC_WH);
((D (-3), WHm, Topp), FBF (1, Psibar, VL, Psi), G_.CC_WH);
((Toppb, Wp, D 3), FBF (1, Psibar, VL, Psi), G_.CC_W);
((D (=3), Wm, Topp), FBF (1, Psibar, VL, Psi), G_CC_W)]

(if Flags.ul _gauged then
[((U (-3), AH, U 3), FBF (1, Psibar, VA, Psi), G_AHTT);
(Toppb, AH, Topp), FBF (1, Psibar, VA, Psi), G_AHTHTH);
(Toppb, AH, U 3), FBF (1, Psibar, VR, Psi), G_AHTHT);
(U (-3), AH, Topp), FBF (1, Psibar, VR, Psi), G_AHTHT)]
else

1)
Loc=——"= Zwl (THWH+ T W)L =)0 (13.48)
let charged_currents n =
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[ (L (=n), Wm, N n), FBF (1, Psibar, VL, Psi), G-CC);
((N (=n), Wp, Ln), FBF (1, Psibar, VL, Psi), G_CC);
((L (—=n), WHm, N n), FBF (1, Psibar, VL, Psi), G_CC_
((N (—n), WHp, Ln), FBF (1, Psibar, VL, Psi), G_CC_
((D (=n), WHm, U n), FBF (1, Psibar, VL, Psi), G_CC_
((U (=n), WHp, D n), FBF (1, Psibar, VL, Psi), G_CC_

let quark_currents n =
([ ((D (=n), Wm, U n), FBF (1, Psibar, VL, Psi), G_CC);

Implementation of Modellib_ BSM

((U (=n), Wp, D n), FBF (1, Psibar, VL, Psi), G_CC)]

@
(if Flags.ul _gauged then

[((U (=n), AH, U n), FBF (1, Psibar, VA, Psi), G_NC_h_up)]

else

(1)

We specialize the third generation since there is an additional shift coming from
the admixture of the heavy top quark. The universal shift, coming from the
mixing in the non-Abelian gauge boson sector is unobservable. (Redefinition of

coupling constants by measured ones.

let yukawa =
[ (U (-3), 3), FBF (1, Psibar, S, Psi)
i

H, U Htt);
((D (-3), H, D 3), FBF (1, Psibar, S, Psi
H, U
)

, G-

), G_Hbb);
), G_Hcc);
FBF (1, Psibar, S, Psi), G_Htautau)]

(U (-2), 2), FBF (1, Psibar, S, Psi
(L (-3), H, L3),

let yukawa_add’ =
[ ((Toppb, H, Topp), FBF (1, Psibar, S, Psi), G_Hthth);
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((Toppdb, H, U 3), FBF (1, Psibar, SLR, Psi), G_Htht);

((U (-3), H, Topp), FBF (1, Psibar, SLR, Psi), G_Htht);
((U (-3), Psi0, U 3), FBF (1, Psibar, S, Psi), G_PsiOtt);
((D (-=3), Psi0, D 3), FBF (1, Psibar, S, Psi), G_Psi0bb);
((U (-2), Psi0, U 2), FBF (1, Psibar, S, Psi), G_Psi0cc);
((L (=3), Psi0, L3), FBF (1, Psibar, S, Psi), G_-PsiOtautau);
((U (-=3), Psil, U 3), FBF (1, Psibar, P, Psi), G_Psiltt);
((D (=3), Psil, D 3), FBF (1, Psibar, P, Psi), G_Psilbb);
((U (-2), Psil, U 2), FBF (1, Psibar, P, Psi), G_Psilcc);
((L (=3), Psil, L3), FBF (1, Psibar, P, Psi), G_Psiltautau);
(U (-3), Pszp, D 3), FBF (1, Psibar, SLR, Psi), G_Psipq3);
((U (=2), Psip, D 2), FBF (1, Psibar, SLR, Psi), G_Psipq2);
((N (-=3), Psip, L3), FBF (1, Psibar, SR, Psi), G_Psipl3);
((D (-3), Psim, U 3), FBF (1, Psibar, SLR, Psi), G_-Psipq3);
((D (-2), Psim, U 2), FBF (1, Psibar, SLR, Psi), G_-Psipq2);
((L (=3), Psim, N 3), FBF (1, Psibar, SL, Psi), G_Psipl3);
((Toppd, Psi0, U 3), FBF (1, Psibar, SL, Psi), G_PsiOtth);
((U (-3), Psi0, Topp), FBF (1, Psibar, SR, Psi), G_Psi0tth);
((Toppd, Psil, U 3), FBF (1, Psibar, SL, Psi), G_Psiltth);
((U (-3), Psit, Topp), FBF (1, Psibar, SR, Psi), G_Psiltth);
((Toppb, Psip, D 3), FBF (1, Psibar, SL, Psi), G_Psipbth);
((D (—3), Psim, Topp), FBF (1, Psibar, SR, Psi), G_Psipbth)]
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let yukawa_-add =
if Flags.ul _gauged then
yukawa_add’
else
yukawa_add’ Q
[ ((U (-3), Eta, U 3), FBF (1, Psibar, P, Psi), G_Ett);
((Toppdb, Eta, U 3), FBF (1, Psibar, SLR, Psi), G_Etht);
((D (-3), Eta, D 3), FBF (1, Psibar, P, Psi), G_Ebb);
((U (-3), Eta, Topp), FBF (1, Psibar, SLR, Psi), G_Etht)]

