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Abstract

Scattering amplitudes are one of the most important observables in perturbative
quantum field theory, because they allow for the calculation of cross-sections, which
are central to collision experiments. In this thesis, we perform a thorough review of
some of the modern method for the calculation of tree-level amplitudes, the leading
order contributions to the perturbative expansion of scattering amplitudes, focusing
on the gauge theories that make up the standard model of particle physics. We
will study methods for their calculation that overcome the issues and inefficiencies
of Feynman diagrams, focusing on the Cachazo-He-Yuan (CHY) formalism, which
provides closed formulas for tree amplitudes in arbitrary dimension as integrals over
n-punctured Riemann spheres localized on the solutions to a set of constraints that
relate the punctures over the Riemann spheres to the kinematic invariants of the
process, known as the scattering equations. We will introduce the CHY formalism
for pure Yang-Mills amplitudes, as well as one of its supersymmetric generaliza-
tions, the so-called maximally supersymmetric or N' = 4 super Yang-Mills theory
(SYM). We will introduce the notion of basis amplitudes for Yang-Mills and Quan-
tum Chromodynamics (QCD), which are based on the idea of color decomposition,
the separation of color and kinematic degrees of freedom, and see how one can obtain
CHY representations for QCD amplitudes. We will use one of these representations,
given in terms of basis amplitudes, to derive soft theorems for the CHY integrand of
QCD, which is a first step into obtaining constraints on its mathematical structure.
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Resumen

Las amplitudes de dispersion representan algunos de los observables méas impo-
rantes de la teoria cuantica de campos perturbativa, puesto que estos permiten el
calculo de las secciones eficaces, las cuales son centrales para los experimentos de
colision. En esta tesis presentamos una revision de algunos de los métodos moder-
nos para el calculo de amplitudes a nivel arbol, las cuales constituyen la primera
contribucion a la expansion perturbativa de las amplitudes, haciendo énfasis en el
caso de las teorfas de gauge a partir de las cuales el modelo estandar de la fisica
de particulas estd construido. Estudiaremos métodos que evitan los problemas e
ineficiencias de los diagramas de Feynman, enfocdndonos en el formalismo Cachazo-
He-Yuan (CHY), el cual provee férmulas cerradas para las amplitudes a nivel arbol
en dimensién arbitrary como integrales sobre esferas de Riemann con n punturas, lo-
calizadas en la solucion de un conjunto de ecuaciones que relacionan dichas punturas
con el espacio de invariantes cinematicos asociados al proces, las cuales son cono-
cidas como las ecuaciones de scattering. Haremos una introduccién al formalismo
CHY para amplitudes en teorias de Yang-Mills, asi como una de sus generalizaciones
supersimétricas, conocida como supersimetria maximal o simplemente teoria de su-
per Yang-Mills ' = 4. Discutiremos la nocién de las amplitudes base en Yang-Mills
y Cromodindmica Cudntica (QCD), la cual estd basada en la idea de la descom-
posicion de color, la cual representa una forma de separar los grados de libertad
cinematicos de los grados de libertad de color, y veremos distintas alternativas para
obtener representations CHY para las amplitudes de QCD. Usaremos una de estas
representaciones, la cual estara dada en términos de amplitudes base, para obtener
teoremas de emisién infraroja sobre el integrando CHY de la QCD, lo cual representa
un primer paso en la obtencién de restricciones sobre su estructura matematica.

IV



Contents

[Acknowledgements|

[Abstractl
(l._Introduction|

[2. Tree amplitudes in gauge theories|

[2.1. Basic concepts of gauge theory amplitudes| . . . . . . . . ... ..
[2.2. Color ordered amplitudes|. . . . . . .. ... ... ... ... ...
[2.3. Spinor-Helicity formalism for massless particles] . . . . . . . . ..
[2.3.1.  Spinor-helicity for termions|. . . . . . . . . ... ... L.
[2.3.2. Vector boson polarizations| . . . . . . ... ... ... ...

2.33. MHV classificationl . . . . . . . . . ... ... ... ....

[2.4.1. 'T'hree-point amplitudes and complex momental. . . . . . .
[2.4.2. Little group scaling| . . . . . . ... ... ... ... ...,
[2.4.3. Unitarity and locality|. . . . . .. ... .. ... ... ...
2.5. BCEFW recursion formulal . . . . . . . ... ... ... ... ... .

[2.6. Supersymmetric gauge theories| . . . . . . . ... ...
RO61. N=1TSYM .. .... ... . ... ... . ... .. ..

[3. The scattering equations|

[3.1. Mapping of momentum space to the Riemann sphere| . . . . . . .
[3.2. Properties of the scattering equations| . . . . . . . .. .. .. ...
[3.2.1. Singular kinematic behaviour of the scattering equations| . . .
[3.3.  Polynomial form of the scattering equations| . . . . . . ... ...
[3.3.1.  Overview of the equivalence| . . . . . . . . ... ... ...

[B.4. Particular solutionsl . . . . . . . .. ...

v

Page



VI

[4.1.3. CHY measure using the polynomial form of the scattering

[ equations| . . . . . . ..o
[4.2. CHY integrand for Yang-Mills theory| . . . . . .. ... ... ... ..
4.2.1. Integrands for scalar ¢° theory and gravity| . . . . . . ... ..

[4.3. Calculation of CHY integrals{. . . . . . ... ... .. ... ... ...
4.3.1. Multidimensional residues| . . . . . . . ... ... ...

[5. Basis QCD amplitudes|
[>.1.  Consequences of trace decomposition| . . . . . . . . . . .. ... ...
[>.1.1. Cyclic invariance| . . . . . . . .. ... o000
[5.1.2. Reflection and U(1) decoupling identities| . . . . . . . . . . ..
[5.2. Kleiss-Kuijf relations| . . . . . . .. ... ... o0
(0.2.1. Derivation of the KK relations . . . . . .. .. ... ... ...
[>.3. BCJ relations: color-kinematics duality] . . . . . . .. ... .. .. ..
[5.3.1. Introduction: four gluon amplitude| . . . . . . ... ... ...
[b.3.2. Fundamental BCJ relations| . . . . .. ... ... ... ..
[5.4. Construction of the basis tor QCD primitive amplitudes/. . . . . . . .
[>.4.1.  Fermion lines and Dyck words| . . . . . . ... ... ... ...
[5.4.2.  Definition of a basis for QCD primitive amplitudes . . . . . .
Hh.4.3. General BCJ identities| . . . . . . . .. .. ..o L.

6. CHY representation for fermions|
[6.1. Construction of the CHY integrand for QCD|. . . . . ... ... . ..
[6.1.1.  F matrix for six massless quarks| . . . . . .. ... ... .
[6.2. Connected tormalism prescription for QCD amplitudes| . . . . . . ..

[7.1.1. Leading soft limitin ¢[. . . . . . . ... ... ... ......

[7.1.2.  Leading soft limit for Yang-Mills theoryl . . . . . .. ... ..
[7.2. Soft limit of the QCD integrand| . . . . . . . ... .. ... ... ...
7.2.1. Projection of n particle basis into (n — 1) particle basis| . . .
7.2.2. Soft behaviour of En| .......................
[7.2.3.  Example: six-point amplitudes| . . . . . . .. .. ... ... ..
[7.2.4. Factorization of the integrand forn, <2[ . . . . ... ... ..
[7.2.5. Integration of the soft factor{ . . . . . . . .. .. ... ... ..

[A. Proof of SU(N) completeness relation|

[B. Spinor-helicity conventions and identities|

[C. Conformal symmetry of MHV amplitudes|

82
83
83
84
86
86
39
90
92
96
96
98
99
101
101
102
104

106
107
114
115

121
122
123
126
128

. 128

130
131
135
138

143

145

148



D. A5(q1G192G29) helicity amplitude]

[E. Derivation of the Parke-Taylor formulal

[F. 5-point ¢° amplitude from the CHY representation|

|G. Words and shuffle algebras|

[H. Rings, 1ideals and Grobner bases|

158

162

164

167

169



Introduction

Currently, at the Large Hadron Collider (LHC) at CERN, our knowledge of fun-
damental physics is being tested and possibly extended through particle collisions
occurring at ever-higher energy scales. This, in turn, produces experimental measure-
ments of higher accuracy, which demands the calculation of more precise theoretical
predictions. The key observable in these experiments often is the scattering cross
section, which brings information concerning the probability that a given process
will occur as function of the energy and momentum of the particles involved. More
precisely it amounts, in the so-called corpuscular or probabilistic definition [I], to the
probability that a given scattering process happens when there is only one-target
particle per unit surface. To obtain a cross-section in the framework of quantum
field theory, one needs first to compute a quantity known as the scattering ampli-
tude, which contains the information on the interactions that the colliding particles
undergo. We will first provide a definition of the scattering amplitudes in any inter-
acting field theory which, for example, can be specified either by a Lagrangian or a
Hamiltonian. In general, working with a Hamiltonian, it will have the structure

where Hy denotes the free, non-interacting Hamiltonian and H;,; contains the
interactions. Let the states |¢,) = |p1...pn) represent the eigenstates of the free
Hamiltonian, which can be obtained from the free vacuum |0) by acting upon it
with creation operators, obtained from the quantization of the free classical theory.
We assume the interactions to be perturbations to the free theory and to be localized
to a particular region of space; when these conditions are satisfied, we can define the
so-called in and out, or asymptotic states, which are states with the property that
they behave as free states in the far past, t — —oo and in the far future, t — oo
respectively. However, these states do not in general behave as free states when
they are close to the region where the interaction occurs. Therefore, an arbitrary
in state |¢1)in = |[p1.--Pr)in has a non-vanishing overlap with an out state ,u;(da| =
out {Dk+1---Pn |EI, which can be calculated as

73(¢1 — ¢2) = out<pk+1---pn|p1--~pk>in

1.2
= (Pk+1---Dn|S|P1---PK) (1.2)

IFor simplicity, in writting the in and out states, we omit other possible degrees of freedom or
Lorentz indices, such as polarizations or helicities.



where, in the second line, we have written the scalar product of the in and out
states in terms of the expectation value of an operator between two free states: the
operator S is known as the S-matrix, and for a general field theory can be defined
as

S = lim_Ults,t,) (1.3)
to—00

where U(tq,t1) is the time-evolution operator in the Dirac interaction picture,

t1
U(tg,tl) — giHotz ,—iH (ta—t1) ;—iHot1 _ T exp <—Z/ dtht(t)) (14)
to
Here, T denotes a time-ordering operator. Since the transition probability P(¢; —
¢9) is calculated as an expectation value between two free states, there can be the
case where no interactions happens. Then, we can write the S-matrix as

S=1+iT (1.5)

where T' is known as the transfer matrix, and contains all the information on the
interaction. Moreover, the matrix elements of S (or T') should reflect the conservation
of the total four-momenta. Then, we can define the invariant Feynman amplitude,
or simply the scattering amplitude A,,, through the relation

(Pesi--puliT|p1...or) = (2m)P 6P (Zp’ _ Z pj> iAn (1 — P2) (1.6)

j=k+1

where we have assumed a D dimensional spacetime, with metric

g = diag(l,—1,-1,...), (1.7)

and all the labels as the momenta, polarizations and helicities are assumed to
be contained in ¢; and ¢,. It is the objects A, (¢1 — ¢2) which we will study
throughout this thesis. In the particular case of 2 — (n — 2) particle scattering, one
can calculate the differential cross-section from the knowledge of the amplitude as

2]

1 dDilpf 1
io - (M)
2EAEB|UA — UB| 7 (271') 2Ef (18)
|Au(A, B = {p )P0 6 (pa+ps — Y py)

f

which allow us to connect the scattering amplitudes to the observables of a co-
llision process, and which underpin the relevance of the calculation of amplitudes.

Scattering amplitudes enjoy the so-called crossing symmetry, which is the sta-
tement that a particle with momentum p in the initial state can be interpreted as
an antiparticle with momentum —p.Hence, we can consider that all particles are
outgoing and simply define the n-point amplitudes



A, = Au(p1y-pn) = An(p) (1.9)

denoting with p the complete set of n on-shell momenta on which the amplitudes
depend.

The idea that the interactions contained in H,,; are perturbations to the free
dynamics governed by Hy means that the scattering amplitudes must be calculated
as a perturbative expansion, usually in the coupling constants of the theory, which
we assume to be small. Hence, an n-point scattering amplitude can be arranged
schematically as

An(p) = Ax(p) (1.10)

where, if we assume that the theory under consideration has a single coupling
constant g, roughly Ajzl ~ g. We refer to AL as the L-loop contribution to the
amplitude. In this thesis, we will be interested in the structure of the leading contri-
butions, known as tree-level amplitudes. To a fixed loop order, the amplitudes are
also organized by the number of external amplitudes, which is known as the multi-
plicity. In this study, we will be interested in the properties of tree-level amplitudes

with arbitrary multiplicity.

The theoretical framework used for the description of the all known elemen-
tary particles and their electromagnetic, weak and strong nuclear interactions is the
Standard Model (SM), a gauge theory based on the group SU(3) x SU(2) x U(1).
However, events at the LHC are dominated by Quantum Chromodynamics (QCD)
interactions because the kinematic regimes involved in proton-proton collision imply
that LHC works largely as a gluon-gluon collider.The dynamics of gluons and quarks
is regulated by interactions with a non-abelian SU(3) gauge quantum field theory.
In order to separate the SM signals and possibly new physics, beyond SM, a highly
precise prediction of the QCD signals is required. There are large simplifications by
computing amplitudes for an arbitrary SU(N) gauge group and evaluate at the end
the results at N = 3.

In the last 30 years, there has been considerable work on the calculation of QCD
perturbative scattering amplitudes. The traditional approach of Feynman diagrams,
based on the locality of the interactions in a Lagrangian formulation, is not always
efficient specially for processes where the number of diagrams grow quickly with
number of external legs and at higher perturbative orders. As an example, consider
gluon scattering at tree level. We would have to compute

gggg 4 diagrams
99999 25 diagrams
999999 220 diagrams

to obtain the amplitude. Furthermore, to obtain the cross section, we have to
square the sum; in the 5 gluon case, this yields (25)% = 625 terms. For the 6 gluon
case, this is (220)? = 48400 terms. However, most of these terms cancel and the sum



turns out to be a relatively simple result. As an example, the spin averaged sum of
squared amplitudes for four gluon scattering in Yang-Mills is given by

1 9 st su  tu
where s,t,u denote the usual Mandelstam variables for a 2 — 2 process. This
hints at the fact that amplitudes have a simpler, inherent structure than the one

suggested by Feynman diagrams. It is one of our goals to show that this is in fact
the case.

Doing a procedure known as color decomposition, one can separate the gauge
group structure from the kinematic information of an arbitrary SU(N) amplitude,
obtaining kinematic objects which are known in the literature as color ordered am-
plitudes. One of the benefits of this decomposition is that the number of diagrams
contributing to an n-gluon tree primitive amplitude is reduced with respect to the
original, color-dressed amplitude. In [3], it is shown that the number of diagrams for
a given n is

n 3145 1]6 7.
# diagrams | 1 | 3 | 10 | 38 | 154 ...

In general, the number of trivalent graphs{?] that contribute to the n-gluon tree
amplitude is counted by the Catalan numbers, C,, which are given by

O":Hn+k‘ (1.12)

n
k=2

Evidently, the procedure of summing over Feynman diagrams becomes inefficient
beyond low multiplicity. Moreover, as seen for example in the analysis by the CMS
collaboration in [4], multileg amplitudes in Yang-Mills theories and QCD are of
phenomenological relevance because they provide a large portion of the background
against which to compare the data obtained at a particle accelerator, such as the
LHC, in order to distinguish missing information from possible new physics, such as
supersymmetry.

In this thesis, we review different formalisms that surpass the need for Feynman
diagrams and which allow for the calculation of amplitudes based on very thorough
analyses of the physical properties of amplitudes, which are imposed by Lorentz
invariance and locality (relativity), as well as unitarity (quantum mechanics). The-
refore, in a sense, one can arrive at the conclusion that scattering amplitudes provide
the prime example of the need to unify special relativity and quantum mechanics in
order to describe the interactions of fundamental particles. We focus particularly in
the so-called Cachazo-He-Yuan (CHY) formalism, which, in a nutshell, allows one to
obtain closed-form formulas for tree amplitudes of arbitrary multiplicity and in any
number of spacetime dimensions as complex multivariate contour integrals localized
to the solution of a set of algebraic so-called scattering equations. We study the
problem of the CHY formula for QCD primitive amplitudes, whose properties still

2By trivalent graphs, we mean Feynman diagrams that contain only three-gluon vertices.



represent an open research problem, focusing particularly on its soft limit proper-
ties, for which we provide a new, original result concerning the factorization on soft
limits of the CHY integrand (to be defined in Chapters 4 and 6) for a particular set
of QCD primitive amplitudes with arbitrary number of gluons and up to 2 quark-
antiquark pairs.

As a starting step, we do a very general review of the properties of tree-level am-
plitudes in gauge theories. We introduce the notion of color decomposition [5], and
focus on the study of the color ordered amplitudes. In particular, we will specialize
to the so-called primitive amplitude, which are a subset of the color-ordered ampli-
tudes which are invariant under a cyclic permutation of the external legs. We will see
that color-ordered amplitudes in pure Yang-Mills theories automatically satisfy this
property, and that one begins to find color-ordered amplitudes which are not pri-
mitive when considering multiquark amplitudes. We then discuss the spinor-helicity
formalism in four dimensions, which gives us a set of variables in which amplitudes
take simpler expressions than those in terms of the momenta and polarizations, ex-
ploiting the fact that the vector representation of the Lorentz group is isomorphic to
the bispinor representation. We will see how SL(2,C) invariant contractions of the
helicity spinors allow us to write the different kinematic invariant of the scattering
process, and introduce an explicit formula for n-point tree level scattering amplitu-
des with a particular set of of helicities: the so-called maximally helicity violating
(MHV) amplitudes[6]. We also analyse the behaviour of gauge theory amplitudes
in soft limits, which occur when a gluon is emitted with a momentum very small
with respect to the momentum of the other particles in the scattering process, which
leads to Weinberg’s soft theorem[7], [§]. Afterwards, we review one of the most ef-
ficient methods for the analytic computation of tree-amplitudes, known as on-shell
recursion. By using Lorentz invariance, we will see that one can completely fix the
kinematic dependence of amplitudes with three external particles. Since these vanish
for physical, massless momenta, we introduce the notion of complex valued momen-
ta. We will see that this allows one to have non-vanishing three point amplitudes
where the on-shell conditions and momentum conservation are still satisfied. Later,
we will see how unitarity and locality determine the singularity structure of tree
amplitudes to come only in the form of simple poles that occur when a propagator
goes on-shell, and that the residues in these poles can be written as the product
of lower multiplicity amplitudes. Combining these results will allow us to obtain
the Britto-Cachazo-Feng-Witten (BCFW)[9] recursion relations, which express an
n-point tree amplitude in gauge theories in terms of lower point amplitudes by intro-
ducing a complex deformation of the external momenta and calculating a contour
integral whose residues coincide exactly with those of the physical amplitudes at
their poles, which is a consequence of Weinberg’s polology theorem [10] applied to
the deformed amplitude. Finally, we discuss the supersymmetric generalization of
gauge theories, focusing on the maximally supersymmetric Yang-Mills theory, or
N =4 SYM. We will review the superfield and superamplitude formalism, as well
as the supersymmetric Ward identities and discuss the effective supersymmetry of
tree-level QCD amplitudes with massless quarks.

Moving on to Chapter 3, we introduce the so-called scattering equations, which
are at the heart of the Cachazo-He-Yuan (CHY) formalism, which was mainly de-



veloped in the work by Cachazo et al in [11],[12],[13],[14] and [15]. These equations
will be at the center of the rest of this thesis, since their importance lies in the fact
that they provide an alternative way to define and calculate scattering amplitudes;
this occurs because the scattering equations provide a map from momentum space
to n-punctured Riemann spheres, in a way such that all the information on the ki-
nematic singularities of amplitudes can be understood through the deformation of
these Riemann surfaces, and the knowledge of the behaviour of these singularities
can be used to completely determine the tree amplitudes in a variety of theories,
such as Yang-Mills theories and Einstein gravity. We will analyse some of the details
of this mapping, and provide the various forms of the scattering equations, both
for massless and massive particles, as well as their reduction to four dimensions
in terms of helicity spinors. We will see that the scattering equations possess the
particular property of decoupling in kinematic limits which coincide with the poles
of tree-amplitudes. This provides an indication at the fact that amplitudes can be
written as formulas localized on their solutions. This observation naturally leads us
to the problem of solving the scattering equations; first, we will see that they can
be transformed from a set of rational equations to a set of polynomial equations
[16], and we will use both forms to obtain some solutions for particular numbers of
external particles. We finish the chapter by making a brief review of the approaches
to their solution for arbitrary number of external particles.

In Chapter 4, we introduce the CHY formalism for massless particles. First, we
will see how to define integrals localized on the solutions to the scattering equations,
which gives the CHY representation of a tree-level amplitude. These are closed for-
mulas which give the tree amplitudes of a theory with arbitrary multiplicity. One
striking feature of this representation is that it follows from Lorentz invariance and
kinematic constraints, and does not require the specification of any particular La-
grangian. This fact might lead to a formulation of quantum field theory where the
building blocks are the amplitudes, not the Lagrangians. We will discuss the form
of the integrand that gives pure Yang-Mills theory amplitudes and see how it can
be related to amplitudes in perturbative quantum gravity and scalar ¢ theory. We
proceed by reviewing one of the various methods for the calculation of the inte-
grands that appear in the CHY representation, which is based on interpreting them
as multidimensional contour integrals [I7][I8] and the amplitudes themselves as the
global residue of the integrand with respect to the polynomial scattering equations.
We compute a couple of examples using the CHY integrals, and provide a list of
the different methods which have been introduced in the literature. We close the
discussion of CHY representation by introducing the so-called connected formalism.
This formalism is based on the ideas of Witten, whom in [19] argued that the tree
superamplitudes of N' = 4 SYM can be calculated as the scattering amplitudes
of a so-called twistor string theory whose target space is a Calabi-Yau superma-
nifold. These ideas led to the development of the Roiban-Spradlin-Volovich (RSV)
formula]20], and we discuss its connection to the CHY formalism in four dimensions.

Color-decomposition can be understood as process in which one expands a tree-
level amplitude in gauge theory in terms of basis amplitudes, with the special pro-
perty that they do not depend on the color degrees of freedom of the theory. Chapter
5 provides a general discussion of this idea and how to reduce this basis to a minimal



set of linearly independent primitive amplitudes. First, we see that color decompo-
sition implies the existence of linear relations between primitive amplitudes with
different external orderings, known as the U(1) decoupling identity and the Kleiss-
Kuijf (KK) relations[2I]. The origin of these relations is purely group-theoretical,
and does not depend on the kinematics of the process. Afterwards, we introduce the
Bern-Carrasco-Johansson relations [22], which are a consequence of a very special
property of gauge theory amplitudes, known as color-kinematics duality. Basically,
color-kinematics duality is the assertion that one can always write gauge theory am-
plitudes in way such that their kinematic numerators satisfy Jacobi-like relations,
which are dual to the corresponding relations of color factors. Assuming the duality
to hold results in further linear relations between primitive amplitudes, that howe-
ver, are kinematic in nature. We review a proof of a special kind of these relations,
known as the fundamental BCJ relations [23], for amplitudes that include quarks and
give a formula for the general BCJ identities. Having discussed the various relations
between gauge theory primitive amplitudes, we construct the minimal basis of pri-
mitive QCD amplitudes in the notation of words and shuffie algebras, which provide
a compact way to account for the external orderings of amplitudes. We will see that
multiquark amplitudes need other identities, known as no-crossed lines relations,
which state that primitive amplitudes with crossed fermion lines vanish. Finally, we
briefly study how Yang-Mills theory amplitudes can be used to obtain tree amplitu-
des in perturbative quantum gravity by the usage of the Kawai-Lewellen-Tye (KLT)
relations [24], and discuss how these relations are reflected in the CHY formalism.

Chapter 6 is devoted to the study of the proposals of CHY representations for
amplitudes with quarks in QCD, which is still an open problem. Although a pres-
cription for the CHY representation for pure Yang-Mills theory which captures all
the property of gluon amplitudes exists, there is, to this date and to the best of the
authors’ knowledge, no known closed-form formula for the integrand which would
allow for the calculation of amplitudes with fermions within the CHY formalism.
However, it is possible to prove that, given the existence of a minimal basis of QCD
primitive amplitudes, there must exist a pair of integrands whose product, integra-
ted on the support of the scattering equations, allow one to obtain QCD primitive
amplitudes. This proof, developed in the work by Weinzierl, De La Cruz and Kniss
[25] [26], is performed by formally evaluating the CHY integral, so that any am-
plitude is written as a linear expansion of integrands evaluated at the inequivalent
solutions to the scattering equations. Interpreting this expansion in terms of vec-
tors and matrices, it is shown that the existence of a CHY representation for QCD
primitive amplitudes is equivalent to being able to invert the linear expansion to
obtain one of the integrands in terms of the basis amplitudes. We will perform this
procedure explicitly when the number of quark-antiquark lines, n,, satisfies n, < 2.
For arbitrary number of quarks, we will see that it is still possible to invert the
matrix equation relating the primitive amplitudes to the CHY integrands, if one
assumes that the matrix that gives the general BCJ identities (which is not a square
matrix) has full row rank. Afterwards, we perform an analytic calculation of the BCJ
matrix for the case of six massless quarks, and show that it does have full rank by
calculating the determinant of the square matrix constructed from multiplying the
BCJ matrix by its transpose. On the other hand, we discuss the usage of the connec-
ted formalism of N' =4 SYM to obtain connected formulas for QCD color-ordered



amplitudes with massless quarks|27]. This is possible because, as first discovered in
[28], tree-level color-ordered QCD amplitudes with massless quarks can be written as
linear combinations of N' =4 SYM gluon-gluino amplitudes, and these in turn can
be obtained from the connected formula for the superamplitudes. This procedure
provides us with explicit integrands for QCD, and we can regard them as CHY re-
presentations for massless QCD in four dimensions. We then give a brief comparison
of both approaches, emphasizing on both their virtues and their possible drawbacks.

The last chapter of this thesis treats the subject of soft theorems within the fra-
mework of the CHY formalism. Soft factorization theorems in gauge theories are of
central importance because they are a consequence of gauge and Lorentz invariance,
and their existence is a reflection of these properties on the scattering amplitudes.
We will first derive the leading soft limits for scalar ¢* and Yang-Mills theories [13],
by using their explicit CHY representations. Afterwards, we discuss in detail the
main contribution of this thesis given to the problem of the CHY representation for
QCD, which is also an original result of our work: with the knowledge that the CHY
integrand for QCD primitive amplitudes with n, < 2 can be expanded in terms
of the basis primitive amplitudes, we will show that, in the limit when a gluon is
emitted with a soft momenta, the integrand also factorizes into the integrand for the
original particles without the soft gluon, times an eikonal factor. The existence of
such a factorization theorem can be understood as a constraint on the possible form
that the CHY integrand for QCD with this different particle contents can take. We
also check that one recovers the soft theorem for amplitudes by integrating the soft
factor of the integrand over the puncture associated with the soft momenta, which
shows the self-consistency of our calculation.

We finish our discussion by drawing our conclusions, and discussing both the
possible generalizations of our results and some of the open problems related to the
CHY representation.



Tree amplitudes in gauge theories

In this chapter, we introduce methods for the calculation of tree-level amplitudes
in gauge theories in four dimensions, as well as some of their physical properties. For
a review of some of the topics treated in this chapter, we refer the reader to [29],[30].

We will start discussing the basic concepts of gauge theory amplitudes based on
Lie groups, as well as the coupling of gauge bosons to fermions. This will lead us to
the concept of color decomposition, a process that allow us to separate the gauge
group information from the kinematic degrees of freedom of the amplitudes. We
will give examples of this process and discuss the resulting kinematic objects, the
so-called primitive amplitudes, on which we will be focused throughout this thesis.

Focusing on the special properties of the Lorentz group in four dimensions we
arrive at the spinor-helicity formalism, which are variables that encode more natu-
rally the kinematic dependence of amplitudes than the usual four-momentum varia-
bles. We will see how to write the wavefunctions for either gauge bosons or fermions
in terms of these spinor products, and how they allow to obtain compact expressions
for scattering amplitudes. Further consideration of the properties of gauge theory
amplitudes will allow us to obtain the behaviour of a general amplitude in which a
gluon is emitted with momenta P, — 0, known as soft limits.

Then, we will see that Lorentz invariance fixes the kinematic dependence of all
three-point amplitudes in any theory of massless particles; this will also introduce
the need for complex-valued momenta in order for these three-particle amplitudes
to be non-vanishing. We will then see how the general properties of the S-matrix
determine the analytic structure of the scattering amplitudes by determining their
possible singularities: in the case of tree amplitude, these will only be single poles,
and their residues at these poles will have the form of products of lower multiplicity
amplitudes. The knowledge of this factorization properties will allow us to calcu-
late any tree-level n-point primitive amplitude in gauge theory by the use of the
so-called Britto-Cachazo-Feng-Witten (BCFW) recursion relations. This recursion
is based on a complex deformation of the external momenta, which then allows to
express the amplitude only in terms of its residues. Since these residues are given
by the product of lower-point amplitudes as a consequence of the unitarity of the
S-matrix, we will be able to calculate tree amplitudes with n external particles by
the knowledge of lower multiplicity tree amplitudes. This process can then be itera-

10
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ted, so that fixing the three-point amplitudes provides a seed for the recursion: this
means that the physical properties of amplitudes completely fixes their values, inde-
pendent of the particular form that the Lagrangian describing the theory might have.

Finally, the N/ = 1 and N = 4 supersymmetric extensions of gauge theories
are briefly discussed. The focus will be on the special relations that supersymmetry
impose on the scattering amplitudes, the so-called supersymmetry Ward identities,
and on the on-shell superspace formalism of N' = 4 super Yang-Mills theory, which
leads naturally to the concept of superamplitudes.

2.1. Basic concepts of gauge theory amplitudes

Yang-Mills theory are the non-Abelian gauge field theories which describes the
self-interaction of gauge bosons. Besides of Lorentz invariance, these theories enjoy
a local, continuous group of symmetries, known as gauge transformations. These
symmetries are based on semi-simple Lie groups. A Lie algebra is specified through
the commutation relations of the group generators, t*, as

[t 1%] = i fobete (2.1)

where f%¢ is a set of numbers known as the structure constants of the gauge
group. They can always be taken to be completely antisymmetric in the indices
a,b,c. An important property of the structure constants is that they satisfy the
Jacobi identity

fabdfdce + fbcdfdae + fcadfdbe =0 (22)

For most applications in particle phenomenology, the gauge group is taken to
be SU(N) for some integer NN, whose self-representations can be given in terms
of N x N unitary matrices with unit determinant. One can also couple the gauge
bosons to matter fields, like fermions or scalars, and each of the different states of
the theory will transform according to some representation of the gauge group. For
example, the external states of a given amplitude in QCD fill out two irreducible re-
presentations of the gauge group SU(N); the gauge bosons transform in the adjoint
representation, with indices a, b, c... that take values on the set {1,2,..., N>—~1}. The
(anti)quarks transform in the (anti)fundamental representation, with indices i, j...
and 1, j... , respectively, that take values on the set {1,2,...N}. We will be mainly
interested in the interactions between gauge bosons and fermions. We will use the
terms ”gauge boson” and ”gluon” interchangeably, and we will refer to fermions
transforming in the fundamental representation of the gauge group as quarks. Even
though this applies, strictly speaking, to the gauge group SU(3) of the strong inter-
actions in the Standard Model, we will use this terminology throughout this thesis.
For completeness, the Feynman rules for QCD are shown in Fig[2.1]

A couple of observations are in order. From a practical point of view, Feynman
rules and Feynman diagrams will serve as an illustration of the structure of simple
amplitudes to derive some of their properties. However, we will see that there are
more efficient methods to perform the calculation of a particular amplitude. Much
more important is that the methods we will develop are based on the physical and
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Fig. 2.1: Feynman rules for QCD

mathematical properties of scattering amplitudes, such as Lorentz invariance, lo-
cality and unitarity. The fact that many simplifications which are obscured by the
usual Lagrangian formalism arise by emphasizing the most basic properties an am-
plitude is expected to satisfy provides us with an indication that, perhaps, quantum
field theory can be reformulated in such a way that the space-time properties, such
as operator-valued distributions interacting locally (that is, field interactions) can
appear as emergent rather than manifest properties.

