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Abstract

In this thesis we study the spinor helicity formalism (SHF). This formalism is essentially
based on Weyl spinors, where we write the physical quantities appearing in scattering am-
plitudes in terms of these spinors. Here we study two distinct cases: massless particles and
massive ones and build the formalism for each case. After that, we apply SHF to study a few
scattering processes including different sides of techniques necessary to acquire.

We will also plot Feynman diagrams for scattering processes via the FeynArts package;
illustrate how the amplitudes for these processes are obtained by using the FeynCalc pack-
age and showcase the SpinorsExtras package(sub-package of S@M) via a simple example to

obtain the amplitudes in terms of spinor products.

Key Words: Spinor Helicity Formalism, Tree Level Amplitude, Scattering Amplitude.
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Abbreviation and Convention

Abbreviation
SM Standard Model
CSM Classical Standard Model
QCD Quantum ChromoDynamics
QED Quantum ElectroDynamics
EW ElectroWeak
GF Gauge Fixing
SHF Spinor Helicity Formalism
MHV  Maximum Helicity Violating
LHC Large Hadron Collider
LCD Light Cone Decomposition
SLCD  Simultaneous Light Cone Decomposition
Convention
we used :

* The metric signature: (-1,1,1,1)
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Introduction

It is one of mankind’s greatest blessings that we are born curious. Curiosity can often lead
to amazing feats and one of the questions that stimulates one’s curiosity is: where are we in
this universe ? the development of this question over thousands of years took us to another
question : what are the laws under which this universe exists ? The objective behind this
question is to try and establish well funded theories that would make us understand the
laws of nature better. On that note, there is only two major theories that got us close to that
goal. The first being Einstein’s General Relativity [1]] to describe the ample objects such as
planets, and the second being the standard model (SM) [2] 3} [4] which studies the smallest
fundamental objects.

When approaching the subject of particle physics, one must fully understand what he’s
stepping into. To talk about particle physics is to dive directly into the smallest particles
of matter and the ongoing interaction between them. The SM is a unison of two separate
theories: QCD (Quantum Chromo Dynamics) [5] and Electroweak theory (EW) [6]].

The experimental side of particle physics is centered around measuring the number of
events occurring inside the collider which is given by the product of the scattering cross
section 0,,.,; and the luminosity L. Obtaining the differential cross section 5—5 is a stepping
stone to obtain the number of events. This quantity is proportional to the square of the

amplitude of the processes occurring inside the collider :
— o [M? (1)

Throughout this thesis our interest resides in calculating the square of the scattering ampli-
tude. The classical method to calculate amplitudes is called "trace method"(it was developed
in the early 60’s). However with growing collision energies, multiple external leg processes
are more occurring which makes this method complicated and inadequate by computer and
just impossible to do by hand. This is because such processes contain a large amount of
terms. And not only does one have to carry out the calculation to obtain all the amplitudes
but also has to calculate the square of the sum of these amplitudes. Generally after carry-
ing out the heavy simplification we are left with a simple small expression because many

terms cancel each other out. A better alternative method for calculating amplitudes is called
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"Spinor Helicity Formalism" (SHF) [7}[8]]. Our objectives for this thesis are:

To study in detail the SHF and understand how to apply it in physical processes to

obtain the squared amplitudes.

To present it in a comprehensible introductory manner which makes the thesis easy to

exploit.

This thesis will be organized as follows :

Chapter 1 : we briefly present the SM and exhibit it’s lagrangian and explicitly write

down each term and briefly explain what it stands for.

Chapter 2 : we construct the objects used to perform calculations in this formalism
by using Weyl spinors [9] and use an efficient notation to write the main physical
quantities appearing in amplitudes. We study two separate cases; massless case of
SHF which is how this formalism was originally introduced. However the experiment

enforces the extension of SHF to include massive particles.

Chapter 3 : we apply SHF in a variety of examples each containing a different side
in order to cross over as much calculation techniques as possible. Such examples are
Bhabha scattering, pair annihilation process and Higgs production process which is a

three particle final state case.

Finally we arrive to the conclusion of our work where we present the challenges we

overcame throughout this thesis along with perspectives for the near future.



Chapter 1

Standard Model

"A deep emotion
comes from true devotion
to the right notion

of spin in motion.”

R.Gastmans

The SM is a theory initially introduced by Weinberg [10], Glashow [11]] and Salam [12]
to describe the EW interaction for leptons. It was modified to include the strong nuclear
interaction by Glashow, Iliopoulos and Maiani [13]]. It’s a quantum field theory which is
based on a local gauge symmetry of the group SU(3).xSU(2); xU(1)y, where the subscripts
¢, I and Y denote the color charge, the weak isospin and the hypercharge respectively. The
SM stipulates that the main constituents of our universe are elementary fermions -leptons

and quarks that is- classified into three generations :

1% generation — e , (Ve €)R; ; » (u,d)R
el df,

v

c
2”dgeneration —>[ "1, (VW/M)R; [ , (6,8)R

L

, v
3" generation — [ ‘

T
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The interactions among these particles are carried by bosonic messenger particles : glu-

»” ”

ons ”g” for the color interaction -more commonly known as the strong nuclear interaction-,
photons ”y” for the electromagnetic interaction, and the massive vector bosons ”Z” and
"W=*” for the weak interaction.

This chapter consists of an overview of the SM lagrangian and the Feynman rules for

calculating amplitudes at tree level.

1.1 The Standard Model lagrangian

Technically the SM can be expressed in several different formulations, however, despite
the appearance, the lagrangian formulation is one of the easiest and most compact ways of
presenting the theory.

The classical SM (CSM) lagrangian is written as a sum of multiple terms [14]], we have:

EC = Egauge + EPermion + EHiggs + EYukawa (1.2)

We shall present all of these terms and pinpoint what each term stands for below.

1.1.1 Gauge Field lagrangian

The gauge group SU(3), x SU(2); x U(1)y has twelve generators: eight T*’s that form the
SU(3) algebra, three T%’s that form the SU(2) algebra, and a single Y that generates the U(1)
algebra. The generators T, T% and Y satisfying the Lie brackets :

(T8, T )= if*P T, [T TP =ie™ T, [Y,Y]=0

where € is totally anti-symmetric tensor and f*#* are the structure constants of SU(3)[14]).

Hence there are three independent constants in L4, : (¢5) is the QCD gauge coupling
constant related to SU(3), subgroup, (g) and (g’) are respectively the SU(2); and U(1)y
gauge coupling constants.

Gauge field dynamics are governed by the gauge field lagrangian :

1 1 1
*CGauge = —ZGﬁvGa’u/ - ZW;VW“’” - ZBIMVBIMV (13)

where G, G, Wy, and B, are the field strength for the strong interaction, the weak

'a, p and A varying from 1 to 8, on the other hand a,b and c take the values from 1 to 3.
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interaction and the electromagnetic interaction respectively, and are given by :

GS, = 9,G% - 9,G% + g, f*PAGLG) (1.4)
Wi, =9, Wy — 9, Wy + ge® W/ Wy (1.5)
B,y = ,B, - ,B, (1.6)

Gy, Wi and B, are respectively the gluon fields, SU(2) and U(1) gauge fields.

1.1.2 Fermionic lagrangian

In order to determine the fermionic contribution to the SM lagrangian, we associate to every
fermion intervening in the theory a spinor (¢;), thus the fermionic contribution is accounted

for via the lagrangian L [14], given by :

Lp=i

Mw

Tkl I gkl gkl Ikl gyhd q yka gk 9 \yha
[\PL iDL, W+ Wy D W+ By D] W+ W Ty MDY W (1.7)
k=1
where the sum over (k) denotes a sum over the three generations of both leptons denoted by

(I) and quarks denoted by (g), the covariant derivatives are as follows :

Dy, = Do, =0, —igWiT"—ig'YB,

Dy, =d,—ig'YB,

D], =0,-igG, TS —igWiT" ~ig'YB,

Dy, =9y —igGy T —ig'YB, (1.8)

Written in this manner the fermionic lagrangian is invariant under the local gauge transfor-
mations of the SU(3)® SU(2)® U(1) group. This lagrangian is also invariant under global
transformation of the PoincarAl group. It is important to point out that the fermionic la-
grangian does not include in an explicit way the mass terms because then the lagrangian
would not be gauge invariant, instead the mass of fermions must be introduced in a way
that preserves this property. The only way to do this is to introduce the mass via the Higgs
mechanism [14]. For this we need to introduce the Higgs lagrangian.
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1.1.3 Higgs lagrangian

In the SM the Higgs field is represented by a complex scalar isotopic doublet:

.I.
%
D = v+H+igpy (1.9)
V2
The Higgs field lagrangian is introduced via the following lagrangian :
L, = (Dg,, @) (DPHD) + p> DD — A (DT D)? (1.10)

@ is the isotopic doublet for the complex scalar field.

pand A are free parameters for the model.

1.1.4 Yukawa lagrangian

The fermions interact with the higgs field to acquire their mass. This interaction is embed-
ded in the SM via the Yukawa lagrangian [14].

Ly=- [/\;Qup \kaJ (ig2q>*)\p1§:ip + /\Zdown \kaJ@\Ifli"’;own + (h.c)] (1.11)

P I

AP E ot oy W s AP B oW (o)

o~
Il

1

ll ’ Id .
where : /\k”p, /\i’dow”, /\Z “P and )\Z oW are the Yukawa coupling constants.