Lrcc = —ed, A, WEWY + ... —ecot 0,0, 2, WIWY + ... (13.49)
Check.

let standard_triple_gauge =
[ ((Ga, Wm, Wp), Gauge_Gauge_-Gauge 1, I_Q_W);
((Z, Wm, Wp), Gauge_Gauge_Gauge 1, I_G_ZWW);
((Gl, GI, Gl), Gauge_Gauge_Gauge 1, I_Gs) ]

let heavy_triple_gauge =
([ ((Ga, WHm, WHp), Gauge-Gauge_-Gauge 1, I-Q_W);
(Z, WHm, WHp), Gauge-Gauge_Gauge 1, I_G_ZWW);
ZH, Wm, Wp), Gauge_Gauge_Gauge 1, I_G_ZHWW)

)

(
((
((Z, WHm, Wp), Gauge_Gauge_Gauge 1, I_G_ZWHW );
((Z, Wm, WHp), Gauge_Gauge_Gauge (—1), I_G_ZWHW);
((ZH, WHm, Wp), Gauge_Gauge_-Gauge 1, I_G_WWW);
((ZH, Wm, WHp), Gauge_Gauge_Gauge (—1), I_G_-WWW);
((ZH, WHm, WHp), Gauge_Gauge_Gauge (—1), I_.G_ZHWHWH)]
Q@
(if Flags.ul _gauged then
[ ((AH, Wm, Wp), Gauge_Gauge_Gauge 1, I_G_AHWW);
((AH, WHm, Wp), Gauge_Gauge_Gauge 1, I_.G_AHWHW);
((AH, Wm, WHp), Gauge_Gauge_Gauge (—1), I_.G_AHWHW);
((AH, WHm, WHp), Gauge_Gauge_Gauge 1, I_G_AHWHWH )]
else

)

let triple_gauge =
standard _triple_gauge Q heavy_triple_gauge

let gauge = Vector) [(2, C-158_42); (-1, C_12_84); (-1, C_14_23)]
let minus_gauge4 = Vectors [(—2, C_13_42); (1, C_12_34); (1, C_14_23)]
let standard - quartic_gauge =
[ (Wm, Wp, Wm, Wp), gaugel, G-WWWW;
(Wm, Z, Wp, Z), minus_gauges, G_ZZWW,
(Wm, Z, Wp, Ga), minus_gauge4, G_AZWW;
(Wm, Ga, Wp, Ga), minus_gauges, G_AAWW;
(Gl, Gl, Gl, Gl), gauges, G2]

let heavy_quartic_gauge =
[ (WHm, Wp, WHm, Wp), gaugel, G-WWWW,
(Wm, WHp, Wm, WHp), gaugel, G-WWWW;
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(WHm, WHp, WHm, WHp), gaugel, G_-WHj;
(Wm, Wp, WHm, WHp), gaugel, G_-WHWHWW;
(Wm, Wp, Wm, WHp), gauge, G-WHWWW;
(Wm, Wp, WHm, Wp), gauged, G-WHWWW;
(WHm, WHp, Wm, WHp), gauge4, G_WH3W;
(WHm, WHp, WHm, Wp), gauge4, G_WH3W;
(WHm, Z, WHp, Z), minus_gauge4, G_ZZWW;
(WHm, Z, WHp, Ga), minus_gauges, G_AZWW;
(WHm, Ga, WHp, ZH), minus_gauges, G_AAWW;
(WHm, Z, WHp, ZH), minus_gauges, G_ZZWW;
(Wm, ZH, Wp, ZH), minus_gauge4, G- WWWW;
(Wm, Ga, Wp, ZH), minus_gauge4, G_WWAZH,
(Wm, Z, Wp, ZH), minus_gauged, G_WWZZH;
(WHm, Ga, WHp, ZH), minus_gauges, G_WHWHAZH,
(WHm, Z, WHp, ZH), minus_gauge4, G_WHWHZZH;
(WHm, ZH, WHp, ZH), minus_gauge4, G_WH/;
(WHm, Z, Wp, Z), minus_gauge4, G_-WHWZZ,
(Wm, Z, WHp, Z), minus_gauge4, G_-WHWZZ;
(WHm, Ga, Wp, Z), minus_gauge4, G_-WHWAZ,
(Wm, Ga, WHp, Z), minus_gauge4, G_WHWAZ;
(WHm, ZH, Wp, ZH), minus_gauge, G_-WHWZHZH;
(Wm, ZH, WHp, ZH), minus_gauge, G_-WHWZHZH;
(WHm, Ga, Wp, ZH), minus_gauge4, G_WHWAZH;
(Wm, Ga, WHp, ZH), minus_gauge, G_WHWAZH;
(WHm, Z, Wp, ZH), minus_gauged, G_-WHWZZH;
(Wm, Z, WHp, ZH), minus_gaugel, G_-WHWZZH)|
(@
(if Flags.ul _gauged then