Following the convention of taking all the particles in an amplitude to be in the
final state, instead of talking of the amplitude for the annihilation of a pair of gluons
into a quark-antiquark pair, for example, we will talk about the four point amplitu-
de with two gluons and a quark-antiquark pair. This, of course, implies that some
particles will have negative energy. However, there is no problem with this techni-
cality, and we can obtain the physical amplitudes by crossing symmetry to recover
the initial states. One consequence of this convention is that, using Feynman rules,
one usually attaches a polarization vector to an initial state gluon and the complex
conjugate to a final state gluon. When talking about polarization vectors, we will
simply drop the complex conjugate with the understanding that it refers to a final
state gluon.

A basic property of Yang-Mills or QCD amplitudes (to any order in perturbation
theory) is gauge invariance, which manifests itself in the form of the so-called Ward
identity: suppose we are given an n-point amplitude, in which one of the external
particles is a gluon. Then, the amplitude can be written schematically as

AV = ¢, (k)AL (2.3)

where k denotes the four momentum of the gluon we singled out. Gauge inva-
riance is then the statement that, if we replace the polarization vector €,(k) with
its corresponding four-momentum, the result should vanish; that is,
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Ay = e, (k) A" = kAP =0 (2.4)

A particularly interesting use of gauge invariance is as a consistency check: if one
is given a function of momenta and polarizations which is a gauge theory amplitude,
it should be possible to verify directly that replacing any polarization vector with
its corresponding momenta should yield a vanishing result. This will be one of the
consistency checks we will perform when we study the CHY representation of Yang-
Mills amplitudes.

2.2. Color ordered amplitudes

Using Feynman rules we can obtain, in principle, any QCD tree-level (or loop)
amplitude by constructing all possible diagrams contributing to the scattering pro-
cess, assigning each line its value through the Feynman rules, and summing those
expressions. However, as we have already mentioned, the number of diagrams con-
tributing to a single process, even at tree level, grows quickly with the number of
external legs. Moreover, since each diagram is a gauge-dependent quantity built out
of off-shell objects, as propagators, calculations become rapidly cumbersome and
involve a big amount of unphysical information, whose manifestation is to include a
huge number of terms which do not explicitly cancel but that drops out in the final
result.

Another issue is that gauge theory amplitudes have many degrees of freedom:
not only do they depend on the kinematics, but they also contain information on
the gauge group. One way to simplify this problem is to arrange the diagrams
contributing to a given matrix element into a smaller subset of quantities which are
gauge-invariant. This can be achieved through the process of color decomposition.
As a first step, we define a new set of generators T, normalized to

Tr(T*T") = 6% (2.5)

which are related to the generators t* of the previous paragraph by a simple res-
caling, T = 1/2t*. With this normalization, the structure constants can be written
as

abc i a b1ce
=———7=Tr ([T, T°|T 2.6
/ ST ([T TT) (2:6)
With our choice, the amplitudes will have explicit factors of 1/ V2 when directly
applying the Feynman rules. The generators T satisfy the completeness relation

- - - - 1 - -
(T2 (T = 5267 — o (2.7)

which is nothing more than the statement that the matrices 7" form a basis for
N x N traceless matrices. A proof of this statement can be found in Appendix A.
We can illustrate the process of color decomposition using the completeness relation
of the generators. As a simple example, consider the four gluon amplitude. The four
diagrams contributing to this process are shown in Fig. [2.2]
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2 3 z\/\‘ 3 4 3 5 3
1 4 1 4 1 2 1 4

Fig. 2.2: Feynman diagrams contributing to the process 0 — gggg. The labels atta-
ched to each line indicate the ordering of the external particles.

As is usual in four particle scattering, we label the diagrams with propagators as
the s, t and u channel diagrams, according to the Mandelstam invariant appearing
in its denominator. In Yang-Mills theory, one can associate a different color factor
to each channel, and we can use this to label each diagram. These can be written
schematically as

D, = c¢,K, (2.8)
Dy = ¢K; (2.9)
Dy = cuk, (2.10)
Dy, = ¢ K.+ oK, +c,K, (2.11)

where K, K contain all the kinematic information of the diagram D;, and the
color factors ¢y, ¢, ¢, are defined as

o falagbfba3a4 (212>
¢ = falagbfba4a2 (213)
Cu — fa1a4bfba2a3 (214)

where a; is the adjoint color index of gluon ¢. A consequence of the completeness
relation (2.7)) is that, for any N x N matrices A and B,

Tr(T*A)Tr(T*B) =Tr(AB) — %T?“(A)T’I“(B) (2.15)

which we can use, along with the definition of the structure constants, to write
a general expression of the form fabe fede = fabe feed 55 5 sum of generator traces

e et = ([T, T T T (1, T
= Tr(T*T*T°TY) — Tr(T*T*TT¢) — Tr(T°T°TT") + Tr(T°TT°T")
(2.16)
Writing the color factors cg, ¢, ¢, in terms of traces and grouping kinematic terms
with the same trace factor, we can write the 4-gluon amplitude as

AM(ggg9) = Ag(1230)Tr (T T2 TS T + Ay(1243)Tr(TH T TT)
+ Ay(1324)Tr (T TS T T + Ay(1342)Tr (T T T4T)
+ A(1423)Tr (T T T*2T%) 4+ A(1432)Tr (T 4T T%) (2.17)
= Y Tr(Te) e oo )) Ay (0(1),0(2), 0(3), 0 (4))

UES4/Z4
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where Sy/7Z4 is the set of non-cyclic permutations of four objects. The quanti-
ties Ay(o), for some permutation o, are known as color-ordered amplitudes. These
amplitudes contain all the kinematic information of the full, or color-dressed, ampli-
tude A4. Now, the color-dressed amplitude is a gauge-invariant object, in the sense
of . Since this is clearly a kinematic statement, this information cannot be ca-
rried by the color factor, and the color-ordered amplitude must have some special
property that makes the full amplitude gauge-invariant. In fact, if we let {¢} and
{0’} denote two permutation of the gluon color indices, the traces satisfy the partial
orthogonality [[31]],

z_: Tr (T .. T°) [Tr(Tai...TU%)]* — N"2(N? = 1) (§tsy0ry + O(N72))  (2.18)

aiil

where the Kronecker delta is equal to 1 when both permutations are the same, up
to cyclic permutations. This orthogonality is sufficient to guarantee that each partial
amplitude is a gauge-invariant quantity. In fact, each color-ordered amplitude can be
computed from the full amplitude by projection using the orthogonality of the traces.

This so-called trace decomposition can be generalized to color-dressed n-gluon
tree level amplitudes as

AYM Z Tr(To@) o) 7o) A (0(1),0(2),- -, 0(n)) (2.19)

O'GSn/Zn

in terms of primitive amplitudes A, (c(1),0(2),---,0(n)). The number of pri-
mitive amplitudes appearing in the sum is (n — 1)!, which is nothing but the
number of permutations of (n — 1) elements. In a sense, color decomposition provi-
des an expansion of a gauge theory amplitude in which the basis elements are the
color-ordered amplitudes and the coefficients carry all the gauge group information.

The procedure of color decomposition allows us to put the information on the
gauge group aside and focus on the kinematic properties of the amplitudes, which
as we will see, can be calculated by a careful analysis of their physical properties.
However, primitive amplitudes, in a sense, "remember” that they belong to a theory
with gauge symmetry: this is translated into the appearance of different linear re-
lations between them. For example, the partial amplitudes in the expansion
satisfy a set of group-theoretical linear constraints, known as Kleiss Kuijf (KK) rela-
tions [21], which allow to write some partial amplitudes as a linear combinations of
other partial amplitudes with different external orderings. These relations make the
trace basis of amplitudes overcomplete; a decomposition which explicitly uses the
KK-independent amplitudes as a basis, using structure constants as color factors,
as well as further ways to reduce the amplitude basis will be discussed further in
chapter 5.

One can also consider a gauge theory in which the fermions transform in the
adjoint representation (one example of this will be given when we discuss supersym-
metric gauge theories). In this case, the color decomposition for an n-point amplitude
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with 2n ¢ fermions and n—2n; is still given in terms of traces, as in Eq.(2.19). In this
case, there is no fundamental difference between the color structure of amplitudes
with fermions with those of pure Yang-Mills theory.

Along the same lines, one can make color decompositions for QCD amplitudes
including quarks. However, for an arbitrary number of quarks, the decomposition
cannot be given in terms of a single color structure, because the 1/N term in the
completeness relation do not drop out, as it does for pure gluon amplitudes E| For
example, if we consider the process ¢qg — (n—2)g, the full tree amplitude can written
as [5]

Api= Y (T7..T7"*):A(q,0,7) (2.20)

UESn—Q

where i is the color index of the quark ¢ and j the color index of the antiquark
g. For a higher number of quark-antiquark pairs, there are also color decomposi-
tions. These do not, in general, have the same properties that the above primitive
amplitudesﬂ The amplitudes appearing in a general color decomposition for QCD
are known as partial amplitudes.

To illustrate the difference between primitive and partial amplitudes, we will
explicitly work out the color decomposition for the As(q1G2¢3Gsg) amplitude, where
the quark ¢; and the antiquark ¢, have the same flavour, ¢3 and ¢4 also have the
same flavour, but the flavours of 1 and 2 are different from the flavours of 3 and
4, and ¢ is a gluon. For this example, we will use the standard Feynman diagram
expansion. To do this, we will extract the color structure of the Feynman diagrams
contributing to the amplitude and leave the kinematic dependence implicit. There
are five diagrams at tree level, which are shown in Fig. [2.3]

Consider the first diagram shown in Fig. [2.3] Denoting this diagram by Fj, it
will have the general structure

F1 = ClDl (221)

where ¢; contains all color factors and D; holds the kinematic information. Using
the Feynman rules of Fig. modified to our convention for the generators and the
completeness relation ([2.7)), we can write

a = 135755, T,
o 1 os (2.22)
= T1}5,0i5jo — Nﬂljﬁim

where a5 is the color of the external gluon, 71, 73 the colors of the quarks ¢, g3 and
Ja, Ja the colors of the antiquarks go, g4, respectively (a sum over repeated indices
is understood in all cases). A similar computation yields the color factors for the
remaining diagrams where the gluon is emitted from a quark line. The results are

'Which occurs because the photon associated to the U(1) generator has Abelian dynamics
2In particular, they are not cyclic invariant because of the second term in )
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Fig. 2.3: Feynman diagrams for the four quarks plus one gluon amplitude
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1
=T 55 — —T5 6

13J2 N g2 1374

a 1, .
Tl3?25%1j4 - NTZ324511]‘2 (2.23)
. 1.
Tl124513j2 - NT2324511J'2

Now, we consider the center diagram, in which we find a three gluon vertex.
Again, we call this diagram F5 = c5Ds5, where c¢5 is its color factor. The calculation
is a little more involved in this case, since it includes a contracted structure constant.

Using ([2.6), we can see that

a aba b
111]2']6 57713.74
_ ma b i arpbrb ara b
=T, T —%TT (T°T"T® — T°T*T°) (2.24)
)
= —E (05;1 - 05;2)
where, after some color algebra,
b armbra
7—1711‘727—;&747—17’ (T T T 5) (2 25)
a 1 a 1 a '
T1332511j4 - NTzlzg(slsjz; - NTz;;}A;(Slle
and
b arqa b
= T3, Ty Tr (T°T*°T7) 226)
a 1 a 1 a '
71345@3]'2 - NTzl?g(slaﬂ - NTz334611j2

therefore, when we compute the difference ¢5.; — ¢5.0, the 1/N terms will cancel
in pairs, and the color structure for this diagram is

= _E (1—2232511]4 1—;?34513@) (2 27)

\/i (Tg% 513]2 Tzijg 511]'4)

The structure of all these color factors is the product of a matrix element of
the generator times a quark color Kronecker delta. Thus, we can factorize each of
these color factors, which will yield an expansion of As5(q1G2¢3g4g) in terms of color
factors time kinematic factors; this is the color decomposition we are looking for. As
we anticipated, we will obtain two color structures, where one will have an explicit
1/N factor. In the case of primitive amplitudes, we only expect one color structure
to appear at tree level, which in this case is the one associated to the leading (in
1/N) term. Moreover, the partial amplitudes obtained by this method are not cyclic
invariant, as we will verify by explicit computation in Appendix D. Schematically,
we can write the color decomposition as

o 1 L
As(013243G19) = Z a;Ai — N Z a;A; (2.28)

7 7
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where we define

— as ..
ar = Ti1j45’332

— as .o
az = Tisj26’134
e P— as .o
ay = Ti1j252334

1o — as §. .
az = 7-‘i3j4521]2

(2.29)

the reason for the additional term, proportional to 1/N, is because the U(1)
generator (related to the 1/N term in the completeness relation (2.7)) cannot be
ignored, as opposed to the pure gluon case where the structure constants associated
to a U(1) gluon are identically zero, and the color factors of gluon amplitudes are
built entirely out of structure constants. The partial amplitudes are defined, in terms
of the kinematic factors D;, as

A1:D1—|—D4+D5

2.30
Ay = Dy + D3 — Dy ( )
and
A =D, +D
o (2.31)
Ay = D3+ Dy

Each of these amplitudes is separately gauge-invariant. It is interesting to no-
te that the diagram with the three gluon vertex contributes to two distinct color
ordered amplitudes. In a purely diagrammatic analysis, it can be seen that it is
topologically equivalent to orient the external gluon emitted from the propagator
downwards or upwards. This means that, using a reformulation of Feynman dia-
grams which only take into account diagrams with a particular external ordering
(which can be obtained from the so-called color ordered Feynamn rules), this dia-
grams gives the same contribution to two different color-ordered amplitudes, up to
a global sign.

Different ways to work out color decompositions for amplitudes with an arbi-
trary number of quark-antiquark pairs have been found, for example, using shuffle
relations [32] and Dyck words [33]. These decompositions provide an interesting
mathematical relation between amplitudes and combinatorics, and we will explore
them further in Chapter 5.

2.3. Spinor-Helicity formalism for massless parti-
cles

Scattering amplitudes in four dimensions are usually written as functions of
Lorentz invariant quantities build out of the momenta and wavefunctions of the ex-
ternal particles, according to a particular set of Feynman rules. Even though Lorentz
invariance is manifest in these expressions, the dependence of the amplitudes on the
external momenta is very much obscure. However, by choosing an appropriate set
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of variables, this dependence can be made explicit. With this motivation, we intro-
duce the so-called spinor-helicity variables, which are special to scattering in four
dimensions. Interestingly, it will turn out that these variables also have the advanta-
ge of producing extremely compact expressions for some special kinds of amplitudes.

The finite representations of the Lorentz group are labelled by two integer or
semi-integers (7, j'), and the total spin is j 4 j'. Therefore, the spin 1 representation
is labelled by (%, %) But, we also know that the spin % representations of the Lorentz
group are either the (%, 0) or the (0, %), which correspond to left-handed or right-
handed two component spinors, respectively. So, in a sense, it is more natural to
represent four vectors p* as bispinors p,s, where the indices a,& = 1,2. For the
unfamiliar reader, these indices can be raised or lowered with the 2D Levi-Civita

tensor, with components

12 i2

e =€g"=¢€9g =65 =1
21 21 ) N (2.32)
e =" =¢cpp=¢€53=-1
such that, for a left-handed spinor &, and a right-handed spinor 7,
¢ = ey, it = i (2.33)

The Pauli matrices E gives us a map from the vector to the bispinor representa-
tion, through the relation

Po—P3 P1— ip2
o — Ho ac — . 2.34
b P'(ou) (p1+Zp2 Do +P3> (2:34)

where we have written the relation in matrix form. It is straightforward to see
that det(p.s) = p* = m?. Hence, all physical information is contained in this new
representation for on-shell momentum of the external particles.

An interesting feature of the bispinor representation is that, when the particles
are massless, det(paa) = 0. A result from linear algebra tells us that any rank 1 2 x 2
matrix can be written as the outer product of a pair of two component vectors:

Pac = )‘a:\d (235)

the two-component vectors A and A are known as helicity spinors, and we will
see that tree level amplitudes of massless particles can be written entirely in terms
of SL(2,C) invariant contractions of these spinors. Now, we will see how the two
component spinors are embedded in the four component Dirac spinors.

2.3.1. Spinor-helicity for fermions

Consider the Dirac equation in momentum space

pulp) = mu(p) (2:36)

3See Appendix B for definitions and conventions.
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where u(p) is a four component Dirac spinor. Although we will be concerned
with the massless case, there is no technical difficulty in considering massive states
in the few following lines. In the chiral representation of the Gamma matrices,

e (;ﬂ 00“) (2.37)

where o = (1,5), " = (1,—7), we can construct the matrix

. ~1 0
7 =i’y = ( 0 1) (2.38)

which will be used in the definition of the chirality projectors (chirality and he-
licity are the same for massless particles).

An arbitrary four component Dirac spinor can be written in terms of two 2-

component spinors, A, and 7 as
Aa
u(p) = ( > (2.39)

Ne
where the two component spinors, known as Weyl spinors, satisfy the equations
Pudt A —mn =0, p,otn—mA=0 (2.40)
which are known as the Weyl equations. In the massless limit, they decouple and,
in fact, their solutions are related to each other by complex conjugation because the
momenta is real. For this reason, we write

Pac = Aada (2.41)

so that A\, = Al . We can define left handed Dirac spinors,

ur(p) = (AO‘I> (2.42)

ug(p) = (id) (2.43)

as the embedding of the two component Weyl spinors into four component ob-
jects. If we define the projectors
1— 75 1 + ,}/5

P —
9 o TRT T

P, = (2.44)

we can see that

Prur(p) = ur(p), Prur(p) =0
Prur(p) =0, Prugr(p) = ur(p)

that is, the spinors have definite chirality. Since they describe massless particles,
they also have a definite helicity.

(2.45)
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We also need spinors v(p) to describe antiparticles; however, since they obey the
same equation as u(p) in the massless case, we will use the same spinors for those
solutions, baring in mind that the helicity of the spinor v(p) is the opposite to the
physical helicity of the antiparticle. Thus, vy (p) describes a right-handed antifer-
mion and vr(p) a left-handed antifermion. Recalling our convention, we consider
all particles involved in the scattering process as final-state particles. If needed, the
initial states can be recovered by crossing symmetry. One useful consequence of this
convention is that momentum conservation is written as

Z pi=0 (2.46)

It is common in the literature to introduce a Dirac bra-ket notation for the
spinors,

ur(p) = Ip), ucr(p) =Ipl, ur(p) =I[pl, urlp) = (p| (2.47)

We can form scalar, Lorentz-invariant quantities with products of these spinors.
These are the so-called spinor products

(if) = U(pi)Ur(p;) = capAiN],  [i] = Ur(p)UL(ps) = =M\ (2.48)

(it can easily be seen that expressions like (ij] or [ij) vanish, as well as (i7) and
[i7], due to the antisymmetry of the Levi-Civita tensor). The usual completeness
relation can be written in terms of helicity spinors as

P = p)lpl + [p](p] (2.49)

Various identities satisfied by the spinor products can be found in Appendix B.

2.3.2. Vector boson polarizations

Polarization vectors can be conveniently written in terms of spinors |34, [35] [36].
Let €,(p) be the polarization vector of a gluon with momentum p. Let ¢ be an
arbitrary lightlike four-momentum satisfying p - ¢ # 0. Then, we can write

E(p) = 1 {glv"Ip] & (p) = 1 [glv"Ip) (2.50)

TR () V2 ap)

where the subscripts (4, —) refer to the helicity h = £1 of the associated gluon.
Positive helicity gluons are also known as right-handed while negative helicity gluons
are also known as left-handed. The momentum ¢ is known as the reference momenta,
and it holds the information of gauge-invariance for each leg separately, which means
that there can be n independent reference momenta. In fact, let us choose two
reference momenta ¢ and p for the same polarization €,(k). Also, let us suppose,
without loss of generality, that it is right-handed. Then, we can see that
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L (ply"|k] 1 (q|v"|K]
k) V2 (qk)
(<plv“!k] (gk) — (gl |K] <pk>>

e (k,p) — e (k) =

&I

V2 (pk) (qk)
_ b (_ (ply" K] (kq) + <<J!’Y“Vf]<’fp>>
V2 (pk)(qk)
_ 1 ( (py"kla) + (CAV“%IP)) (2.51)
V2 (pk)(qk)
1 y "
= 7<pk><qk> ((qlkr*"[p) + (alv"Flp))
1 1 I 0
= 5 R (al(Fy" +~+"F)|p))
1 <qp> O

V2 (pk)(gk)

then, if we dot the gluon-stripped amplitude A,, with the difference of both

polarization vectors, we obtain zero as result, due to gauge-invariance. Thus, any

gauge theory amplitude is independent of the choice of reference momenta. This is

a very convenient property when doing explicit calculations, because an amplitude
can be greatly simplified by choosing an appropriate set of reference momenta.

Moreover, using the definitions (2.50)), we can show that, for example, the right-
handed polarization vectors satisfy the usual transversality condition

L (alpun*p) _ 1 (alplp] _

P =5 Ve () 25
due to the Dirac equation, p|p] = 0. Also, they are properly normalized,
1 # # 12
€ ()2 = taly"lp] (ply*lal _ 12(ap)lep] _ (2.53)

T2 () a2 (a)pd]

Armed with the helicity spinors and the polarization vectors written in terms of
them, we can try to calculate any amplitude of massless particles as a function of
spinor products. Since both the spinors and polarization vectors are defined as quan-
tities with definite helicity, it is natural to consider amplitudes where the external
particles have an specific helicity, the so-called helicity amplitudes. Then, generally,
an n-point amplitude is written as

Ap = An({)‘iaj\i,hi}) (2-54)

that is, as a function of the list of spinors and helicities of the external particles.
Helicity amplitudes in gauge theory may take strikingly simple forms for some special
helicity configurations. These are known as MHV amplitudes, and will be our next
topic of discussion.

2.3.3. MHYV classification

Consider an n-point gluon tree amplitude. Typically, it will be a function of
Lorentz invariants of the form
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Di-Pj, DPi-€ €€ (2.55)
and we want to rewrite them in terms of spinor variables. First, using the Fierz

identity (B.16), it is easy to see that, for a pair of gluons with momenta p; and p,
with respective reference momenta ¢; and g;,

e+(pi) - €+(pj) o< (gig;)
e-(pi) - e-(pj) o< [qiq)] (2.56)
er(pi) - e-(p) o (aipj)la;pi]
Now, looking at the Feynman rules in Fig. 2.1, we can see that an arbitrary
n-gluon tree amplitude takes the schematic form

€ €j)\& " Dj)\Di " Py

where the sum runs over the different diagrams contributing to the process, the
product goes over all possible contractions appearing in the diagram, and P denotes
the momentum flowing through each propagator of the diagram. Now, consider for
a moment tree diagrams with only cubic vertices. The three gluon vertex has mass
dimension +1. Then, if we start "sewing” cubic vertices to construct an arbitrary
n-point diagram, each time we need to add a new vertex and a new propagator to
the diagram; this means that both the number of vertices and propagators in a given
diagram grow linearly with n. In general, there will be (n — 2) vertices and (n — 3)
propagators. Since propagators have mass dimension —2, then

(mass)" 2

[A,] ~ ~ (mass)*™" (2.58)

(mass?)n—3

which is the mass dimension that an amplitude with n external states in an ar-
bitrary four-dimensional field theory should have in order to give the cross section
the dimensions of area. However, it will be important that the mass dimension of
the numerator cannot exceed (n — 2) for an n-point amplitude.

Now, suppose we wanted to compute an helicity amplitude with either all positive
or all negative helicities. Recalling that we can choose each reference momenta to
have an arbitrary value, we could make the choice ¢; = ¢ for all © = 1, ..., n. Then,

€+(pi) - €4(p;) = e~(pi) - e-(pj) =0 (2.59)
Since each external gluons contributes with one polarization vector to the am-
plitude, each diagram is the product of a tensor in Lorentz indices times the n
polarization vectors of the process. Thus, in order to obtain a non-zero result for
either helicity configuration, every polarization vector should appear contracted as
€; - kj, where k is a some linear combination of external momenta. However, we have
seen that the mass dimension of the numerator of a Yang-Mills amplitude is at most
(n—2). This means that we can, at most, contract (n—2) of the external polarization
vectors with momentum factors coming from the cubic vertices. This implies that
each diagrams must contain at least one product of polarization vectors. Hence,

AYM(1%9+ _p*) = 0

AVM(1=9- n-) = (2.60)
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Similarly, assume that we wanted to calculate the amplitudes AY™(1-2%...nT)
or AYM (1727 ...n7). Then, if we take the reference momenta ¢; = p; for i # 1, the
equal-helicity polarization vector products would all vanish, and €;,-¢;_ = €;_-¢;, =
0. Therefore, we find again that all possible products of polarization vectors vanish,
and from the same argument as before, we obtain

AYM@q=2%..nt) = 0

AVM(1-g+ ) = o (2.61)

The first non-vanishing helicity amplitudes are those where two particles have
positive helicity and the rest have negative helicity, and vice-versa. These amplitu-
des are known as Maximally Helicity Violating (MHV) and anti-MHV amplitudes,
respectively. These were first proposed by Parke and Taylor [6], who guessed their ge-
neral structure after performing specific calculations with up to six external gluons,
and were proven afterwards with the of-shell recursive relations of Berends and Giele
[37] and are given, for n gluon scattering, by

(ij)"

A,(17dt . jtnT) = (12)(23)...((n — 1)n)(nl)

(2.62)

and

A, (1T .nt) = (=1)" Uil

St e [12][23]...[(n — 1)n][nd]
where we have omitted the powers of the gauge coupling that appear as pre-
factors. The denomination of "maximally helicity violating” comes from thinking
of the n-point amplitude as a 2 — (n — 2) process; in this scenario, it is the non-
vanishing amplitude where the difference between the total incoming and outcoming
helicity takes its maximum value. MHV amplitudes have the remarkable property
that they do not have any multiparticle pole, which renders them remarkably sim-
ple. Sometimes, MHV amplitudes are also referred to as holomorphic and anti-MHV
amplitudes as antiholomorphic EL because of the fact that the former only depend

on angle spinor products and the latter on square spinor products.

(2.63)

Usually, "flipping” more positive helicities into negative ones yield more compli-
cated expressions. In particular, gluon amplitudes with £ = 3 negative helicity and
(n — 3) positive helicity gluons are known as Next-to-MHV, or NMHV amplitudes.
In general, an n-gluon amplitude with K + 2 negative helicity and (n — K — 2)
positive helicity gluons is known as N¥ M HV amplitude.

Full QCD amplitudes with quarks satisfy similar relations. As an example, con-
sider an amplitude with one ¢¢ pair and n — 2 external gluons. Since helicity is a
conserved quantity along any fermion line, the quark and antiquark must have op-
posite helicites. In this case, MHV and anti-MHV amplitudes occur when all gluon
helicites are the same, except for one. These are given by

ot - Foby e (13)*(ni)
Al 2"..a .(n—1)"q") =1g 12)(23). {(n = Dy () (2.64)

4They are also known as googly, in the context of twistor theory
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Fig. 2.4: Emission of a soft gluon from a quark line

and
[14][nd]?
[12][23]...[(n — 1)n][n1]

These formulas can be obtained from the pure gluon MHV formulas by using
the supersymmetric Ward identities, which we introduce at the end of this chapter.

Alg 2" i (n—1)Tq") =ig"? (2.65)

2.3.4. Soft limits

There are a special kind of singularities in which the amplitude factorizes when
approaching a pole, which are known as soft limits. These occur when the momenta
of some external massless particles is very small compared to the momenta of the
remaining particles E| In this limit, the amplitudes exhibit a universal factorization
(in the sense that the factorization is independent of whom the soft particles couples
to). In particular, we focus on the single soft limit where only one external particle
has a soft momentum that can be taken as k* = d K*, where K* is some constant,
finite momentum and & — 0 parametrizes the soft limit. This can occur, for example,
when a photon or gluon is emitted with very small momenta. Seeing that we are
interested in gauge theories, we will consider the case of a color ordered amplitude
where the soft gluon is emitted from a quark line. This is illustrated in

Let A,, denote the amplitude without the soft gluon, and consider how this am-
plitude is modified when the gluon is inserted in the line with a quark of momentum
P and antiquark of momentum p;. To simplify the calculation, we assume the quarks
to be massless. We can write the amplitude A,, as

An = a<pa)A;1(pa7pb)U(pb) (266>

that is, we define A/, as the n-point amplitude stripped off the fermion wave
functions. The resulting amplitude from the insertion of the gluon on the quark line
can be written as

At = —igi(pa) 1 eualR) {22 AL (pa + b o) + (270 A (pas i+ )| () (2.67)

Now, since the gluon has a soft momenta k = § K with § — 0, we can make the
following approximations

5These are usually given the name of hard particles.
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Al (pa + Ky pb) = AL (pa s + k) = Al (Da, Do)
p,HE=p, (2.68)
p, k=P,

hence, the numerators are simplified by using the anticommutation relation of
the Gamma matrices, from which it follows that

P, euv(py) = 2py - €v(py)

i - (2.69)
u(pa)V €, = W(Pa)2pa - €
and the squares in the denominators can be simplified to
o+ k)2 =2p, -k
(Pa+ k)" =2p (2.70)

(o —k)* = —2py - k

Putting everything together, we find that, in the soft limit, the amplitude facto-
rizes

1
An+1 ~ ggS(a, k,b)An (271)
where S(a, k, b) is known as the eikonal or Weinberg soft factor, and is given by

o Da - € N Dy €
Pa - k Do - k
We note that the soft factor does not depend on the spin of the particles from
which the gluon is emitted, only on their momenta. This reflects the fact that low
energy gluon (or photon) emission must be understood as a classical phenomena.
Moreover, the soft factor enjoys a couple of properties, the first of which is the
antisymmetry under the exchange of the momenta labelled by a and b, that is

S(a, k,b)

(2.72)

S(b,k,a) =—S(a,k,b) (2.73)
and what could be called a Schouten identity,

S(a,k,b) 4+ S(b,k,c) = S(a,k,c) (2.74)

These identities will play a crucial role in chapter 7, where we study the soft
behaviour of the CHY integrand for QCD and show that it enjoys similar factoriza-
tion properties to those of the amplitudes in the soft limit.

Soft theorems also have strong physical consequences: in the case we have derived,
they imply the existence of a conserved charge associated to the coupling of the spin-
1 massless particle to the other particles (for example, Weinberg’s theorem for soft
photon emission implies the conservation of electric charge). Similarly, gravitons,
understood as spin-2 massless particles, also enjoy soft factorization theorems, and
their existence implies that these particles must couple in a unique, universal way to
every kind of matter field. Moreover, they also imply that there are no interacting
theories of massless particles with spin greater than 2 [§].