So the classical SM lagrangian is the sum of the previously mentioned terms

EC = 'Cguuge'i'*cfermion +£Higgs +£Yukawa (1.12)

However since the SM is a quantum field theory so the fields must be quantified. This
procedure means that we must introduce a field operator for every field intervening and it
must be done in a way that preserves gauge invariance; this implies adding two new terms
to the CSM lagrangian.

The canonical quantization of a non abelian gauge field lagrangian yields an inconsis-
tency in the theory which is the fact that the time component of the gauge field G2 vanishes

which means that the conjugate momentum f[g will also vanish while the Lie brackets stip-
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ulate that :
[Go T w)] _ =io*(®@-7) (1.13)

X0=Y0
The solution to this problem lies within ignoring the classical implications of gauge invari-

ance and adding a gauge fixing term given by :

1

a\2
2EG(a.G ) (1.14)

Lgr =

However this creates an even bigger problem, the lagrangian is no longer gauge invariant.
Feynman found a solution in 1963 [15]] which consisted of introducing new bosonic fields
which verify the fermionic Lie brackets called "ghosts". In 1967 Faddeev and Popov [16]
used path integrals to justify Feynman’s strange proposition, the second term added into

the lagrangian depends on these ghosts
Lonost = 1(0"x1)Ds x5 (1.15)

where x{, )(g are the Faddeev-Popov ghosts, D"jb = 5% i g fabe Gj, is the covariant derivative
while a,b and c are the adjoint representation indices.

Adding the gauge fixing term and the ghost term to the classical lagrangian breaks invariance
under local classical gauge transformations and extends the invariance to local ghost transforma-
tions, this extension is called the BRS transformations [[17]].

Eventually the quantized SM lagrangian will be the sum of the classical lagrangian and the
ghost term and the gauge fixing term [14] :

Loy = £C+£ghost+£GF (1.16)

1.2 Feynman Rules

A Feynman diagram is a graphical representation for the quantum amplitudes of a given process,
composed of three elements external lines, internal lines and vertices. To each one of these ele-
ments we associate a mathematical expression dictated by the SM lagrangian, the product of these
expressions-with the appropriate order- will yield the amplitude of the depicted process. How one
tells which mathematical expression is the right one to use is answered by Feynman Rules. These
rules can be derived but we will just list the ones we will use throughout this thesis [18}18]].

In order to simplify the process we will classify Feynman rules by the sectors in which they
intervene -QCD and EW sectors that is- below :
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1.2.1 Feynman rules for the Electroweak theory

The EW sector Feynman rules intervening throughout this work are listed as follows
* Propagators

A photon propagator is represented with a wavy line:

7/ .
UNNANNNN e &y —(1=¢)

PubP
b )

where gV is Minkowski’s spacetime metric and p,, is the photon 4-momentum .

We will mostly work in Feynman gauge, £ =1 :

7/ .
——t
'u’\/\/\/\/\/\/ v pric Sy
The same representation goes for the Z vector boson
z
_ig)w
’u/\/\/\/\/\/\/ v k2—M2+ie

As for the Higgs boson and the rest of the other scalar particle :

p _ig;w
______ kz—Mﬁﬂ-ie

A spinor propagator with mass m is a continuous line with an arrow:

f) i i(p+m)

p2-m2+ie Y

(1.17)

(1.18)

(1.19)

(1.20)

(1.21)

The arrow points to the right for a particle and to the left for an antiparticle, and the 0;; is added

to conserve flavor

e External lines

When a photon is an incoming or an outgoing particle it contributes by a polarisation vector €,(p)
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and is represented graphically by :

AVAVAVAVaViVaV) €ulp)  (incoming) (1.22)
O/ NANANANAN €ulp)  (outgoing) 123
As for fermions, we represent them by :
> o u(p) (1.24)
- *(p) 125)
< o v*(p) (1.26)
¢ < v (1.27)

u®(p) and v¥(p) are spinors(for electron and positron respectively) satisfying the Dirac equation:

(p—mu’(p)=0,  W(p)(p-m)=0 (1.28)
(p+mp*(p)=0, v (p)(p+m)=0 (1.29)
where s is an index numbering the two spin degrees of freedom of the spinor. The spinors u°(p)
and v°(p) are defined by:
w(p)=1u(p)'y’, v(p)=v(p)"y" (1.30)
» Vertices
Gauge couplings to fermions are as follows.@ :
N Zn f_f
icosgew 7/ll(gV _gA7/5)
f
(1.31)
\d
A, ‘
1eQsyy
f
(1.32)

2Qf is the charge of the fermion, Q; = -1 for an electron.
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- g 1-ys
a2

¢d,u
(1.33)

Sometimes it is more useful to write these couplings in terms of the left and right projectors:

=y 1+ys
P = > g = 5 (1.34)
we then get:
L ghys)= (gl P+ ghPr) = 1.35
(8v —8a¥s) = (8L Pr+ 8rPr) = (§-7- + &+ 7+) (1.35)
Where : y_ = Py and y, = Pg.
Higgs boson couplings
f
H < _i&
--- 2 my
f (1.36)
H i
Wy (1.37)
H “
8
-—-- J,fb‘:w lcos(GW)ngl“’
Zy (1.38)

1.2.2 QCD Feynman rules

In this part we list the rules used throughout this work for performing amplitude calculations in
color interactions. The gluon propagator looks similar to that of the photon’s with the addition of

the Kronecker delta coming from the color interaction.

. . —1 _ _ PuPv
Vibsssos0000000> HAa rrelg = (1= )75 1oa (1.39)
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The three-gluon vertex is given by the following formula :
wa
v; b

gf g (k—p)P +g"P(p—q)' + gPH(q - k)"]
pic (1.40)

All momenta are taken to be incoming.

Remember that in this part we only mentioned Feynman rules used in chapter 3.



Chapter 2
Spinor Helicity Formalism

"The mere neglect,
of a mass effect
is quite suspect

and often not correct."

R.Gastmans

Scattering amplitudes are at the very center of high energy physics right at the intersection between
the SM and collider physics. Currently the main trends in collider physics are the ones specializing
in colliding Hadrons, this era started with the Tevatron. It is now residing at the Large Hadron
Collider (LHC) [19] at a collision energy of approximately 13 TeV designed to push the SM to its
limits and it has so far passed every test marvelously. However there are quite a few questions the
SM still fails to answer, in order to get closer to answering these questions higher energy collisions
are needed. The challenge here does not only lie in developing stronger colliders but also stronger
calculating techniques, if we are to collide hadrons at a higher energy scale then it is expected to
encounter multiple finite state particle processes. So here’s the rub, the standard go to method
when calculating scattering amplitudes is the trace evaluation metho [20].

This method is extremely convenient and easy to handle when a process yields two particles
or even three. However the method gets increasingly difficult and somewhat uncomfortable, until
reaching a point at which this method is just unusable. This is mainly due to the fact that cal-

culating the square of an amplitude implies having to calculate the mix terms product, the result

See appendix B

12
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eventually will be quite simple but the process is still a big mess. With these problems in mind, the
need for a more efficient formalism is urgent deal. Among the many promising formalisms, SHF is
the one that stands out the most [7]]. The SHF is a relatively new method developed in the 1980s
[8] which eliminates the need to calculate mix terms, in other words it makes the square of a sum
equal to the sum of the squares.

In this chapter we will see how this formalism works. We will also showcase the standard
notation for this formalism and set the formulas we work with in both the massive and massless

cases.

2.1 Weyl Spinors

The first time P. Dirac wrote down his relativistic equation for spin half fermions, he had the
electron in mind, this paper was published in 1928 and was met with a mixture of reactions but
one thing is certain it was quite the breakthrough.

A vear later H. Weyl showed that for a massless fermion a simpler equation with less degrees
of freedom would suffice; and as big a breakthrough the Dirac equation was, time showed that
Weyl’s work on massless fermion fields was a stepping stone for what was to come. We start from

the explicit Dirac equation and we take the m — 0 limit to get :

L oY e
1h§ = —ihcal d; (2.1)

with the absence of mass, al matrices are no longer required to be 4 dimensional and would satisfy
the equation with instead two dimensions only, thus we can just use Pauli matrices instead, as for
the left hand side of the equation the matrix o® = 1. By taking both members of the equation to
one side we find the Weyl equation :

o,pfP =0 (2.2)

R Eo e A I
01 1 0 10 0 -1

2.1.1 Helicity, Chirality and Spin

where

Spin is a quantity which was first postulated by Ralph Kronig as an idea to W. Pauli and then
formally published, in late 1925, by S. Goudsmit and G. Uhlenbeck. Simply put, spin is the
intrinsic angular momentum of the particle, and like the name suggests it’s an intrinsic property
of a particle, meaning it can never change in value.

For a particle of momentum P and angular momentum T, helicity is defined as the projection
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of the intrinsic angular momentum §0f the particle onto the momentum axis of said particle [[18]

25.P
1P|
the factor "2" is introduced so that the eigenvalues of h remain integer for any particle. For a
fermion obeying the Dirac equation -that is S= %— helicity can be written as :
G.P

h=22 (2.5)

=
1P|
This operator clearly commutes with Dirac Hamiltonian. So this means that helicity is time in-
variant. Another interesting property is that helicity is invariant scalar under space rotations. As
for boosts though, helicity may well change sign for a particularly boosted observer.
The Dirac representation is a direct sum of the irreducible left and right unitary representations

of the Lorentz group:(%, 0)®(0, %). This makes a Dirac spinor a doublet of a left and a right handed

Weyl spinors:
b= "I’L] (2.6
¥r
We define:
1-ys L+7s
P = , = 2.7
= he= (27)

as projection operators for the spinors. These projectors are said to be "left” and "right” handed

projection operators verifying P2 = Py, PL2 =P and Pr+ P, =1 and:

0
Py YL _ P Y| _[¥e (2.8)
¥r) (¥R r) (0
Chirality is defined from a mathematical perspective as the eigenvalue of ys matrix given by :

Vs =1Y0Y17273 (2.9)

this matrix satisfies anti-commutation brackets with all Dirac matrices and 7/; = y5 along with
(y5)? = 1 H The ys matrix commutes only with products containing an even number of Dirac
matrices. So this means that ys will not commute with the Dirac Hamiltonian and consequently
for the massive case chirality is not time invariant.