[ (Wm, Ga, Wp, AH), minus_gauges, G_WWAAH,
(Wm, Z, Wp, AH), minus_gauges, G_WWZAH,;
(WHm, Ga WHp, AH), minus_gauges, G_WHWHAAH,
(WHm, Z, WHp, AH), minus_gauged, G_-WHWHZAH,
(Wm, ZH, Wp, AH), minus_gauges, G_WWZHAH;
(WHm, ZH, WHp, AH), minus_gauged, G_WHWHZHAH;
(WHm, Ga, Wp, AH), minus_gaugel, G_WHWAAH;
(Wm, Ga, WHp, AH), minus_gauged, G_WHWAAH,
(WHm, Z, Wp, AH), minus_gauge4, G_WHWZAH,
(Wm, Z, WHp, AH), minus_gauge4, G_WHWZAH,
(WHm, ZH Wp, AH), minus_gaugel, G_-WHWZHAH;
(Wm, ZH, WHp, AH), minus_gauges, G_WHWZHAH)

else
[1)
let quartic_gauge =
standard —quartic_gauge Q heavy_quartic_gauge
let standard_gauge_higgs’ =

[ ((H, Wp, Wm), Scalar_Vector_Vector 1, G_HWW);
((H, Z, Z), Scalar_Vector_Vector 1, G_HZZ) |

let heavy_gauge_higgs =
[ ((H, Wp, WHm), Scalar_Vector_Vector 1, G_HWHW);
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((H, WHp, Wm), Scalar_Vector_Vector 1, G_HWHW);
((H, WHp, WHm), Scalar_Vector_Vector 1, G_HWHWH);
((H, ZH, ZH), Scalar_Vector_Vector 1, G_HWHWH);
((H, ZH, Z), Scalar_Vector_Vector 1, G_HZHZ);

((H, Wp, Wm), Scalar_Vector_Vector 1, G_-HZHAH )]

(if Flags.ul _gauged then
[(H, AH, AH), Scalar_Vector_Vector 1, G_HAHAH);
((H, Z, AH), Scalar_Vector_Vector 1, G_-HAHZ)]
else

[

let triplet_gauge_higgs =

[ ((Psi0, Wp, Wm), Scalar_Vector_Vector 1, G_PsiWW);
((Psi0, WHp, WHm), Scalar_Vector_Vector (—1), G_PsiWW);
((Psi0, WHp, Wm), Scalar_Vector_Vector 1, G_PsiWHW);
((Psi0, WHm, Whp), Scalar_Vector_Vector 1, G_PsiWHW);
((Psi0, Z, Z), Scalar_Vector_Vector 1, G_PsiZZ);
((Psi0, ZH, ZH), Scalar_Vector_Vector 1, G_PsiZHZH);
((Psi0, ZH, Z), Scalar-Vector_Vector 1, G_PsiZHZ);
((Psim, Wp, Z), Scalar_Vector_Vector 1, G_PsiZW);
((Psip, Wm, Z), Scalar_Vector_Vector 1, G_PsiZW);
((Psim, WHp, Z), Scalar_Vector_Vector 1, G_PsiZWH);
((Psip, WHm, Z), Scalar_Vector_Vector 1, G_PsiZWH);
((Psim, Wp, ZH) Scalar_ Vector _ Vector 1, G_PsiZHW);
((Psip, Wm, ZH), Scalar_Vector_Vector 1, G_PsiZHW);
((Psim, WHp, ZH), Scalar-Vector_Vector 1, G_PsiZHWH);
((Psip, WHm, ZH), Scalar-Vector_Vector 1, G_PsiZHWH);
((Psimm, Wp, Wp), Scalar_Vector_Vector 1, G_PsippWW);
((Psipp, Wm, Wm), Scalar_Vector_Vector 1, G_PsippWW);
((Psimm, WHp, Wp), Scalar-Vector_Vector 1, G_PsippWHW);
((Psipp, WHm, Wm), Scalar_Vector_Vector 1, G_PsippWHW);
((Psimm, WHp, WHp), Scalar_Vector_Vector 1, G_Psipp WHWH);
((Pszpp, WHm, WHm), Scalar_ Vector_ Vector 1, G_Psipp WHWH)]