Having discussed the singularity structure of amplitudes on general grounds and
specialized on the case of gauge theories, we are in a position to use the analytic



28

properties of amplitudes we have derived to develop a framework in which to calcu-
late tree amplitudes recursively in the number of external legs, which is the subject
of the following section.

2.4. On-shell recursion relations

The fact that we can write explicit expressions for arbitrary multiplicity ampli-
tudes is astonishing from the point of view of Feynman diagrams: for arbitrary n, we
would need to compute the sum of about O(n!) diagrams, each of which is not a gau-
ge invariant quantity defined in terms of the wavefunctions of the external particles,
like the polarization vectors fo gluons or Dirac spinors for quarks. Then, by some
miracle, we arrive to extremely simple formulas like ([2.62). Summing an arbitra-
rily high number of diagrams and obtaining such a simple result, however, does not
seem like an easy problem at all. This is because, as we have mentioned, Feynman
diagrams do not know too much about the physical properties of amplitudes. In this
spirit, we introduce a scheme that will allow us to construct amplitudes only from
on-shell, gauge invariant blocks, which generally fits into what we will call on-shell
recursion relations. As a first step, we will construct the building blocks upon which
to start the recursion, which will be the lowest multiplicity tree amplitudes we can
possibly calculate: three-point amplitudes.

2.4.1. Three-point amplitudes and complex momenta

Consider the scattering process of three massless particles with momenta py, ps
and ps. The amplitude for this process can be a function of the three kinematic
invariants sj9, So3 and s3; (the invariant sjp3 is identically zero due to momentum
conservation). Given the amount of variables it can depend, this amplitude ought
to be very simple. In fact, let us use momentum conservation to manipulate, for
example,

s12 = (p1 + p2)°
= p; (2.75)
=0
from the on-shell conditions and the fact that the particles are massless. Similarly,
one can show that so3 = s3; = 0. Furthermore, as proved in Appendix B,

sij = (i5)[77] (2.76)

for an arbitrary, massless four momenta p; and p;, and that [ji] = (ij)*. Hence,

sij = |(ig)]* = |[ij]I* (2.77)

so, whenever s;; vanishes, so do the spinor products. We have exhausted the
possible Lorentz invariants we can build out of the momenta to construct the ampli-
tude, which seems to imply that there are no non-vanishing three-point amplitudes
of massless particles. This is of particular interest in Yang-Mills theory, where the
external states are exactly massless (as opposed to massless limits of fermions, which
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occur only on high energy regimes). If we set n = 3 in the Parke-Taylor formula

(2.62), we would obtain

(12)*
(12)(23)(31)

From this expression, we can say that AY™ = 0, roughly because there are
more powers of the momenta in the numerator than the denominator, and all spinor
products tend to zero. However, this expression is not entirely useless. In fact, the
complex conjugate relation [ji] = (ij)* is only valid with Lorentzian metric when
the momenta p; and p; have real components. If we allow for the momenta to have
complex components, the angle and square bracket products are independent, but
the relation is still valid. Hence, we have two possible kinematic configurations

AYM(17273%) = (2.78)

» (ij) # 0 and [ij] =0, or
» (ij) =0 and [ij] #0

then, the amplitude is a perfectly valid, non-vanishing result for the three-
point amplitude satisfying momentum conservation and the on-shell conditions, pro-
vided that the momenta are complex and all square brackets vanish. The most ge-
neral form that a three-point amplitude in an arbitrary field theory can take is

[38]

As = A ((12), (23), (31)) + A3 ([12], [23], [31]) (2.79)

where the superscripts H and A refer to "holomorphic” and ”antiholomorphic”,
respectively. For each of the two kinematic configurations, one should find that either
the holomorphic or antiholomorphic term vanishes. As we will see shortly, Lorentz
covariance of the amplitudes will allow us to determine the general form of A and
A4 up to multiplicative constants. Using the physical constraint that the complete
three-point amplitude must vanish when the momenta is taken to be real, we will
be able to determine, given the helicities of the the external particles, which part
vanishes on each kinematic configuration.

2.4.2. Little group scaling

For massless particles, the bispinor representation can be realized through the
completeness relation

P = Ip)p| + [p{p| (2.80)

The physically meaningful quantity is the momentum, not the spinors. Hence,
we can see that there is a redundancy in the bispinor decomposition of the momen-
ta: (2.80) is invariant under the transformation |p) — t|p), |p] — ¢~'|p]. For real
momenta, t is restricted to be a complex phaseﬂ for complex momenta, t might be
an arbitrary complex number. The origin of this redundancy can be traced to the
little group, the subset of Lorentz transformations which leave the momentum of
an on-shell particle invariant. For a massless particle whose four momentum can be

6Tn this case, the transformation of, for example, the angle spinor, implies the transformation
of the square spinor through complex conjugation.
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parametrized by its energy as p* = (E, 0,0, E), the little group is the group SO(2) of
orthogonal transformations in the . —y plane. Since SO(2) is isomorphic to U(1), the
states of massless particles only pick up a phase under little group transformations.
These transformations act on the one-particle states which define the irreducible
representations of the Poincaré group. Assuming that amplitudes inherit the trans-
formation properties of these one-particle states under little group transformations
will allow us to obtain the values of three-point amplitudes in a variety of theories
with massless particles.This means that, in order to find how the amplitudes scale
under little group transformations, we assume that the only objects with non-trivial
transformations are the external wavefunctions. Then, by definition of the scaling
transformation, the fermion wavefunctions, which are the spinors, scale as t 2", whe-
re h = i% denotes the helicity. Also, by inspection of , the polarization vectors
also scale as t72", where h = %1 is the helicity of the vector boson. In general, an
n-point amplitude of massless particles scales under little group transformation of
the spinors for particle 4, i) — |i') = t;|), |i] — |7'] = t;'|i] as

A (1,2, .07 om) =2 A,(1,2, .0, ..n) (2.81)

This scaling property will suffice to determine any three-point amplitude of mass-
less particles, subject to the condition of complex momenta. This scaling property
can be recast in terms of the action of the helicity operator,

0 gy O
A —— — N —— ) Ay(1", 2" 3M) = —2p; A5 (1M 2 3 2.82
(¥ s — g ) Ao, 2 58 = 2ms (1,25 (282)

where h; is the helicity of the i-th particle. Since the holomorphic term only
depends on A and the antiholomorphic part only depends on A, this relation can be
recast as the pair of equations

@ a H
()\i e 2hz> Al =0 (2.83)

and

(X?i — 2hi> Af = (2.84)
O

To find the solution to, say, (2.83)), consider the special kinematics in which
[ij] = 0. As an ansatz, the more general form that the amplitude can take is

A1 22 313y = ko (12)1(23)2(31)° (2.85)

where kp is a scalar function of the momenta. This function can be fixed in
terms of the coupling appearing in the interaction vertex of the three particles that
form the external states of As, as we will argue later due to dimensional analysis.
Hence, this procedure completely fixes the structure of the three-point amplitudes
to all loop orders, up to quantum corrections to the coupling constants.

To determine the coefficients ¢y, ¢o and c3, we use our ansatz and Eq. .
Consider, for example, the action of the helicity operator for particle 1. The deriva-
tive with respect to the spinor A; will pick up a factor of (¢; 4 ¢3), coming from the
spinor products (12) and (31) in which this spinor appears. This yields the condition
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— 2h1 = +cC3 (286)

Similarly, by using the remaining equations, one obtain the equations

— 2h2 = + Co, —2]13 = Cy + C3 (287)

Then, we have obtained a simple linear system which can be solved for the
unknown exponents ¢y, ¢a, c3, which can be solved in terms of the helicities to yield

Af(1M 22 3hs) = [y (12)hs—h1=ha(93)hi=ha=hs (31 )ha=h1=hs (2.88)

By making the substitution (ij) — [ij] and h; — —h;, we immediately obtain
the antiholomorphic solution,

A?(ﬂu) 2h2’ 3h3) — kA[lz]hHrhz*hs [23]h2+h3*h1 [31}h1+h3*h2 (289)

which implies that the exact three-particle amplitude is given by

As({hi, My hi}) = kg (12)%(23)41(31)% + k4 [12]79%[23] 74 [31] ¢ (2.90)

where d1 = hl — hQ — h3, d2 = hg — hl — hg and dg = h3 — h1 — hg. To obtain the
correct physical behaviour in the limit where the momenta are taken to be real, we
must require that A3 vanishes when both angle and square spinor products go to
zero simultaneously. It is easy to see that the sum of the powers of the terms in the
holomorphic part is py = —hy —hy — hs, and py = —pg in the antiholomorphic part.
Then, if pg > 0, we must take kg = 0 in order to avoid an inconsistent, divergent
result, while py < 0 means we must take k4 = 0. The case py = 0 is special, since
neither the holomorphic nor the antiholomorphic part can be discarded on these
grounds. However, since we will not find amplitudes with such helicity configura-
tions, we will simply omit such particular cases.

Now, we consider a few specific examples. If we take hy = hy = —1 and h3 = 1,
we should obtain the helicity amplitude for three spin one massless bosons. Note
that pg = —1; hence, we will obtain an holomorphic configuration. Inserting these

values in ([2.88)) we obtain

As(97.92,93) = kr(12)°(23)71(31)
(12)°
Y P /A
(23)(31) (2.91)
(12)*
— kg
(12)(23)(31)
which is nothing more than the three-gluon MHV amplitude. Two comments
are in order here. First, recall that, in four dimensions, an n-point amplitude must
have mass dimension (4 — n). Now, since the spinor products satisfy (ij) ~ /s,
each spinor product has dimensions of mass. Therefore, we can see that the total
mass dimensions of the three point amplitude in Eq.(2.91)) is [kg| + 1, where [kg]
is the mass dimension of the constant ky. Thus, in order for the amplitude to have
the correct mass dimension, we must have [ky| = 0. Since the only dimensionless
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parameter in Yang-Mills theory is the gauge coupling g, we conclude that kg should
be proportional to g at all orders in perturbation theory. This is a very strong sta-
tement about the general structure of the three-point amplitudes.

Also, note that the amplitude in Eq. is completely antisymmetric under
the exchange of two boson labels. However, observables involving bosons must be
completely symmetric under the exchange of any pair of particle labels. This pro-
blem is solved in Yang-Mills theory if we assume that this three-particle amplitude
has gone through a process of color decomposition, and we set the full amplitude to
be As(gy, 95,94 ) times a structure constant f,;.. However, we obtained this result
only through Lorentz covariance, so there is no a priori information on the gauge
group. What we have obtained is a very powerful result: Lorentz covariance implies
that there cannot be an interacting theory of less than three massless particles of
spin 1 (this result actually generalizes to odd spin), and that the coupling constant
of these massless bosons must be completely antisymmetric in its indices.

Similarly, with hy = —1/2, hy = —1 and h3 = 1/2, which corresponds to a quark-
antiquark-gluon amplitude (the quarks must have opposite helicity) we obtain

Aglar, g5, aF) = ku(12)2(23)°(31)
(12)

CE (2.92)
(12)(23)

(12)(23)(31)

[\

=k

which again reproduces the MHV formula with a quark-antiquark pair. Finally,
before pointing out the subtleties of this approach, consider the case h; = hy = —2,
hs = 2, which would be the MHV analog of the three graviton amplituddﬂ. Denoting
a graviton by G, we see that the net effect in comparison to the gluon case is to
multiply every helicity by two. Hence,

<12>8 - = 41))2
oraaean: - Aslorg2.9))

Apart from the fixing of the constant ky, this is an example of the profound (and
celebrated) statement gravity = (gauge theory)?. In chapter 5, we will discuss two
particular ways in which this statement is realized: the KLT relations, which have
their origin in string theory and relate closed and open string amplitudes, and the
double copy formulation obtained from the BCJ relations, which have their origin
in the so-called color-kinematics duality. However, this does not take anything away
from the surprising fact that the on-shell three point correlation functions of Eins-
tein gravity are exactly equal to the square of the Yang-Mills case, for this is not at
all obvious from either the Lagrangians or the Feynman rules of either theories.

"The wavefunctions of a graviton are tensor products of gauge boson helicity vectors, €/ = €/ e/
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2.4.3. Unitarity and locality

We have used Lorentz invariance to determine the form of all possible three-
point amplitudes that can be calculate in a relativistic field theory. This procedure
provides an example of the constraints imposed by the physical properties of am-
plitudes in their kinematic structure. Now, we will consider the consequences of the
unitarity of the S-matrix and the locality of interactions. This reasoning will lead us
to conclude that the only singularities that a tree amplitude can possess are simple
poles that occur when a propagator goes on-shell, and that the residue at each pole
will be given in terms of products of lower point amplitudes, whose multiplicity is
specified by the structure of the singular propagator under consideration.

As we mention in the introduction, the S-matrix is defined as the operator which
gives the transition probability from one free state to another. Then, since probabi-
lity must be conserved, the S-matrix has to be an unitary operator

STS =1 (2.94)

where 1 is the identity operator in the space where we define the S-matrix. We
can obtain constrains on the scattering amplitudes by looking at the conditions that
the unitarity of the S-matrix imposes on the transfer matrix T, whose definition we
recall

S=14:T (2.95)
hence, we find that the matrix 7" must satisfy the condition
—i(T—=TH =T'T (2.96)

Now, consider two free states (¢1]| and |¢o) such that the total number of external
particles is n. Then, we can calculate the matrix element of Eq.(2.96]) between these
states to obtain a statement involving amplitudes, namely

—i(An(1 = ¢2) — AL (02 — d1)) = (&[T T d2) (2.97)

we assume that, generically, the amplitudes depend on the momenta p; of the
external particles. Inserting a complete set of free states, we obtain

— i(An(pr = ¢2) — A (D2 — ¢1))
-3 (H / %é”)@?)) 461 = faD A, ~ {a)

m

(2.98)

where the sum goes over all possible sets of m final on-shell particles into which
the states ¢; and ¢, can scatter into, and

5(g?) = 0(E,,)5(?) (2.99)

where 6(x) denotes the Heaviside step function. An important special case is
when |¢1) = |¢2) = |p1p2) are both the same two particle state. Then, one can use
the different kinematic integrations to reconstruct a cross-section of the form Eq.
(1.8) on the right hand side of Eq. . On the left hand side, we obtain the
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imaginary part of the amplitude for the state |p1ps) to scatter onto itself. Then, we
obtain the so-called optical theorem

Im Ay(pip2 — p1p2) = 2EcmPem0iot(p1p2 — anything) (2.100)

where E., and p., are the center of mass energy and momenta of the process.
Here, the appearance of an imaginary part can be understood from the fact that
we can assume evaluate amplitudes on complex momenta, as we have done in the
previous section.

Now, due to crossing symmetry, we can move all the states into the out-state
(¢1|. Then, we find the condition

Im(A,) = Z (]1 / ngq;;éH)(q?)) Anp+mAnptm (2.101)

where ny,nr count the number of particles in the in- and out- states, and are
subject to the constraint n; + nr = n. This result allows for the calculation of the
discontinuity of the n-point amplitude when the momentum invariant P? = (>~ p;)?
goes on-shell, where p; label the momentum of the external particles and the sum
over L means to sum only over the momenta that was originally in the state |¢s),
when regarding the amplitude as a complex function of the momenta. Since we have
a product of amplitudes in the right-hand side of Eq.(2.101), it relates amplitudes
of different multiplicity and loop order. In particular, the discontinuities of one-loop
amplitudes are determined by products of tree amplitudes, which means that, un-
derstanding tree amplitudes as classical quantities and loop amplitudes as quantum
effects, unitarity implies that the structure of the quantum theory is determined by
its classical counterpart.

Now, in order to derive the factorization properties of amplitudes near a mul-
tiparticle pole, we will use a result known as the polology theorem and the LSZ
reduction formula. Its proofs can be found in the textbooks by Weinberg [10] and
Schwartz [39)].

Consider a theory of an interacting scalar field ¢(x). Then, the most general
observables we can compute in this theory are the momentum space correlation
function

G (Prs o ) = / TT e QT (o) () ) (2.102)

J=1

where [Q2) is the vacuum of the interacting theory. The momenta on which the
correlation function depends on may be off-shell (but they do satisfy momentum
conservation). The polology theorem states that, if there is a sum of the momenta
Pt = plf..pt for some 1 < r < n and if there is a one particle state |¥) of mass
m such that (U[(z1)...0(x,)|Q) # 0, then G, will have a pole at P2 = m? and
the residue at this pole is given by the product of lower-point correlation functions.
That is,
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Gn(p1y o pn) = (21)45%( Zp — Gy (G 4 non-singular  (2.103)

—m2+20

where "non-singular” refers to the remaining contributions, which are finite when
1 . : .
P* goes on-shell, and Gy are the lower point correlation functions,

6y = [Tldtee QT vl o

On the other hand, the LSZ reduction formula allow us to obtain amplitudes
from correlation functions as

Au(pr, o) = / Hd% P (0F + ) QT {(@1)- (@)} ) (2.105)

where we have written the formula for the case of scalar fields. Then, mixing
these results, we find that near a multiparticle pole an n-point amplitude factorizes
as (specializing to the case of gluons, which are massless),

1
App1 + finite (2.106)

An = AnL—i-lﬁ

where by finite we mean terms that are not singular when P? — 0. This can be
represented pictorically as

This property of factorization is the manifestation of the unitary nature of the
S-matrix and the locality of field interactions on the scattering amplitudes.

2.5. BCFW recursion formula

Now, we are in a position to derive the Britto-Cachazo-Feng-Witten (BCFW)
recursion formula [9]. These are relations which construct n-point tree amplitudes as
the sum of products of lower point amplitudes. Hence, finding all the amplitudes in
a given theory for a fixed number of external particles, one can calculate recursively,
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in the number of external legs, a higher point amplitude. The idea is to perform a
deformation of the on-shell momenta of the external particles parameterized by a
complex number. Then, following our arguments on the analytic structure of tree
amplitudes, we will be able to construct the contour integral of a rational function
related to the amplitude whose residues will sum into the amplitude we desire. The
poles of this function will include all poles of the amplitude and, because of unitarity,
these poles will be simple and the residue at each pole will be the product of two
lower point amplitudes.

Our first task is to see how to actually make the complex shifts of the momenta.
To do this, we must ask ourselves: what constraints are put on the momenta of
a scattering process? For massless scattering, we know that the external momenta
must be on-shell, that is, p? = 0, and that momentum conservation must be satisfied.
Hence, we should consider shifts that preserve these conditions. It turns out that the
simplest way to do this is by shifting two momenta, say p; and p, in the following
manner

p1=Dp1— 20, Pn=pn+t2v (2.107)

where z is a complex number and v is a light-like four vector. Since p; + p, =
p1 + pn, momentum conservation is preserved for an arbitrary light-like v. However,
imposing the on-shell condition p7 = 0 implies that v must also satisfy

v-p; =0 (2.108)

and an equivalent relation with p,,. It turns out that there are two solutions to the
constraints v? = 0 and v - p; = v - p, = 0. Instead of trying to solve these equations,
let us study these shifts from the perspective of the helicity spinors. Again, we choose
p1 and p,, but let us think that we shift the spinors, as

“ A=K (2.109)

1 1
A=Ay An = Ay + 22X

which can be translated to Dirac spinor notation as

:p = 1) = zn), (1] =] (2.110)

n) =n), [n] = |n]+ 21]

Now, to obtain the momentum shifts associated with this spinor shifts, we use
the relation

R |
P =500 = 5] (2.111)

to obtain

) 1
p=1i = 5zl ]
(2.112)

A 1
pr=ph+ §Z<nl’7“\1]
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and we identify v* = 1z(n|y*|1]. The fact that v-p; = v - p, = 0 follows from
the Dirac equation, and v? = 0 is a consequence of the Fierz identity.

Now, of what use is this complex shift? To answer this, consider a tree amplitude
An(p1,{pi},pn), where we denote by {p;} the remaining momenta on which the
amplitude depends on. If we shift the momenta according to , we obtain a
rational function of z which we will call A, (z). Setting z = 0 restores the physical
values of the momenta, which implies that the amplitude we want to calculate is
given by A, (0). So, let C' denote the circle at infinity in the extended complex plane,
and consider the integral

1:7{ Az Aul2) (2.113)

2Tz
Using the residue theorem, we can see that
dz A,(2) An(2)
—2=A — .z 2.114
]izm' . n(O)+;Res( = (2.114)

where z; are the poles of A,(z), and A,(0) is simply the pole at z = 0. If
An(z) — 0 as |z| — oo, the integral vanishes because there is no pole at infinity.
Assuming this does happen, we find that

A,(0) = — Z Res (A"(Z) , z) (2.115)

z

But, as we have argued, A,(0) is the physical amplitude we actually want to
calculate. Thus, we need to find the value of the residues of A,(z). We will now
focus on the case of gauge theory partial amplitudes.

As we have discussed, an amplitude develops a pole when a propagator goes on-
shell. In the particular case of partial amplitudes, due to the fact that the external
lines are ordered according to some permutation of {1,2,...,n}, these can only take
the form

1

(pi + piv1 + .o +pj)?

that is, each propagator can only carry a sum of adjacent momenta. Moreover,

these poles are simple. Hence, since the propagator which produce singularities in z
necessarily has to carry either p;(z) or p,(z), these can only take the form

(2.116)

1 1 1
P22 (0i(2)+p2t . +pi1)? (Di+ i1 + -+ Dn(2))?
) (2.117)
~ PZ—z(n|P1]

where P, = py + ... + pi_1 and (n|P,|1] = A\pa P \i4, We see that A, (z) can only
develop poles at the locations
P2

z2=z=—>+—, 1=3,...,n—1 (2.118)
(n|F[1]
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Fig. 2.5: Diagrammatic representation of the BCFW recursion

Now, consider the graphical representation in Fig.[2.5 In a given tree level color-
ordered diagram, a propagator separates two diagrammatic structures. The one at
the left is related to all the particles that appear before particle i in the cyclic
ordering and the one at the right is related to all the particles appearing at the right
in the cyclic ordering. If one isolates, for example, the structure to the left, it is
not hard to convince oneself that the sum of all the "left structures” obtained when
separating all diagrams contributing to the partial amplitude by the propagator i,
one obtains all the possible diagrams that contribute to the ¢+ — 1 particle partial
amplitude whose on-shell states correspond to all particles at the left of i. Similarly,
the same happens with the structure to the right. Therefore, this graphical picture
implies that, near to a particular pole z;, the amplitude factorizes as

Az~ 2) ~ 2o D AL(2), 2,00 = 1, = P(2)) AR(P(2), 4, on — Ln(z)) - (2.119)

where the sum over s is over the helicities of the propagating particle between
the left and right subamplitude, and § = —s. For example, in QCD, the singular
propagator may be associated either to a gluon or quark propagator going on-shellf]
and one must sum over these possible assignments. Also, one must sum over the he-
licities of the propagating particles. This is an example of the general factorization
property we found by studying the implications of the unitarity of the S-matrix,
resulting in Eq. . So, in pure Yang-Mills theory, it is a sum over s = +1.

Now, if we consider our integrand A, (z)/z and recall the value of the poles z;,
we can see that (without writing the explicit argument of the amplitudes)

An(2) 1 —1 ]
it _ § A3 (2) A5 (2
ZI—ISZ- z Z— 7 ZZ<7’L|P|1 L(Zz) R(Zz)

= Z Aj( zz AS 2(2i)

z—zz

(2.120)

which implies that

Res (A” ) ZAS A% (%) (2.121)

With this, we finally obtain the BCFW recursion relation

8Quark propagators will appear only if there are external quarks in the process as well
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n—1
s 1 s
A, = ZZAL(ZZ-)EAR(ZZ-) (2.122)
=2 s K

It should be emphasized that the 1/P? term, although it has the algebraic form
of a propagator, is evaluated at on-shell kinematics, and does not carry any off-shell
degrees of freedom associated to the propagation of virtual particles. Basically, this
formula implies that any tree level amplitude can be constructed from the knowledge
of the 3-point amplitudes, which we already calculated based on Lorentz covariance
and locality. In the context of Yang-Mills theory, this seems to imply that only the
three gluon vertex is needed to calculate the scattering amplitudes of the theory.
Although in a sense this is true, the amplitudes must be gauge invariant, and the
four gluon vertex is needed, in order to preserve gauge invariance of the Yang-Mills
Lagrangian. However, from the point of view of the on-shell amplitudes, the three
gluon vertex captures all the information needed to construct the tree S-matrix of
the theory. In Appendix E, we apply the BCFW relations to prove the Parke-Taylor
formula.

By this point, we have seen how to organize the different degrees of freedom
of scattering amplitudes in four dimensions, focusing on the amplitudes of theories
with a gauge group. First, color decomposition allow us to separate the gauge group
information from the actual dynamics of the theories. As a second step, we intro-
duce the spinor-helicity variables to parametrize the momentum dependence of the
amplitudes, and show how these allow us to obtain highly compact expressions for
amplitudes that, in principle, are very complicated to calculate (such as the MHV
amplitudes at high multiplicity). Finally, we have shown how Lorentz invariance
determines all possible three-point amplitudes and that the unitarity and locality
of the S-matrix, allow us to construct tree amplitudes of arbitrary multiplicity by
using three-point amplitudes as building blocks in a recursive approach. Now, we
will go a step further into another aspect of gauge theory amplitudes, which will be
the final subject of this chapter: their supersymmetric extensions.

2.6. Supersymmetric gauge theories

The Coleman-Mandula theorem [40] puts severe restrictions on the possible sym-
metries of any relativistic, interacting field theory: it states that the Lie group sym-
metries must be a direct product between the Poincaré group and an internal sym-
metry group, such as isospin. This implies, in other words, that the only conserved
quantities that can appear with Lorentz indices are the Poincaré generators, P* for
translations and M* for rotations and boosts.

However, the theorem does not rule out symmetry transformations whose con-
served charges carry spinor indices; these are the so-called supersymmetry trans-
formations. One particular property of a supersymmetry transformation is that it
transforms bosonic fields (scalars or vector bosons) into fermionic fields and vice
versa. Furthermore, the infinitesimal parameter of a supersymmetry transformation
is a Grassmann or anticommuting variable.



40

The supersymmetry generators, (., QT-, are defined to satisfy

{Qa, Q) = 20", P, = 2P,
{Qa, Qs =0 (2.123)
{QL.Qy =0

where P, is the momentum operator, and {, } denotes an anticommutator. One
can increase the number of supersymmetry generators by considering an internal
symmetry group (which we will always take to be SU(N')) and use the set of gene-
rators

QL @), AB=12.N (2.124)
which satisfy

{Qa, (@)1} =20""F,; (2.125)

this is known as extended supersymmetry. In four dimensions, the maximum

value of N that we can consider in order to avoid states of helicity higher than 1 is

N = 4 [41]. We will discuss this maximally supersymmetric Yang-Mills theory, or
simply N = 4 super Yang-Mills, at the end of this section

Since supersymmetry mixes the bosonic and fermionic degrees of freedom of the
field theory under consideration, one necessary (but not sufficient) condition for a
theory to be supersymmetric is that the number of bosonic degrees of freedom equals
the fermionic degrees of freedom. These requirement introduces the concept of a su-
permultiplet, which is a multiplet of bosonic and fermionic states that are connected
through supersymmetry transformations. Following [42], in order to construct these
multiples, we first consider the case of a massive state |s). In the rest frame, where

P, = (m,0,0,0) (2.126)

the non-trivial anticommutation relations 2.123 read

{Qa, Qg} = 2md, (2.127)

Now, if we assume that Q,|s) = 0, we can easily construct the representation of
the supersymmetry algebra by acting on the state |a) as

), Qila), Qila), QIQ%a) (2.128)
that is, in the same way as the representations of two anticommuting annihila-
tion operators. If we assume that |a) represents a spin-j particle, the states Qg|a)
have spin j + % if 7 # 0 while for j = 0 they must have spin %, Finally, the state
Q1QY|a) has the same spin as |a), since it transforms as a singlet under right-handed
rotations. This procedure then yields (2j — 2 4+ 1 and 2j + 5 + 1 fermionic (Weyl)
states corresponding to the 2(2j + 1) bosonic states, for 7 # 0, and a set of two
scalar plus two Weyl fermion states for 7 = 0. In particular, this implies that, in
order to construct a consistent supersymmetric theory which includes scalar fields,
they must be complex.
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For massless states, we take the momentum to be in the frame

P,=(F,0,0,F) (2.129)
where FE is the total energy of the particle. Then,

{Q., Qg} = 4FE ((1) 8) (2.130)

which implies that )» and Q; vanish for any massless representation. The only
possible states we can construct are then

b),  Qilb) (2.131)

and, if |b) has helicity A then Q![b) has helicity A + 1. In order to preserve CPT
invariance, one must introduce a conjugate multiplet with helicities {—), =\ — 1}.
A particular example of a massless multiplet, which will be important for us, is the
vector multiplet with helicites

11
A={-1, 2,2,1} (2.132)
On the other hand, we are interested in gauge theories. If we want to construct
a gauge theory with supersymmetry, the complete field content of the theory must
transform in the same representation of the gauge group, which, due to the construc-
tion of the gauge field, will always be the adjoint representation. Hence, QCD cannot
be supersymmetric, since quarks transform in the fundamental representation of the

gauge group. We will first study the simplest supersymmetric gauge theory, N'= 1
Super Yang-Mills (SYM) theory.

2.6.1. N =1SYM

In order for us to obtain a supersymmetric gauge theory, there must be both
bosonic and fermionic degrees of freedom, and all of these must transform in the
adjoint representation of the gauge group. Hence, consider a gauge group G =
SU(N). The N' = 1 supersymmetric Yang-Mills theory in four dimensions can be
defined by the Lagrangian

1
4
where Ff, = 0,A% — 0,A% + gf* Al AC is the field strength, X\* is a massless
Weyl spinor transforming in the adjoint representation and the covariant derivative
acts on A as D, A% = 9, A" + gfabCAZ/\C.

Ly—y=——F"F: +iX16" D\ (2.133)

The spectrum of this theory is composed of the vector multiplet, Eq. (2.132)).
The particle associated to this fermionic field is generically known as a Gaugino. We
will refer to them as gluinos, which are the superpartners of the gluons.

From this point of view, it is necessary that \ satisfies the Weyl condition; that
is,

A= +y5A (2.134)
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this is because the vector field A, carries only the two transversal, physical
degrees of freedom, while a general spinor in four dimensions has four degrees of
freedom. The Weyl condition reduces the degrees of freedom of the spinor field by a
factor of two, and hence we have the same number of bosonic and fermionic degrees
of freedom, which are required for supersymmetry. In four dimensions, one could
also impose the Majorana condition

A=CN (2.135)

where C' is the charge conjugation operator, which also halves the number of

fermionic degrees of freedom. However, Weyl spinors are defined to be chirality ei-

genstates, and since they must be massless for the theory to be supersymmetric,

they naturally describe helicity eigenstates, which makes them particularly well sui-
ted for the study of helicity amplitudes.

Supersymmetry Ward identities

Upon canonical quantization, the free fields can be written as plane wave ex-
pansions, in which the coefficients are creation and annihilation operators. Since
supersymmetry transforms bosonic fields into fermionic fields and vice-verse, it is
natural to expect that the supersymmetry generators Q, Q" = Q have a non-trivial
action on the ladder operators. In fact, if we let a.(p) be the operator that annihila-
tes a 1 helicity gluon with momentum p and b4 (p) be the operator that annihilates
a :I:% helicity gluino, using the explicit form of the supersymmetry transformation,
one obtains

[6:27a+(pz)]i = (@, a4 (pi)]= = [i]b4(p:)
Q5. = | Jas ). Q.b+(p)] = 0 013
Q- (pi)] @, 0-(pi)]+ = [ila—(p:)
(@, a-(pi))s = |%) ~(p2), (@, a—(pi)] =0
where [-, -]+ denotes a graded commutator, which is an anticommutator when

both arguments are fermionic, and is a commutator otherwise, and |[7), [i| denote
helicity spinors. From this, we can see that () increases the helicity by —i—% and @)
decreases the helicity by —%.