If we look closer at helicity and chirality, we’d realize that these two are strangely related.
Helicity is conserved but not Lorentz invariant whereas chirality is Lorentz covariant but changes

in time and both of these short comings are due to the massive character of the particles. In the

2See appendix A.
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massless limit however, the difference between these two vanishes completely, helicity and chirality

become completely indistinguishable.

2.1.2 Notation for Weyl Spinors

We saw earlier that Weyl spinors belong to the irreducible representation of the Lorentz group, this
property makes these objects very useful in many contexts as they are somewhat seen as building
blocks for every field there is.

So now we’re going to construct a concise notation for products and contractions of Weyl
spinors, we will denote the left handed Weyl spinors with a normal Greek letter, while the right
handed ones will be a tilded Greek letter, that is :

* 1, represents the left handed spinors

o (% represents the right handed spinors.

where a,d=1,2. We now introduce the 2 x 2 totally anti symmetric tensor:

0 1
saﬁ:—eaﬁ:[ . 0] (2.10)

Omne can always use the matrices to verify that eaﬁeﬁV = 6). This tensor is to be seen -function

wise- as the g of Weyl spinors, however we must be careful with raising and lowering indexes as

VXa = 5aﬁ5ay’1bﬁ)(y = _5ﬁa5ay¢ﬁxy = _6571%)()/ = _11[))/)()/ (2.11)

In addition to making manipulations much simpler, this tensor helps us define the Weyl inner

products:

* Left handed inner product is given by :

X = P Xa = YatPup = —xpe P Yo = XpeP Yo = —xa” = 29 (212)

* Right handed inner product is given by :

P =9 =—KaP =X Pa = -XY (2.13)

The next thing to introduce is the matrices intervening in the Weyl representation. The Dirac
y matrices are replaced by Pauli matrices o = (1,7) and 6" = (1,0 ). Now that all of these

changes took place, let’s review the kinetic term of the Dirac lagrangian i = (A, x) is:

Liin = ipdp =iX'6#9,A+ig a0, % (2.14)
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using the spinors with their component indexes, the lagrangian takes the form :

Liin =iA 65,0,A% +ix% oLy 9,7 (2.15)

aa”u

with A=A and y = 7.

Finally we write two very useful formulas :

Epv Ot ‘7;3 =2e4p€44 (2.16)
€ap €af olPP =gl (2.17)

2.2 Massless case

Originally, the SHF was introduced for the study of massless initial state particle processes [21],
where many multiple finite state particle amplitudes were derived. In this section we’re going to

illustrate the original SHF.

2.2.1 A simpler more convenient notation

Let p and q be two four-momentum, while A and x their corresponding spinors. We define the

notation:
Py =A%, (qlq = Xa

lpla = Aa » [q1" =X (2.18)

so next we rewrite the inner products in terms of helicity spinors:

(p) = (plalg)® = A" = €dﬁia)?5 = —iﬁ)fﬁ (2.19)

[pa) = [Plalg]® = A% xa = €apA®xP = =Apx"

Here, the notation (pq) is simply an abbreviation for the contraction of dotted spinor indices, while
[pq] is for the undotted spinor indices. Whether the spinors are left or right handed is determined
by the shape of the brackets, angled brackets are left handed helicity spinors and squared brackets
are right handed helicity spinors, these spinor products satisfy :

(pq) =—(ap) [pq] = -[ap] (2.21)
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they are anti-symmetric, on the other side there are no (pq|-brackets, because the indices cannot

contract directly to form a Lorentz scalar, and as a particular result:

(pp)=I[pp]=0 (2.22)

and for real momenta we have:

[pl* =P, (pla=(pla)
[pal” = <ap) (2.23)

These formulas help us deduce many simplifications while calculating amplitudes.

2.2.2 Vectors

The SHF’s strength comes from the fact that spin-1 particles transform in the (%, %) Lorentz rep-

resentation. This allows us to write the 4-momentum of any particle as bispinors

0493 pl_ipn2
Iz “ptp” p —1p
P Pac = Pife [p1+ip2 —p°—p3] 220
more generally we have 4 relations :
2 aa ~paa )z 1 Haa 2 1_ aa
Paa =(0")aapy, p™" =" py, pP=-0""pas, p"=50uaap (2.25)

which provide an easy conversion from the 4 vector representation to the (%,%) Lorentz repre-
sentation and vice versa. In the case of lightlike momenta like massless gauge theories, we have
det(p®®) = 0, which is a very important constraint that is key to many simplifications to come.

It’s pretty obvious that the 2 x 2 matrices can be written as an outer product :

Pag = —Aghq , pt*=-1%2¢ (2.26)

since the determinant is nil, the product of two massless vectors p,q = —A A and
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Qag = —XaX®, gives :

1 . 1 g
pa=(30"pas ) 30 5)
2nr
_Zo.;wca BB

Ou Paddpg
1 . —r g
:—Eeaﬁeaﬁ/\a/\“)(ﬁ)(ﬁ

= —%<pq>[qp] (2.27)

in order to find this result we used (2.16). The same formula is derived via another method in
appendix C.

Eventually one realizes that spinor inner product are just square roots of factor lorentzian
inner products up to a phase factor. Thus we can just use the bracket notation for spinors related

to a particular momentum be it boson or fermion, that is :

(pq) =i\2p.qe'®, [gp] =iy/2p.qe™® (2.28)

and the bispinors take a more intuitive form in Dirac notation :
P ==Ip)lpl 1paa = —IP)pl (2.29)

2.2.3 Dirac spinors

We can now proceed with the next step, which is expressing massless Dirac spinors in the Weyl
basis. Dirac spinors are four component spinors, so we can express them in terms of spinor helicity

notation as follows:

(2.30)

u+(p)=v_(p)=[|p2d ,i(p)=7.(p)=(0 (pls)

where the subscript + indicates the helicity.
The Weyl representation is useful when dealing with massless particles. We defined the gamma

matrices in the Weyl basis as follows:

0 r
Vi = [ U““] (2.31)
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so we can write :

0 r 0 :
p=puy’=  PrOea) | 7 Pad (2.32)
p’/{a—yaa 0 paa 0

The Dirac 4-spinors satisfy a spin completeness relation, for m = 0 we have :

Y uipliis(p) = ) _vi(p)i(p) = —p (2.33)

S==% S==%

This relation can be expressed in SHF as follows:

—p =Ip)pl+IpKpl (2.34)

For a process with n external particles, the momentum conservation ), pf = 0 encoded in spinor

notation | is :

n
Y (palapl=0 (2.35)
q=1
The following relations are obtained by using Eq (2.16):
[py"al=<py"q)=0 (2.36)
and the Gorden identity
(py"q]=(po’q] = [q5"p) = [9¥"p) (2.37)
Finally, Fierz rearrangement :
(py"alryus] = 2(pr)lgs]. (2.38)

The difference between manipulating heavy Dirac spinors and Weyl spinors is clearly visible now.
The most important advantage of this method is that we do not need to find explicit representations
for the angle and square spinors; we can simply work abstractly with |p) and |p] and later relate
the results to the momentum vectors, these twistors are the pillars of what we call the "spinor

helicity formalism".

2.2.4 Polarization vectors

When dealing with scattering processes containing bosonic external lines, there’s always polariza-
tion vectors showing up in the amplitude formula. So the idea remains the same which is writing

the polarization vectors in terms of helicity spinor products.

3consider all particles outgoing.
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As seen in [21]] the polarization vectors eﬁ can be written in spinor helicity notation as follows:
z (qy"K] (kytq]

e\ (k,q)=- , €l(k,qg)=- (2.39)
) V2(gk) V2[gk]

In the two previous expressions, q denotes an arbitrary massless reference momentum. For every
polarization vector in an amplitude, an arbitrary massless reference momentum can be chosen,
and must not be aligned with k¥ -that is q.k # 0-. The two polarization vectors are related by
complex conjugation:

(eb) = -k (2.40)

The square of the amplitudes we calculate must be in accord with results found by other meth-
ods, for this to be possible the new polarization vectors must satisfy a few properties such as
normalization and completeness relation. Below we’re going to demonstrate the completeness re-
lation, the rest of the properties will be mentioned in Appendix C.

The polarization vectors obey the standard completeness relation [22]]

) _ehkq)e] (k. q) = ek, q)el (k,q) + et (k. q)e” (k,q)"
A=+

__SaytkKky”q]  (kytqlqy k]
2{qk)(gk) 2[qk](gk]*

__Say"kKky¥q] _ (ky*qlay k]
2(gk)[kq] 2[qk)(kq)

_ iq((qy"k](kyvq] +(ky"q)qy k)

1 v v
=%[Tr(y”k7 v- i) +Te(Y! gy v, K
gtky +q" k*

% (2.41)

1
= 27 O = g +

where (2.27), (C.13) and (A.8) were used.