(|f Flags.ul _gauged then
[((Psi0, AH, Z), Scalar_Vector_Vector 1, G_PsiZAH);
((Psi0, AH, ZH), Scalar_Vector_Vector 1, G_PsiZHAH);
((Psi0, AH, AH), Scalar_Vector_Vector 1, G_PsiAHAH);,
((Psim, Wp, AH), Scalar_Vector_Vector 1, G_PsiAHW);
((Psip, Wm, AH), Scalar_Vector_Vector 1, G_PsiAHW);
((Psim, WHp, AH), Scalar_Vector_Vector 1, G_PsiAHWH );
((Psip, WHm, AH), Scalar_Vector_Vector 1, G_PsiAHWH )]

else

[

let triplet_gauge2 _higgs =
[ ((Wp, H, Psim), Vector_Scalar_Scalar 1, G_PsiHW);
((Wm, H, Psip), Vector_Scalar_Scalar 1, G_PsiHW);
((WHp, H, Psim), Vector_Scalar_Scalar 1, G_PsiHWH);
((WHm, H, Psip), Vector_Scalar_Scalar 1, G_PsiHWH );
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((Wp, Psi0, Psim), Vector_Scalar_Scalar 1, G_PsiOW);
((Wm, Psi0, Psip), Vector_Scalar_Scalar 1, G_PsiOW);
((WHp, Psi0, Psim), Vector_Scalar_Scalar 1, G_PsiOWH);
((WHm, Psi0, Psip), Vector_Scalar_Scalar 1, G_Psi0WH);
((Wp, Psil, Psim), Vector_Scalar_Scalar 1, G_PsilW);
((Wm, Psil, Psip), Vector_Scalar_Scalar (—1), G_Psi1W);
((WHp, Psil, Psim), Vector_Scalar_Scalar 1, G_PsilWH);
((WHm, Psil, Psip), Vector_Scalar_Scalar (—1), G_Psil WH);
((Wp, Psip, Psimm), Vector_Scalar_Scalar 1, G_PsiPPW);
((Wm, Psim, Psipp), Vector_Scalar_Scalar 1, G_PsiPPW);
((WHp, Psip, Psimm), Vector_Scalar_Scalar 1, G_PsiPPWH);
((WHm, Psim, Psipp), Vector_Scalar_Scalar 1, G_PsiPPWH );
((Ga, Psip, Psim), Vector_Scalar_Scalar 1, @Q_lepton);
((Ga, Psipp, Psimm), Vector_Scalar-Scalar 2, Q-lepton);
((Z, H, Psil), Vector_Scalar_Scalar 1, G_PsilHZ);
((ZH, H, Psil), Vector_Scalar_Scalar 1, G_PsilHZH);
((Z, Psi0, Psil), Vector_Scalar_Scalar 1, G_Psi01Z);
((ZH, Psi0, Psil), Vector_Scalar_Scalar 1, G_Psi01ZH);
((Z, Psip, Psim), Vector_Scalar_Scalar 1, G_ZPsip);
((Z, Psipp, Psimm), Vector_Scalar_Scalar 2, G_ZPsipp);
((ZH, Psipp, Psimm), Vector_Scalar_Scalar 2, G_ZHPsipp))

(|f Flags.ul_gauged then
[(((AH, H, Psil), Vector_Scalar_Scalar 1, G_PsilHAH);
((AH, Psi0, Psil), Vector_Scalar_Scalar 1, G_Psi01AH);
((AH, Psip, Psim), Vector_Scalar_Scalar 1, G_AHPsip);
((AH, Psipp, Psimm), Vector_Scalar_Scalar 2, G_AHPsip)]
else [])

let standard_gauge_higgs =
standard_gauge_higgs’ Q heavy_gauge_higgs Q triplet_gauge_higgs Q
triplet _gauge2 _higgs

let standard_gauge_higgs4 =
[ (H, H, Wp, Wm), Scalar2_Vector2 1, G_.HHWW;
(H, H, Z, Z), Scalar2_Vector2 1, G_HHZZ |

let littlest_gauge_higgs{ =

[ (H, H, WHp, WHm), Scalar2_Vector2 (—1), G_.HHWW,
H, ZH, ZH), Scalar2_Vector2 (—1), G_HHWW;
H, Wp, WHm), Scalar2_Vector2 1, G_LHHWHW;
H, WHp, Wm), Scalar2_Vector2 1, G_HHWHW:;
H, ZH, Z), Scalar2_Vector2 (—1), G_-HHZHZ;
Psi0, Wp, Wm), Scalar2_Vector2 1, G_HPsi0OWW,
Psi0, WHp, WHm), Scalar2_Vector?2 (—1), G_HPsi0WW;
Psi0, WHp, Wm), Scalar2_Vector2 1, G_HPsi0OWHW
Psi0, Wp, WHm), Scalar2_Vector2 1, G_HPsiOWHW
Psi0, Z, Z), Scalar2_Vector2 1, G_HPsi0ZZ;
Psi0, ZH, ZH), Scalar2_Vector2 1, G_HPsi0ZHZH;
Psi0, ZH, Z), Scalar2_Vector2 1, G_HPsi0ZHZ;
Psim, Wp, Ga), Scalar2_Vector2 1, G_HPsipWA;
Psip, Wm, Ga), Scalar2_Vector2 1, G_HPsip WA;