We can define an n-point amplitude as the vacuum expectation value of n annihi-
lation operators acting on the out bra vacuum state (0|, with the S-matrix operator
S acting on the in ket vacuum state |0),

Ay = (0]01(p1)--.On(pn) 510) (2.137)

where O;(p;) denotes the annihilation operator associated to a particle of mo-
mentum p;. If we assume that the vacuum is supersymmetric, i.e. Q|0) = Q]0) =0
and that the supersymmetry generators commute with the S-matrix, We find that

0= <0|[Q O1(p1)---On (pn)g]pm’0>

_Z 25<i191(0|01 (p1)...[Q, Os(pi)]=-.-On (pn) S]0) (2.138)
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where |O; is 0 when it is associated to a bosonic operator and —1 when it is
associated to a fermionic operator. Interpreting each of the terms in the sum as
an amplitude, we obtain linear relations, valid to all orders in perturbation theory,
between amplitudes with different external states that are linked by supersymmetry
transformations. These relations are known as supersymmetric Ward identities. For
example, letting O;(p;) = a4 (p;) for i # 1 and O1(p;) = bi(p1), we can use the
commutation relations to obtain

= (01[Q. by (p1)as (p2)... (p) S]:10)
— (0] (1) (p1)-as () + b (0@ b (1) (p2). 0 () S ) 10)

= [1)(Ola(p1)...ax (p)5]0)
= 1) An(9)"92)

(2.139)

from which we can see that the all-plus gluon amplitude vanishes. Since the
SUSY Ward identities are independent from perturbation theory, we can see that
in N'=1 SYM, the all-plus gluon amplitudes vanishes to all orders in perturbation
theory. From our analysis of the polarization vectors in spinor-helicity variables, we
expected this to happen at tree-level; since the coupling of gluons to gluinos is cubic,
there cannot be internal gluinos propagating on any diagram at tree-level. Hence,
this implies that gluon tree amplitudes are equal in pure Yang-Mills theory, QCD
and N = 1 SUSY. In fact, gluons can only have cubic or quartic couplings with
scalars, which means that tree amplitudes whose external states are only gluons
are equal in any Yang-Mills theory with the same gauge group, with any degree of
supersymmetry. However, the cancellations that occur due to supersymmetry are far
more powerful than the simple relations found at tree-level in Yang-Mills. Similarly,

taking O;(p;) = a(p;) for i # 1,2, O1(p1) = a—(p1) and Oz(p2) = by (p2), we find

:<0|[Q7 (pl)b+(p2)a+(p3> ( ) ] |0>
= 1A, (AT AT g5 -.00) + (0la_(p1)[Q, by (p2)as (ps)...ar(p,)S]4]0)  (2-140)
= 1) A, (AT A3 g5 - gn)+!2> (91 95 --9)

from which, ”dotting” the spinors (1| or (2|, we obtain, respectively

An( AN AS g5 .90) = Aulgr 93 ..95) =0 (2.141)

which, again, is one of the cancellations we found from gluon amplitudes at
tree level. Moreover, since gluons have only cubic couplings with both quarks and
gluinos, the only difference between QCD gluon-quark and N' = 1 SUSY gluon-
gluino amplitudes, at tree-level, is in their color factors: the gqq vertex carries a
generator matrix 777, while the g\ vertex carries a structure constant . Hence,
after color decomposition, not only are gluon amplitudes in both QCD and A =1
SUSY equal at tree-level, but gluon-quark and gluon-gluino amplitudes are equal as
well. Hence, one can consider that massless QCD is effectively supersymmetric at
tree-level.
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2.6.2. N =4SYM

A possible way towards obtaining other supersymmetric gauge theories is to
consider the generalization of the Lagrangian [2.133]to space-time dimensions D # 4.
For general D, the number of degrees of freedom of the massless vector field is (D—2),
while a Dirac spinor in D dimensions has 2% degrees of freedom. Hence, different
supersymmetric theories can be constructed in different number of dimensions by
reducing the fermionic degrees of freedom with either Majorana or Weyl conditions
or by including scalar field to increase the bosonic degrees of freedom. One possible
case is to take D = 10. Here, both the Majorana and Weyl conditions can be applied
to the spinor field, and one obtains exactly eight bosonic and fermionic degrees of
freedom. This yields a supersymmetric theory in ten dimensions, with action

1
S = / d"x (—ZF““”FSV + M“%“DW\“) (2.142)

In [41] [43] , it is shown that performing a dimensional reduction of the ten-
dimensional N' = 1 gauge theory to four dimensions, one obtains what is known as
maximally supersymmetric Yang-Mills theory, or simply N’ = 4 super Yang-Mills; it
is known as maximal because it has the greatest number of possible supersymmetry
generators that don’t require the addition of particles with spin greater than one.
Denoting with I'! the ten-dimensional representation of the Clifford algebra, the
action of N’ =4 SUSY can be written as

S = / dhx |3 Fg, P — Y(Dug9) + S0 Byt + $0°T o, v)" + & (61, 0,]°)] (2.143)

where all fields transform in the adjoint representation of the gauge group, ¥®
are Majorana-Weyl spinors and ¢9 is a set of real scalar fields with an SO(6) interal
symmetry index I = 1,...,6 that allows to obtain a Lorentz invariant coupling of
the extra components of the Clifford algebra that remain after performing the di-
mensional reduction. These six scalars can also be arranged in the antisymmetric
two-index representation of SU(4), o8 = —B4 subject to the self-duality condi-
tion Pap = %e ABODapCD . This simplifies the description of the theory, because the

N = 4 supersymmetry generators transform in the fundamental representation of
SU(4).

On-shell superspace, superfields and superamplitudes

The spectrum of A/ = 4 SUSY can be organized in terms of the representation
of SU(4) under which they transform. Specifically, we have a positive helicity gluon
g" transforming in the trivial representation and a negative helicity gluon ¢~ trans-
forming in the totally antisymmetric four index representation; the positive helicity
gluinos A* that transform in the 4 representation and the negative helicity gluinos
MBC  \p transforming 4 representation, and six scalars S4” transforming in the
totally antisymmetric 2-index representation. These states can all be organized in
what is known as a superfield. In order to do this, one introduces the Grassmann
variables 14 which transform in the fundamental representation of SU(4). The su-
perfield is defined as
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SAB )\ABC

Q=g +nar! - 21, nANB 31| nANBTC + Mn2n3nag (2.144)

in the previous equation, one must think of each state, say g or S4# as repre-
senting the creation or annihilation operator associated to each external particle.
Hence, what we are doing essentially is to introduce the Grassmann variables 14 in
order to describe the states of the theory in terms of SU(4) invariants. Moreover,
assigning helicity —i—% to all the Grassmann variables, we can see that the superfield
have uniform helicity +1. The signs in each of the term of the superfield are cho-
sen so that the differential operators 1,94, 9497, 04020, 010?030, acting on the
superfield, extract the correct component with the corresponding number of indices
after setting n4 = 0.

The supersymmetry generators (2.125) can be realized in terms of spinors and
Grassmann variables as

0 : .
Ao = [p|* it = |p)* 2.145
¢ = [p| oy U [P)“1 (2.145)
These realization of the supersymmetry generators, along with the superfield
description of the states, is known as the on-shell superspace of N' =4 SUSY.

The most important use of superfields is that the allow us to define objects known
as superamplitudes. If we let Q; = Q(p;) be a superfield (or superwavefunction)
associated to the ¢ — th external particle, we can define a superamplitude as

AS[Qy, .., Q] = (0|94, ..., 2,5]0) (2.146)

The object AS is then a function of the on-shell momenta p; of the external
particles and the Grassmann variables associated to each superfield, n;4. In parti-
cular, the superamplitude will be a polynomial in the Grassmann variables, and the
coefficients in the expansion of the superamplitude in terms of the Grassmannians
are the amplitudes whose external states come from the spectrum of N' = 4 SUSY;
these are also known as component amplitudes, and correspond to the amplitudes
we have been calculating and whose properties we have studied so far. Moreover,
in order to have external states that combine to a SU(4) singlet, the Grassmann
polynomial whose coefficient is an N¥ M HV amplitude must be of degree 4(K +2).

Component amplitudes can be obtained from the superamplitudes using deriva-
tive operators; for example, the MHV gluon amplitude can be calculated from the
superamplitude as

4
0
Anlgl g9 gt = AS[Q, o, Q=0 (2147
97 0 05 0] (Azlam) (H aﬁﬁ) 1o Qule=0 (2.147)

The fact that the theory is supersymmetric is reflected on the superamplitudes
by their vanishing under the action of the supercharges
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0
S-S
Qa= ZqZA = Z |i)7hia
=1 =1

Similarly to the way in which the Lorentz invariance of regular amplitudes is
implemented through a momentum conservation delta function, the vanishing of
the superamplitudes under the action of the supercharges can be implemented by
defining a supermomentum conservation delta function

(2.148)

4

<@>—%H@a@

1
= —4 Z i)nian;A

hS
";II

(2.149)

Then, since this delta function ah"eady has degree two in the Grassmann varia-
bles, the term of the superamplitude which corresponds to the N¥ M HV sector can
be written as

ASNEMHV. _ 58(() pitK) (2.150)

where P,(L4K) is a degree 4K polynomial in n;4. For example, the superamplitude
associated to the MHV amplitudes is given by

SMHV *(Q)

A (1,....,n) = (12)(23)...n1) (2.151)

Finding the superamplitude would allow one to calculate any amplitude in the

theory by calculating derivatives with respect to the Grassmann variables. In Chap-

ter 4, we will introduce the so-called connected formalism, which allows for the

calculation of the superamplitude in terms of integrals localized on the solutions to

rational equations, which happen to be exactly the four dimensional version of the
scattering equations.




The scattering equations

Let &, be the momentum configuration space of n on-shell massless particles,

©, = {(p1,p2, .. pn) € (CM)"[ > p; =0, p} =0, Vi € {1,2,..n}} (3.1)

where CM is the space of complex-valued, D-dimensional momenta. Using the
elements of this configuration space, we can construct the Mandelstam invariants
Siy i = (P + ...—l—pz’r)Q, which are the variables that the Lorentz-invariant scattering
amplitudes will depend on.

In the previous chapter, we have studied various properties of scattering ampli-
tudes in four dimensional spacetime. We found that, for massless particles, we can
define the spinor-helicity variables to encode all the kinematic dependence of the am-
plitudes. This is particular to four dimensions, because the little group of massless
particles, SO(2), is an Abelian group and it is straightforward to define quantities
with definite transformation properties under the action of the little group (which
amounts to knowing how the states change under Lorentz transformations). Further-
more, singularities of the amplitudes, which give the information on their analytic
structure, are captured in the spinor products.

Recall the Parke-Taylor formula, Eq. (2.62)),

(ig)"
(12)(23)...{(n — 1)n)(nl)
and consider the following parametrization of the spinors, A\, = (z;,1), which
is always possible due to little group scaling. In these special variables, the spinor
products take a particularly simple form

A,(17 it jton) = (3.2)

The momenta associated to these spinors is then written as
o 1 2 = . = 2
k' = 5(1+|zz| 2tz —i(z — Zi), L — |z]%) (3.4)

which is easily seen to satisfy the on-shell condition k? = 0. Choosing the refe-
rence spinors to have a similar form, that is, A\, = (24, 1), the polarization vectors
can be written similarly, for example

47
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m

1
Ei,-l- = 5(1 + Zq2i7 Zq + 2i7 _Z(zq - Ei)a 1— Zqzi) (35)

In these variables, the Parke-Taylor formula takes a particularly simple form

2k

A1 it gtn) = —— 3.6
( ) 212%23---Zn1 ( )
Then, we can think of the amplitude as a function of several complex variables on

C". In terms of the z variables, the statement of momentum conservation becomes

> z=0 (3.7)

that means that the amplitude is defined on the hyperplane of C™ defined by
Eq.(3.7). Moreover, from the denominator structure of Eq.(3.5)), we can see that the
poles of the amplitude occur when 2, — 2z, for k # m, and the associated residue
would be the Parke-Taylor amplitude for (n — 1) particles, defined in C"*~!, along
the deformed hyperplane

22+ Y 2z=0 (3.8)

i#k,m

This is a very simple characterization of the singularities that the amplitudes
possesses. However, MHV amplitudes have the particular property that they only
have two-particle poles: that is, their only singularities occur when a kinematic
invariant s;; goes on-shell. However, more complicated amplitudes can have multi-
particle poles, associated to the invariant s;, ; going on-shell. Characterizing the
singularities of an amplitude is difficult in terms of the Mandelstam invariants;
however, we have seen that the variables z; provide a simple way in which we can
describe the singularity structure of scattering amplitudes. The natural question
that arises is if it is possible to find a set of variables that enjoy similar properties
to those that the z; have in four dimensions, but in arbitrary spacetime dimensions,
and how they are related to the space of kinematic invariants. In this chapter, we
introduce the scattering equations, which provide a map from ®,, to the moduli space
of n-punctured Riemann spheres and show that they encapsulate all the physical
properties of amplitudes in terms of the punctures over the Riemann sphere, through
the study of their singularities.

3.1. Mapping of momentum space to the Riemann
sphere

Consider a Riemann sphere, the set defined by C = C U {oo}. A puncture is a
specific point that is taken out of a set. When we talk about n-punctured Riemann
spheres, we refer to the set @/ {z1, ..., zn} for some specific choice of the points
21, ..., 2n. Thus, a punctured sphere is defined by the position of its punctures. In
order to find a map from the momentum configuration space to the Riemann sphere,
we must find a function that takes momentum invariants into the punctures. One
simple way to this is given by Cauchy’s theorem,
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1
no_ 1
P =— dzw (3.9)
’ 2mi |z—z;|<é
where ¢ = 1,2, ...n, labels the external momenta. Here, ¢ defines a contour on C
that surrounds the puncture z; and,

=y 1
;Z—Zi (3.10)

The map provided by Eq. would not work if it had a pole at infinity, because
its residue at z = z; would not be p;. However, by deforming the contour, one can see
that the residue at infinity is simply the sum of all the residues at the n punctures,
which is equal to the sum of the external momenta. This sum, of course, vanishes
due to momentum conservation. On the other hand, each external momenta must
satisfy the on-shell condition p? = 0; this allows one to obtain a constraint on w*.
We can calculate the contraction

M
F—wwu

_ (3.11)
ZZ (z —zi)(z — z])

=1 j=1
JFi
Then, since F(z) is proportional to p?, it must vanish everywhere; in order for
this to happen, all its residues must vanish, and we can see that F' has both simple
and double poles. The residue at a double pole z = z; is simply p?, which is zero
because of the on-shell conditions. The absence of simple poles yields a non-trivial
constraint,

1
0=— dzF(z)
2mi |z—z;|<é
Pip; (3.12)
< 2 — z]
J#z
which must hold for 1 < i < n. Hence, we define
Sij
filz,p) = o (3.13)

i

where s;; = (p; +p;)? = 2p;-p; and z;; = 2; — z;. For a fixed set of momenta, that
is, for a fixed n-tuple p € ¢,, the scattering equations are the system of equations
which comes from the constraint of having vanishing residue at the simple poles,
and are defined by

filz,p) =0,1<i<n (3.14)

The scattering equations were first introduced in [44] by Fairlie, while looking for
an alternative way to calculate amplitudes in the so-called dual models (what would
after some time become string theory) in the Veneziano model such that it would be
free of tachyons. Afterwards, they appeared in the work of Gross and Mende [45],
[46] as the solutions to the saddle-point integrals that govern high-energy string
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scattering. The system (3.14)) was given the name of the scattering equations by Ca-
chazo, He and Yuan [11], who found them to generalize the RSV formula constraints
to arbitrary spacetime dimension, and their properties were subsequently studied in
the series of papers [12], [13], [14] by the same authors.

The scattering equations form the backbone of the so-called CHY representation
of tree-level amplitudes, which is our main object of study. The idea of the CHY
formalism is to write closed formulas for amplitudes in arbitrary dimension, locali-
zed to the solutions of the scattering equations. This is because, as we will show,
the scattering equations contain all the information on the analytic structure of the
scattering amplitudes and have factorization properties that mirror, in a sense, those
of the amplitudes. However, we must understand in what sense the equations ”fac-
torize”. We will also explore some its properties as well as its solutions. But before,
let us see how can be generalized to the case of massive momenta. Also, we will
see the form the scattering equations take in four dimensions, in terms of helicity
spinors.

Generalizations to massive particles

Now, assume that the on-shell momenta of the external particles may be massive,
that is, p? = m?. In this case, the Mandelstam invariants s;; do not take the simple
form of the product 2p; - p;, which have implicitly used throughout our previous
treatment of the scattering equations. This means that the numerator of each term
in the scattering function f;(z,p) must be modified, in order to account for the
fact that the momenta may not be massless. As first proposed in [47], one possible
generalization of the scattering equations is defined by setting

20, - p; + A
f{nass(z’p) _ Z Di - Pj LY 0 (315>
i %ij
where the constants A;; are symmetric with respect to its indices, A;; = Aj; and
satisfy the constraints

JF#i

There is no unique way to choose the constants A;;. One particular election of
these constants, which we will use when discussing the CHY representation of QCD
amplitudes, is to take

Byg =2 (3.17)
and the remaining constants equal to zero. Here ¢; denotes the label of a quark

with mass m,, and g the label of its corresponding antiquark.

As long as the constants A;; are chosen to satisfy the constraints of symmetry and
Eq.(3.16), these will enjoy the same properties of the massless scattering equations,
which we derive in the next few paragraphs.
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Scattering equations in 4D

The scattering equations have a natural reduction to four dimensions, which was
first studied in [48] and then exploited in [49] to obtain a four dimensional version
of the CHY representation for Yang-Mills theory.

Since we are working in four dimensions, it is natural to solve the equations in
terms of helicity spinors. Now, recall that we have derived the scattering equations,
from the condition that the square of the polynomial P(z) vanishes (which amounts
to demanding that we map the whole of CP' to the null cone in momentum space).
In four dimensions, this is equivalent to the existence of spinors A(z), A(z), such that

P(2) = X\*(2)\%(2) (3.18)

This means that scattering equations in four dimensions can be written as a set
of equations determining the punctures in terms of the spinors associated to the
external momenta. This can be achieved in two different ways, related to each other

by a linear transformation. The first one is a set of polynomial equations of degree
d=1,...,n—3:

» tiol" A =0, m=0,1,..4d,
= (3.19)

in the variables o; and ¢; for i = 1,2, ...,n and p%, for m = 0, ..., d. These equations
decompose into (n — 3) sectors labelled by d, which are in a one-to-one correspon-
dence with the helicity sector K = d—1 of amplitudes in the NX M HV classification.

The second form of the equations involves a rational set of equations, in which
one divides the n particles in the process into two sets of K and n — K particles,
respectively. This form of the scattering equations reads

ce = HEAS
AI_ZEZ()’ Izl,..,K
i=K+1
K
tit i A¢ )
A =YL =0, i=K+1,.n

7
or — 0;
T—1 1 %

(3.20)

These forms of the scattering equations can be used to write closed formulas for
the superamplitudes of N' = 4 SUSY, through the Roiban-Spradlin-Volovich (RSV)
formula, which was derived from the twistor string formalism of Witten [19] [20].
Since the constraints Eqgs. , are equivalent to the scattering equations, the
RSV formula provides a CHY representation for superamplitudes in four spacetime
dimensions. We will introduce this formalism in Chapter 4.
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3.2. Properties of the scattering equations

The scattering equations ({3.14)) are invariant under M&bius or SL(2,C) trans-
formations; that is, under transformations of the form

_az+b

Zi = Gi = )
s cz; +d

Vi (3.21)

where ad—be = 1 in the sense that, if z = (21, ..., 2,) is a solution to the scattering
equations, then ¢ = ((, ..., (,) will also be a solution. To show this, we note that

az;+b az;+0b 2 — %
== — = 3.22
G czi+d czj+d  (czi+d)(cz;+d) (322)
where the condition ad — bc = 1 has been used. This implies
B (cz; + d)(czj + d)sij
HCEDS
J#i
= (cz; + d) CZ Z%g dfi(z,p)
PITa
= c¢(cz; + d) Z [Pyt mlsy
jF#i Y (323)
=c(cz; +d) | — Z Sij + zifi(z,p)]
J#i
= c(cz; + d) <—2pi : ij>
J#i
= c(cz; + d)(—2p7) =0

where we have used f;(z,p) = 0, conservation of momentum and the fact that,
for massless particles, s;; = 2p; - p;. This means that, out of the n equations, only
(n — 3) are actually independent. This is reflected on the additional conditions E|,

D filzp) =0, Y zfi(zp) =0, Y zfi(z,p) =0 (3.24)

)

which can be easily proved algebraically. The first one
> filzp) =0 (3.25)

is a simple consequence of the fact that z;; = —z;;. On the other hand, we can
see that

'Which can be seen to be direct consequences of SL(2,C) invariance, by considering an infini-
tesimal Mobius transformation
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pr 2 Zij
1 (zisij zjsﬂ)
2 pr Zz'j Zﬂ
1 Zijsij
o2 (3.26)
ij
1

X ()

where, in the third line, we have exchanged the indices i, and in the fourth
line we have used the symmetry of the kinematic invariants, s;; = s;;, and the re-
lation z;; = —z;;. Finally, we have used momentum conservation and the on-shell
conditions on the momenta. The remaining relation with z? is obtained in analogous
fashion. These three conditions imply that we have more equations than variables
to solve for and, in practice, will allow us to fix the values of three of the punctures.

We can show that the massive scattering equations, Eq. (3.15]) are also SL(2,C)
invariant, provided the condition Eq. (3.16)) holds. Under the transformation Eq.
(3.22)), fm**s(z, p) transforms as

fress(¢p) = (czi + d)* f"*5 (2, p) — c(cz + d) Z(2pi -p; + Aij) (3.27)
J#i
hence, if the equations f"*** = 0 are SL(2,C) invariant, the second term must
vanish. Since

Z 2p; - pj = —2p? = —2m? (3.28)
J#i
we find that the equations are indeed invariant if Eq. (3.16]) is satisfied.

It is clear from the fact that the scattering equations are invariant under a
continuous set of transformations that they have an infinite number of solutions.
However, a very large amount of them are related to each other by a Mdbius trans-
formation and, in fact, there is a finite number of solutions which are not related
by SL(2,C) transformations; these are known as inequivalent solutions. In the follo-
wing paragraphs, we will study the behaviour of the scattering equations on different
factorization channels. We will first focus on soft limits and use them to determine
the number of inequivalent solutions for a given n and then consider how the system
factorizes on more general singularities.
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3.2.1. Singular kinematic behaviour of the scattering equa-
tions

As we have discussed in Chapter 2, an amplitude of massless particles develops a
singularity when a kinematic invariant s;, _;, vanishes. When approaching this singu-
larity, the amplitude factorizes into smaller amplitudes due to its analytic structure.
This implies that, if the scattering equations serve as building blocks upon which
one can construct scattering amplitudes, they must have special properties in these
singular kinematic configurations which mirrors in some sense those of the amplitu-
des. We have mentioned that the scattering equations factorize when approaching
a pole of the amplitude, but, what do we understand as factorization of the system
of equations? As we will see, the physical factorization of amplitudes is reflected on
the scattering equations by decoupling them, in the sense that the complete set of
equations separates into independent subsets of equations for the punctures associa-
ted to the different subset of particles that are compose the lower-point amplitudes
that appear in the residues of the n-point amplitude

As a first step towards showing that this is indeed the case, which will also be of
particular interest to us throughout this thesis, let us consider one special singular
configuration: the limit when one of the external particles is emitted with a soft
momenta, by which we mean that |p,| << |p;|, where we take the soft particle to
have the label n and i = 1,...,n — 1. The fact that the scattering equations decouple
in the soft limit was first discovered in [12].

Soft limit of the scattering equations

Suppose that, in some n particle scattering event, the momentum of the n-th
particle obeys p, — 0. One way to parametrize this soft limit is to write p, = €P,
for some arbitrary D-momentum P and consider the limit ¢ — 0. In this limit, we
find

filzp) =3 4P =g (3.29)

jin o Fin

for i # n. Then, the leading order (in €) term of each of these equations is nothing
more but the associated scattering equation which describes a process with (n — 1)
external particles. On the other hand, the remaining equation is

falzp) = €Y M =0 (3.30)
jn oM

which is solved by setting either ¢ = 0 or the remaining term equal to zero. The
interesting point is that, for ¢ — 0, the system f; = 0 for ¢ # n becomes indepen-
dent of z,. Therefore, the equation f,, = 0 decouples from the original system and
can be converted into a polynomial equation for z,, where the coefficients of this
polynomial depend on the momenta and the remaining punctures z;, ¢ =1,...,n— 1.
Rationalizing and using momentum conservation, one can show that this polynomial
equation is of degree (n — 3). Hence, there are (n — 3) complex roots for z,. Hence,
in this singular kinematic configuration, the scattering equations exhibit properties
akin to those of the amplitude: as anticipated, they ”factorize”, in the sense that the
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information on the momenta of the hard particles decouples from the information
on the kinematics of the soft emitted particle. This is an indication that the scatte-
ring equations should have similar properties to those of the amplitudes in general
factorization channels. Before showing that this is in fact true, let us consider how
the soft limit behaviour of the scattering equations allow us to deduce its number
of independent solutions.

As we have argued, once we take the soft limit, the equation associated to the
soft momenta decouples from the rest of the equations, and becomes a polynomial
equation of degree (n —3). This means that, if we let N,, be the number of solutions
to the original system and N,,_; the number of solutions to the system of (n — 1)
scattering equations, we see that the total number of solutions in the soft limit is
given by

Ny, = (n—3) x Np_s (3.31)

This defines a recursion relation for the number of solutions N,,, which is easily
solved in terms of Ny, the number of solutions to the scattering equations with four
external particles, as

N, = (n—3)! x N, (3.32)

Moreover, since the scattering equations obey the additional constraints Eq. ,
there is only one independent equation for n = 4 and, as we will show explicitly when
we derive some particular solutions to the scattering equations, this equation has
only one independent solution. This implies that, for an arbitrary number of exter-
nal particles n, the scattering equations have (n — 3)! independent solutions. Also,
as shown in [12], the factorization in soft limits provide an algorithm to find appro-
ximate solutions to the scattering equations.

General factorization channels

Now, we consider a general multiparticle singularity. Without loss of generality,
we consider the factorization channel defined by the invariant

S1,.np, = (pl + .. +an)2 =S (333)

where 2 < ny < n — 2. This defines a partition of the set {1,2,...,n} into two
sets, namely L = {1,2,...,n.} and R = {ng,...,n} where ng = n — ny. We want
to study the behaviour of the scattering equations when s, — 0. We follow the
discussion in [50].

In order to describe the solutions to the scattering equations in this factorization
channel, the punctures are also split into two sets,

2 = —, 1€ L

(3.34)
Zi = —, 1€ R
X
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Thus, we introduce a new variable x and solve for the u;, v; and x. Since SL(2, C)
invariance allows us to fix three of the solutions, the introduction of this new variable
allows us to fix one further value, which we may take to be two of the u’s and two
of the v’s. This means that we will take y as a variable whose value is determined
by solving the scattering equations.

Now, recall our discussion of the Parke-Taylor amplitude at the beginning of the
chapter. Introducing the parametrization of the spinors \; = (z;, 1), we argued that
all singularities of the amplitudes occurred when two or more of the z variables where
equal to each other. Hence, if the scattering equations are to provide a mapping
from momentum space to the Riemann space that correctly maps the kinematic
singularities of the amplitudes, we expect that there will be solutions where y — 0,
so that every puncture associated to the particles whose Mandelstam invariant goes
on-shell is equal. To check that this is indeed the case, we will assume that y is a
small number and study the behaviour of the scattering equations as an expansion
in . To this end, we consider the scattering equations with ¢ € R. In general, these
will be given by

— Sij
Jier = o
gAY
Vi X vi _ Yi
jEL X uwi  jeR X X (3.35)
J#i
Sij Sij
=X Tt w
—= Vi — U — T u
]ER ]EL X Ug
J#i

Now, rewriting the denominator of the second term, we can expand around y = 0

I x 1
X Tu-

X X

_x (1 P ) (3.36)
(% U;V;

3

= 1 -+ X 3 + ...

(% U;v;

hence, to subleading order in Yy, setting f;cg = 0, we obtain the equation

Z Sij X Z Z Sij
X J + = Sij + X3 2—J =0 (337)
— Vi — Uy Ui 4 — V; U,

]iR jJjeL jeL

771

From this equation we can see that there is, indeed, a solution for y = 0. Beyond
the leading order in y, one can also have solutions were x # 0; these correspond to
the fact that the factorization of scattering amplitudes when an arbitrary propaga-
tor goes on-shell is a phenomenon that only occurs at leading order, that is, when
we say that amplitudes factorize along a kinematic singularity, we mean that the
residue associated with the pole at, say, s;, = 0 is a product of lower point amplitu-
des. However, we should not expect this to happen at higher orders in the Laurent
expansion.
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Now, we must check that the original equations do decouple, as in the case of the
soft limits, into two sets, each associated with the particles in L and R, respectively.
To do this, we first consider Eq. (3.37)) at leading order in x, that is

sziézjvj -I—U%jzegsij:()

JER
J#i
(3.38)
bi - PL Sij
2——— =0
X Ui " Z Vi — Uj
JER

J#i

where we defined p;, = > jer Pj- It we associate the puncture v, = 0 to the
momentum py,, we find that the term in brackets is exactly the system of scatteri-
ng equations for the punctures associated to the particles in R plus an additional
particle, which we can expect to find from our discussion of unitarity and the op-
tical theorem: when we approach a singularity, the amplitude factorizes into two
lower-point amplitudes which are connected by a ”propagator”, and each of the pro-
duct amplitudes sees that propagator as an external, on-shell particle. In analogous
fashion, one can show that the remaining scattering equations decouple at leading
order, which results into two independent sets of equations, each of them descri-
bing a lower-point amplitude. This is the essential property which suggests that the
scattering equations can be used to describe scattering amplitudes in any number
of dimensions.

3.3. Polynomial form of the scattering equations

The scattering equations are a deceptively difficult system of equations.
The first natural step to perform if we wanted to solve them would be to convert
them into polynomial equations for the punctures. This procedure can be realized in
a general form. as shown by Dolan and Goddard [16], who found a system of equa-
tions equivalent to which is known as the polynomial form of the scattering
equations. To state these polynomial equations, define I = {1,2,...,n} and consider
a subset S C I. Then, if we let

Pg = szw 25 = H 2 (3.39)

€S i€S

where for completeness we let Py = 0 and z3 = 1 for the empty set (). For
1 < m < n, we can define the polynomials

1
hon(2,9) = — > Pz (3.40)

T Scl,ls|=m

That is, we take all subsets of I with m elements, and then sum over the product
of their corresponding PZ and zs. From this definition, it becomes evident that each
polynomial h,, is a homogeneous function of degree m. Moreover, each polynomial
is linear in each different puncture; that is,
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h,,
072

J

=0, Vm,j=1,...n (3.41)

Furthermore, it is easy to see that the polynomials hq, h,,_; and h,, are identically
zero, using momentum conservation and the on-shell conditions. For 2 < m < n —2,
the system of the scattering equations is equivalent to solving

him(z,p) =0 (3.42)

where, as before, we solve for the puncture z given a configuration of momenta
specified by p. This form of the equations also allows to determine the number of
inequivalent solutions to the scattering equations due to Bézout’s theorem, which
states that the number of solutions to a system of polynomial equations is bounded
by the product of its degrees. From the definition of the polynomials h,,(z,p), one
can see that this bound is (n — 3)!. Moreover, since the punctures z; are different
for non-singular kinematics, the equations exactly saturate the bound of Bézout’s
theorem, confirming our analysis using the soft limit.