The slashed polarization vectors can also be written in terms of spinor products as follows:

£k q) = <q£k2>(|7<]<q|+|61>[k|) » #(kq)= %(IH[QHMKH) (2.42)
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2.3 Massive case

However if one wants to approach reality, then massive initial state processes must be taken into
account, especially if we are to study the EW SM and QCD with massive quarks. In this section
we’re going to build massive helicity spinors [23|]] and use them to derive the amplitudes the same

way we did in the massless case.

2.3.1 Light cone decomposition (LCD)

The idea that comes to mind is simple, since the SHF is built in a way to deal with massless fields
then we must build the massive fields from massless building blocks. So which fields can be used
as building blocks and are indeed massless ? the answer is Weyl spinors.

The technique used for the construction of the massive fields is called Light Cone Decomposi-
tion (LCD) [124] we start off by writing the lightlike momentum r* as: (r¥ = p¥ — ag#). Now r*
being lightlike means by definition that r*> = 0, so we have:

0= (p"—aq")(p, - aq,) = p*> - 2ap,q"
pZ

a=—-— (2.43)
2p-q
where q* = 0 and p?> = —m?. Thus the massive 4-momentum is given by :
2gh
pt=rt+ P (2.44)

2r.q

2.3.2 Massive Dirac spinors

Let’s consider the positive and negative energy solutions of the Dirac equation. Keep in mind we’re

writing these solutions in the form of 2 two-dimensional Weyl spinors, that is

Ug = [/\7] (2.45)

The Dirac equation is explicitly written as :

(p+m)us(p) = [ " pm][/\“_] =0 (2.46)
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which yields the following system :

pad)zd +mA, =0
P A, +mpt=0. (2.47)

Let’s apply the LCD to express the massive bispinors p . and p*® in terms of massless bispinors

(rao'u qad):

Pada = Taag T Wqaa

P& =19 4 g*® (2.48)
where w = % =5 ; " and using (2.29) we get :
Paa = —Irlalrla — wlqlatals
p™ = —|ry*[r|* - wlg)*[ql" (2.49)
inserting (2.49) in (2.47) we get :

(lr]u<r|d + wl‘]]a(‘]ld))zd = m/\u
(I [rl” + wlg)*[q1") Ag = mE° (2.50)

The solutions for the two last equations are as follows:

_ [ﬁlq_]a] :[ ar ] 25)
)" ool

with A, = ﬁm]a , X% =|r)? for the positive energy solution u, and A, =|r],, %% = (r—rz’1>|q>‘i for
the negative energy solution u_ .
The equation (2.46) admits 2 solution, the same goes for anti-spinors v, and i, and v,. So we

have a total of 8 solutions given by :

m m
qu% u.(p) = [r—q]Iq]+|r>

m m
vi(p)=Ir] - <r—q>|‘J> , v_(p) = —[r—q]m +|r)
_ m _ m
u_(p) = [q—r][ql +(r|, a(p)=[rl+ ﬁ@ﬂ
- m _ o m
v.(p) = m[qlﬂrl v_(p) =[rl <(m(ril (2.52)
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2.3.3 Massive gauge bosons

The final brick in this particular wall is the massive polarization vectors, the only thing we need

to do now is to write them down in terms of spinor notation, and proceed to applications

#o = 8avr] (ry"q]
ey (k)= , el(k)=—— (2.53)
T V) V2[gr]
and the longitudinal mode is given via LCD by
el(k) = lr/“ + iq" (2.54)
0 m 2r.q '

encoding the last equation in spinor notation, the longitudinal mode becomes:
1 m
Firy — p p
colk) =5, (ryfrl+ g @rtal (2.55)

with:
(rytrl=2r", (qvFr]=249" (2.56)
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Application

"It’s nevertheless
an endless mess
before one can asses

nature’s inventiveness."

R.Gastmans

Now that we saw how to construct all the physical quantities in terms of SHF, it is time to see
how to use the SHF to calculate the square of the amplitudes in a few examples.

In this chapter we’re going to start with a simple two body Higgs decay, we move on then
to treat Bhabha scattering, after that we study a case containing polarization vectors and the
example we chose is an electron-positron annihilation process. We then study the case of a slightly
complicated process occurring at the LHC, which is the Higgs production process. Finally we study

a case of gluon scattering process in QCD.

3.1 2-body Higgs decay

For the sake of keeping calculations simple we start off with a simple two-body Higgs decay
f(p2)
H(py) <
f(p3)

24
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Figure 3.1: Feynman diagram for h(p;) — f(p,)f(p3)

Where f and f are a fermion and an anti fermion.

The amplitude for this process can be derived from Feynman rules and is given by :

m
My, = =i, (p2)oa, (p3) (3.1)

where p} = —mi, p3=p5= —mj% and A is an index which represents the helicity of the particles.
In the massive case. We shall use simultaneous light cone decomposition (SLCD) to express the
massive momenta p, and ps in terms of massless momenta (r,,q,,13, q3). The massive momenta
take the form: :

2
m
. f
p2=71; 2r2q2q2
my
= ¥r — 3.2
p3 =713 2r3q3613 (3.2)

We can choose 1, = q3 and r3 = q,. We have one Feynman diagram with 2 fermionic external
lines, each particle has two helicity states A = +. It appears we would need to compute 4 amplitude
M, ,M_,, M__and M__, but using SLCD to fix massless momenta reduces the number of non
vanishing amplitudes. In this case M_, and M, _ vanish. The nonzero amplitudes are M__ and

M, , while the first is linked to the second by complex conjugation, that is :
M, =M"_ (3.3)

So we have only one amplitude to compute:

Ly __n
M= o (3= ([q2q3][6I2|+<613|)( [q2q3]|613]+|‘h>)
my ’”?
= 7[-m[‘12‘]3] + <¢I3‘12>]
=Y s ) (3.4)
U[qz%] 124 f .

as we stated in chapter 2 the (pq|-brackets vanish. And for the second non vanishing amplitude

we use complexe conjugation to obtain :

m
M, =M'_= 71[(5(]2,13 - m]%) (3.5)
v{(q392)
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Finally the averaged squared amplitude is :
2 2 sz‘ 2\2
IMP) =2AM_ P = 2T —(5,,, —m}) (3.6)
9293

The mathematica code below contains the code for calculating the amplitude for the two body
Higgs decay process via the SpinorsExtras package [25]] which coincides with the result we ob-

tained.

10

11

12

13

14

15

16

17

18

19

<< SPinors ¢
Needs["SpinorsExtras "]
DeclareLVector([pl, p2, p3]
MP[pl, pl] A= —mHA2;

MP[p2, p2] M= —mfA2;

MP[p3, p3] A= —mfr2;

(«MP[ 11,71 JA=MP[ 12,72 JA=0:+)

$Assumptions = mH > 0 && mf > 0
Al{p3_, +1}, {p2_, -1}] := —mf/v Spba[SpM[p3, 1], SpM[p2, +1]]
Al{p3_, -1}, {p2_, +1}] := —mf/v Spab[SpM[p3, 1], SpM[p2, +1]]
Al{p3_, -1}, {p2_, -1}] := —-mf/v Spaa[SpM[p3, 1], SpM[p2, +1]]
Al{p3_, +1}, {p2_, +1}] := —-mf/v Spbb[SpM[p3, 1], SpM[p2, +1]]
diags = {A[{p3, +1}, {p2, -1}], A[{p3, -1}, {p2, +1}],

Alf{p3, -1}, {p2, -1}], Al{p3, +1}, {p2, +1}]}

diagsLCD1 = LightConeDecompose[diags, p2] // Refine

{SpAssoc[p2] —> SpRef[p3], SpAssoc[p3] —> SpRef[p2]}

diagsLCD = % /. subs // Simplify

subs2 = {SpRef[p3] —> Sp[3], SpRef[p2] —> Sp[2]}

fin = diagsLCD /. subs2 // Simplify // Together // ConvertSpinorsToS

subs =

This code was inserted in order to provide an example on how to use the SpinorsExtras extension

of S@M package [26]] in order to calculate scattering amplitudes.

3.2 Bhabha scattering

It’s the process e”e* — e~e™ which yields two diagrams [27]

P1 P3 e e
e e
et et
P2 P4 e’ et
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Figure 3.2: Feynman diagrams for Bhabha scattering

corresponding to the amplitudes :

2

e _
Mi(A1 A5 A344) = T”A3(P3)V”“A1(P1)VAZ (P2)Yuva,(pa)
2
e? _ _
Mjy(A1 A A3Ay) = —?V/\Q(Pz))/””/\l(Pﬂu/\g (P3)Vuva,(pa) (3.7)

where s = —(py + py)* and t=(p, —p3)? are the Mandelstam invariants and the A; represent
the fermion helicities.

We have 2 Feynman diagrams each with 4 external lines, each particle has two helicity states
A = +. The first thing to notice is that the amplitude is zero if two external fermion lines that meet
at a vertex have the same helicity. This is because we get zero if we sandwich the product of an odd
number of gamma matrices between two twistors of the same helicity, explicitly (py*q) = [py'q] =
0. We will get a nonzero result for the tree-level amplitude only if two of the helicities are positive,

and two are negative. This means from 16 possible helicity amplitudes M(AyAy; A3A4) only 6 give

a non zero tree level amplitude : M (++;++), M(+—;+—), M(+—;—+), M(——;——), M(—+, —+), M(—+; +-).