EEEEEEEEEEEEE
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Psim, WHp, Ga), Scalar2_Vector2 1, G_HPsipWHA;
Psip, WHm, Ga), Scalar2_Vector2 1, G_HPsipWHA;
Psim, Wp, Z), Scalar2_Vector2 1, G_HPsipWZ,
Psip, Wm, Z), Scalar2_Vector2 1, G_HPsipWZ;

Psim, WHp, Z
Psip, WHm, Z
Psim, Wp, ZH
Psip, Wm, ZH
Psim, WHp, ZH

Scalar2_Vector2 1, G_HPsipWHZ;
Scalar2_ Vector2 1, G_HPsipWHZ;
Scalar2 - Vector2 1, G_HPsipWZH,
Scalar2 _ Vector2 1, G_HPsipWZH,

), Scalar2_Vector2 1, G_HPsipWHZH,
Psip, WHm, ZH), Scalar2_Vector2 1, G_HPsipWHZH,

);
);
);
);

Psimm, Wp, Wp), Scalar2_Vector2 1, G_HPsippWW;
Psipp, Wm, Wm), Scalar2_Vector2 1, G_HPsippWW,
Psimm, WHp, WHp), Scalar2_Vector2 1, G_HPsippWHWH;
Psipp, WHm, WHm), Scalar2_-Vector2 1, G_HPsippWHWH,
Psimm, WHp, Wp), Scalar2_Vector2 1, G_HPsippWHW ;
Psipp, WHm, Wm), Scalar2_Vector2 1, G_HPsippWHW
Psi0, Psi0, Wp, Wm), Scalar2_Vector2 2, G_HHWW;

Psi0, Psi0, WHp, WHm), Scalar2_Vector2 (—2), G_.HHWW,

e e e e e e e S S

Psi0, Z, Z), Scalar2_Vector2 4, G_HHZZ,

Psi0, ZH, ZH), Scalar2_Vector2 1, G_Psi00ZH;

Psi0, WHp, Wm), Scalar2_Vector2 2, G_HHWHW,
Psi0, Wp, WHm), Scalar2_Vector2 2, G_HHWHW,
Psi0, Z, ZH), Scalar2_Vector2 4, G_HHZHZ,

Psim, Wp, Ga), Scalar2_Vector2 1, G_PsiOpWA;

Psip, Wm, Ga), Scalar2_Vector2 1, G_PsiOpWA;

Psim, WHp, Ga), Scalar2_Vector2 1, G_PsiOpWHA;
Psip, WHm, Ga), Scalar2_Vector2 1, G_PsiOpWHA;
Psim, Wp, Z), Scalar2_Vector2 1, G_PsiOpWZ,

Psip, Wm, Z), Scalar2_Vector2 1, G_PsiOpWZ;

Psim, WHp, Z), Scalar2_Vector2 1, G_PsiOpWHZ;
Psip, WHm, Z), Scalar2_Vector2 1, G_PsiOpWHZ;
Psim, Wp, ZH), Scalar2_Vector2 1, G_PsiOpWZH;
Psip, Wm, ZH), Scalar2_Vector2 1, G_PsiOpWZH,
Psim, WHp, ZH), Scalar2_Vector2 1, G_PsiOpWHZH,
Psip, WHm, ZH), Scalar2_Vector2 1, G_Psi0pWHZH,
Psimm, Wp, Wp), Scalar2_Vector2 1, G_PsiOppWW;
Psipp, Wm, Wm), Scalar2_Vector2 1, G_PsiOppWW;
Psimm, WHp, WHp), Scalar2_Vector2 1, G_PsiOpp WHWH,;
Psipp, WHm, WHm), Scalar2_Vector2 1, G_PsiOpp WHWH,;
Psimm, WHp, Wp), Scalar2_Vector2 1, G_PsiOppWHW:;
Psipp, WHm, Wm), Scalar2_Vector2 1, G_PsiOppWHW ;
Psil, Wp, Wm), Scalar2_Vector2 2, G_HHWW,

Psi1, WHp, WHm), Scalar2_Vector?2 (-2), G_-HHWW,
Psil, Z, 7), Scalar2_Vector2 4, G_HHZZ,

Psi1, ZH, ZH), Scalar2_Vector2 1, G_Psi00ZH;

Psil, WHp, Wm), Scalar2_Vector2 2, G_HHWHW,
Psil, Wp, WHm), Scalar2_Vector2 2, G_HHWHW,
Psil, Z, ZH), Scalar2_Vector2 4, G_HHZHZ,

Psim, Wp, Ga), Scalar2_Vector2 1, I_G_PsiOp WA,
Psip, Wm, Ga), Scalar2_Vector2 (—1), 1-G_PsiOpWA;