3.3.1. Overview of the equivalence

It is an interesting exercise to see how to derive (3.42)) from (3.14])). To start with,
define

n

=1

For m > 2, the function g,, is a polynomial of degree m in z;. Note that, for the
particular values m = —1,0,1, g,, vanishes identically due to (3.24)). Now, using a
similar strategy to the one we used to prove these identities, we can write

n m+1
Di - Pjz;
gm(zap> = E > !

=1 T
i#£]
+1 +1
2 =1 ! J Zi — Zj (344)
i#j
1 n m
PR L
i,7=1 r=1
i

Now, if we let —1 < m < n — 2 and define the n x n matrix with entries
L = z;”“, we can write (3.43]) as the matrix equation g, = Z,,; f;. Furthermore,
since Z,,; is nothing else but a Vandermonde matrixEL it has the determinant

detZ = | |(zi — 2)) (3.45)

2A Vandermonde matrix is an n x n matrix whose rows are the values of a geometric progression
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which is non-singular since z; # z; for ¢ # j. Hence, imposing the scattering
equations f;(z,p) = 0 imply that g,,(z,p) = 0 for all values of m, which then yields
a polynomial system of equations equivalent to . Now, let m = 2. We can see
that, for example,

= ZP:’ Pz +% ZP:’ " DjZiZ

ij=1 ij=1
i#j i#j
1 n
2
= § 'pj' (E pi%) +§ E Di - DjZiZj
J#i 7 i,j=1
i#]
29, 1 -
= - E Pizi t 5 E Di " PjZiZ;
- 2 <
A i,7=1 (346)
i#j
1 n
~ 9 E Di - Pjzizj
ij=1
i#j

1 n
=12 Y (pi+p)az
i,j=1
i

= h2(z7p)

where the first term in the sum vanishes due to the on-shell conditions and we
obtain the squares of the momenta using momentum conservation to evaluate the
sum over j. This construction can be generalized to arbitrary 2 < m < n — 2, and,
as shown in [16], yield the relations

(z,p) = ZZ ) gr(2z,p)2 (3.47)

where

Se= ) s (3.48)

Sel

[S|=r
that is, ¥, is the product of all the z’s whose indices are in the subset S of I.
Then, since the scattering equations f; = 0 are equivalent to g, = 0, then they are
also equivalent to the condition h,, = 0 due to Eq. (3.47)), which are just Eq.(3.42).

3.4. Particular solutions

Now, we turn to the problem of solving the scattering equations, in either the
standard or polynomial form. This is important because, as we have
mentioned, the CHY representation will give us formulas for amplitudes in terms
of integrals localized into the solutions to the scattering equations, which means
that, in practice, we will define some quantities which depend on the punctures and,
in order to obtain the amplitude, we will need to evaluate those functions on the
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solutions. We will consider only the simplest of cases, which are with n = 4 and
n = 5 external particles, and we will see how both forms yield the same solutions.
We do not consider the case n = 3 because, in this case, the SL(2,C) constraints
imply that the system can be solved by any arbitrary values of z;, 2o and 23 as long
as 21 # 2o # z3. For higher multiplicity, this means that we will fix the values of
three of the punctures and solve for the remaining punctures. In all cases, we will
fixz1=1, 2,1 =0 and z, = cc.

3.4.1. Solution for n=4

The scattering equations (3.14]) for n = 4 external, massless particles are given
by

filzp) =) 2 (3.49)

Now, consider the particular set of equations obtained when we fix z; =1, 23 =0
and z; = oo. With this choice for the fixed punctures, it is clear that f; vanishes
identically for any finite value of z;, zo and z3. On the other hand, the remaining
equations are

fl(zap) = Z i

21— Zi
j=2,3 1 <i
512

- _513:07
1—22

_ 52j
f2(27p>_ Z Zo — 2
=13

S12 523
+

(3.50)

(3.51)

and, the last one,

fs(z,p) = Z %%

23 — %
j=1273 " <J

) S (3.52)
23 — 21 23 — 22

523
—= —313 _— = 0
)

which has the solution z9 = —j%. This value can also be seen to be a solution to
the other two equations, become an equation for z,, using momentum conservation
and the on-shell conditions.

We will now obtain this solution using the polynomial form of the scattering
equations, [3.42] In this case, there is only one polynomial equation, and the first
step is to write down the polynomial hs(z, p) explicitly. In order to do this, we first
identify all the subsets of {1, 2, 3,4} which contain two elements. The number of this
subsets is

4!
N, = =6 (3.53)

21(4 — 2)
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which is just the binomial coefficient. These are given by {1,2}, {1,3},{1,4},
{2,3},{2,4} and {3,4}. Then,

ho(z,p) = s122129 + S132123 + S142124 + S232223 + S242024 + S342324 (3.54)

Now, we first fix the values z; = 1 and z3 = 0. These yields the partially fixed
polynomial

ha(z,p) = s1222 + 51424 + S242224 (3.55)
we can set this polynomial equal to zero, and solve for z to obtain

51474
S12 + S2424

29 = (356)

From this, we see that, for every value we take of z; we obtain a different value of
z5. However, this is not a problem because we expect the scattering equations to have
an infinite set of solutions, related to each other through SL(2,C) transformations.
In particular, if we let z4 = 0o, we obtain

P (3.57)

where we used momentum conservation in the last equality. This is nothing but
the same solution we found when using the original form of the scattering equations.

3.4.2. Solution for n=5

Now, we will solve the scattering equations for five external particles using the
polynomial form of the scattering equations.

We need to determine the two polynomials hy and hg, which after being set to
zero, will be the equations to solve. Hence, we must find the number of distinct
subsets with two and three elements of the set {1,2,3,4,5}. Simple combinatorics
show that there are 10 of each kind of subsets. The two-element subsets are

{1,2} {1,3} {1,4} {1,5} {2,3}

3.58
2.4} {25} (3.4 {35 {4.5) (359
while the subsets with three elements are given by
{1,2,3} {1,2,4} {1,2,5} {1,3,4} {1,3,5}
(3.59)
{1,4,5} {2,3,4} {2,3,5} {2,4,5} {3,4,5}
Then, using the definition [3.40] we can write
ho =s122122 + S132123 + S142124 + S1521%5 + S2320%
2 =S1221%2 + 132123 + S142124 + S152125 + 5232223 (3.60)

+8942024 + SorZo25 + S342324 + S352325 + S452425

For h3, we would find terms of the form s19321 2923, involving three-particle inva-
riants. However, using momentum conservation we can see that, for example,
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S123 = (p1 + P2 + p3)2
= (ps + ps)° (3.61)
= 845

which yields a term z;2923545. Then, hs is a polynomial with terms of the form
2i%j2,Sim, where, if we think of the labels as a set, {i,7,k,I,m} = {1,2,3,4,5}.
Then,

h3 =S12232425 + S13222425 + S14222325 + S1522232%4 + 523212425 (3.62)
+524212325 + S952123%4 + S3421292%5 + S35212224 + S4521292%3

Now, we use our values for the fixed punctures z; = 1, zy = 0 and z; = oo.

In order to implement the value z5 = oo in a consistent manner, we note that the

equations h,, = 0 for m = 2,3 are equivalent to the equations };—m = 0 for any non-

zero value of z5. Hence, we divide each equation by z; and take the limit z; — oo
in the resulting equations. These results in the system of equations

/
h2 = S9529 + S3523 + S13 = 0

3.63
hy = S3a2s + Soazs + S1a2223 = 0 ( )
Solving for z3 in the equation R}, = 0, we find
S13 + So52
g = — 12 [ %72 (3.64)
835
which, upon substitution in A% = 0 yields the quadratic equation for 2o
31452523 + (S13514 + S24525 — S34535)%2 + S13524 = 0 (3.65)

Which, of course, has two different solutions, which we simply call 25" and z,,
and these in turn determine two values z; and z; for the puncture z3. Then, the
two independent solutions to the scattering equations that we expect to find are
given by the sets

_ _ ot _ _ _
z1=1,20=25, 23 =23, 24=0, 25 = 0

_ _ (3.66)
=1, 20=25, 23 =23, 24 =0, 25 = 0

which is what we expect from the general counting of solutions. Note that, tech-

nically, although we look for equations to solve for each individual puncture, what

we call an independent solution to the scattering equations is the complete n-tuple

(2%, 2%, ..., 2%) and that there might be some punctures equal to each other in diffe-

rent solution n-tuples.

We finish this chapter with some comments on how to approach the solution of
the scattering equations in general scenarios. In [51], it is shown that in D = 4 spa-
cetime dimensions, out of the (n—3)! solutions, one can always write two of them for
any multiplicity as cross-ratios of spinor products and that, for n = 6, the remaining
(6—3)!—2 = 4 solutions can be written in terms of algebraic functions which depend
on the Mandelstam invariants. In the series of related papers [52], [53], [54] solutions
are derived in special kinematic scenarios; afterwards, in [55] elimination theory is
used to obtain the (n — 3)! degree polynomial equation for each individual puncture
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starting from the polynomial form (3.14). The polynomial equation is also worked
out in [56] and is shown to be identified with the hyperdeterminant of a multidimen-
sional matrix, and use that construction to give another proof of the fact that the
scattering equations have (n—3)! solutions for a given number n of external particles.

In this chapter, we have introduced the scattering equations and showed that
they provide a consistent mapping from momentum space to the Riemann sphere
with the property of characterizing the singularity structure of scattering amplitudes.
Now, we need to relate these mapping to the amplitudes themselves, and that is the
subject of the following chapter.



The CHY representation of tree-
level amplitudes

In this chapter, we introduce the Cachazo, He, Yuan (CHY) formalism [I2]
[13][14] for tree level scattering amplitudes. We will first define what it means for
an amplitude to have a CHY representation and the different elements that com-
pose the CHY formula for the amplitudes of a particular theory. Following that, we
will introduce the objects that enter into the CHY integrand for pure Yang-Mills
theory, and show how the ingredients entering the formula are related to amplitu-
des in scalar ¢ theory and Einstein gravity. As a next step, we briefly discuss one
way in which the CHY integrals can be calculated and illustrate it with some basic
examples. Finally, we will discuss the analogue of the CHY representation in four
dimensions for N’ = 4 superamplitudes, the so-called connected formalism.

4.1. CHY formula

Let A denote an arbitrary tree amplitude with n external particles. In general,
this amplitude will be a function of the momenta of the external particles, as well
as their wavefunctions. Also, in the case of gluon scattering, it may also depend on
the cyclic ordering of the particles, if we consider color-ordered amplitudes. For this
reason, we write the arguments of A% implicitly as x. A theory is said to have a
CHY representation if we can write

A (x) =i fc dQecnyI(z,x) (4.1)

that is, if we can write the amplitude in terms of an universal integration measure
dQcpy and a theory-dependent integrand Z(z,x). The contour C' is defined so that
it encloses all the inequivalent solutions to the scattering equations. In general, the
integrand will be of the form

Z(z,x) = Ir(z,%x)Zr(z,x) (4.2)

and we refer to Z;, Zr as half-integrands. Although such a separation seems
arbitrary, we will see through various examples that the CHY integrands usually split
into two factors, in such a way that the various degrees of freedom of the amplitudes
factorize. For example, a Yang-Mills primitive amplitude is a function of the cyclic

64
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ordering of the external particles, w, and the polarizations of each external gluon,
denoted by €. As we will see, the CHY integrand for Yang-Mills can be written as the
product of two functions, one of which only depends on the cyclic ordering and the
other which depends only on the polarizations [I5]. In fact, the factorization of the
dependence on the cyclic orderings and the external polarizations will be one of the
properties we demand of the CHY representation for multiquark QCD amplitudes.

4.1.1. Definition of the measure

In the previous chapter, we constructed the scattering equations as a map from
momentum space to an n-punctured Riemann sphere and showed that the kinematic
singularities of the scattering amplitudes are in correspondence with the singular
behaviour of the scattering equations. Hence, if we want to associate to each Riemann
sphere a scattering amplitude, the integral in Eq. should be localized to the
solutions of the scattering equations. However, we know that the solutions to the
scattering equations are SL(2,C) invariant. This means that we must perform a
Fadeev-Popov procedure to fix this gauge redundancies. A natural candidate for the
measure is then given by

dzi...dz, !
0 = 4.
d CHY dw Hé(fa(zap» ( 3)
where
[16(fzp) = (D) 222 [ 0(falz,p) (4.4)
a#i,j,k
and
do = (—1yrtotr Lol (4.5)
ZpqZqr<rp

is the invariant SL(2, C) measure. The gauge fixing procedure can be understood
as follows: in general, there are n punctures for a process with n external particles.
Therefore, the natural way to localize a quantity which depends on the n punctures
to the solutions of the scattering equations would be to integrate over d"z = dz;...dz,
and weight the integral with the product of n delta functions J(f;). However, the
SL(2,C) invariance of the scattering equations allow us to fix three of the puncture
to any arbitrary, different values. To compensate for this fact and in order to obtain
a finite result after the integration, we must choose a gauge orbit for the integral,
and this is realized by dividing over the invariant volume of SL(2, C), which is given
by the integral of dw. Hence, we simply define the CHY measure to include a factor
of 1/dw, which cancels the gauge redundancy of the integral.

The phases (—1)"* and (—1)P*9*" guarantee that the integral is independent
of the choice of i, j, k,p,q,r. In practice, we will always take two sets such that

{i,5,k} ={p.q,r}.

Since the integral is completely localized, we can formally evaluate it as a sum of
the integrand, divided by an appropriate Jacobian, calculated at each of the inde-
pendent solution to the scattering equations. This Jacobian is obtained by using the
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transformation properties of the delta functions, and to define it we first introduce
the n x n matrix

g ifa#b

P XS .

(@n)a =4 5 (@) ifa—b (4.6)
”
The Jacobian is defined as
1 o Zii 2k ki Zpa Zar Zr

Jo(2,p) = ———— = (—1)iHitktatptr 27 pgZqrZrp A7
(1) = Gy = s @1)

Here, we denote by [®,]%% the minor of @, obtained by deleting the rows i, j, k

and the columns p, ¢, r. With this, we can write
A=Y IV I, %) (4.8)
()

where the sum runs over (j) = 1,2, ..., (n — 3)! and 2\ is the (j)-th inequivalent
solution to the scattering equations. We will find this form of the CHY represen-
tation more useful when we consider the construction of the integrand for QCD
primitive amplitudes. The CHY representation of scattering amplitudes, as locali-
zed integrals on the solutions to the scattering equations, was first introduced in [14].

Determining what is the CHY representation of the tree amplitudes of a parti-
cular field theory amounts to finding a prescription for the integrand Z(z,x). This
non-trivial task is simplified by the mathematical and physical assumptions one can
make depending on the theory under consideration. One very general statement
about the integrand can be made on the basis of the SL(2,C) invariance that the
integral must inherit from the scattering equations. So, as a first step, we will attack
this problem.

4.1.2. General transformation properties of the integrand

Although the solutions to the scattering equations are SL(2,C) invariant, the
functions f;(z, p) themselves change under Mobius transformations. To see this, con-
sider the transformation

az+b

z—>§=cz+d (4.9)

then, using Eq. (3.22)), it is easy to see that, in either the massive or massless
case,

fi(¢,p) = (cz + d)? fiz,p) (4.10)

which means that, using the properties of the Delta function,

L (i) (4.11)

o(fi(¢C,p)) = CEXIE

On the other hand, since
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%_ 1

= - 4.12
dz  (cz+d)? (4.12)
we can see that
d"¢ = ﬁ ;dnz (4.13)
-1 (ezi +d)?

On the other hand, the gauge fixing term dw is Mobius invariant by construction.
Hence, the CHY measure is not invariant under Mobius transformations; instead, it
picks up an overall z-dependent factor

- 1
Aoy = (ZI_II m) dQcny (4.14)
What we want, however, is to have a completely SL(2,C) invariant object un-
der the integral, due to the invariance of the solutions to the scattering equations,
which are the values to which we are localizing the integral. Hence, independent
of the theory, we require that the integrand Z(z,x) will transform under Mobius
transformations as

I(¢,x) = (H(czi + d)4) Z(z,x) (4.15)
i=1

This Mobius covariance property of the integrand then becomes one of the consis-
tency checks that any integrand candidate must satisfy in order to have a consistent
CHY representation. Thus, by construction, the scattering equations limit the pos-
sible integrands which can be used in order to define the tree level S-matrix of a

particular theory.

4.1.3. CHY measure using the polynomial form of the scat-
tering equations

The CHY representation provides an extremely compact expression for tree level
scattering amplitudes; the fact that one can write a closed formula for amplitudes
of arbitrary multiplicity is striking by itself, from the point of view of Feynman
diagrams. However, in order to obtain this compact formulas, one must introduce the
auxiliary variables z; and solve the constraints imposed by the scattering equations in
order to determine the values that the punctures take as functions of the Mandelstam
invariants. As we have mentioned in the previous chapter, this is a highly non-trivial
task. This can be simplified by noting that the delta functions in Eq. can also
be understood as denominators, that is, as contour integrals on C" over a contour C'
which encloses the simultaneous solutions to the scattering equations. This can be
visualized in the case of n = 4 external particles, were the gauge fixing of the CHY
integrals implies that there is only an integration over one puncture; say, z,. Using
Eq. ([£.3), for a general integrand Z,(z, x), we can write the four particle amplitude
related to this integrand as

I _ GF 52i
Ay = ﬁdzgg (z,%x)0 (Z - Zi) (4.16)
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where Z{F(2,x) denotes the integrand obtained by including the factors that
arise from the gauge fixing procedure. Now, recall that, in a real variable, we define
the Dirac delta function as the distribution which, for any well-behaved functions
g, satisfies

o(z) = / de’ g(')6(x — o) (4.17)
How does one obtain a similar definition for a complex variable? For an analytic
function y(z), Cauchy’s theorem states that

1 y(#)
ds = 4.18
2m Jo © 2=z y(2) ( )

where C' is a contour that encloses the point 2’ = z. Hence, for any analytic
function, we can define the complex delta function asE|

5(z’—z)zi, !

2mi 2 — z

(4.19)

Applying this definition to the (n — 3) integrations of the CHY representation,
we rewrite the measure as

dQcuy =

4.20
27rz"3defazp ( )

and the CHY integrals are actually multidimensional complex contour integrals,
under the conditions that the integrands are meromorphic functions on the solutions
to the scattering equations. Then, we will write the amplitudes as

. ,(—1)i+j+k d"z RijZjkRki
) = il ]i T T T (e ) (4.21)

where C is a contour in C” that encloses the simultaneous solutions to the scat-
tering equations, f;(z,p) = 0. Now, since the scattering equations are equivalent
to the polynomial equations Eq. , there should be a contour integral equiva-
lent to Eq. where the denominators are written in terms of the polynomials
hu(z,p) given in Eq. (3.40). Using Egs.(3.43) and (3.47), it is possible to do this
by calculating the Jacobian of the transformations from f; to h,,. The result, which
was proven in [10], can be written as

A (x) =i 27r p— gfnn 2Zh] ) Z(z,x) (4.22)

We will use this form in Appendix F, when we use the CHY representation to
calculate a 5-point example in scalar ¢* theory. Now, we will introduce the CHY in-
tegrand which allows to calculate n-point tree amplitudes in pure Yang-Mills theory,
and see how the recipes of the integrand allow one to define the integrands for both
scalar ¢ theory and Einstein gravity.

Inote that this definition means that, unlike the real case, the delta function is antisymmetric
in the exchange of its arguments.
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4.2. CHY integrand for Yang-Mills theory

We have mentioned that the CHY integrand Z(z,x) usually takes the form of
a product, Z(z,x) = Z;(z,x)Zr(z,%x). These half-integrands are defined so that
the information on some of the various degrees of freedom of a given amplitude are
related only to one of the half-integrands. Primitive amplitudes in Yang-Mills theory
have essentially three types of degrees of freedom: the cyclic ordering of the external
particles, the momenta and the polarizations. The CHY integrand for Yang-Mills
separates the information on the cyclic ordering from the information on that from
the polarizations. We will be able to write the tree-level primitive amplitudes in
Yang-Mills theories as

e O L
AYM(w,p, e :( z% IR Ch(w, 2)E, (2, p, € 4.23
( ) CT AT | AR (w, 2)En(z,p,€)  (4.23)

Now, we define the two half-integrands in Eq.(4.23]). On one hand, the first half-
integrand of Yang-Mills theory is the so-called Parke-Taylor factor

C™"(w,z) = L (4.24)
Rlly - Rlply

where w = [;...1,, is a word of length n. Essentially, a word is a set of labels that

specifies the external ordering of a primitive or color-decomposed amplitude. We

review the formalism of words and shuffle algebras to organize this dependence of

amplitudes in Appendix G. These receive the name of Parke-Taylor factor because

of their similarity to the denominator of the MHV gluon amplitude when written as
in 3.6l

On the other hand, the information on the polarizations is encoded in what we
will call the polarization function, F,(z, p, €), where it is understood that it depends
on the complete set of polarization vectors €;, © = 1,2, ...,n. From the structure of
Feynman diagrams, we know that an arbitrary Yang-Mills amplitude is a multilinear
function of the external polarization vectors; hence, we should expect that, if the
polarization function does encode all the information on the polarization vectors,
it must be a multilinear function of these vectors. Moreover, it should also hold
the information on gauge invariance, since we already know that each color-ordered
amplitude is a gauge-invariant object and the Parke-Taylor factor has no dependence
on the polarizations. In order to define the polarization function for a given number
of external particles n, we introduce the (2n) x (2n) matrix

v, = ( féz —BC:LZ > (4.25)

which is constructed in terms of three n x n matrices A,,,B, and C,,, with entries
oy g £,

A = { = b (4.26)

2€q€p a # b,
Bab — { 6b a — b, (427)
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and, finally,
a0z
Cab = _ i 2€qpj a=Db. (428)
j=lLita

There are two obvious properties W,, which can be seen from its definition: it is
antisymmetric and is always even-dimensional. An important feature of any matrix
with these two properties (with dimension (2n) x (2n)) is that its determinant can
be written as the square of a polynomial of degree n in its matrix entries with integer
coefficients, which only depends on the size of the matrix. This polynomial is known
as the Pfaffian. For an arbitrary, (2n) x (2n) antisymmetric matrix M with entries
m;;, one can define the Pfaffian as

1 n
an‘ Z Sgn(cr) H mo-(gi,l)o-(gi) (429)

o€Son =1

Pf (M) =

where, we encounter a sum over permutations of 2n elements and sgn(c) equals
1 if the permutation is even and —1 if it is odd. For example, if we have a 4 x 4
antisymmetric matrix M with entries

0O a b c
—a 0 d e
M = b —d 0 f (4.30)
—c —e —f 0
its Pfaffian is given by
Pf (M) =af —be+ cd (4.31)

which can be easily seen to square to the determinant of M. One important
property of the Pfaffian is that it can be expanded in terms of Pfaffians of minors,
in similar fashion to the determinant, as

Pf (M) =) (=1)"7 00D m, Pt (M;;) (4.32)
J#1

Where 6(z) denotes the Theta function, and M;; is the minor obtained by remo-
ving rows and columns ¢, j of the matrix M.

Now, we can see that the n x (2n) matrix (4,—C7T) has two null vectors,
ny = (1,...,1) and 7iy = (21, 22, ..., 2, ). To see this, note that either of the products
(A, —CT) is a 1 x (2n) vector whose first n entries vanish due to the scattering
equations, in the case of 77, and because of the constraints imposed on the scat-
tering equations by SL(2,C) invariance of the scattering equations in the case of
7i5. On the other hand, to see that the remaining n entries vanish, we can see that,
in the case of 7y, each entry is the sum of a column of C, which vanishes due to
the diagonal element C,,. On the other hand from its definition, for a fixed value
1 <a < n, we can see that
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b=1

<b€a * Pb €a " Db
2Cap = 2 — 2z
Zbab ZZ_ZI; Zza—zb
b;éa

b#a
(4.33)
€a " Do €a " Pb
= —2¢, 2z, — 2z,
b;éa b;éa b#a
= —2¢€, - Pa = 0

where we used momentum conservation and the transversality of polarization
vectors. This means that two rows of ¥, are linearly dependent, and the Pfaffian of
W, vanishes. However, if we denote the minor of ¥,, obtained by removing both rows
and columns 4, j for 1 <i < j <n by (¥, )w we obtain a matrix with non-vanishing
Pfaffian. With this, we define

(_1)i+j

Zij

E.(z,p€) = Pt' v, (4.34)

where we define the shorthand notation Pf’ ¥, = Pf (‘I’n)g Gauge invariance
is easily proven by noting that, if we take €, — p; for an arbitrary k, the Pfaffian
vanishes because the columns k& and k + n of ¥,, become identical after noting that

2¢;, - 2p;. -

z z
o kb Tt kb

The formula Eq.( [4.23|) was first proposed by Cachazo, He and Yuan in [13] and
later proven to yield the correct Yang-Mills tree amplitudes by Dolan and Goddard
in [57] by showing that it satisfies the same BCFW recursion relations as Yang-
Mills tree amplitudes. This integral representation for Yang-Mills amplitudes was
also obtained afterwards by Mason and Skinner [58] as the worldsheet integral of the
n-point correlation function of an ambitwistor superstring theory, and by Bjerrum-
Bohr et al in [59] as the field theory limit of open string correlators.

4.2.1. Integrands for scalar ¢* theory and gravity

The Parke-Taylor factor Eq. (4.24)) and the polarization function Eq. (4.29) can
also be used to define the CHY representation of scalar ¢* theory and Einstein gra-
vity.

We can define a scalar theory with two gauge groups U(N;) and U(N3) by the
lagrangian

£ = 3‘%““/8#(25%/ + f bcfz b ¢aa’¢bb/¢cc’ (436)

where fe¢ and f¢'¥'¢ are the structure constants of U(N;) and U(N), respecti-
vely. This is known as a biadjoint scalar theory. The amplitudes of the theory can
be color decomposed in the same fashion as Yang-Mills tree amplitudes, but in this
case it can be done with respect to both gauge groups, yielding partial amplitudes
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which depend on two external orderings; denoting such an amplitude by m,,(w;|ws),
where wy = lyly...1,,, we = 1115...1,, its CHY representation can be written as

(—1)i+j+k % d"z ZijZjk~ki
my (w1 |we) = ) Ch(wr, 2)Cph(wa, z 4.37
( 1’ 2) (271')”_3 - dw Ha#’j’k fa(Z,p) ( 1 ) ( 2 ) ( )

The complete amplitude mZ4 is then obtained by multiplying by the traces
Te(ThT%.. %) and Tr(T"T%...T%) and then summing over all possible permuta-
tions. Performing this procedure and setting all traces equal to 1 yield the amplitude
of ordinary A\¢? theory.

On the other hand, tree-level graviton amplitudes M can be computed from
the formula

(—1)i+j+k [ d*z Zii %k 2 ki
ME = —(2@”_3 i D T I Ll o) E%(z,p,e€) (4.38)
aijk J o\

which means that the integrand will be proportional to a determinant. In Chap-
ter 5, we will see that the similarity of the integrands is no coincidence, and that
this formula for graviton amplitudes can be obtained from ”squaring” the Yang-
Mills formula and applying the so-called Kawai-Lewellen-Tye (KLT) orthogonality
of the Parke-Taylor factors, which is the manifestation of the field theory limit of
the KLT relations [24] between gravity and gauge theory amplitudes in the CHY
formalism.

It is interesting to note that CHY representations for other theories, such as
Dirac-Born-Infeld (DBI), Einstein-Yang-Mills (EYM) Yang-Mills scalar and the
U(N) non-linear sigma model have been obtained in [I5] and [50], by taking the
integrands above and applying different manipulations, such as dimensional reduc-
tion. One of the main features found with these representations is that the KLT
relations are not exclusive to gravity and Yang-Mills amplitudes, but rather, that
one can find general KLT relations between pairs of theories whenever one of them
has a structure of color-ordering. We will see how this happens when we study the
KLT relations from the CHY perspective in Chapter 5.

4.3. Calculation of CHY integrals

Now, we will see how to calculate amplitudes by using the CHY representation.
First, we present two elementary examples: the three gluon amplitude and the four
scalar amplitude in the biadjoint scalar theory. Three and four point amplitudes
in the CHY representation have the virtue of not needing any mathematical tools
beyond algebra and basic complex analysis. Afterwards, we will introduce one ap-
proach to calculating a general n-point amplitude using the CHY representation,
which is based on the interpretation of the CHY integrals as multidimensional resi-
dues developed in [I7] by Sggaard and Zhang and further refined in [I8] by Bosma,
Sggaard and Zhang.
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Three-gluon amplitude

As a first example, we will use Eq. (4.23)) to calculate the three-gluon amplitude.
Explicitly,

d3Z ZijZik ki
dw Ha?ﬁi7j’k fa(z7 p)

We will take the cyclic order w = 123. As we mentioned in the previous chapter,
the solution to scattering equations for n = 3 is completely fixed by SL(2,C) inva-
riance and can be fixed to any three arbitrary values. Moreover, in Eq. (4.39)), the
only possible choice for the indices 7, j, k is a permutation of 1,2, 3. Hence, without
loss of generality, we take i = 1, j = 2 and k = 3. Then,

ALV w.pe) = (<1 Cyw, ) Bs(zpre)  (4.39)

2
AM () = F22mss) g
s (wpe) 212223231 (2. €) (4.40)

=i(21 — 22)(22 — 23) (23 — 21) E3(2, p, €)
where we have replaced the explicit expression of the Parke-Taylor factor Eq.(4.24))
for n = 3 and used the form of the SL(2,C) invariant measure dw, Eq. (4.5) with
p=1,qg=2and r = 3. Therefore, all we need to do is to compute the polarization

function for n = 3, using Eq.(4.34]). We choose to calculate the minor with i = 2
and j = 3 to calculate the reduced Pfaffian Pf’ U5 | obtaining the 4 x 4 matrix

0 (261-172 _ 2e1-p3 ) 2€2-p1 _ 2e3'p1
z21—22 23—21 21—29 23—21
2€1-p2 2€1-p3 €7 -€2 €1 -€3
(U3)38 = <Z1,Z2 z3—21 ) 0 z1—2z2 z3—21 (4.41)
_ 2e2:p1 _ 2e10e2 0 2€2-€3
21—22 21—22 29—23
2€3-p1 2€1-€3 _ 2e2-€3 0
23—21 23—21 z9—23

Now, we can use the formula Eq. (4.31)) for the Pfaffian of a 4 x 4 matrix, to
obtain

21 — 22 23— 2

22 — X3 (21 - 22)(2’3 - 21) (21 - 22)(2’3 - 21)

(4.42)
This expression can be simplified by noting that
2e1-py  2e1-ps _ € palzs— ) —e - ps(a — %)
21 — 29 Z3 — 21 (21 — 22)(23 — Zl>
_ —Aaes (P2 +p3) + €1 - pazz + €1 - p3ze (4.43)

(21 - 22)(23 - 21)
€1 - pa(23 — 22)
B (21 — 22)(23 — 21)
where the term proportional to z; in the numerator is identically zero because
€1-(pa+p3) = —€1-p1 = 0 using momentum conservation and the transversality of the
polarization vectors, and we write €; - p3 = —e€; - po. Similarly, writing e€5-p; = —e3-p3
in the numerator of the second term, we obtain
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4[(€1 - €2)(€3 - p1) + (€2 - €3) (€1 - p2) + (€1 - €3) (€2 - p3)]

Pf (U5)33 = — (21— 22)(23 — 21)

(4.44)

Hence, including the prefactor —(zy — 23)~!, we obtain the polarization function

Ey(2p,€) = 4[(€1 - €2)(€3 - p1) + (€2 - €3)(€1 - p2) + (€1 - €3) (€2 - p3)] (4.45)

(21 - 22)(2’2 - 2’3)(23 - Zl)

Multiplying by the Parke-Taylor factor, the z dependence cancels, as expec-
ted. This reflects the fact that, in kinematics where the three-point amplitudes are
non-vanishing (for example, in complex momenta), the three-point amplitudes have
vanishing residues in all their possible singularities, and we obtain the three-point
Yang-Mills amplitudes

AYM(w, p, €) = 4il(er - €2)(es - p1) + (€2 - €3)(e1 - pa) + (€1 - €3)(€2 - p3)] (4.46)

which can be seen to be the correct result by using the Feynman rule for the
three-gluon vertex in Yang-Mills theory.