Moreover, the first three are linked to the last three by complex conjugation, thus :
M(++;++) = M(——), M(+—+-)"=M(—+,—+), M(+——+)"=M(—+;+-)

So we have only three amplitudes to compute.
We use SLCD to express the massive momenta py,p,, p3 and py in terms of massless momenta

riand g; (i=1,..,4):

m?

pi="ti— gi (3.8)

21,9
with p? = -m? (i = 1,...,4) and r? = q7 = 0. Using SLCD to fix the massless momenta will be

crucial to reduce the number of helicity amplitudes, let us initiate with M, and set:

=4z 13=q1 1 =44 T4=4(3

So the nonzero helicity amplitudes for My are M(++;++), M (+—;+—), M(——; ——) quadand ~M(—+,—+)
My (++,++) = ?ﬂ (p3)y"us (P14 (P2) Vv (pa)
=t sl e (< )= sl
=l sl (- e a1 - )|
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2

= %[([Q1V”‘13>+

2 2

m

m—<qsy”q1])(—
(9391)[9391] [92941(9294)

m

32 l m2 mzl
_e 2 H 1—-——+ -
a5y 91 947" q2] So4 S13524  S13

using Fierz rearrangement we find :

1+

e? m* — (513 + Sp4)m?
M (++,++) = 2—(q394)[9192] DB
t 513524
Using relations (2.36)), (2.38)), we proceed in the same way and we get :

2 [ ot — (513 + Sya)m? ]
M (+=+-) = 2-;(4342>[41Q4] 1+ (513 + 524)

513524

2

e [ m* = (513 + Spq)m? ]
A41(—+?—+)::2-;<Q1Q4HQ3QZ] 1+ (513 + 524)

513524
2

e [ m4— S + S mz-
A410-—;——)::2‘;(Q1Q2ﬂﬂ3ﬂ4] 1+ (513 + 524)

513524
The SLCD procedure for M, diagram is set by imposing :

=4z 7T3=4qg 12=4q1 14=43

A similar development to the one above easily yields

2
My(+—5+-) = —%ﬁ-(pz)y’%(pl)ﬁ+(p3)7,4v_(p4)

2
e
_-—27;(qQQ3>[Q1Q4]b1 t 512534

5 ]
e
A4ﬂ—+ﬂ—+):—2?;OMQ4HQ2%ﬁ I+

512534
e? [
A4ﬂ+—?"H::—2;%qu>M1%ﬂ 1+

512534
2 [
A4ﬂ—+ﬂ+—):—Qz;OMQ3HQ2%ﬂ 1+

512534

taking into account m — 0 and g — p we get :

M(+—+-) = My (+—+—) + Mp(+—,+-)
[(3D)[14] (23)[14]
t S

=2e¢

[927494) + <Q47/Mz])]

m* + (515 + 534)m? |
m* + (1 + 534)m? |
m* + (515 + 534)m? |

m* + (s15 + 534)m? |

28

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)
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M(++;++) = My (++;++) = 2?(34)[12] (3.19)

M(+—;—+) = My(+——+) = —265—2<13>[24] (3.20)

The rest of the amplitudes is obtained by complex conjugation :

M(=+;+=) = M(+—;—+) (3.21)
The sum of the squares of the non zero amplitudes yields :

(M*) = i [2|M(+—;+—)|2 +2IM (++;++))* + 2|M(+—;—+)|2]

pw [523514 + 512534 + 523514 + 524513 + 523514]
t2 s2 st

inducing Mandelstam variables :
§23 = =2P2P3 =S14 = —U =145, S1p=-2P1Py =534 =5, S13=~2P1P3 =S =1
Our final result found is given by the following formula :

J[(E+s)?+s2  (t+s5)>+12 2(t+s)2
2 + 2 +
t S st

(MJ?y = 2e (3.22)

We will re-derive this result in Appendix B by using the trace evaluation method.

3.3 The processe e¢" — yy

In the previous section we only considered gauge bosons in the internal lines. What happens if we
have gauge bosons in the external lines? In this section we will show how to use the SHF in the

case of amplitudes containing external line gauge bosons :

P1 kq P1 kq
— s AN R

 /  /
—<—p2 '\/\/\/\/\/\%2 p—<—2 k2

Figure 3.3: Feynman diagrams for e"¢™ — yy
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In this case the corresponding amplitudes are given by:

2
M, 67 (p2)et (ko) vyl By — K )et (ky)y,u(py)
(3.23)
2
M; = =3(pa)e! (k1)yy( 1 — ka)e! (k) (pr)

Respectivly for My we choose q = ki and q, = k, and for M, the reversed choice, that is, q; = k;
and q, = k;

We notice from the beginning that there is a simplification to be made, the e¥(k;,p;).p; (i,j =
1;2) vanishes because of our choice of reference vectors. Using the compact notation s(p;,p;) =

(pipj), the non vanishing helicity amplitudes are as follows :

62

My(+45—m) = & (—Wm@][kzl ‘ <r2|)([pzi,f] (k2)pal + |p2]<k2|>)<|k1>[k1| + k)

t
( [le/;l ]

<|k1>[p1|+|p1]<k1|>)( |k11+|r1>)

[r1Ki1]

[kopo[Kkoki )k py Kk 1)
[kara][pak2]lpiki]

e_ (kaky Xkyr1)

t [koro]

e?
=-2m—
t

=-2m

M(++,—=) = My (++,——) + My(++,——) = —2me> [S(kz;kl)s(kﬂl) + S(klrkz)s(szz)]

s*(ra, ko)t s*(r,ky)u

M=) = My, =o) Mooy ) =26 ol )| S = ST

s*(ki,p2)u s*(ky, po)t

2 %
M (=3 —4) = My (4= =) = 2 & T K 2P st 1)
t s(p2,ka)

e® s*(ky, 11)s(pa, ky)s* (p1, ka)s(ky, 11)

M +—;+— =M +—;+— =2
( ) = M )=2- s(pa, k1)s*(ky, p1)
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As usual we use the advantage that the helicity amplitudes are complexe conjugate of each other :

M(—;++) = M(++,—)" , M(—+;++) = M(+—,—)"
M(—+;+-) = M(+—,—+)" , M(—+;—4) = M(+—,+-)" (3.24)

by taking into account the limit m — 0 and r; — p; withi=1,2

M(4—,—+) = Zezs(Pz;kl)i (kz;Pz), M(—+,+-) = 2625(P2;k2)i (k1,p2)
,kp)s*(ky, ,k1)s*(ko,
M (4=, +) = 5,25(P2 2):; (k1 Pz), M(—4,—+) = 5,25(P2 1):; (k2,p2) (3.25)
the sum over the square of the amplitudes yields :
Y IM(A A3 A5 A0) = 2AM (+=5—+) + 2AM (4= +-)
A
Sp ki S Sp.k,S
— 2 |4¢? sz;2pzk2 +4€2 szitzpzkl
2, 42
—g2t T (3.26)
ut
with:
Spok, = —2p2ko = =2p1ky =t , sy = —2poki =-2piky =u (3.27)

3.4 The Higgs production process

Among the many processes for the Higgs productions we’re going to study the example e~ (p1)e*(p2) —
Z(q1)Z(q2)H (k). We start by noticing that, in the limit of neglecting the electron mass we have
the following Feynman four diagrams for this process at tree level [28]] :

P1 q1 P1 q1
ey s AVAVAVAVAVAV, e s AVAVAVAVAVAV]
<
Y \\ k Y . k
11’
— <« —— NN \NAN
i W\A/\/\ﬂiz > 7
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Figure 3.4: Tree level Feynman diagrams for e"¢* — ZZH

These diagrams correspond to the following amplitudes:

8 _
M, =|—=— T
where Oy, is Weinberg’s angle and :

1
L = €u(q1)ev(92)y7 (8 = 8a¥s)(=p2 + 12)7"(8v = 8a¥s) (

)D,(1)

L2 = €u(41)es(42)7” (8v = 8a7s)py = 1)V (8v = 8475) 5 55 55

B = €ul@1)eu(42)y"(8v = 8a¥s) Py~ 42)7" (8 ~ 8475) 53553

Ly = €,(q1)e,(q2)y"(gv —8a¥s) (=P, + 4,)7 " (8v - gAVf’)m

where the denominators of the propagators are :

D.(1)=(-p2+42)* 5 D.(2)=(p1—q1)°
D.(3)=(p1—42)° ; De(4)=(-p2+q)°
Dz(1)=Dz(3) = (g1 +k)* = MJ +iMzIy
Dz(2) = Dz(4) = (92 +k)* =Mz +iM3T,

while gy and g, are the vectorial and axial coupling constant respectively.