);
);
),
);
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(Psi1, Psim, WHp, Ga), Scalar2_Vector2 1, I_G_PsiOp WHA;
(Psil, Psip, WHm, Ga), Scalar2_Vector2 (—1), 1_-G_PsiOp WHA,;
(Psil, Psim, Wp, Z), Scalar2_Vector2 1, I1_G_PsiOpWZ,
(Psil, Psip, Wm, Z), Scalar2_Vector2 (—1), I1-G_PsiOpWZ,
(Psil, Psim, WHp, Z), Scalar2_Vector2 1, I_G_PsiOpWHZ;
(Psil, Psip, WHm, Z), Scalar2_Vector2 (—1), I-G_PsiOpWHZ,
(Psi1, Psim, Wp, ZH), Scalar2_Vector2 1, I_G_PsiOpWZH;
(Psil, Psip, Wm, ZH), Scalar2_Vector2 (—1), I-G_PsiOpWZH;
(Psil, Psim, WHp, ZH), Scalar2_Vector2 1, I_G_PsiOpWHZH;
(Psil, Psip, WHm, ZH), Scalar2_Vector2 (—1), I_G_PsiOpWHZH;
(Psi1, Psimm, Wp, Wp), Scalar2_Vector2 1, I_G_PsiOpp WW;
(Psil, Psipp, Wm, Wm), Scalar2_Vector2 (—1), I-G_PsiOppWW,
(Psil, Psimm, WHp, WHp), Scalar2_Vector2 1, I_G_PsiOppWHWH;
(Psil, Psipp, WHm, WHm), Scalar2_Vector2 (—1), I1-G_Psi0ppWHWH ;
(Psil, Psimm, WHp, Wp), Scalar2_Vector2 1, I_G_PsiOpp WHW:;
(Psil, Psipp, WHm, Wm), Scalar2_Vector2 (—1), I-G_PsiOpp WHW ;
(Psip, Psim, Wp, Wm), Scalar2_Vector2 4, G_.HHWW,
(Psip, Psim, WHp, WHm), Scalar2_Vector2 1, G_Psi00ZH;
(Psip, Psim, WHp, Wm), Scalar2_Vector2 4, G_.HHWHW
(Psip, Psim, Wp, WHm), Scalar2_Vector2 4, G_HHWHW,
(Psip, Psim, Z, Z), Scalar2_Vector2 1, G_PsippZZ;
(Psip, Psim, Ga, Ga), Scalar2_Vector2 2, G_AAWW;
(Psip, Psim, ZH, ZH), Scalar2_Vector2 1, G_PsippZHZH;
(Psip, Psim, Ga, Z), Scalar2_Vector2 4, G_PsippAZ,
(Psip, Psimm, Wp, Ga), Scalar2_Vector2 1, G_PsippWA;
(Psim, Psipp, Wm, Ga), Scalar2_Vector2 1, G_PsippWA;
(Psip, Psimm, WHp, Ga), Scalar2_Vector2 1, G_Psipp WHA;
(Psim, Psipp, WHm, Ga), Scalar2_Vector2 1, G_Psipp WHA,;
(Psip, Psimm, Wp, Z), Scalar2_Vector2 1, G_PsippWZ,
(Psim, Psipp, Wm, Z), Scalar2_Vector2 1, G_PsippWZ;
(Psip, Psimm, WHp, Z), Scalar2_Vector2 1, G_PsippWHZ;
(Psim, Psipp, WHm, Z), Scalar2_Vector2 1, G_PsippWHZ;
(Psip, Psimm, Wp, ZH), Scalar2_Vector2 1, G_PsippWZH;
(Psim, Psipp, Wm, ZH),

(Psip, Psimm, WHp, ZH), Scalar2_Vector2 1, G_PsippWHZH,
(Psim, Psipp, WHm, ZH), Scalar2_Vector2 1, G_PsippWHZH;
(Psipp, Psimm, Wp, Wm), Scalar2_Vector2 2, G_HHWW;
(Psipp, Psimm, WHp, WHm), Scalar2_Vector2 (—-2), G_.HHWW;
(Psipp, Psimm, WHp, Wm), Scalar2_Vector2 2, G_.HHWHW,
(Psipp, Psimm, Wp, WHm), Scalar2_Vector2 2, G_.HHWHW,
(Psipp, Psimm, Z, Z), Scalar2_Vector2 1, G_PsiccZZ;

(Psipp, Psimm, Ga, Ga), Scalar2_Vector2 8, G_AAWW,

(Psipp, Psimm, ZH, ZH), Scalar2_Vector2 1, G_Psi00ZH;
(Psipp, Psimm, Ga, Z), Scalar2_Vector?2 1, G_PsiccAZ,

(Psipp, Psimm, Z, ZH) Scalar2_Vector2 4, G_PsiccZZH;
(Pszpp, Psimm, Ga, ZH), Scalar2_Vector2 4, G_ PszccAZH}