Four scalar amplitude in biadjoint theory

For simplicity, we will calculate the four scalar amplitude for the same external
ordering w; = wy = 1234 for the two Parke-Taylor factors that will appear in the
integrand of [4.37, with n = 4. Then, using the polynomial form of the scattering
equations, our task is to calculate the integral

1 d'zIlie; 2 1
ma(1234]1234) = i f @1l 2 (4.47)

¢ 2mi dw ho(z,p) (212223230241)°

where we have used the fact that the only non-trivial polynomials h,, occur for
2 <m <n—2, and with n = 4 the only possible value that m can take is 2. Now,
we first need to write down the polynomial hy(z, p) explicitly. In order to do this, we
first identify all the subsets of {1,2,3,4} which contain two elements. The number
of this subsets can be found using the binomial coefficient

4!
214 —2)!

The subsets are easy to find, and are {1, 2}, {1,3},{1,4}, {2,3},{2,4} and {3, 4}.
Then,

Ny = 6 (4.48)

ho(2,p) = S122122 + 5132123 + S142124 + 5232023 + 5242224 + S342324 (4.49)

Notice that, since the particles are assumed to be massless, four point kinematics
implies that

512 = 834, 513 = S24, S14 = 523

4.50
Ozp?:(pj+pk+pl)2:5jk+3jl+3kl ( )
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where, in the second equation, the indices ¢, 7, k, [ take any value out of 1,2,3,4
in such a way that i # j # k # [. For example,

S12 + S14 + S9q4 = 0 (451)

which is equivalent to the relation s+¢+wu = 0 of the usual Mandelstam variables
for massless particles, only written in a different notation. Now, we can easily write
out the product

4
H Zij = 212213%14%23224%34 (4.52)
i<j
With these equations, we have the explicit form of our integrand. Now, let us
take

o le ng dZ4

2137234741

duw (4.53)

notice that the (—1)"7** factor equals one in this case). Then, prior to fixin

g
the values of the three ”free” punctures, we put all the factors of the integrand
together to obtain

2 .2 2
ng Z12213714723%2423, i

my(1234]1234) = —i]{

. 2 .2 .2 .2
¢ 2T 2ipZy3234cn ha

f dZQ 2%3242 1
=1 b _—
I 2me 2122923 h2
where we have used the fact that z;; = —z;;. Now, we perform the gauge-fixing

21 = 1,23 = 0,24 = 00; the first two conditions are easily applied, and we are left
with

(4.54)

ma(1234]1234) = i f{ — lim 2 (4.55)

where hs is implicitly evaluated at z; = 1, z3 = 0. Now, we can easily calculate
the limit

. R42 , 24— 22
lim — = lim
Z24—>00 h2 24—>00 24(814 + 82422) + S1229 (4 56)
1 .
S14+ Sz
thus, we must solve the contour integral
d 1 1
ma(1234]1234) = z}{ o= (4.57)
C 211 22(1 — 22) S14 + 22524

Since the integrand vanishes for zo — 00, there is no residue at infinity. Morever,
although the integrand has two singularities (at z4 = 1 and s13 + 24234 = 0), only
the second one contributes because, for general kinematics, z; # z; for 7 # j given
a particular solution to the scattering equations. Note that, so far, we have not
needed to solve the scattering equations, even though we already found the solution
in Chapter 3. This is because we are implicitly solving them when finding the poles
of the polynomials h,,. In this case, we find a pole at



76

s
2= ——2 (4.58)

S24
The evaluation of the integral is a simple application of the residue theorem, and

yields

. S24

m4(1234[1234) = —i =
12914

( 11 ) (4.59)
= R _|_ -
512 524

Beyond four-points, the integrals we have to perform in the CHY formalism take
the form of multidimensional contour integrals. Therefore, our task is to introduce
the concepts that allow for the calculation of such integrals.

4.3.1. Multidimensional residues

Consider a function p = (py, ..., pn), defined in C". Each of the components is an
scalar function that takes a point in C™ into the complex plane. Assume that the
system of equations p;(z) = 0 has a finite number of solutions z\). Furthermore,
let f(z) denote a function in C™ which is non-singular at all the solutions z/). The
local residue of f with respect to the divisors p; at zU) is defined as the integral

1 f(2)dz1 A .o Ndz,
2mi)n Jr,  pi(2).-pa(2)

where A stands for the wedge product (that is, we understand the measure as a
differential form in C"), the integration contour is taken to be an n-torus,

Ry, (f29) = (4.60)

={z e C"|p:(2)| = 6} (4.61)

where § is a small number such that Ty encloses the point zU). The contour is
oriented according to

dargpr Ndargps N\ ... Ndargp, >0 (4.62)

The global residue of f with respect to the divisors py, ..., p, is defined as the
sum of all its local residues,

Resgpy .. (f) = Y Resg, .y (f,29) (4.63)

In practice, one can encounter three situations. The first one is when the divisors
are each functions of only one complex variable, i.e. p;(z) = p;(z;). Then, each
local residue is said to be factorizable and can be calculated as the product of one-
dimensional contour integrals,

Resg,,..p (f, 2U <H7{ dz 1 >f(z(j)) (4.64)

(2)|=5 270 pi(23)

where zU) is the vector in C" whose components are given by the solutions to
the n independent equations f;(2)) = 0.
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In the general case where each divisor is a function of several complex variables,
one can calculate the Jacobian

_ Dot (91, Pn)
J(2) = Det (—a o Zn)) (4.65)

and evaluate it at the point z = 2\9). Then, if J(21)) # 0, we say the residue is
non-degenerate and can be evaluated by performing the change of variables

ri=pi(z), i=1,..,n (4.66)
which then yields
, 1 (2)dzi A ... Adz,  f(2D)
B )y — — 12 4.67
A T A e BN B E) B

On the other hand, if J(zU)) = 0, we say that the local residue is degenerate,
and algebraic geometry methods are required for their calculation.

From this discussion, we see that the CHY representation provides a concise mat-
hematical formulations of tree level amplitudes: an n-point amplitude is the global
residue of a holomorphic function with respect to the functions f;(z,p), 1 <i <mn,
or with respect to the polynomial functions h,,(z,p), 2 < m < n—2. If the solutions
to the scattering equations are known, we can apply Eq. to calculate each
local residue and then sum all the local residues to obtain the amplitude. We will
apply this method in Appendix F to calculate the 5-point amplitude in ¢3 scalar
theory.

However, as we have discussed, the solution to the scattering equations for n > 6
is in general very difficult to obtain. Moreover, since the amplitudes are given by the
global residue, one can focus on the structure of the complete sum instead of the
structure of each individual residue. Taking advantage of the fact that the divisors of
the CHY integrand can be written as the polynomials h,,, the authors of [17], [18]
developed an approach based on algebraic geometry which allows for the compu-
tation of the global residue without calculating the local residues individually. For
this discussion, we will need some concepts of abstract algebra reviewed in Appendix
H.

The idea is as follows: consider a set of n polynomials p;(z) in the ring R =
Clz1, ..., zn), and assume that the ideal I = (p1,pa, ..., pn) is zero-dimensional, that
is, that the set of solutions to the equations p; = 0 for ¢« = 1,2, ..., n contains only
a finite number of points. This means that the quotient ring R/I is a finite di-
mensional vector space with coefficients in C. Hence, for any function f(z) which
is non-singular in the points 2U) where the polynomials vanishes, one defines the
global residue as in Eq. as the sum of all local residues, which will simply be
denoted by Res(f). We will refer to f generically as the numerator.

Due to a theorem from algebraic geometryEL one can define a symmetric, non
degenerate inner product on the quotient ring R/I as

2Whose proof can be found, for example, in [60]
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(f1, f2) = Res(f1f2) (4.68)

Now, since R/I is finite dimensional, all of its elements can be expanded in a
basis {e;}. From the existence of an inner product in R/I, one deduces the existence
of a dual basis A; that satisfies

(ei, Aj) = i (4.69)

Hence, we can expand the numerator f in the basis {e;}
f(z) = Z Ci€; (4.70)
Also, we can expand the identity 1 in the dual basis,
1= ZuiAi (4.71)
J

This allows to write the global residue as

Res(f) = Res(f x 1)
= (/1)

= cugle A;)
4.

= E Ciujéij
4.J

= E Cilq
i

In particular, this means that, if one of the elements in the dual basis is a

(4.72)

constant, say A,, the expansion of the identity in the dual basis is simply 1 = 2—:,
which implies
Res(f) = = (4.73)
es(f) = — )
A,

The usefulness of this approach, as discussed in [I7], is that the dual basis always
has a constant element for the ideal generated by the polynomials h,,. The basis {e; }
can be calculated as Grébner basis (which we define in Appendix H) and the dual
basis is then obtained by the Bezoutian matrix method. In [I8], this method was
further refined by showing that the polynomials h,, form what is known as Macauly
H-basis. A review of the full algorithm to calculate CHY integrals based on these
H-basis is provided in [61]. This approach is further explored and applied to loop
amplitudes in [62].

We finish this section by mentioning some of the other approaches to the cal-
culation of CHY integrals that have been developed. In [63], Cachazo and Gomez
introduce rules for the calculation of a particular class of integrals based on graph
theory, Hamiltonian cycles and the KLT relations; later, Baadsgaard et all provide
the so-called ”integration rules” for CHY integrands with simple poles in [64], based
on combinatorics, and further generalize this rules to CHY loop integrands in [65].
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Also, in [66], Cardona et al. introduce the so-called cross-ratio identities, which allow
to reduce integrands with higher order poles as sum of integrals with simple poles,
which can be evaluated by the integration rules.

4.4. Connected formalism

To finish this chapter, we introduce the so-called connected prescription or con-
nected formalism for tree-level superamplitudes in N' = 4 Super Yang-Mills theory.

As we discuss in Appendix C, when scattering amplitudes are transformed from
momentum to twistor space, they are supported on algebraic curves, which is very
similar to the scattering amplitudes obtained in the perturbative expansion in string
theory, where L-loop order contribution to the n-point amplitude can be written as
an integral over a genus L Riemann surface. For example, tachyon tree amplitudes
in closed string theory are given by the closed formula

close Oé/
A~ Vol SL 2,C) /Hd2zzexp (5 ij -prlog |z — zl|> (4.74)
75l

which, for n = 4, gives the famous Virasoro-Shapiro amplitude. In this expression,
o’ is the inverse string tension. The integration in is performed over n insertion
points of the Riemann sphere, and the exponential is obtained from the string path
integral as the expactation value of a product of vertex operators at the insertion
points z1, 29, ..., 2,. However, the integral is not localized, but rather performed over
an ordered region |z; < |23 < ... < |z,]. The fact that gauge theory amplitudes
are supported on algebraic curves in twistor space led Witten [19] to propose that
the scattering amplitudes in A" = 4 SUSY could be computed form the D-instanton
expansion of the so-called topological B model, whose target space is the Calabi-Yau
supermanifold CP?1*.

4.4.1. RSV formula

Originally, Witten conjectured that different instanton expansions (for example,
the completely connected expansion with a degree D instanton or the completely
disconnected expansion with D degree 1 instantons) should give different contribu-
tions to the N = 4 scattering amplitudes at each fixed loop order. However, each
of these expansions happened to yield the complete tree level S-matrix, thus provi-
ding different prescriptions for the calculation of amplitudes in Yang-Mills theory.
For example, the completely disconnected instantons yield the so called CSW rules,
[67], where amplitudes are computed using a set of diagrams where each vertex co-
rresponds to an MHV amplitude. In [20] Roiban, Spradlin and Volovich introduce
the so-called connected prescription, which is the formula arising from Witten’s twis-
tor string theory when using the completely connected D-instanton. In the original
notation, the RSV formula can be written as

n—3 n
AN =2ty / dMy g [ 208 - 6P TIL, 8 (Siy o) 6 (S tiokia) - (4.75)
d=1 =1



80

where P*, 1 = 1,2 are degree d polynomials

d
Pr = pio} (4.76)
k=0
and the measure is given by
2 pdrod™t 1
dM, 4 = 4.77
47 TVol(GL(2) 11 ti(o; — oim (477)

Where we identify 0,1 = 1. We can see some similarities with the CHY formula,
Eq. (£.1I). First, we have to include a factor of Vol(GL(2)) that cancels a gauge
redundancy of the integral; in this case, the one can fix four of the integration
variables to arbitrary values, just like we fix three of the z integration variables of
the scattering equations. Moreover, we see the appearance of the Parke-Taylor-like
factor

1
(01 — 09)(09 — 03)...(0, — 01)
Also, as pointed out in the original RSV paper, the integral is fully localized
to the solutions of a set of polynomial equations. To note this, we can see that
the number of integration variables, after substracting the four integration variables
fixed by the GL(2) symmetry is 2n + 2d — 2 for a given d. On the other hand, each
term in the sum has 2n + 2d 4 2 delta functions. However, the delta functions set

(4.78)

D tiof A =0 (4.79)
=1

For every 1 < k < d. Hence, any linear combination of them should also be zero
on the support of the delta functions; this yields

d n
0=> pp <Z tﬂﬂ?)
k=1 i=1
n d
= Z tlj\f“ <Z pgaf)
i=1 k=1
-3 Pk (4.50
i=1
= i AZAG
i=1
=> pe
i=1

where, in the second to last step, we use another set of delta functions to trans-
form &P into A{. What we just obtained is the statement of momentum conser-
vation; this means that, by introducing a Jacobian, one can pull out a momentum
conservation delta function explicitly. In four dimensions, this reduces the number of
delta functions by 4, yielding a total of 2n + 2d — 2 delta functions, which is exactly
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the same as the number of integration variables. Hence, the integral is completely
localized to the solutions of the equations

> tiofX =0, k=0,..d &¢=1,2

I (4.81)

M=t phof =0, i=1,.n a=12
k=0

which are just the four dimensional form of the scattering equations, Eq..
Indeed, the first appearance of the scattering equations in the work of Cachazo et
al. in [II] came from trying to generalize the constraints of the RSV formula to
arbitrary space-time dimension. After the introduction of the scattering equations,
it was shown by Mason and Skinner [58] that both the CHY formula and the RSV
formula can be derived from ambitwistor string theory in ten and four dimensions,
respectively, and later generalized to arbitrary number of supersymmetry in four
dimensions by Geyer, Lipstein and Mason in [68].

With this, we finish our first approach to the CHY representation of tree level
amplitudes. We have shown it allows to write closed formulas for amplitudes in a
variety of theories, independent of the spacetime dimension. However, one problem
which we did not touch upon is that the set of theories which have a known CHY
integrand seem to include only bosons. This is not a problem in the connected for-
malism, since one can extract component amplitudes with an arbitrary number of
gluinos from the complete superamplitude; however, not only gluinos are funda-
mentally different from quarks, since they transform in different representations of
the gauge groups, but are also massless if supersymmetry is unbroken. In chapter
6, we attack this problem from two different point of views: on one hand, we will
use the approach of [20] to show that, under suitable assumptions, there must exist
a CHY representation for QCD primitive amplitudes with an arbitrary number of
massive quarks with the property that the half-integrands separate the information
on the polarizations and the external orderings in a way that mirrors that of the
pure Yang-Mills case. On the other, we will use a rewritten version of the connected
formula and the results of [28] to write down QCD amplitudes with massless quarks
as linear combinations of gluon-gluino amplitudes in A/ = 4 SUSY, which yields the
four dimensional integrands of the CHY representation for amplitudes with quarks.



Basis QCD amplitudes

Recall that, in Chapter 2, we discussed that an arbitrary Yang-Mills n-point tree
amplitude AYM can be color decomposed according to Eq.(2.19) as

AN = N Ty T ) 7)) A, (1. ) (5.1)

’weSn/Zn

Where the objects A,, are what we have called primitive amplitudes, and we have
rewritten the permutations in terms of words. We can think of color decomposition
as a process where we expand the complete, color-dressed amplitude into a basis
of amplitudes where the coefficients are purely group-theoretical factors. Moreover,
as we discuss in Appendix G, we can understand color-ordered amplitudes as linear
operators that act on the vector space of words, that is, of external orderings. Hence,
it would be both interesting and useful to determine a minimal set of linearly inde-
pendent color-ordered (more precisely, of primitive) amplitudes, which would form
a basis for this vector space. This immediately poses a question: what is the size of
the basis? Note that in Eq. we only sum over non-cyclic permutations; this
is because the trace of a product of matrices is cyclic, which means that primitive
amplitudes are invariant under a cyclic permutation of its external indicesﬂ Naively,
one would be led to think that there are (n — 1)! primitive amplitudes, correspon-
ding to all the non-cyclic permutations of the external legs. However, we will see
that these amplitudes are not all independent, and thus the size of the basis can be
reduced.

In this Chapter, we will consider the different linear relations that exist between
primitive amplitudes, and how they allow one to reduce the size of the amplitude
basis for a given number of external particles. We will use the CHY representation
of Yang-Mills amplitudes to prove different relations between primitive amplitudes.

Recall that the CHY integrand for Yang-Mills primitive amplitudes splits into
two parts: the Parke-Taylor factor C,(w) and the polarization function E,(z,p, €).
Since the polarization function does not depend on the external ordering, all the
properties related to the cyclic ordering should be reflected on the Parke-Taylor
factor

IThis becomes obvious from the point of view of Feynman diagrams: a cyclic permutation
corresponds to a rotation of the diagram, which does not change the structure of the amplitude.

82
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Cp(w) = _ 1 (5.2)

lel2"'zlnll

where we use a generic word of length n, given by w = l1l5...l,,. We will prove
that the Parke-Taylor factors satisfy the so-called U(1)-decoupling and reflection
identities, as well Kleiss-Kuijf (KK) relations, which are purely group-theoretical
in nature. This will suffice to prove that the Yang-Mills primitive amplitudes also
satisfy these relations, since the Parke-Taylor factor carry all the information on the
external orderings. We will then see how the KK relations allow one to reduce the
number of basis amplitudes to (n — 2)! in the case of gluons.

Afterwards, we will introduce the Bern-Carrasco-Johansson (BCJ) relations,
which are a set of linear relations between primitive amplitudes that also depend on
the kinematics, and underpin the so-called Color-Kinematics duality. In a sense, the
BCJ relations arise from constructing the amplitudes out of quantities where the
kinematics have algebraic properties that mirror those of the color factors. We will
discuss the different types of BCJ relations, and briefly comment on their relation
to gravity tree amplitudes. The BCJ relation will allow us to reduce the size of the
amplitude basis to (n — 3)!.

Following this discussion we will construct the amplitude basis for QCD ampli-
tudes, by introducing the no-crossed fermion line relations and the so-called Dyck
words. The no-crossed fermion line relations will be seen to be related to the KK
relations, and the consequence of this will be to reduce the size of the amplitude
basis by a factor of 2(n,—1)/(n,)! when the amplitude has n, quark-antiquark pairs.
These will form the backbone of the construction of the CHY integrand for QCD
primitive amplitudes which we will work out in Chapter 6.

We will end this chapter by introducing the Kawai-Lewellen-Tye (KLT) relations,
which allow one to obtain gravitational amplitudes as the sum of certain ”squares”
of Yang-Mills amplitudes. We will see how this are obtained in the CHY formalism
and how their origin is linked to the existence of a color decomposition. This will
allow us to see the KLT relations in a much more general context, in which one can
obtain objects that may behave as amplitudes from the knowledge of the amplitudes
of theories that have any gauge degrees of freedom.

5.1. Consequences of trace decomposition

5.1.1. Cyeclic invariance

As we have mentioned, the fact that the trace of a product of matrices is cyclic
in its arguments imply that the primitive amplitudes in the expansion Eq.
are also invariant under a cyclic permutation of their labels. If we consider a word
w = lils...1,,, this condition is

An(lils. ) = Ap(lo..1uly) (5.3)

This is known as cyclic invariance. This is a property only of primitive amplitu-
des, in the case of quarks: in general, the partial amplitude that arise in the % terms
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of the SU(N) completeness relations do not satisfy this. Since cyclic invariance im-
plies that all amplitudes related by a cyclic permutation of particle labels are equal,
this reduces the basis from n! to (n — 1)!, and we can use it to fix the position of
one of the external legs, for example, to set [y = 1. Then, we rewrite

AN = Te(TI T ) o)) A, (1. ) (5.4)
Sn—l

where we sum over all permutations of the (n — 1) labels Iy, I3, ..., [,,. Now, let us
state and prove the reflection and U(1) decoupling identities, using the properties
of the Parke-Taylor factors.

5.1.2. Reflection and U(1) decoupling identities

Through this section, we use the word w = lyl5...[,, to specify the external orde-
ring of the primitive amplitudes. First, consider the reflection identity, which states
that, given a primitive Yang-Mills amplitude,

An(w) = (=1)" Ay (w") (5.5)

where w? = [,,...15l; is the word with the order reversed. Then, what we need to
show is

Cp(w, 2) = (—=1)"Cp(w”, 2) (5.6)
which is trivial, since each factor in the denominator of the Parke-Taylor factor
satisfies 24 = 24 — 26 = — (25 — 24) = —2pa- Then, to obtain C,,(w?) from C,(w), we

should simply flip the two labels of each factor in the denominator. Since there are
n such terms in an n-point Parke-Taylor factor, we pick up an overall sign of (—1)".

Now, to state the U(1) decoupling (or photon decoupling) identity, we recall
that, for two words u = ky...kj, v = kjq1...ky,

u v = Z kg(l)...k’g(r) (5.7)

shuf fles o

where the sum over all permutations of the set k;...k, that preserves the relative
order of the letters that make up the words v and w. When we write an amplitude
(or a Parke-Taylor factor) whose argument is a shuffle product, what we mean is

AT(u LU ’U) = Z Ar(ko(l)---ko(r)) (58)

shuf fles o

That is, every time a shuffle product appears in the argument of an amplitude
we assume that there is an implicit sum over the terms appearing in it.

Let wy,—9 = ls...l,—1 be a subword, such that w = lyw,_sl,. The U(1) decoupling
identity states that
Cn<ll(wn_2 LU ln)) =0 (59)

We will prove that this is a simple algebraic identity in terms of the Parke-Taylor
factor, but directly in terms of amplitudes it is a consequence of the fact that we
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can couple an additional U(1) photon to an SU(N) gauge theory in order to have
a theory with the gauge group U(N); since the U(1) photon has Abelian dynamics,
all the structure constants involving such a photon vanish and that is reflected on
the partial amplitudes as the U(1) decoupling identity.

In order to prove this identity, let w/ = Lily...0ilnl 4. . L, be the word where [,,
is between the letters {; and [;;1 for j = 1,2,...,n — 1. Then, we can rewrite

n—2

Co(lhi(wn—a W) = Co(w’) + Co(lily...l) (5.10)

j=1
then, to show that the U(1) decoupling identity holds, we prove the equivalent
statement

n—2

> Co(w’) = —Cy(lil-..1,) (5.11)

=1

To do this, we can see that any word w’ can be rewritten as

Cn(wj) — 1 il
Zlils ...zljlnzlanl - lelj+1
211,
= n—l(ll---ln—l)A (5'12)
2l Plnlyia
= n—l(ll---ln—l)Z(ljalnalj+1>
where we define
wc 1 1
Z(a,b,c) = —2 = — 4 — (5.13)

ZabRbe Zab Zbe
where the second line is obtained by adding and subtracting z. in the denomi-
nator. This allows us to show that
1 1 1 1
Z(a,b,c)+ Z(c,b,d) = — + — + — + — = Z(a,b,d) (5.14)
Zab  Rbc  Reb  Rbd
due to the antisymmetry of z,,. Using this relation iteratively, one finds that the
cross-ratios Z(a, b, ¢) satisfy the Eikonal identity,

c—1
> Z(j.bj+1) = Z(a,b,c) (5.15)
j=a
Hence, we can see that
n—2 n—2
Z C’n(w]) = Z On_l(ll...ln_1>Z(lj, ln, lj+1)
j=1 j=1

n—2
= Cot(ledn1) Y Z (1, L, L) (5.16)
j=1

= Cn—l(ll--‘ln—l)Z(lla ln, n — ].)
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which is what we wanted to prove. Note that the U(1) identity is independent of
the values of the variables z; it just relies on the cyclic structure of the Parke-Taylor
factors. This confirms that it does not depend on the kinematic configuration of the
amplitude, only on the fact that it can be color decomposed.

5.2. Kleiss-Kuijf relations

Now, we will prove what can be seen as generalization of the U(1) decoupling
identities, the so-called Kleiss-Kuijf relations [21]. Afterwards, we will see how they
apply to the case with quarks.

The amplitudes independent under the KK relations naturally span a basis in
which one can expand the color-dressed amplitude, in which the color factors are
not traces of gauge group generators, but rather products of structure constants
contracted in a suitable way. This basis forms what is known as the Del Duca-
Dixon-Maltoni (DDM) decomposition [69].

5.2.1. Derivation of the KK relations

In this section, we derive the KK relations for pure Yang-Mills theory, using the
CHY representation. Our argument closely follows [70].

Let wy =g, ...

TQn—m—2

subject to the conditions

and wy = lg, ...lg,, be two subwords of the word w = ...1,,

(YU {lay o da Y Udls, s, YU {l0} = {1} (5.17)

Then, we can state the KK relations as

C(lywilyawy) = (—1)™Cy (I (wy W wi)l,) (5.18)

We will prove the KK relations by induction, both on m and on n. As a short-
hand notation, let & = n—m — 2 be the length of the subword w;. For m = 1 and for
arbitrary m, the KK relations are simply the U(1) decoupling identity we just have
proven, which are true for arbitrary n. Now, assume as the inductive hypothesis that
the relations are valid for all multiplicities equal to or less than (n+ 1) and for some
m > 1. Then, we can see that

Cn+1 (l1w1l7ﬂU2lﬁm+1) = Cn(llwllnwz)Z(lﬁm, lﬁm+17 ll)

5.19
= (=1)"Cy(ly (wy W wg)ln)Z(lﬁm, i1 l1) ( )

where we have used the inductive hypothesis. Now, we rewrite the sum over
shuffles in a more explicit way. In order to this, define ¢, = l3,...15,,_, as the word
wo without its last letter; for s = 1,....k, let wy = l,,...lo, be a subword of w,
of length s, and wSC be the word such that wswf = w;, which we will call the
complement of wy. Finally, we let

~ 1
Collyody) = —————— =2, Co(lr...0,) (5.20)

Zlilg-+-Rl

n—lln
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With these definitions, we can write

S+2(l17 wS? l6m>c~’n—3_3(lﬁm (wSC L w§>ln)

Rl

Cou(ly (wy W wy))l) =)

(5.21)

Furthermore, we can reconstruct a Parke-Taylor factor out of C’S+2 by multiplying
with the cross-ratio,

CS+2(l1v Ws, lﬁm>Z(l,3m7 l5m+17 ll) = CS+3(l1wSlﬁmlﬂm+1)zlﬂmll (5'22)
With this, we can see that

k

Cosa(biwnlawals,, ) = (=1)" Y Curall,we, g, 1) Comssll, (wf gl 222
s=1
k
= (D)™ 7 Corallawa 1 Uy, M) ol (€ 10y )1,) 22t
s=1
k
= (=)™ Curallalw, W s, g, ) 21,0 Coc (s, (wS W] )
s=1
k
= (- Z Cors(l(ws W' lg, . )lg, ) Cos-a(lp,, (WS Wby )
s=1
= (= 1) Crppa (l (wr W (walg, ) )ln
(5.23)

where, in the second line, we use the U(1) relation to move the letter Iz, to the
right by introducing the sum, and in the other we regroup terms to arrive at the
(n + 1)-points Parke-Taylor factor.

To make the KK relations a little more clear, let us consider a simple example
with n = 6. Consider the word w = 132645. We want to use the KK relations to
expand the Parke-Taylor factor Cs(w) in terms of six-point Parke-Taylor factor with
external orderings of the form 1w,46. In order to do this, we can see that the subwords
wy and wq that enter the definition of the KK relations are given by

therefore, we can calculate the shuffle product

wy L wy = 3245 + 3425 + 3452 + 4352 + 4325 + 4532 (5.25)

moreover, since wy is composed of two letters, the overall sign in the KK relations
is (—1)? = 1. Hence,

C(132645) = Cy(132456) + C(134256) + Cs(134526) + C(143526) + C(143256) + C5(145326) (5.26)

which can be checked to hold directly from the definition of the Parke-Taylor
factors.
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0] (ii)

Fig. 5.1: (i) graph representing the quark amplitude with ordering (12345678); (ii)
graph with crossed fermion lines

In terms of constructing an amplitude basis, we can use the KK relations to fix
the position of a second leg, say, [, = n. Then, in the case of Yang-Mills theory, we
arrive at a basis with elements of the form A, (1w, _on), where w,_5 is a word of
length (n —2) whose letters are a permutation of the labels {2,3,...,n —1}. The size
of this basis is (n — 2)!.

In the case of quarks, the KK relations also hold when one considers primitive
amplitudes. However, these amplitudes satisfy additional constraints which can be
understood as KK relations. To illustrate them, consider the case of pure quark
amplitudes; that is, an n = 2n, point amplitude, where n, is the number of quark-
antiquark pairs. As discussed by Melia in [71], one can consider a basis of amplitudes
of the form A, (1w, _on), where the label n indicates an antiquark and 1 its corres-
ponding quark. These amplitudes can be described graphically in the following way:
draw a circle to represent the plane. Then, write the quark labels clockwise around
the circle, according to their cyclic ordering, and connect each quark with its corres-
ponding antiquark. This is illustrated in Fig..

These graphs not only are useful to clear the structure of the color-ordered
Feynman diagrams that contribute to the primitive amplitude under consideration,
but also allow one to see that, having fixed the labels to specify each quark and
antiquark, there are some primitive amplitudes (in this case, Ag(12354678)) which
vanish, because the corresponding pairs cannot be connected along the circle in a
planar way. This means that there are less than (n — 2)! independent, non-vanishing
primitive amplitudes; moreover, some of them can be seen to satisfy linear relations.
For example, due to the antisymmetry of the color-ordered Feynman rules, one can
see that
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Fig. 5.2: Linear relation between primitive amplitudes with different orderings

As(16547328) = — A5(15647328) (5.27)

which is represented graphically in Fig.(5.2). As pointed out by Melia, this rather
trivial relation can be seen to be a KK relation where we take the words w; = 64732
and wy = 5, and where the remaining amplitudes appearing in the sum of Eq.
(5.18) vanish because they involve crossed fermion lines. A systematic study of
these relations reveals that these quark KK relations reduce the number of basis
amplitudes from (n — 2)! to (n — 2)!/(n,)!. This fact wil play a major role when we
count the number of basis amplitudes for a generic QCD amplitude. However, in
order to do this, we first need to discuss the BCJ relations, which are the subject of
the next section.