32

(3.28)

(3.29)

In order to avoid carrying the propagators which do not interfere in this computation we re-

place them by the constant C; :

My (A1, Ag501,02) = Cro, (P2)éo, (92)(8- V- + &V ) (=P + 42) €0 (1)(8- V- + & v+ )ua, (P1)

My (A1, Ap;01,02) = Covy, (P2)E o, (92)(8- V- + &4V )(P1 — 41)¢6, (q1)(&- V- + &4 )1y, (p1)

M;3(A1, A2501,02) = G370, (P2)éo, (91 V- + &V ) (P — 12)¢0,(42)(&- V- + &2V )y, (P1)

My(Ay, Ap;01,02) = Ca¥), (P2)é o, (@ )(&-V-+ & V) =Py +41)¢0,(92)(8- V- + & V4 )y, (P1)
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with :

(3.34)
8-=841t8v, &+ =84~ 8v-

We introduced in chapter 2 the powerful spinor helicity notation for massive gauge bosons; so
we use LCD to express massive momenta q, and q, in terms of massless momenta. The massive
momenta take the form:

M3 M3

Zz Zz
, =r)— 3.35
27’1.11}1 he 22=" 27’2.11}2 w2 ( )

q1 =1 —

We choose for My r1 = py and ry = p,, so the polarization vectors take the form :

¢+<q]~>:ﬁ{lpmwnﬂwmml} , ¢_<q]->=%{mkmmm[wﬂ}
_ ! M. =1,2 3.36
¢0(qj)_ﬁzpj+2rj'ij]'r (j=12). (3.36)

Note that for this special example:

[p2l¢(q2) =0 , (pal¢_(q2)=0
¢(q)lpi]=0 , ¢_(q1)lp1)=0
velpy=1p), plys=<pl , v-Ipl=Ipl, [ply-=Ip| (3.37)

Using SLCD to fix the massless momenta will be crucial to reduce for My the number of Helicity
Amplitudes (HAs), to only 4 non vanishing HAs. There are My(—+,—+), My (+—,+-), M;(—+,0+)
and My (+—,0-)

CngM% (wowy)
V2 (prw1Xpaw2)

o CigiMy  [wiw,]

M (+-,0-) = V2 [wipr][waps]

2 {p1wy)
“(pywy)’
[p1wi]
[paw,]’

M (—+,—+) =2C,¢*’M M;(—+,0+) =

M (+—,+-) = 2C, g2 M} (3.38)

the same choices taken in My are repeated for M, while for M3 and My we take r| = py, 1, = p1,
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so the only non vanishing amplitudes are :

C,92M3
[p1w1] V2 (prwiX{paw2)
(powy) C283M% [wow ]
My (+—,+-) = 2C,g2M?2 . My(—+,-0)=- 3.39
2 ) 28+ Z{pyw;) 2 ) V2 [wipi]lwaps] (3.39)
and
C592M3
My (4=, —+) = 2C3? M2 <P2w2>[wzpz], My(—+,0-) = — =38 M7 [wyw,]
(powi)[w1ps] V2 [wip2][wap]
C592M3
M;(—+,+-) = 2C3 42 M2 [p2w2](w2p2>, Ms(4+—,04) = — 38xM7  (wowy) (3.40)
[pow1 Kwip2) V2 (pawi Xpiwa)
thus
Cig’M;  (wywy)
Ma(+—,—4) = —2C 2M2[P1w1], M.(—+,+0) = 4 Z 2W1
4 ) Mz [powi] 2 ) V2 (prwaXwipy)
Csg’M>
My(—t,4-) = —2Ca@2M2 P ey = S48M2 _ [wrws] (3.41)
(p2w1) V2 [wapi]lpawi]
Finally the square of the amplitudes
1
MPY=7) ) IM(MA50000)
A Ay 0107
= (M54 + M (=5 =) + 20M(—+;0+)
+ 2|M(=+;=0)* + 2|M (=+; 0-)|* + 2|M (=+;+0)|?) (3.42)

3.5 Two gluon final state scattering process

In this section we study the example of gluon scattering, the Feynman diagrams and the corre-

sponding amplitudes [[18|] for gg — gg are as follows:
€2b €3;C

_i 2 ave £cae
iM, = = & fabe fed [(€1-€2)(P1—Pz)”+2€§(P2-€1)—2€¥(P1-€2)]

x [(63-64)(173 — pa)'+2€)(py-€3) - 2€§(P3-€4)]
€1;a €y4;d
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€2;b €3;¢

_i 2 aae £coe
iM, = = & fade fcb [(€1-€4)(P1 —P4)”+2€Z(P4-€1)—2€T(P1-€4)]

X [(63-62)(173 —pa) +2eb(py.€3) - 26?(173-62)]

€1;4a €g;d

€3,C

- 2 ace e
= —& focefbd [(61-63)(171 —P3)”+Zeg(P3-€1)—2€{l(P1-€3)]

x[(e2-€4)(p2 = pa)* + 2€}(ps.€2) - 26} (pa.€s)]

64}d

where % are the SU(3) gauge symmetry structure constant. Recall that the polarizations are
orthogonal e;—’.e;—“ = 0. However, every term in the s,u and t channel amplitudes has some €;.€;
factor. Therefore My (++;++) = My(——;—) =0 , we conclude that the tree-level amplitudes
M (++;++) and M(——;—-) scattering vanish identically.

This result is actually quite general: Amplitude with all positive (or all negative) helicities
vanish at tree level in QCD, for any number of legs.

What about having one negative helicity ? Call the momentum of the negative helicity gluon
pf. Now choose the reference vector for the pﬁtl polarization to be py that is €*(p;.1,p1)- In this

case, we still have ef.e}* =0 for i # j, but we also now have :

Py Pilpryyr] _ (pipy)lpir]
B, _ 1 _ _
B T TR T

(3.43)

So every possible polarization contraction still must vanish. This work for any number of gluon
greater than three.

Summarizing: Amplitudes with all but one positive (or all but one negative) helicity
vanish at tree-level for any number of external legs greater than three. No vanishing
amplitude will have at least two negative and two positive (in general 2 negative and
(n — 2) positive) helicities H Those with exactly two negative or exactly (1 — 2) positive
helicities are called maximum helicity violating (MHV) amplitudes [18}29].

Now let us work out the square of the amplitude for gg — gg, we already know that

only the MHV amplitude are non-vanishing. We will actually only have to compute one

La denotes the different channels of the 2 gluon scattering .
2n represent the number of external particles.
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MHYV amplitude M(——,++), with other related by crossing symmetry.

We take all momenta incoming, so we have:

~(p1+p2)?® . t=-(pi+ps)? , u=—(p+p3)’

We choose the reference momentum for €/(p,r;) and €/(p,,r,) to be r; = r, = p; and the
reference momentum for €¥(p3,73) and €/(py,r4) to be p;. Then the only polarization con-
traction that does not vanish is e(p,, p4).€(p3,p1), and e(p;,7).p; = 0. All of these reduce
vastly the calculation.

Let start with s-channel, for the (——; ++) helicity. Only the contraction e(p,, p4).€(p3,p1)

survive, so there is only one term:

My(—=;++) = gs —Ss febefede e (py,pa).e.(p3,p1)l[pa-€_(p1,pa)][p3-€4(pasp1)] - (3.44)

To proceed, we use the spinor helicity notation of polarization vectors which was intro-
duced in chapter 2. The products like [e_(p;, p4)-€.(p3,p1)] are encoded in spinor notation

as follows
(2y"4](1y,3]  (21)[43]

€_(p2pa)-€s(psp1) = 3] - (3a2] (3.45)
For py.e_(p1,ps) we haveH :
_ @yr2fiyd] - (21)[42]
p2€-(p1,pa) = Valal - valal] (3.46)
Finally, the product ps.€,(p4,p1) becomes:
_ Gy 4] [43)(31)
p3-€+(pap1) = 2V2(14) = V21d) | (3.47)
By inserting (3.45)),(3.46)) and (3.47)) in (3.44) we get :
Ms(__}++ 2gs fubefcde <21>[34]2 (348)

[21][14](14)"

Now we put every thing in terms of (.) by using the momentum conservation, we have:

(p1+p2)° = (p3+pa)* = gi;i;} =1
4)|4
(prpal =lppsl = (o =1 (3.49)

3Recall that 2p£4 =(p;iy'p;] = (iyHi].
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and we know that Y }_ (ik)[kj] = 0, with (i = 1,j = 3) that:

(12)[23]
= (14)[43]

(12)[23]+(14)[43] = 0 =-1. (3.50)

Put these two last relation in (3.5]) we can simplify the result as

My(estt) = —2¢: fmfcde( (21)[34 )(<12>[211)(<14>[411)(<12>[231)

[21][14](14) |\ (34)[43] )\ (23)[32] ]\ (14)[43]
_ abe rcde <12>3
=292 f"f (B34 (23)(14) (3.51)
Next, we multiply the numerator and denominator by (12) to get :
abe rcde <12>4
M(——;++) = —2g2 e f 1234 23)(14) (3.52)

This is our final and simplest expression for M (——;++) .
Then, we move on to the t-channel diagram, which is 2 < 4 and b < d from the s-channel.

With our polarization choice, €(p1,p4)-ps = €(p4,p1)-p1 = 0 and therefore :
My(—=;++) =0 (3.53)

Finally, consider the u-channel amplitude, which is 2 < 3, b < c from the s-channel. This

does not vanish but gives:

M, (—=++) = gsf““fbde[a (p3,p1)-€-(p2, pa)l[p3-€_(p1,pa)l[pa-€: (pap1)]

_ ace pbde L (21)[34]\((13)[34])((21)[42]
-2 <13>[31](<13>[24J)( 14 )( (14) ) 5%
After some simplifications, the final result is :
ace rbde <21>4
M, (——;++) = —2g2 f%ef Aa(A2123) 3D (3.55)
so, the total matrix element M = M+ M;+ M,, is
. _ 2| pabe ccde <12>4 ace rbde <21>4
M =22  eneaas T ananesen | B
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to get the square of the HA’s, we have to perform the color sums[[18l], we have :

(fabefcde)2 — N2(N2 _ 1) (3'57)
(fabefcde)(facefbde): %Nz(N2—1) (358)
and

(12)4 g 3 s? <21>4 ’ _ s* 3.59
(12)(34)(23)(14)| ~ 2~ [(14)(42)(23)31)| ~ t2u? (3-59)
[12]* (21)* s 360
[12][34][23][14] (14)(42)(23)(31)  t2u (3.60)

so that :

1 1 1
1252 * t2u? " uzs?