Scalar2 _ Vector2 1, G_PsippWZH;

(lf Flags.ul _gauged then
(H, H, AH, AH), Scalar2_Vector2 1, G_HHAA;
(H, H, AH, Z), Scalar2_Vector2 (—1), G_HHAHZ,
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(H, H, ZH, AH), Scalar2_Vector2 (1), G-HHZHAH;

(H, Psi0, AH, AH), Scalar2_Vector2 1, G_HPsi0AHAH;

(H, Psi0, Z, AH), Scalar2_Vector2 1, G_HPsi0ZAH,

(H, Psi0, ZH, AH), Scalar2_Vector2 1, G_HPsi0ZHAH,;

(H, Psim, Wp, AH), Scalar2_Vector2 1, G_HPsipWAH;

(H, Psip, Wm, AH), Scalar2_Vector2 1, G_HPsipWAH,;

(H, Psim, WHp, AH), Scalar2_Vector2 1, G_HPsipWHAH;
(H, Psip, WHm, AH), Scalar2_Vector2 1, G_HPsipWHAH,
(Psi0, Psi0, AH, AH), Scalar2_Vector2 1, G_Psi00AH;
(Psi0, Psi0, Z, AH), Scalar2_Vector2 4, G_HHAHZ;
(Psi0, Psi0, AH, ZH), Scalar2_Vector2 1, G_Psi00ZHAH,
(Psi0, Psim, Wp, AH), Scalar2_Vector2 1, G_PsiOpWAH,
(Psi0, Psip, Wm, AH), Scalar2_Vector2 1, G_PsiOpWAH;
(Psi0, Psim, WHp, AH), Scalar2_Vector2 1, G_PsiOpWHAH,
(Psi0, Psip, WHm, AH), Scalar2_Vector2 1, G_Psi0pWHAH,;
(Psil, Psil, AH, AH), Scalar2_Vector2 1, G_Psi00AH;
(Psil, Psil, Z, AH), Scalar2_Vector2 4, G_HHAHZ,
(
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Psil, Psil, AH, ZH), Scalar2_Vector2 1, G_Psi00ZHAH;

Psi1, Psim, Wp, AH), Scalar2_Vector2 1, I_G_PsiOpWAH,
Psil, Psip, Wm, AH), Scalar2_Vector2 (—1), I-G_PsiOpWAH;
Psil, Psim, WHp, AH), Scalar2_Vector2 1, 1_G_Psi0pWHAH;
Psil, Psip, WHm, AH), Scalar2_Vector2 (—1), I_G_PsiOpWHAH,
Psip, Psim, AH, AH), Scalar2_Vector2 1, G_Psi00AH,;

Psip, Psim, Ga, AH), Scalar2_Vector2 4, G_PsippAAH,;

Psip, Psim, Z, AH), Scalar2_Vector2 4, G_PsippZAH,;

Psip, Psimm, Wp, AH), Scalar2_Vector2 1, G_PsippWAH;
Psim, Psipp, Wm, AH), Scalar2_Vector2 1, G_PsippWAH,
Psip, Psimm, WHp, AH), Scalar2_Vector2 1, G_PsippWHAH;
Psim, Psipp, WHm, AH), Scalar2_Vector2 1, G_PsippWHAH;
Psipp, Psimm, AH, AH), Scalar2_Vector2 1, G_Psi00AH;
Psipp, Psimm, AH, ZH), Scalar2_Vector?2 (—1), G_Psi00ZHAH;
Psipp, Psimm, Ga, AH), Scalar2_Vector2 4, G_PsiccAAH;
Psipp, Psimm, Z, AH), Scalar2_Vector?2 4, G_PsiccZAH]

else [])

let standard_higgs =
[(H, H, H), Scalar_Scalar_Scalar 1, G_H3 ]

let anomaly_higgs =
[ (Eta, Gl, Gl), Dimb5_Scalar_Gauge2_Skew 1, G_EGIGI;
(Eta, Ga, Ga), Dim5 _Scalar_Gauge2_Skew 1, G_FEGaGa;
(Eta, Ga, Z), Dim5_Scalar-Gauge2_Skew 1, G_-EGaZ]
(*x@Q (H, Ga, Ga), Dimb5_Scalar_Gauge2 1, G_HGaGa; (H, Ga, Z), Dimb_Scalar_Gauge2 1, G_HGaZ