5.3. BCJ relations: color-kinematics duality

Now, we introduce the Bern-Carrasco-Johansson (BCJ) relations, at tree level.
These are linear relations involving primitive amplitudes with different external or-
derings, independent under the KK relations, that involve coefficients which are
rational functions of the momentum invariants s;, ;. These relations were first con-
jectured by Bern, Carrasco and Johansson in [22] for the case of pure Yang-Mills
amplitudes, based on the idea that the one could find a set of kinematic numerators
for the gauge theory Feynman diagrams that satisfied an algebra analogous to that
of the color factors. They provided non-trivial examples for fixed number of par-
ticles and provided a possible generalization to arbitrary number of external legs,
which was later proven by taking the field theory limit of open string amplitudes
in [72][73], and later in [74], [75] and [76] by applying the BCFW recursion rela-
tions both in Yang-Mills theory and NV = 4 SYM. They were later conjectured to
generalize to QCD amplitudes with arbitrary number of massive or massless quarks
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in [77] by Johansson and Ochirov. Afterwards, proofs of the so-called fundamental
BCJ relations for QCD amplitudes and that they allow to obtain a minimal basis
for QCD primitive amplitudes were provided in [23] and [33], respectively.

We will first introduce these relations by considering the simple example of the
four gluon tree-amplitude. Then, we will discuss the fundamental BCJ relations
and review the proof given in [23] for QCD primitive amplitudes. Afterwards, we
introduce the general BCJ relations, which will allow us to write the minimal basis
of QCD amplitudes. Finally, we will illustrate how the BCJ relations can be derived
in N =4 SYM from the connected formalism.

5.3.1. Introduction: four gluon amplitude

When discussing the color decomposition of pure Yang-Mills theory amplitudes,
we found that the color structure of the four gluon amplitude can be arranged in
terms of the color factors ¢, = fa1920 fbasas o, — farasd fbasaz gnd ¢ = faraab fbazas
that each of these factor appears in the s-channel, t-channel, and u-channel diagrams,
respectively, and that the four gluon vertex contains a sum of all these factors,
which allows this vertex term to be distributed into the diagrams with only three
gluon indices. This decomposition can be done similarly for any tree level n-gluon
amplitude, in such a way that it can be written in terms of diagrams with three-gluon
vertices only [78]. Then, we can write the color-dressed amplitude as

cin;
Av= ) .2 (5.28)

The denominator is given as the product of all propagators appearing in a given
diagram, and the numerators n; are purely kinematic functions, which can, however,
be in general not local. In particular, the four gluon amplitude will have the structure

iE€trivalent

CsTg Ceyg Cy Ty,
+

Aa(4g) = (5.29)

S t U

where the four gluon vertex has been split into the different channels through
their corresponding color factors. Since the color factors satisfy the Jacobi identity

cs+c+c, =0 (5.30)

There is not a unique way to rearrange the four gluon vertex into the other dia-
grams, which implies that the numerators n; are not uniquely defined. Furthermore,
this implies a new symmetry of the amplitude: if we redefine ny — ng + sf(p, €),
ny — tf(p,€), ny, = uf(p,€) for some arbitrary function f, the modified amplitudes
acquires a term proportional to cs+c;+c,, which vanishes due to the Jacobi identity.
This is known as a generalized gauge transformation.

The color-kinematics duality is the statement that one can always find a repre-
sentation for A, such that, if there are three color factors ¢;, ¢, ¢, embedded in
the amplitude that satisfy the Jacobi identity ¢; + ¢; + ¢ = 0, their corresponding
numerators also satisfy the same algebraic relation, namely n; +n; 4+ n; = 0.
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Cyclic invariance and the Kleiss-Kuijf relations imply that there are only (n—2)!
independent primitive amplitudes for a given gluon amplitude A,,. Since the expan-
sion of the color-dressed amplitudes in primitive amplitudes sets the coefficients to
be color factors, there will also be only (n — 2)! independent color factors, in this
case, under the Jacobi identities. If we assume color-kinematics duality to hold, then
there will also be only (n—2)! independent numerator factors n;. Then, we can write,
for some ordering w;,

where the primitive amplitudes A, (w;) are all linearly independent, as well as all
numerators 7;. The matrix ©;; was introduced by [79], and is known as the propa-
gator matrix. Consider the case n = 4 and take the independent partial amplitudes
to be A4(1,2,3,4) and A4(1,3,2,4). From the color-ordered Feynman rules, one can
see that

Ty

Ay(1,2,3,4) = —% o A(L3,2,4) = -t 4 (5.32)

u
Now, assuming that color-kinematics holds, n; = —ns —n,,. Taking the indepen-
dent numerators to be ny = ng, ny = n,, we find

Oij = (:

If the matrix ©,; was invertible, color-kinematics duality would be trivial since
one could always find the numerators in terms of color-ordered amplitudes and use
the Jacobi identities to generate whatever numerators are missing. However, this
is not the case; ©;; does not have full rank, and is therefore not invertible. Using

Eq.(5.31)), we can write

. ) (5.33)

_1_1
u t

~+ |—=w =

= —sA4(1,2,3,4) + iy (5.34)
u
and then
Al 24y =t M2 e Sy ey (221 Y (53
4\1, 9, 4 t n u t 4\ 4, &5 9, tu t u 2

Now, since s + t + u = 0 for massless particles, the second term above vanishes
and we obtain the identity

Ay(1,3,2,4) = §A4(1,2,3,4) (5.36)

This is an example of the BCJ relations.

An interesting consequence of color-kinematics duality are the so-called double
copy relations. These relations allow to find gravitational amplitudes from their
Yang-Mills counterparts. At tree-level, suppose that numerators n; have been found,
which satisfy the color-kinematics duality. Then, if in the expansion Eq.(5.28) we
replace each color factor by its corresponding kinematic factor, the quantity
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2

rav n;
AT — Z 2 (5.37)

gives the tree n-point graviton amplitude in pure Einstein gravity. One could
go further, and expand in terms of numerators n; which do not satisfy color-
kinematics. Then, if one replaces ¢; — n;, where n; is a set of numerators which do
satisfy the duality, the resulting expansion, with numerators of the form n;n; will
also yield expressions for gravitational amplitudes in theories beyond pure Einstein
gravity. As an example, let us consider the the 4 graviton amplitude. In terms of the
kinematic numerators ny, n; and n,, this amplitude would be given by

i€trivalent

n2 n?2 n2 n?2 n?2  (ng+mn)?
Aircw = 54 ot 4 M =5 -t u (538)
S t U S t ()

assuming color-kinematics duality to hold. Hence, doing the same identification
of (ng,n,) with (71, 7n2), we can set ny = 2, and obtain

Agr(w _ Su
1 e —
t

(A4(1234))* = —uA,(1234) A4(1324) (5.39)
which is an example of the KLT relations we will discuss later in this chapter.

Therefore, since the KLT relations are known to hold, this verifies the validity of
the double copy relations for four point amplitudes.

5.3.2. Fundamental BCJ relations

The simplest BCJ relations, known as the Fundamental BCJ relations, can be
written in the form

n—1 n
> ( > 2p -p]) An(1,3,...,4,2,i4+1,..n) =0 (5.40)

i=2 \j=i+1

or, equivalently, using momentum conservation on the sum over j, as

n—1 i
> (Zng-p]) An(1,3,...,4,2,i+1,..n) =0 (5.41)

i=2 \j=1

These relations were shown to hold, for gluon primitive amplitudes, in [72]-[74],
For QCD primitive amplitudes, where particle 2 is a gluon, they were later proven
in [23], and we will review their argument, which is based on the BCFW recursion
relations.

Recall that in Chapter 2, we introduced the complex momentum shifts by shifting
two of the momentum variables in such a way that momentum conservation and the
on-shell conditions were still satisfied. However, one can consider shifting more than
two momenta; this will, in general, improve the large-z behaviour of the shifted
amplitudes. To prove the fundamental BCJ relations, Weinzierl et al consider a
three particle shift, that is, they deform the momenta p; — p1(2), po — pa2(2) and
Pn — Pn(z), in such a way that
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P1(2) + P2(2) + Du(2) = p1 + P2 + Pn (5.42)
ﬁ%(z):p?’ 1=12n ‘

which guarantees that both momentum conservation and the on-shell conditions
hold for the shifted momenta. Then, they show that, if particle 2 is a gluon and
particles 1 and n are either two gluons or a quark-antiquark pair, there exists a shift
such that the boundary term in the BCFW recursion relations vanishes. We will not
construct such a shift, and just take as a given that it does exist. Define the quantity

n—1 n
L(z) =) ( > 2p -@-) An(1,3,.,0,2g,i +1,...,n + 1,7) (5.43)
i=2 \j=i+1

where we write 2, to emphasize that particle 2 is a gluon and p; is a shifted
momenta whenever 7 = 1, n and the unshifted, physical momenta otherwise. Hence,
in order to prove the fundamental BCJ relations, we need to show that

1 dz
I,(0) = — ¢ —I,(2) =0 5.44
0) =55 § F1.6) (5.44)

where the contour C' encloses all the poles I,,(z) plus the pole at z = 0. Then,
since the shift of the momenta p;, p, and p, is defined so that I,(z) — 0 when

|2| = 00, we can see that

1,(0) = — ; Res (I”iz) ) ) (5.45)

where z, are the poles of I,,(z). Now, we proceed by induction on n. We take
the first step with n = 3. In this case, we do not perform any contour integral and
simply evaluate at z = 0 to obtain

I13(0) = 2ps - p3A3(1, 24, 3) (5.46)

Three particle kinematics imply that p; + p + ps = 0. Moreover, p? = p2 = m?,

because these particles either belong to the same quark line or are both gluons, and
p3 = 0. Hence, for generic values of the momenta the amplitude Asz(1,2,,3) will
be non-vanishing (in the all-gluon or massless case we assume the momenta to be
complex). Thus, since

2py - ps = (p2 +ps)? —m® =pf —m’ =0 (5.47)
we conclude that I3(0) = 0, which means that the fundamental BCJ relations

hold for n = 3.

Now, we perform the inductive step by assuming that 7,(0) = 0 for all j < n,
and prove it for n.

Recalling from Eq.(2.121]) that

Res (A”—(z)) --y Ai(za)%/l;(za) (5.48)

z

due to the factorization properties imposed by unitarity, we can see that
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Res (LLTM)ZQ == Z;l:_QZ (Z;‘l:zdrl 2132 ﬁ]) Es A/H—l(ivé.lh B k? p)PL;An—IH-l(iPa sy = 17ﬁ) (549>

with the understanding that the hatted quantities are evaluated at z = z,.
That is, the residue of I,(z) at a particular pole z, is the sum of the residues of
different shifted amplitudes, and the sum over s is over the helicities of the internal
propagating particle that connects the left and right subamplitudes. As in [23], we
introduce the short-hand notation

An(1,2g, b, Pl = P+ 1, on = 1,7) = 3, Apii (1,24, o by P) g Ar o (=P, oon — 1,7) - (5.50)

This means that the sum over residues is replaced by a sum over the possible
insertion points of particle k, and we can write

~

L0)=>"> "> (2p2-p)An(1, 29, ..k, P| = Pk +1,....,n — 1,7)

i=2 j=i+1 k

=R+ Ry + R,

(5.51)

where we split the sum over k according to the three possible the shifted legs can
enter the subamplitudes: the first one will be the one on which the shifted leg 1 is on
the left subamplitude, while the other two shifted legs are on the right subamplitude;
the second one will have the leg Qg on the left subamplitude, while the legs 1 and 7
will be on the right subamplitude, and the final one will have legs 1 and Qg in the left
subamplitude. Similarly to the two particle shifts, one cannot have a configuration
where all shifted legs belong to either the left or the right subamplitude, because
their z dependence would cancel in order to preserve momentum conservation. Then,
we find that

Ry =, (2he D) Sy An(1,3, kPl = Pk +1,.,4,2,i+1,..,n— La), (5.52)

Ry =30, 50 @b ) o X et Aulk+ 1,000,200+ 1, L P = P+ 1,001, k) (5.53)

(kD) (i)
and, finally
n n n—2
Ro=>Y > (20p;) Y An(1,3,..0,2g,i+1, ...k, P|=P k+1, ... ,n—14) (5.54)
=2 j=i+1 k=i

Now, we proceed to show that each of these terms vanishes. In the case of R;
and R,, one simply must exchange the order of the sums over ¢ and k; for Ry, this
is

—_
—_

7 n—

izf(i,k) = Zf(i,k) (5.55)

=2 k=3 3 1=k

3

=
Il
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with which we can write

R, = [ZZZJ (Z?:m 2, .ﬁj> An(1,3, ok Pl = Pk 41,20+ 1, — 1,&)} (5.56)
3

e
Il

Now, if we use Eq. 1' to rewrite the residue A, (1,3, ..., k, P|—P, k+1,....1, Qg, i+
1,....,n —1,n) in terms of the subamplitudes, we find that nested within the sum
over k is a term of the form

n—1 n
E:(}:2@-@)A%Hﬂ—Pﬁ+JVWL%J+1wwn—Lﬁ):0 (5.57)

i=k \j=i+1

which vanishes because it is just the BCJ fundamental relation for (n — k + 2)
particles, and for £ > 3 we have n — k + 2 < n. This is enough to guarantee that
Ry = 0. The case of R, is similar: once the sums over ¢ and k are exchanged as

n—1n-2 n—2 k
DD fk) =323 k) (5.58)

the BCJ fundamental relations for k—2 particles appear on the left subamplitude,
after using momentum conservation on the invariants 2p, - p;, and vanish because of
the induction hypothesis. To complete the proof, we need to show that R, vanishes;
in order to this, we exchange the order of the sums in order to rewrite

n—2 n—1 !
R=Y Y (Z?:m %9 -gaj) Ak + 1,29 i+ 1, L Pl = P41, 01,3, k)
k=2 l=k+1 i=k

=) (S +S0mar) 2602 85) Anlh 4 1, 24 1, P = P 1, 1,3, B)
kyli

(5.59)
Then, Ry splits into two different terms. In the first one, where the sum over j
goes from 7 4+ 1 to [, we can reconstruct the BCJ fundamental relations with the
left subamplitudes A;_jio(k +1,...,1, Qg,i +1,...,1, ﬁ) and these vanish due to the
induction hypothesis, since [ —k+2 < n. On the other term, we can freely exchange
the sums over ¢ and j, since the sum over j no longer depends on ¢, and we find

terms of the form

-1
> Alpia(k+1,.0,2,0 41,1, P) =0, (5.60)
i=k
and this linear combination vanishes due the the U(1) decoupling identity Eq.
(5.9). Hence, we have shown that R, is also zero, and thus

1,(0)=0 (5.61)

which proves the fundamental BCJ relations. As we have already mentioned, the
proof that the three-particle shift that makes the recursion relations valid exists is
provided in the paper [23], based on four dimensional kinematics and helicity spinors,
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suitably constructed for massive particles. Given that the only role of dimensiona-
lity is in providing the spinor variables to construct the shifts, we will assume in
the following that there exist analogous shifts in arbitrary dimensions so that the
fundamental BCJ relations are satisfied in spacetime dimension D # 4.

5.4. Construction of the basis for QCD primitive
amplitudes

Armed with the different relations among primitive amplitudes we have develo-
ped so far, we will construct a minimal basis of QQCD primitive amplitudes. In order
to do this consistently for amplitudes with an arbitrary number of quark-antiquark
pairs, we will need a few more identities, which we have already mentioned in our
discussion of the KK relations, the so-called "no-crossed fermion line” relations.
Also, we will introduce the concept of generalized Dyck words, which allow us to or-
ganize appropriately the labels of the quarks. This will lead us to define an standard
orientation of fermion lines. Using these new properties of multiquark amplitudes
and the relations developed above, we will construct the QCD basis in terms of the
different external orderings that the basis amplitudes depend on.

To clarify notation, we recall from Appendix G that a generic QCD primitive
amplitude with n external particles can be split according to

n=mny+2n, (5.62)

where ng is the number of gluons and n, the number of quark-antiquark lines.
The set of all possible external orderings of the primitive amplitudes is given in
terms of words

where A, the set of all particle labels, is what we call the alphabet.

5.4.1. Fermion lines and Dyck words

In our treatment of the KK relations, we found that quark amplitudes could
be visualized by using a class of circle graphs, around which the quark lines were
cyclically ordered. We saw that not all of the quark amplitudes could be represented
with a circle graph in which the quark lines were all connected in a planar way, and
that this implied that quark primitive amplitudes with crossed fermion lines vanish.
In a general QCD primitive amplitude with an arbitrary number of quark-antiquark
pairs and gluons, the appearance of a crossed fermion line would imply that there is
a vertex that joins two quarks of different flavour, which is not possible. Therefore,
QCD primitive amplitudes satisfy the so-called "no crossed fermion line” relations,

An("'qi7Qj> "'a@'a(jj? ) = An(---,%‘,% "'7Qi>Qja ) =0 (564)

Primitive amplitudes with no crossed fermion lines are non-vanishing, and their
external orderings may de described by generalized Dyck words [71] [80]. In order
to define them, let us consider an alphabet, C', with two elements
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C={()} (5.65)

A Dyck word is defined to be any word w = ly...l; where [; € C'; 1 =1,2,....k
such that no bracket is unmatched. For example, the word w; = ((())) is a Dyck
word, while wy = (()(() is not. We can generalize this idea [26] by defining opening
brackets (; and closing brackets ); for ¢ = 1,2,...,n,, with which we will form an
alphabet

D ={(1, (2 -(ng> )1 )25 s Jng (5.66)

Then, a generalized Dyck word is a word wp = [y...[,, where [; € D for ¢ =
1,2, ...,m) such that each opening bracket (; is matched by its corresponding closing
bracket );. For example, the word w; = (;(;);); is a generalized Dyck word while
we = (;(;)i); is not. We will consider generalized Dyck words in which each opening
and closing bracket occurs exactly once and have length 2n,. The number of such
words is

(2n,)!
Noyerh = ——— 5.67
dyek (ng + 1)! (5.67)
We associate the quark ¢; with the opening bracket — (; and the antiquark ¢;
with the closing bracket —);. Define a projection operator P that acts on words

w € Wy such that P(w) = P(l;)P(lz)...P(l,), where

P(g) =, P(@) =), Plg;)=e (5.68)

were e stands for the empty word. The action of this operator allow us to in-
troduce the concept of orientation of the fermion lines, and to define an standard
orientation for these lines. We say that a primitive amplitude A, (w) is in the stan-
dard orientation if the word P(w) is a generalized Dyck word.Then, the set

Dyck,, = {w € Wy|P(w) is a generalized Dyck word} (5.69)

Contains all possible words in which the fermion labels are in the standard orien-
tation. It is obvious that some of the non-vanishing primitive amplitudes with quarks
are not in the standard orientation. However, it is always possible to bring an am-
plitude to the standard orientation using cyclic invariance, the KK relations and the
fact that amplitudes with crossed fermion lines vanish. We will outline how this is
realized, and refer the reader to the detailed procedure given in [26].

The idea is to consider the class of amplitudes

Ay (W14, G Wh11qUk G —1) (5.70)

where wy_1,Wg, W11, ur_1 and uy are subwords of the word defining the external
ordering. The subscript k£ denotes the so-called level of the fermion line, which is
the number of fermion lines that separate the k-the fermion line from the line n1 in
a circle graph. For example, in graph (i) of Fig. the line 32 is of level one, the
line 54 is of level two, and so on. With this notation, we are assuming that the line
¢; — @; is already in the standard orientation and is of level (k — 1). Furthermore,
the fermion lines in wy_; and u;_; are already in the standard orientation. However,
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the fermion line ¢; — g;, which is of level k, is not in the standard orientation. Then,
if we let

(5.71)

be two words which may contain fermion lines of arbitrary level L > k. Also,
assume that wg,; may contain fermion lines of level [ > k + 1. Then, we can bring
the line g; — g; into the standard orientation by expressing the amplitude in Eq.
(5.70) as a linear combination of amplitudes with the standard orientation of the
line ¢; — g; as

W = lilmlz’r; U = ljlmlj

S

A (We-1¢Wk G W19 Uk Gk —1)

~ o 5.72
= (—]_)AH_I Z Z An(wk_lqilil...liaqu;+1qjljb+1...lsq}uk_l) ( )
a=0 b=0
where t is the length of the word w1, and
Wiy = (lige-liy) Wy Wi (L, .0,) (5.73)

We refer to Eq. as the fermion orientation relation. Recursively applying
this relation, an amplitude with no crossed fermion lines but with an arbitrary num-
ber of amplitudes with the wrong orientation of the fermion lines can be written in
terms of amplitudes where all fermion lines are in the standard orientation. It is
worthwhile to note that some of the amplitudes appearing in the sum may vanish
due to the appearance of crossed fermion lines.

5.4.2. Definition of a basis for QCD primitive amplitudes

All the relations among amplitudes described above allows us to write a given
primitive amplitude in terms of basis of amplitudes. Since primitive amplitudes with
nqg < 1 satisfy cyclic invariance, KK and the full BCJ relations, the size of this basis
is (n — 3)!. For amplitudes with n, > 2, the size of the basis is reduced by a factor
2(ny, — 1)/(n,)!. We summarize this as

Nb:{(n—g)! if ng < 1

(n—3)1 2 i, > 2

Now, let N,., = n! be the number of permutations of particle labels. Since the
factor 2(n, — 1)/(n,)! is always less than or equal to 1, the number of indepen-
dent primitive amplitudes for n, > 2 is always smaller or equal to (n — 3!). This will
play a crucial role when we try to obtain a CHY representation for QCD amplitudes.

(5.74)

Now, we can define the set of words corresponding to the n particle amplitude
basis. For n, = 0, we set

B, ={w e Wolli = g1, ln-1= g1, l = gn} (5.75)

For n, =1,

BTL - {w € W0|l1 =q1, ln—l = gn—2, ln — le} (576)
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and, for n, > 2,

B, ={w e Wylli = q1, ln-1 €{G2, -, Gny }» In = @1 } (5.77)

To construct this basis, we use cyclic invariance, the KK and BCJ relations,
the no-crossed fermion lines relation and we bring all quark-antiquark pairs into
the standard order. First, we use cyclic invariance to fix leg 1 to be g; for the pure
gluonic case and ¢; for primitive amplitudes with n, # 0. We define the set W, C W}
as

{w S W()|l1 = gl} if ng = 0
1= :

{weWyllh =q} ifng#0
The number of words in this set is (n — 1)!. Then, using the KK relations, we

can fix leg n to be g, for n, = 0 and to be ¢ for n, # 0. We then define the subset
W2 C W1 as

(5.78)

Wo — {weWill, =g,} ifn,=0
T M{weWi|l, =q} ifng £0

Now, the number of words in W5 is (n —2)! and correspond to all words with the
first and last letters fixed. We then set to zero any amplitude with crossed fermion

lines, and put every other one in the standard orientation. Again, define a subset
W3 C W2 as

(5.79)

1 if n, < 1
3:{ 2 B g = (5.80)

{w € Walw € Dyck,,} ifng>2

Finally, we use the fundamental BCJ relations to fix leg n — 1 to be a g, in
the pure gluonic case, g,—o for n, = 1 and an antiquark ¢ € {G, ..., Gy, } for the
case n, > 2; this is done by removing any gluon from that position and, since the
amplitudes are in the standard orientation, that position will necessarily be occupied
by an antiquark. In general, we define the basis B,, as the set

{lily...l, € Wa|loq1 = gn, ng =70
B, = {lllgln S W3|ln_1 = gn—2, ng = (581)
{lllgln € W3|ln_1 € {QQ, ...,(jnq}, Ng > 2

Then, the set B,, contains all possible orderings of the particle labels, such that
the amplitudes with these orderings form a basis for the primitive amplitudes of a
given n particle QCD scattering process. Note that B, C W3 C Wy C W, C W,,.

5.4.3. General BCJ identities

Now, we can state the general BCJ identities by relating the Parke-Taylor fac-
tors whose external orderings are in W3 to those whose external orderings are in
Wy when n, = 0. That is, we expand the (n — 2)!, KK independent Parke-Taylor
factors in terms of the (n—3)! BCJ independent ones. We note that, although cyclic
invariance and the KK relations are valid for arbitrary Parke-Taylor factors, these
will satisfy the BCJ relations only when evaluated on the solutions to the scattering
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equations, and the primitive amplitudes will of course satisfy them.
Consider the alphabet

Ay ={1,2,...,n} (5.82)

this is simply the set of n-particle labels, were we omit the information on flavour.
Furthermore, let wy = [;...l; be a subword of length k of a word w € Wy, where we
understand W, as defined by the alphabet A,. For this subword, define

s(wk) = Z lo(l)...lg(k) (5.83)

oinSy

Now, assume that w = lw,_sn € W5 can be written in terms of subwords
wy = l...l; and wy = lj44...l,_3 in such a way that w = lw;(n — 1)waon. Then, the
general BCJ relations can be written as

Caw, 29) =Y " FC(w', 2) (5.84)

where the sum is over the subset of B whose elements appear in the sum 1(w; LU
s(wsz))(n — 1)n. For fixed w, we define F,,, = 0 if w’ does not appear in the sum;
otherwise, if we write w’ = 1(o)(n — 1)n for some permutation o of 23...(n — 2), the
matrix elements are given by [26]

n—3
1(o)(n — 1
f%w::II‘F(@x” ) (5.85)
e Snliy 3
=j+1

where the denominators are linear combinations of momentum invariants

i<j
with A;; defined by Eq.(3.17). For a permutation p = lo(n — 1), the function
F(p|lr) can be written as

Fplle) = Filplle) + F(pllx) (5.87)
where
Zili{l (lk‘a pT) if by, <ty 41
Filplle) = S g e (5.88)
- T‘:tlk—‘rl k?’p””) 1 g > Ip+1
and
Sn , ift, <t <t
Folpliy) = § “rteete 2t = e = e (5.89)
_Sn,lk ,,,,, I3 lf tlk,1 > tlk > tlk+l

here, we use t, to denote the position of letter a in the string of letters p, except

for t;,_, and #;;, which are always fixed to the positions

tln72 = tl tl. =N (590)

n—47 7
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Finally, the function G(Ix, p,) is defined by

2pi, - Dy, + 240, ifp.=1,(n—1)
G(li, pr) = < 2p1,, - Dy, + 20, ifp,=liandt <k (5.91)
0 in other cases

The BCJ relations for primitive amplitudes are then written as
An(w) = FurAn(w') (5.92)

with the same conditions as the BCJ relations for the Parke-Taylor factors.
We will explicitly construct the matrix £, when the alphabet consists of three
massless quark-antiquark pairs of different flavour in Chapter 6, where we will see
that this matrix plays a crucial role in defining whether one can construct a CHY
representation for QCD primitive amplitudes.

5.5. KLT relations

To finish this chapter, we introduce the so-called Kawai-Lewellen-Tye (KLT) re-
lations, first found by the authors in [24], as a set of identities between closed and
open string amplitudes. In this context, they arise from the fact that closed string
tree amplitudes are calculated as integrals over the moduli space of the Riemann
sphere, while open string tree amplitudes are calculated as integrals over its boun-
dary. Based on this observation, Kawai, Lewellen and Tye managed to rewrite the
closed string integrals as a sum over products of two open string integrals, weigh-
ted by kinematic factors. Taking the field theory limit, one finds relations between
graviton and gluon scattering amplitudes. In this section, we will start by reviewing
the kinematic factors appearing in the field theory limit of the KLT relations, the
so-called momentum kernel, and state the KLT relations. Following this, we will see
how the Parke-Taylor factors, evaluated at the solutions to the scattering equations,
allow one to define an inner product under which Parke-Taylor factors evaluated
at two different, inequivalent solutions to the scattering equations are orthogonal,
and we will see how this orthogonality is related to the existence of KLT relations
(beyond those between gravity and gauge theory amplitudes).

5.5.1. KLT relations and the momentum kernel

Consider the set of primitive Yang-Mills amplitudes A, (w,p, €) such that w €
B, where B denotes the basis defined in Eq.. Gravitons are spin-2 massless
particles, and their polarization states can be described by two index Lorentz tensors
constructed as the product of two gluon polarization vectors, €/ = €€’ E| Then,
a logical idea would be to construct graviton amplitudes out of products of two
Yang-Mills amplitudes. This is the content of the KLT relations; if we let M (p, ¢)
denote the n-graviton tree amplitude, we can write it as

2Note that we only consider products where both polarization vectors have the same helicities.
The product of polarization vectors with different helicities do not describe gravitons, but rather the
dilaton (a scalar) or an antisymmetric tensor. We will not be concerned with such fields throughout
this work.
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Z A (w1, p, €) Sy w1 |wa] Ay (w2, p, €) (5.93)

w1, w2 € By,

Where,~ for a given word w = [y...l,,_1l,,, we the w = [y...[,,[,_1, and the bilinear
function S, [w|v] is the so-called momentum kernel

n—2

Sawlo] = (1" T [ (sm +Ze ) (30,) ) (5.94)

=2

where 0;(¢;,¢;) is 1 if the letter ¢; comes before ¢; in the word v and is zero
otherwise, and we have introduced the notation

This terminology was first introduced in [81], where the KLT relations were
written in a form akin to Eq. and some its properties were derived. A genera-
lization of the momentum kernel to include massive quarks was introduced in [26],
and be written as

i—1

n—2
Splwl|o] = (—1) H (‘éh&' + Ay, + Z 95(5j,€,’)(§gigj + Agﬂj)) (5.96)
=2

=2

which we will need in order to construct the CHY representation for QCD pri-
mitive amplitudes, and to derive the soft limit of the integrand. Now, let us work
out the relation of the momentum kernel with the Parke-Taylor factors C,,(w).

5.5.2. KLT orthogonality of Parke-Taylor factors

In [12], Cachazo et al noted that the momentum kernel allowed the definition
of an inner product, under which suitable Parke-Taylor factors are orthogonal. To
define this inner product, consider two words wy,wy € B,. A general Parke-Taylor
factor is a function of an external ordering w and the punctures z. Noting by z()
the inequivalent solutions to the scattering equations, with i = 1,2, ..., (n — 3)!, we
can construct

= Y Culwy, 29)8, [wy @] Cp (wg, 2 (5.97)

w1, w2E€By

Then, KLT orthogonality is the claim that the Parke-Taylor factors, evaluated
at different solutions to the scattering equations, are orthogonal with respect to the
inner product (7, j); that is,

(i,4)
—————— =0, 5.98
()2 (.52 o)
The proof of this statement, which is a bit technical, can be found in [12]. We
also note that

(5.99)
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Fig. 5.3: Four graviton amplitude as the product of two four gluon amplitudes over
a scalar amplitude. Image taken from [61].

where J(z,p) is the Jacobian of the scattering equations, defined in . One
consequence of KLT orthogonality is related to the biadjoint scalar amplitudes de-
fined in Eq. , which, as we recall, depend on two external cyclic orderings u
and v. Rewriting them as a sum over the inequivalent solutions to the scattering
equations, we obtain

ma(ulv) =Y I (29, p)C(u, 29)C (v, 29) (5.100)
(4)

Now, assume that u,v € B,,, and define the (n — 3)! x (n — 3)! matrix m!, whose
entries are given by the biadjoint amplitudes m,,(u|v). Then, if we denote by S the
(n —3)! x (n — 3)! matrix whose entries are given by the momentum kernel S, [u|?],
we have the relation

Slm = Gua (5.101)

v,

that is, the momentum kernel forms a matrix which is the inverse of the matrix
formed by the biadjoint scalar amplitudes with different external orderings.We can
prove this statement by defining the (n — 3)! x (n — 3)! matrices

Afiyw = [ J(ZD)C, (20, w),  Dgyygs = 1/ J(z0)Cr (21, @) (5.102)

where the index i ranges over the inequivalent solutions to the scattering equa-
tions and the indices w and w take values on the basis B, with the understanding
that elements of the form w have the last two letters exchanged with respect to the
ordering induced by B,,. Then, we KLT orthogonality can be written as

AS"DT = I, (5.103)

where I, is the identity in the space of solutions to the scattering equations.
Now, both matrices, A and B, are invertible, because they are constructed from a set
of Parke-Taylor factors that are independent under cyclic invariance, KK and BCJ
relations, and Jacobians are non-vanishing for general kinematics. Then, multiplying
by (DT)~1 on the right and DT on the left, KLT orthogonality is equivalent to
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DTAS™ = Leym (5.104)

where Ipe,, is the identity on the space of the different permutations of the words
w € B. Moreover, we can see that

(DT A)g Z T @, 29)C, (v, 29) (5.105)

which is nothing but the biadjoint scalar amplitudes. With this, we obtain a
refined interpretation of the KLT relations between gravitons and Yang-Mills: a
graviton amplitude is the sum of products of two Yang-Mills amplitudes, divided
over an scalar amplitude with cubic interactions. This is depicted in Fig. 5.3

5.5.3. KLT relations in the CHY formalism

To finish this chapter, let us see how KLT orthogonality allow us to obtain the
CHY representation for gravity, Eq. from the CHY representation of Yang-
Mills theory. We will develop first a general argument valid for any two field theories
with a gauge group, and then consider the particular case of Yang-Mills.