) IM(—=5++) = 4gIN2 (N2 - 1)s*
colors

(3.61)

With this answer, it is not hard to compute the full |M|*. Since only the MHV amplitude do not
vanish, they’re all given by some crossing symmetry of this result. For example M(—+;—+) is given
by M(——;++) after interchanging s with u. There are six types of two positive and two negative
helicities (——,++) and (++,——) vield a factor s*, (—+;—+) and (+—;+—) yield t*, (—+;+-) and
(+—;—+) yield u*. The helicity sums is therefore :

1 1 1

IMI? = 4geNZ(N? = 1)(s 4 £ 4 ) | 5 s+ 5

colors, helicities

(3.62)



Conclusion

In this thesis, we were interested in SHF for calculating scattering amplitudes in the SM of ele-
mentary particles in both electroweak and QCD sectors.

We studied the structure of SHF where we defined the main notions and tools which the for-
malism is built upon. We also constructed the physical quantities appearing in scattering ampli-
tudes such as 4-vectors, Dirac spinors and polarization vectors in the massless case by using Weyl
spinors. We then generalized the formalism to deal with massive particles with the intermediate
of LCD and SLCD techniques.

Arriving at the 3rd chapter we successfully used SHF to calculate squares of amplitudes for a
variety of examples such as Bhabha scattering, pair annihilation process and Higgs disintegration.
However the crown jewel of our work was calculating the scattering amplitudes for the Higgs
production process where we managed to reduce the number of amplitudes we had to calculate
from 144 to only 16 via an effective choice of reference vectors. This result is a clear proof of the
strength of this formalism.

The main challenge we encountered throughout this thesis was getting familiar with the many
conventions existing in the literature of this formalism. We had to manipulate our way through
different choices of metrics and notations to reconcile a few of the existing conventions. We were
able to transit from one convention to another and obtain the same result of the squared amplitude.

The next challenge was implementing the formalism in Mathematica as we had a hard time
finding an example for calculating scattering amplitudes. So we created a simple example which
shows how to use the SpinorsExtras package to obtain the scattering amplitude in terms of massive
spinor products.

The main objectives for future reference is reconciling the FeynCalc and S@M packages. Achiev-
ing this objective would be a huge exploit for the high energy physics community since it updates
the powerful FeynCalc package to use the SHF method. Further development of the SHF to extend
it for the study of complex momenta is also an objective we intend to achieve. Of course eventually
the biggest challenge will be using the SHF to tackle the problem at the frontiers of particle physics

namely radiative corrections and loop calculations.

39



Appendix A

Dirac matrices

The conventions in this thesis have been therefore taken from Srednicki’s QFT text book which is

the "mostly plus” metric [21]]
gw=(-1L111)
It is useful to note that :
88" =4

The chirality matrix defined as :

ys =iy y*y’

obeys :
yi=1 . {ysw}=0

Recall the fundamental anticommutator relation for the Dirac matrices :
Oy =yt eyt =2
Some traces over the Dirac matrices and chirality matrix are:

Tr(1l) = Tr(ys)=Tr(ysy"y?)=0

Tr(ytyY)=—4g"",  Tr(ysy"y"yPy?)=—4ielPe
r(ylyyPy?) =4(gh gl —gMg" + ¢ g")
(

Tr(odd number of Dirac matrices) =0

H

where e""P7 is the Levi-Civita tensor, verifying:

0123 _ (3210 _ 1 0123 _ 1023
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(A.2)

(A.10)



Appendix B
Trace method

Now that we have used SHF to reach the square of the amplitude for some processes we’re going to
go over the trace evaluation method for the Bhabha scattering process. The square of the amplitude
in the trace method is the average over all initial spin configurations i, and sum over all final spin

configurations f:

(M*) = average over initial spins, sum over final spins. (B.1)

For Bhabha scattering, we have

2
M = %ﬁ(ps)y”u(m)ﬁ(pz)y,ﬂ/(m)
2
M, = —%ﬁ(pz)y"u(m)b?(ps)y,w(m) (B.2)

Summing over final states and averaging over initial states:

1 1
10 IMP =2 ) M+ Mol + M M + Mo M| (B.3)

spin spin

To calculate |M|* we need to find the complex conjugate of the amplitude. To get this, we first
recall that:

Vivo=voyu and v =yq (B.4)
So

(5P y,te(py))” = (u(p) Yoy (ps)) = u(py) viviu(pa)
= u(py) 'Y vou(pa) = (py)yu(pa) (B.5)
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in this part we’re only going to compute M |?, so we can write MIF as:

2
MY = = 7(pa)y,v(pa)ii(pr)y* u(p3) (B.6)
and therefore :
4
M, * = 72 [(pa)y"u(p)l[7(p2)y, v (pa)] [0 (Pa) Yy v (p2)I [ (1) " (p3)] (B.7)

The reason we wrote the square of the amplitude this way is to show that it is only a product of the

numbers written in brackets. Thus |M;|?* could also be written by permutation of the brackets :

4
IM;|* = [ (p3)y u(p)][(p1)y " u(ps)[2(p2) v, v (pa)] [9(pa) vy v(p2)] (B.8)

which shows that |M;|* is the contraction of the two tensors, one depending only on the initial
states, and other depending only on the final state.
The spin sum can be performed with _Dirac trace, we are ready now to sum over the spin of

particles, using the completeness relation| :

Y ui(p)Ep) =) @ (p)us(p) = —p,y (B.9)

spin spin

using these relations :

SZ Z,[”S(ps)y"us'(pl)] [ (p1)y*u (p3)] = Szﬂfg(m)yﬁp(—m>p07§a“3(l’3)

=(- 3)a[3’7/gp(_p1 )payga

= Tr(p37/”y17/” (B.10)
which is a simple expression we can evaluate using y-matrix properties :
2 IMiP = pTr (P27 ) Te(p2vips7)
spin
el
= [(2p1p4)(2p2p3) + (2p1P2)(2P3p4)] (B.11)

(A.8) and (A.2) were used. We can simplify this by making the connection with Mandelstam

'Note that in this special example m = 0
2Recall that Tr denotes the trace of the matrix (the sum of its diagonal elements) Tr(A) = Y ; A;;.
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variables:

s==(p1+p2)° =—(p3+ps)* =-2p1p2 = —2p3pa

t=(p1—p3)° = (p2—pa)’ = —2p1p3 = —2p2p4

u=(p1—ps)® = (p2—p3)° = —2p1ps = —2p2p3

u+s+t=0 (B.12)

After some algebraic manipulations, the result is :

ZIMll2 2042 TN +(t+s) (B.13)

spin

The same thing with M, and the mix product. Finally we get :

5 t+s) +52  (t+s)2+t>  _(t+5)?
4Z|M| [ P 2 (B.14)

spin



Appendix C
Spinor Helicity

In chapter 2, the SHF was introduced. We list here a set of identities involving spinor products

and the spinor representation for polarization vectors. Useful references are [21)29].

C.1 Spinor product

The solutions of the massless Dirac equation, are denoted by the Dirac bra-ket notation

u_(p) =vy(p) =Ipl, us(p) =v_(p) =Ip)

i_(p) =v,(p) ={pl, 4.(p)=v_(p)=pl (C.1)

where us(p) and vs(p) (s = +) respectively stand for the positive and negative energy solutions
to the massless Dirac equation pug(p) = pvs(p) = 0. The spinor products can be constracted as
follows

(ij) = a(piu(pj)  [ij] =i (pi)u_(p;) (C.2)
Spinor product are antisymmetric
(ij)y ==, [ij] = -lji] (C.3)

and thus
(iiy=[ii] = 0, (ij] = [ij) = 0 (C.4)

When calculating amplitudes, we will need the complex conjugate of spinor products

(ij)y =1jil (C.5)
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S0
(il = Gy = Kij)? (C.6)
The spinor completeness relation with m = 0 read u, i, + u_ti_ = —p, this can be written in SHN
as
—p=Ip)lpl+IpKpl (C.7)
We obtain the following identities by using the projection operators y.
v+p ==Ip)pl, y-p =-lpKpl (C.8)
These allow us to derive a connection to the most prevalent kinematic notation
(ij)ljil = ~(iy.p;il = =Tr(y+p;ili)
=Tr(yep7-p;) = pi'p) Te(v-v7-7v)
=pl'p} Tr(yur-vv) = 201p) &
= —2pip]~ = 5jj (C9)
Other useful relation are the Gorden identity
[y = Te(yidli) = = Te(y72p:)
=—p! Te(y, 72 7v) = —2P) 8
=2piy (C.10)
Fierz rearrangement is expressed by :
(@y*jlkyul] = 2¢ik) (1] (C.11)

The next important identity is the momentum conservation. If a set of momenta are conserved

1 pf =0, in helicity spinors it becomes:

) (plikl=0
j=1

(C.12)
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Another useful relation is that

"Nyl = TerH Gy i) = Te(y*y-p 7" v-pi) = T(¥*p 7 v-p;)
[y idiy” i) = Te(y"p, 7" v.p;) (C.13)

C.2 Polarization vectors

If we want to apply the SHF to the processes containing bosonic external line, we need to write

polarization vectors in terms of spinor notation

ik q) =AY KL g, g) = - ") (C.14)

V2(gk) V2[qk]

q is an arbitrary massless reference momuntum, the contraction with y, is :

(ay"kly, 2

¢r(k,q)=- V2(ah) —<qk>(|k]<q|+|q>[k|)
_ kytaly, N2
¢-(k,q) = Valk] [qk](|k>[q|+lq]<kl) (C.15)
with
(qy"kly, = =2(kKql+19)[k]) (C.16)