*)
let standard_higgs4 =
[(H, H, H, H), Scalar4 1, G_H} |
let gauge_higgs =
standard -gauge -higgs

let gauge_higgsf =
standard -gauge _higgs4
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let higgs =
standard _higgs

let higgs4 =
standard _higgs/

let top_quartic =

[((U (-3), H, H, U 3), GBBG (1, Psibar, S2, Psi), G_HHtt);
((Toppb, H, H, Topp), GBBG (1, Psibar, S2, Psi), G_HHthth);
((U (-3), H, H, Topp), GBBG (1, Psibar, S2LR, Psi), G_HHtht);
((Toppb, H, H, U 3), GBBG (1, Psibar, S2LR, Psi), G_HHtht)]

let goldstone_vertices =
[ ((Phi0, Wm, Wp), Scalar-Vector_Vector 1, I_G_ZWW);
((Phip, Ga, Wm), Scalar_Vector_Vector 1, I_Q_-W);
((Phip, Z, Wm), Scalar_Vector_Vector 1, I_G_ZWW);
((Phim, Wp, Ga), Scalar-Vector_Vector 1, I_Q_-W);,
((Phim, Wp, Z), Scalar_Vector_Vector 1, I_.G_ZWW) |

let vertices3 =
(ThoList.flatmap electromagnetic-currents [1;2;3] @
ThoList.flatmap neutral_currents [1;2;3] @
ThoList.flatmap color_currents [1;2;3] @
ThoList.flatmap neutral _heavy_currents [1;2;3] @Q
ThoList.flatmap charged_currents [1;2;3] Q
ThoList.flatmap quark_currents [1;2] @Q
heavy_top_currents @
(if Flags.ul _gauged then []
else anomaly_higgs) @
yukowa Q yukawa_add Q triple_gauge Q
gauge_higgs Q higgs @ goldstone_vertices)

let vertices{ =
quartic_gauge Q gauge_higgs{ Q higgs4 Q top_quartic

let vertices () = (vertices3, verticess, [])
For efficiency, make sure that F.of _vertices vertices is evaluated only once.

let table = F.of _vertices (vertices ())
let fuse2 = F.fuse2 table

let fuse3 = F.fuse3 table

let fuse = F.fuse table

let maz_degree () = 4

let flavor_of _string = function

| "e-" — L1 | "e+" — L (-1)

| "mu-" — L2 | "mu+" — L (-2)

| "tau-" — L3 | "taut" — L (-3)

| "nue" — N 1 | "nuebar" — N (—1)

| "numu" — N 2 | "numubar" — N (—2)

| "nutau" — N 3 | "nutaubar" — N (-3)
| "u" - U1 | "ubar" — U (-1)
| "e" — U2 | "cbar" — U (-2)
| "t" — U3 | "tbar" — U (-3)
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| "d" — D1 | "dbar" — D (—1)
| "s" — D2 | "sbar" — D (-2)

| "b" — D3 | "bbar" — D (-3)

| "tp" — Topp | "tpbar" — Toppb

| "g" = Gl

| "A" — Ga | "z" | "20" = Z

| "AH" | "AHO" | "Ah" | "AhO" — AH

| "ZH" | "ZHO" | "Zh" | "ZhO" — ZH

| M Wp | W=t Wm

| "WH+" — WHp | "WH-" — WHm

| "H"| "h" - H | "eta"| "Eta" — Eta

| "Psi" | "PsiO" | "psi" | "psiO" — Psi0

| "Psil" | "psil" — Psil

| "PSi+"| "pSi+"| "PSip"| "pSip" — PSZp
|
|
|

"Psi-" | "psi-"| "Psim" | "psim" — Psim
"Pgi++" ‘ "pSi++" | "PSipp" | "pSipp" — PSpr
"Psi--" ‘ "pSi_—" | "Psimm" | "psimm" — Psimm

_ — invalid_arg "Modellib_BSM.Littlest_Tpar.flavor_of_string"

let flavor_to_string = function
| L1 — "e-"| L(-1) — "e+"
| L2 — "mu-"| L (-2) — "mu+"
| L3 — "tau-"| L (—3) — "tau+"

| L. — invalid_arg "Modellib_BSM.Littlest_Tpar.flavor_to_string"
| N1 — "nue"| N (—1) — "nuebar"

| N2 — "numu" | N (—-2) — "numubar"

| N3 — "nutau" | N (—3) — "nutaubar"

| N _ — invalid_arg "Modellib_BSM.Littlest_Tpar.flavor_to_string"
| Lodd 1 — "llodd-" | Lodd (—1) — "llodd+"

| Lodd 2 — "120dd-" | Lodd (—2) — "12o0dd+"

| Lodd 3 — "130dd-" | Lodd (—3) — "13odd+"

| Lodd - — invalid_arg "Modellib_BSM.Littlest_Tpar.flavor_to_string"
| Nodd 1 — "nlodd" | Nodd (—1) — "nloddbar"

| Nodd 2 — "n20dd" | Nodd (—2) — "n2oddbar"

| Nodd 3 — "n3odd" | Nodd (—3) — "n3oddbar"

| Nodd - — invalid_arg "Modellib_BSM.Littlest_Tpar.flavor_to_string"
| U1 - "u"| U (-1) — "ubar"

| U2 — "c¢"| U (—-2) — "cbar"

| U3 — "t"| U (-3) 