The polarization vectors have some interesting properties. sing the definition (C.14) and (C.15),

we could simply obtain the following important relation :

(eh)r = —€l
er(k,q).e_(k,q)=-1
ex(k,q).ex(k,q")=0;if q=q
e.(k,q).g=0

¢.(k,q)lq) ~<q9) =0

[ql¢_(k,q) ~[qq9] =0 (C.17)



Appendix D
Input for FeynCalc

In this section we’re going to implement the Bhabha scattering and pair annihilation processes
in mathematica via FeynCalc [30, [31} [32]] using the trace method to determine the square of the
amplitude, then we’re going to implement Bhabha scattering process again in FeynCalc but this

time by using SHF to determine the amplitude:

D.1 Input for traces method

Bhabha scattering :

10

11

12

13

14

15

16

«

<< FeynCalc

Ml = en2/t SpinorUBar[p3, O0].GA[mu].SpinorU[pl, 0] SpinorVBar[p2,
0].GA[mu]. SpinorV [p4, 0]

M2 = — enN2/s SpinorVBar[p2, 0].GA[mu].SpinorU[pl, 0] SpinorUBar[p3, 0].GA[
mu].SpinorV [p4, 0]

MTotal = Ml + M2

MTotalC = ComplexConjugate[MTotal] /. mu —> muC

MsAvgl = 1/4 FermionSpinSum|[MTotal MTotalC] /. DiracTrace —> Tr //
Contract // Simplify

MsAvgl // InputForm

MsAvg2 = MsAvgl // FCE

MsAvg2 // InputForm

onshell = {SP[pl, p2] —> —-s/2, SP[p3, p4] —> -s/2, SP[pl, p3] —> —-t/2,
SP[p2, p4] —> —t/2, SP[pl, p4] —> -u/2, SP[p2, p3] —> —u/2}

MsAvg3 = MsAvg2 /. onshell // Simplify

MsAvg = MsAvg3 /. u —> (-s — t)

Pair Annihilation :

<< FeynCalc *

47



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27
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dm[mu_] := DiracMatrix [mu]

ds[p_] := DiracSlash[p]

splp_, q_] := ScalarProduct[p, q]

prop[p_, m_] := ds[p] + m

Linel := prop[p2, —-m].dm[mu].prop[pl — k1, m].dm[nu].prop[pl, m].dm[
nu].prop[pl — k1, m].dm[mu]

Line2 := prop[p2, -m].dm[mu].prop[pl — k2, m].dm[nu].prop[pl, m].dm[
nu|.prop[pl — k2, m].dm[mu]

Linel2 := prop[p2, —m].dm[nu].prop[pl — k1, m].dm[mu].prop[pl, m].dm[nu].prop[
pl — k2, m].dm[mu]

Line21 := prop[p2, —-m].dm[mu].prop[pl — k2, m].dm[nu].prop[pl, m].dm[mu]. prop[
pl — k1, m].dm[nu]

ansl = Simplify[Contract[Tr[Linel ]]/t"2]

ans2 = Simplify[Contract [Tr[Line2 ]]/u’2]

ans21 = Simplify[Contract [Tr[Line21 []J/(t u)]

ans = eN4 (ansl + ans2 + ansl2 + ans21)

onshell = {sp[pl, pl] —> m"2, sp[p2, p2] —> mN2, sp[kl, k1] —> O,
sp(k2, k2] —> 0}

res = ans /. onshell
res = res /. m —> 0
kin = {sp[pl, p2] —> s/2, sp[pl, k1] —> —-t/2, sp[pl, k2] —> —u/2,

splp2, k1] —> —-u/2, sp[p2, k2] —> —t/2, sp[kl, k2] —> s/2}
aux = Expand[res /. kin]
Print[" \I\(\«UnderscriptBox [\(\[Sum]\), \
\(spins\)]J\)IM\/\(\xSuperscriptBox [\(|\), \(2\)]\) = ", aux]
final = aux /. s —> (-u — t) // Simplify

D.2 Input for helicity amplitude method

Bhabha scattering with SHF

«

<< FeynCalc

dp[s_] := (1 + s DiracMatrix[5])/2

Ulp_, s_] := dp[s] . Spinor[p, 0]

UBar[p_, s := SpinorUBar[p, 0] . dp[-s]

UBar[p_, s_] := SpinorUBar[p, 0] . dp[-s]

Myds[p_] := U[p, 1] UBar[p, 1] + U[p, -1] UBar[p, -1]

GammaGamma[p_, q_, s_] := 2 ( Ulq, s] UBar[p, s] ) + 2 ( Ulp, —s] UBar[q, —s]
)

delta[sl_, s2_] := If[s]l == s2, 1, 0]

Mi[s1_, s2_, s3_, s4_] := delta[sl, s2] UBar[p3, s3] . GammaGamma[p2, pl, sl]
Ulp4, s4]

]
]
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w resl[sl_, s2_, s3_, s4_] := DiracSimplify[DotSimplify [MI[sl, s2, s3, s4]]]/s

u M2[sl_, s2_, s3_, s4_] := delta[sl, s3] UBar[p2, s2] . GammaGamma[p3, pl, s1] .
Ulp4, s4]

12 res2[sl_, s2_, s3_, s4_] := —DiracSimplify [DotSimplify [M2[s1, s2, s3, s4]]]/t

13 vlist = {pl, p2, p3, p4}

14 simpl = Table[Spinor[vlist[[i]], 0] . Spinor[vlist[[j]], 0] —>

15 splvlist[[i]], vlist[[]j]]] + spc[vlist[[j]], vlist[[i]]], {i, 1,
16 44, {j, 1, 44] /. {splp_, p_] —> 0, spclg_, q_] —> 0}

17 simp2 = Table[ Spinor[vlist[[i]], 0] . DiracMatrix[5] .

18 Spinor[vlist[[j]], 0] —> —sp[vlist[[i]], vlist[[j]]] +

19 spclvlist[[j]], vlist[[i]]], {i, 1, 4}, {j, 1,

20 4}] /. {splp_, p_] —> 0, spclq_, q_] —> 0}

a simp = Flatten [{simpl, simp2}];
2 M[sl_, s2_, s3_, s4_] := Expand[resl[sl, s2, s3, s4] + res2[sl, s2, s3, s4] /.
simp |




Appendix E

Feynman diagrams with axodrow4j and

FenyArts

In this section we show how to use axodraw4j and FeynArts [33|] package, illustrated with an
example. JaxoDraw is a JAVA program for drawing Feynman diagrams, it has a simple interface
allowing all actions to be carried out in a simple manner, in addition to it’s simple interface the
program allows us to import the work done to multiple programs and allows us to save the work
done under many extensions such as XML and EPS

The basics of using axodraw4j are shown in the following LaTex document :

10

11

12

13

14

15

\begin{center}

\fcolorbox {white}{white}{

\begin{picture}(400,70) (0,0)

\SetWidth{1.0}

\SetColor{Black}

\Line[arrow ,arrowpos=0.5,arrowlength=>5,arrowwidth=2,arrowinset=0.2](100,65)
(130,40)

\Line[arrow ,arrowpos=0.5,arrowlength=5,arrowwidth=2,arrowinset=0.2](130,40)
(100,15)

\Photon (130,40)(160,40){4}{4}

\Text(180,30)[1b ]{$i\frac{g}{\sqrt{2}}\gamma_{\mu}\ frac{1-\gamma_{5}}{2}$}

\Text(115,55)[1b ]{$\psi_{u,d}$}

\Text(115,15)[1b ]{$\psi_{d,u}$}

\Text(155,45)[1b J{$W_{\mu}~{\pm}$}

\end{picture}

}
\end{center}

After compiling we obtain the following figure

50
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¢d,u

The prevalent rules preparation of a document are :

* Insert the following

1 \usepackage {axodraw4j}

in the preamble of the .tex file

* put the axodraw4j object you want to insert inside a picture environment

1 \fcolorbox {white}{white}{
2 \begin{picture}(x,y) (0,0)

1+ \end{picture} }

here x and y denote the size of the box that is to be inserted in the document and that contains the

graph, and (0,0) is the origin.

FeynArts is a Mathematica package for the generation and visualization of Feynman diagrams
and amplitudes. throughout this thesis we used it along with FeynCalc to confirm our results,
here’s an example of how it works on the Mathematica program : We start off wih Bhabha scatter-

ing example where we see how to obtain Feynman diagram via FeynArts package:

$LoadFeynArts = True
topll = CreateTopologies[0, 2 —> 2];
diagl = InsertFields|[
poo, {F[2, {1}], -F[2, {1}]} —> {F[2, {1}], -F[2, {1}]},
InsertionLevel —> {Particles}, ExcludeParticles —> {S, V[2]}];
Paint[diagl ]

We start off by loading FeynArts package with the first command, we then create the topology
where the numbers inside the box are respectively the number of loops, the number of particles in
the initial state and the number of particles in the final state. After that we use the "InsertFields"

command to choose the process with special strings each for a specific particle.
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The examples below are respectively for electron-positron annihilation process and two gluon

scattering process.

tolp2 = CreateTopologies[0, 2 —> 2];

diag2 = InsertFields([ass, {F[2, {1}], -F[2, {1}]} — {V[1], V[1]},
InsertionLevel —> {Particles}, Model —> {SM},
ExcludeParticles —> {S}];

Paint[diag2 ]

top3 = CreateTopologies [0, 2 —> 2]

diag3 = InsertFields[gluon, {V[5], V[5]} —> {(V[5], V[5]},
Model —> "SMQCD", InsertionLevel —> {Particles}]

Paint[diag3 ]
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