To start, consider two general field theories whose tree amplitudes can be color
decomposed with respect to some gauge group G. Their CHY integrand will then
have the form

T (z,w,y) = C’n(w,z)lf%(z,y) (5.106)

where ¢ = 1,2 denotes that the right integrands belong to possibly different
theories, and y denotes the variables upon which this integrands can depend other
than the punctures. In order for Z! to be CHY integrands, we must impose the
condition

n

I5,(Cy) = (H(czwd)) I, (2,y) (5.107)

i=1

for an SL(2,C) transformation ¢ = (az+b)/(cz+d). The n-point amplitudes of
this theories are then written as

ZJ (z,w,y) (5.108)

Now, omitting the explicit dependence on y and the momenta p, consider the
combination
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Z A (w) Suw]v] A7 (0)

Z T T (2 (®) S O, 205, [l o] C2 (0, 2)

( ) w,vE By,

_ Z )J( (k))p (2 (j))]]%n(z(k))
_ZJ () ]1 )IRn( (‘))

(5.109)
Now, we can see that the combination I3, %, transforms properly as a CHY in-
tegrand under a Mobius transformation. Therefore, we can assume that the quantity
A3 yields the n-point tree amplitudes of a third theory, whose CHY representation
can be constructed out of those of the other two theories. This means that, whene-
ver we have two sets of amplitudes belonging to theories with gauge groups, we can
construct amplitudes of new theories by calculating the linear combination of the
amplitudes of the two known theories weighted by the momentum kernel. This cons-
truction immediately yields the CHY integrand of the new theory as the product of
the half-integrands of the original theories that are separated from the Parke-Taylor
factors. In particular, recall that the integrand for a primitive Yang-Mills theory
amplitude can be written as

I:M(vaap? 6) = Cn<w7Z)E”(Zap7 6) (5110)

where the polarization function is defined as the reduced Pfaffian in Eq..
The KLT combination of Yang-Mills primitive amplitudes is nothing but the tree-
level graviton scattering amplitudes. Thus, we conclude that the CHY integrand for
gravity is given by

I7%(z,p,€) = E(2,p,€) (5.111)
in agreement with Eq.(4.38) in Chapter 4.



CHY representation for fermions

In this chapter, we will introduce two of the possible schemes that allow us to
define a CHY representation for amplitudes with fermions.

The first scheme exploits the fact that QCD primitive amplitudes have an exter-
nal cyclic ordering, and as we have seen, multiple linear relations between primitive
amplitudes allow us to obtain a minimal set of independent primitive amplitudes,
which we have called the basis. We saw that the number of basis amplitudes de-
pended on the specific particle content of the amplitudes under consideration, and
that the maximum number of these independent amplitudes for n external partons
was (n — 3)!. In particular, the CHY integrand for QCD primitive amplitudes we
construct will be a direct generalization of the Yang-Mills integrand,

AQCP (. pe) = ZZ Jo(zONC(w, 29VE, (2, p, €) (6.1)
()

in the sense that the function C, will carry all the information on the exter-
nal orderings and En(z, p,€) will only depend on the external polarizations, which
we denote generically by e (of course, this also includes spinor wavefunctions for
the quarks). These functions will be referred to as the generalized Parke-Taylor
factor and generalized polarization function, respectively. Rewriting the CHY repre-
sentation as a matrix equation between the basis amplitudes and the generalized
polarization function evaluated at different inequivalent solutions to the scattering
equations, we will see that it is always possible to invert the equation and write the
integrand En(z, p, €) in terms of the basis amplitudes, assuming that the matrix F,
defined by Eq. has full row rank. We will verify this conjecture for the case of
the six quark amplitude analytically. One obvious drawback of this approach is that
the CHY integrand will be given in terms of the amplitudes themselves; therefore,
what we accomplish with this is to obtain a proof that the CHY representation
always exists for QCD primitive amplitudes in arbitrary dimension.

The second way to obtain the CHY representation for QCD amplitudes will be
based on the construction of a connected formalism prescription for amplitudes with
massless quarks. Using the relation between N/ = 4 SYM and QCD amplitudes with
up to four massless quark-antiquark pairs obtained in [28] (which were later shown
to also hold for arbitrary, massless QCD primitive amplitudes in [80]), one uses the
connected formulas for the superamplitudes of N =4 SYM to write down the equi-

106
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valent formulas for the case of QCD. As we have discussed, the scattering equations
in four spacetime dimensions, when written in terms of spinors, are exactly the same
constraints of the connected prescription formulas. Therefore, we can interpret these
connected formulas as the CHY representation of QCD amplitudes with fermions.
However, in this case, we only obtain results which are valid in D = 4, and that
only hold for massless fermions.

It should be noted that CHY integrands for amplitudes with fermions can also
be obtained from string theory, as shown in [59]. We will not work out this in detail,
but we offer a brief outline of the idea. The n-gluon open string amplitude in the
Ramond-Neveu-Schwarz (RNS) formalism for the superstring can be written as an
integral over the expectation value a product of n vertex operators on the disk as

n—2
Astring = L O ()oY () U O 2) / [] 02U (). U0 )) (62)
=2

¥ gs

Here, o is the inverse string tension and g, is the open string coupling. The
subscript on the vertex operators U denote the ghost picture in which they are
defined, and the integral is to be performed over the ordered region z, o > 2, 3 >

. > 2o, once the values of 21,2z, 1,2z, are fixed to arbitrary values, which is the
analogue of the SL(2,C) gauge fixing of the scattering equations. Evaluating the
expectation value by performing the corresponding Grassmann integrations, the
integrand of Eq. becomes an expansion in o, whose leading order is the Pfaffian
of the CHY formalism for Yang-Mills theory. The subleading terms then become
proportional to the scattering equations, and thus, introducing by hand the product
of delta functions in the CHY measure Eq. (4.3)), one obtains a new dual model whose
low energy limit (which corresponds to o/ — 0) precisely coincides with the CHY
formulas for tree amplitudes. Performing this procedure for the vertex operators
associated to superstring amplitudes with fermions, it is possible to obtain the CHY
representation by this prescription after calculating the correlation functions of the
appropriate vertex operators and taking the leading term in the limit o/ — 0. We
refer the interested reader to the original paper for details.

6.1. Construction of the CHY integrand for QCD

In this section, we will review the construction of the CHY integrand for QCD
primitive amplitudes developed in [26].

Since we will work with massive quarks, we will need the generalization of the
scattering equations to massive particles, given in Eq. . Also, since the form
of the CHY representation as a sum over the inequivalent solutions will prove to be
more useful for our purposes, we will need to generalize the Jacobian, Eq., to
account for the modification of the scattering equations. The only modification need
is in the matrix (®,,), which will be given by

2pa‘pb;‘2Aab if a 75 b

P = Zab .
( n)ab - ZC;1<®n)ac lf a = b (6 3)
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in terms of which, as before, the Jacobian is

1 " 2052k ki ZpgZaqr?
Jn(z, S ———— itjtk+qtptr ZWZJk=kiTpgqr=rp 6.4
0 = g = (D) ey 6.4

Now, consider an n-point QCD primitive amplitude A“P = A,, such that n =
ng + 2ng, with n, the number of gluons and n, the number of quark-antiquark
pairs. We would like to show that A, can be written as a sum over the inequivalent
solutions to the scattering equations as

An(w,p,e) =iy Ju(zV)Co(w, 29) B, (29, p €) (6.5)

where the function C’n(w,z(j)) carries all the information on the cyclic orde-
ring and the function E’n(z, p, €) contains all the dependence on the polarizations of
the external particles. In order to respect the SL(2,C) invariance of the scattering
equations, we demand that, under a Mobius transformation

ZAC:ZZZ:LLZ, ad —bc =1 (6.6)

the half-integrands C,, (w, 29 and E,(z,p, ) transform as

Co(w,¢) = (H(czi + d)2> Co(w, 2)

i=1

En(¢opye) = (H(czz- + d)2> En(z,p,¢)

Note that, however, there is no unique way to construct such two integrands,
because a rescaling C' — tC', E — %E leaves the product C'E invariant. More ge-

(6.7)

nerally, we can multiply C by any function of cross-ratios of the punctures, which
is SL(2,C) invariant, and divide E by this same function. Such a modification not
only leaves the product CFE invariant, but also leaves the transformation proper-
ties of the half-integrands unaltered. Therefore, this implies that there is a freedom
in the definition of either the generalized Parke-Taylor factor C or the generalized
polarization function E. To fix this freedom, we will constrain the structure of the
generalized Parke-Taylor factors: for n, < 1, we will assume that C,(w) = C,(w)
for all n, that is, for the pure Yang-Mills case and the QCD amplitudes with one
quark line, we define the generalized Parke-Taylor factor as the standard Parke-
Taylor factors given in Eq.. For amplitudes with n, > 2, we also demand that
C(w) = Cy(w), but only for the subset of words with the standard orientations
of fermion lines, which were described in Chapter 5. Since these subset of words
exactly define the amplitude basis for n, > 2, we will impose cyclic invariance, the
KK and fundamental BCJ relations, as well as the the fermion orientation relations
to express all the other generalized Parke-Taylor factors as linear combinations of
standard Parke-Taylor factors. In a nutshell, this means that we will take the ge-
neralized Parke-Taylor factors to satisfy the different linear relations that primitive
amplitudes must satisfy. Since the dependence on the external orderings will be en-
coded completely in the generalized Parke-Taylor factors, this will guarantee that
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the primitive amplitudes satisfy them by construction. Let us describe how to do this.

For w € W3, we have simply defined

N

Cr(w, z) = Cp(w, 2) (6.8)

since, for n, > 2, the words in W3 are exactly those where the fermion lines are
all in the standard orientations. Now, for w € Wy /W3, we first define

Cp(w) =0 (6.9)

for words with crossed fermion lines; this guarantees that the amplitudes with
crossed fermion lines vanish. For words with no crossed fermion lines but with that
are in the wrong orientation, we expand the generalized Parke-Taylor factors as

Cn (W1 W W41 Uk U1 )

= (—]_)’H—l Z Z C’n(wk_lq,-lil ...liaqufgﬂq’jljb“...lsqiuk_l)
a=0 b=0
with the conventions used in Eq. . This means that, after applying Eq.
(6.10) recursively enough times, we will be able to expand the generalized Parke-
Taylor factors with the wrong orientation of the fermion lines in terms of standard
Parke-Taylor factors with the standard orientation of the fermion lines.

(6.10)

For w € W; /W, the word w has the general form

w = llwllnwg (611)

for two subwords w; and wy. Letting |ws| denote the length of ws, we demand
that they can be expanded according to the KK relations,
Coo(lywy Lyws, 2) = (=12l C (1) (wy W wh)i,, 2) (6.12)
which gives the generalized Parke-Taylor factors with external ordering w €
W1 /W5 in terms of generalized Parke-Taylor factors with legs 1 and [ fixed. Finally,
for words w € Wy /Wi, which are the words that do not have the letter [; fixed at

position one, such as w = wjljw; for some subwords w,w), we demand cyclic
invariance

A / / A root

Cy(wilywy, 2) = C,(lwywy, 2) (6.13)

hence, ultimately, we define the generalized Parke-Taylor factor as a linear com-
bination of standard Parke-Taylor factors whose orderings belong to the amplitude
basis.

In order to define the generalized polarization function En, we rewrite Eq.
as a matrix equation relating an N, = (n — 3)! dimensional vector of basis primitive
amplitudes, indexed by the word w that specifies its external ordering,

Ay, = Ap(w)

and a Ny = (n—3)! vector of generalized polarization functions, where each entry
is evaluated at the j-th solution to the scattering equations,
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Ej = E,(z9,p,e) (6.14)

Then, the CHY formula Eq. (6.5) for the primitive amplitude A, (w) can be
written as

where a sum over j is understood and M is the Ny x Ng matrix, with entries

My = Ju (29, p)Cop(w, 29) (6.16)

This definition can also we done, of course, for w ¢ B,. However, we will see
that it is sufficient to consider only the primitive amplitudes in the basis B in order
to define E,. The benefit of using this notation is that we can understand the CHY
representation for QCD primitive amplitudes (or, in fact, for any theory with color-
ordered amplitudes) as that of finding a basis in which we can expand the primitive
amplitudes, such that the information on the external orderings is separated from
the information on the spin, and which localizes to the solutions to the scattering
equations. Then, given the definition of the generalized Parke-Taylor amplitude, a
CHY representation for QCD primitive amplitudes will exist if Eq. can be
inverted to obtain the generalized polarization function E. However, recall that

[ (n—3)! if n, <1 617
" (-3 if g, > 2 (6.17)

hence, the matrix M is an square matrix for n, = 0,1,2 , but is in general a
rectangular matrix with less rows than columns for n, > 2. Let us treat these cases
separately.

To simplify the discussion, we will work with the alphabet A,, given in Eq. (5.82]),
which we remind is given by

Ao =1{1,2,...,n} (6.18)

that is, we omit the information on the flavour of the particles. With this termi-
nology, the set W is simply given by

WQ = {w € Wo’ll = 1,ln = n} (619)

Moreover, since the size of the basis B for n, = 0,1,2 is (n — 3)!, we define the
set

Bnq§2 = {w € WO’Z]_ = 1,ln_1 =n — 1,ln = n} (620)

which provides a basis for amplitudes with n, < 2. Furthermore, since in all these
cases the words w € B, <2 have the standard orientation of the fermion lines, the
matrix in Eq.(6.16) simplifies, because all of the generalized Parke-Taylor factors
in it become standard Parke-Taylor factors, and we introduce the notation for this
simplified matrix

Hor n, = 2, the factor % is equal to 1
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M,,; = Jn(z(j),p)Cn(w, z(j)) (6.21)

which is a square matrix. Furthermore, for these values of n,, we can define the
matrix Ny x N, matrix (which is also square),

Niw=Y_ Sa[w]p]Cy(v,29) (6.22)

UeBnQSQ

where S, [w|v] is the massive momentum kernel, given in Eq.(5.96)). Now, since
both the momentum kernel and the Jacobian are modified in the same way by the
inclusion of massive particles, we can see that KLT orthogonality holds when we
replace S, by S, and the Jacobian by its massive form. Therefore, we can conclude
that Nj,, defines an inverse to M,;,

NiwMyj= Y Ju(z9)C(w, 29) S, [w]p]Cy (v, 27)
’LU,’UGBnQSQ (623)

Moreover, note that the j-th row of Nj,, depends only on the j-th inequivalent
solution 2\ to the scattering equations, and is independent of the other solutions
2% for k # j. Hence, given a primitive amplitude A,(w) = A, with w € B, <2
which can be expanded in terms of the generalized polarization functions

Ay = iMy, E; (6.24)
multiplying by N;, from the left, we find

E; = —iNj, A, (6.25)

or, rewriting £; and A,, in terms of its arguments,

E (29, pe)=—i Y Su[w|t]Cu(v, 29) A, (w, p, €) (6.26)

weBnQSQ

hence, we have shown that, for at least two quark-antiquark pairs, which may
either be massive or massless and for an arbitrary number of gluons, there must
exist a CHY representation in the form of Eq.. Note that, as we anticipated,
this does not provide a closed expression which allow us to compute the amplitudes,
since we are expanding the generalized polarization function in term of the basis am-
plitudes. Nonetheless, the expansion in Eq. will allow us to derive the leading
soft limit of the generalized polarization function by using the known soft limit of
the primitive amplitudes, which is the main result of this thesis and will be worked
out in detail in Chapter 7.

What happens when n, > 27 In this case, the number of basis amplitudes is
smaller than the number of inequivalent solutions to the scattering equations, N, <
N,. Hence, the matrix M is not a square matrix. However, since we have restricted
w € B, the generalized Parke-Taylor factors also become standard Parke-Taylor
factors as in the n, < 2 case,

~

Myj = Jn(29, p)Cr(w, 27 (6.27)
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In this case, to solve Eq. for the generalized polarization function in terms
of the primitive basis amplitudes, we must find a right inverse to M. Before we
proceed, let us introduce some basic notions of pseudo-inverse matrices, which ge-
neralize the notion matrix inversion to non-square matrices. We follow partially the
treatment in [82], where pseudo-inverses have also been studied in the context of
loop BCFW relations. For an extensive treatise of the theory of generalized inverses,
we refer the reader to [83].

Let A be an m x n matrix, and let x and b denote two n dimensional vectors.
Then, consider the problem of solving the following linear system

Az =b (6.28)

where we want to solve for z. If A were a square, non-singular matrix, the solution
would be easily obtained in terms of the inverse A~! as © = A~'b. For a non-square
matrix, there is no simple notion of matrix inversion (which means that the system
is either under- or over-determined). In this case, we define the generalized inverse
G as the n x m matrix that satisfies

AGAT = A (6.29)

which allows to obtain a solution to the system Az = b. However, in order to
provide a solution to the system, G must also satisfy the condition

AGb =b (6.30)

and the general solution to the linear system is given in terms of an arbitrary
vector y as

r=Gb+ (I +GA)y (6.31)

where I is the n x n identity matrix.

With this conditions, it can be seen that, given a non-square matrix A, a right-
inverse is defined by
ARt = AT(AAT) ! (6.32)
which exists only if the square matrix AA” is invertible. Moreover, the genera-
lized inverse G can be seen to be non-unique for, if we define
G =G+ (I —-GAY +W(I - AG) (6.33)
for arbitrary matrices Y and W of size n x n and m x m, respectively, and where
I denotes the corresponding identity matrices, then
AGA=AGA=A (6.34)

which allows one to obtain a family of generalized inverses. Hence, when trying
to obtain a right inverse for M,;, we will make the simplest choice, given by the
right inverse defined in Eq.(6.32]). This will only be possible if

rank M,,; = N, (6.35)
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that is, if the matrix ij has full row rank. Having full row rank means that the
N, vectors formed from the rows of M are linearly independent. It should be noted
that the right inverse is not unique EL and we will be interested in finding a right
inverse with the property that the entries on its j-th row is independent on the k-th
inequivalent solution to the scattering equations for & # j. In order to do this, we
expand the Parke-Taylor factors in Eq. in terms of the Parke-Taylor factors
with w' € B, <2 using the general BCJ relations,

Cr(w, 29) = FuwCp(w', 29) (6.36)

where the elements of F,,  have been defined in Eq.(5.85). What is important
to us is that the coefficients F),, are purely kinematic, and do not depend on the
solutions to the scattering equations. We then have

My; = Fpw My (6.37)
From our previous discussion, we know that the matrix M,,; is square and in-

vertible. Hence, the condition on the rank of M becomes a condition on the rank of
F

)

rankF, = Ny (6.38)

which is a purely kinematic statement, since F' does not depend on the solutions
to the scattering equations. There is no proof of this statement to the best of my
knowledge, and the equivalence to a weaker statement is provided in Appendix C of
[26]. In this thesis, we will explicitly calculate the elements of F,, for the non-trivial
case of six massless quarks, and we will show that, in this case, the square matrix
FFT has a non-vanishing determinant, which is equivalent to F,,, having full rank.

Now, assuming that F' does have full rank, we take the right inverse to be

G=F'(FF")™! (6.39)
and then the right inverse of M can be written as

A

Njw = Njw’Gw’w (640)

and then, multiplying Eq. (6.15) from the left and writting out the explicit
elements of N;,s, we obtain the generalized polarization function

Eu(zpe)=—i > Y Safult]GuuC(D,2)An(w, p,e) (6.41)

U,UeBnqSQ wEBy

Note that we could have constructed a right inverse to M directly, as

MT(MMT) (6.42)

however, such an inverse could possibly mix Parke-Taylor factors evaluated at

different, inequivalent solutions to the scattering equations in a given row j. The

specific construction of the right inverse N;, has the property that its j-th row is
depends only on the j-th solution z9) to the scattering equations.

2In contrast to the case of square matrices, were the inverse A~! to a given matrix A is always
unique
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6.1.1. F matrix for six massless quarks

Now, we consider the explicit calculation of the matrix elements F,, for the
case of the six quark amplitude. If we denote the quarks and their corresponding
antiquarks according to

q1 = 17 q2 = 27 q3 = 3 Q3 = 47 62 = 57 61 = 6. (643)

We can construct the basis

B = {123456, 125346, 132546, 134256} . (6.44)
We also define the set

Bi,<2 = {123456, 124356, 132456, 134256, 142356, 143256 } (6.45)

which would correspond to the basis for the six gluon amplitude. The matrix Fg,,
whose elements are F,,, will be of 4 x 6 size and it can be regarded as the linear
operator relating the multiquark amplitude with the purely gluonic one. In order to
determine the non-trivial elements (that is, those different from one or zero), one
fixes the word w and using the linear expansion appearing in the BCJ relations, Eq.
, one can find the words w’ for which the element F,, is non-trivial. Since
the letters 1,5,6 are fixed in the elements of B, <; and the letters 1,6 are fixed in
the elements of B, it is sufficient to consider the words in B which are not in B, <o.
The amplitudes with those external orderings are the only ones that will have a
non-trivial linear expansion in terms of the amplitudes whose external orderings
are in B, <;. As an example of the calculation of the elements, we consider the
word w = 125346. To determine the words w’ € By, <2 that contribute to the linear
expansion of w, we consider two subwords of w,

wy, = 2, Wy = 34 (646)

these are chosen in such a way that w = 1w bwq6 ¢ Bj,<2. Then, we calculate

s(wy) = 34 + 43 (6.47)

Finally, we need to calculate the shuffle product

wy LW s(wy) = 234 + 243 + 324 + 342 + 324 4 432 (6.48)

If we let o denote an arbitrary term appearing on the sum in [6.48, we construct
the word w’ = 1056, and we can calculate the element F,,, for the fixed w and
each of those w'. In this particular case, we need to calculate six matrix elements.
For example, we can calculate the matrix element for w = 125346 and w’ = 123456.
Using the definition of F,,, in Eq. , we can see that, in this case,

F(165|3) F(1o54)

56,602,053 §6753

Fw = (6.49)

where 0 = 234. Then, we form the string p = 12345, and we need to calculate
the factors F(p|3) and F(p|4), defined in Eq. (5.87)). For a general factor F(pl|ly),
we recall that one needs to determine the position of ¢ in the string p = lo(n — 1),
ts,, and compare it with the positions of £, and ¢;_1; furthermore, if we let ¢; be
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the last letter appearing in wq, which in our case is the letter 2, the position of said
letter is always fixed to f;, = n, the number of particles in the scattering process.
Finally, for £ = n — 4, we always have the condition t,, , =t _,.

For the factor F(p|3) in our example, since fo = 3 and ¢35 = 4, t4, < ty,. Furt-
hermore, since £; = 2, from the general condition ¢,, = n, we find ¢ = 6 so that
F(p|3) = 2(p1 + p2) - p3. From the general condition ¢,, , = t,,_,, we find that
te, > ty, therefore F(p|4) = —2py4 - ps. This implies

4 . .
Foy = — (p1 + p2) - p3(pa P5)‘ (6.50)

56,3,456,4

The calculation of the rest of matrix elements proceeds similarly. That is, once
w is fixed, one constructs the sum in and calculates the element F,,, for each
of those two words. In the case w = w’, F,,,v = 1 and the rest of elements are zero.
With this in mind, we can arrange the matrix [Fg,, and find the square matrix

1 0 0 D
Fo §T 0 1 A E
6™ 64 0 A A?2+B?4(C? AE + BF + CG
D E AE+BF+CG D>+ E?+ F?+G?+ H?>+I?

The non-zero elements are rational functions of various kinematic invariants and
masses, and are given by

2[(p1 +p3) -pa+ m%]

2[ps - (p1 +p2+p3) + m?g] O — 2p1 - pa

A=— ~ , B= — , —
S6,4 S4.6 54,6
E— 4 ((p2 +ps) " pa) (pl'p:s), F— _4(p1 - p3)(ps - ps)
56,3,456,4 56,3,456,4
G- _ 2p1 - pa(2ps - (p2 + ps5) + S643)
56,4,356,4
7— _2[(p1 + p2) - p4][2p3 - 5 + 56,4,3], [ _T2p (2p3 - p5 + S6,4,3)
56,4,356,4 56,4,356,4

(6.51)

and D is given by the expression on ((6.50]). For general kinematics, this matrix

has a non-vanishing determinant. Thus, by explicitly computing the matrix elements

and the determinant, we have confirmed the claim [26] that the CHY representation
exists for the six quark primitive amplitude in QCD [84].

6.2. Connected formalism prescription for QCD
amplitudes

A different route to obtaining CHY /Connected formulas for QCD color-ordered
amplitudes with massless quarks, which is the subject we review in this chapter,
was provided in [27]. The idea is to exploit the fact that, as first detailed in [2§]
for amplitudes with up to four quark lines and then shown to hold for an arbitrary
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number of quark lines in [85], all color-ordered amplitudes in QCD can be written
as linear combinations of gluon-gluino amplitudes in N' = 4 SYM. Therefore, one
can use the connected formula , Eq., which contains all the information on the
superamplitudes of N = 4 SYM; in particular, by suitable Grassmann differentia-
tion (or integration), one can extract the component amplitudes corresponding to
gluon-gluino amplitudes. We will see, through a couple of examples, that combining
the different connected formulas for gluon-gluino amplitudes gives simple forms for
the gluon-quark QCD amplitudes. As a first step, we will see how to combine the
N = 4 component amplitudes to obtain QCD amplitudes. Since connected formulas
are explicitly four-dimensional, we can also make use of helicity amplitudes. Howe-
ver, besides the fact that this approach cannot be applied for massive fermions, it is
not valid in arbitrary dimension, which is one of the main advantages of the CHY
formalism.

The fundamental difference between QCD and N = 4 SYM amplitudes lies in
the fact that, while quarks transform in the fundamental representation of the gauge
group and there can be an arbitrary number of quark flavours, gluinos transform
in the adjoint representation and come only in four flavours which arise from the
SU(4) R-symmetry of the theory. Moreover, the spectrum of N = 4 contains six
SU(4) antisymmetric scalars S4p, which give rise to flavour changing interactions
for the gluinos via the interaction term SABv*)". The first problem is solved by
color-decomposition, because once one separates the color information to obtain the
color-ordered amplitude, the information on the gauge group (and hence, the re-
presentation under which the external states transform) is irrelevant, and then it
is possible to obtain the full quark-gluon amplitude by using gluon-gluino partial
amplitudes.

However, the non-trivial problem one has to solve in order to express QCD
amplitudes in terms of N'= 4 SYM amplitudes is to avoid the exchange of internal
scalars, which of course are not present in QCD. Also, it is not obvious that the
flavours of all the quark lines can be taken to be different from each other. In order
to this, one first notes that, similarly to the pure gluon sector, N' =1 SYM is a
closed subsector of N' = 4 SYM. By closed sector we mean that, if out of the four
gluino flavours, we single out one of them (say, ¥!), then amplitudes whose external
states are only formed by gluons ¢ and gluinos ! are the same in N’ =4 SYM and
in NV =1 SYM, where the spectrum is simply a gluon and a gluino. This happens
because the scalars in N' = 4 SYM only couple different flavoured scalars; hence,
the only internal particles that can be exchanged to produce '9)! pairs are gluons,
and these are exactly the same interactions that appear in NV = 1 SYM. This is
similar to the argument of why pure gluon tree amplitudes are the same in all gauge
theories: since both the scalars and fermions couple only to the gluon by pairs, there
can be no internally propagating scalar or fermion which produces a pair of gluons;
if an internal fermion generates a gluon, it must be accompanied by a corresponding
antifermion and similarly in the case of scalars. The consequence of this is that QCD
color-ordered amplitudes with an arbitrary number of massless quark lines with the
same flavour are identical to the corresponding amplitude, where the gluino !
replaces the quark, in NV = 4 SYM. If we want to calculate amplitudes with a higher
number of flavours, we start to face the problem of the scalar exchange that couple
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Fig. 6.1: Color-ordered QCD amplitude with four quark-lines (left hand side) as a
linear combination of N' =4 SYM gluon-gluino amplitudes. The number indicates
the flavour and + the helicity.

different flavoured gluinos. In order to avoid the exchange of scalars, one needs to
take in account the following facts about the interaction vertices of N' =4 SYM:

1. The scalars Syp cannot couple equal-flavoured gluinos due to their antisym-
metry in the SU(4) indices A, B,

2. fermion helicity is conserved in gauge theories. Therefore, a Yukawa interaction
coupling the scalar Syp with two gluinos ¥4 and ¢ =F, as well as gluon-
gluino-gluino vertex where both gluinos carry the same helicity vanish (in the
convention where all particles are outgoing),

3. a gluon-gluino-gluino vertex with different flavour gluinos vanish because gluons
do not change flavour

In particular, the fact that gluons cannot change gluino flavours mean that one
can focus on amplitudes with only external gluinos. In order to avoid this exchange,
we first look at the position of the gluinos in the color ordering. If two adjacent
gluinos have the same helicity, then we choose them to have the same flavour; that
is, configurations of the form (..., A*, B* ..) for A # B are forbidden, where we
note each gluino simply by its flavour. Moreover, it is necessary to also forbid con-
figurations of the form (..., A%, C* CF B*, ..) because the line (C*,CT) can be
produced from an internal gluon and connect the line (A*, B*). Similarly, if the
two adjacent gluinos have opposite helicity, they are either chosen to have the same
flavour, or they are given a different flavour which matches the quark fermion flow.
This can be illustrated with graphs similar to the ones we used in Chapter 5 to
describe multiquark primitive amplitudes. As an example, consider the graphs given
in Fig.(6.1]). Algebraically, this relation means
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AQC (Q1 7Q1 7q2 7QQ aQB 7Q3 7Q4 >Q4 ) Aé\/:4(1_7 1+’ 1_7 1+> 1+7 1_’ 1+7 1_)
— AYFY T 1t 17,27 21 27 2 97) — AN (2, 2% 27, 20 2t 17 1 20)
+ A=Y, 1t1m,20 2t 171, 20)
(6.52)
In order to write down similar formulas for more than four quark flavours, one
must use flavour recursions, as derived in [80], which allow to write multiflavour

color-ordered (and also, primitive) amplitudes in terms of amplitudes with only one
flavour, which can be directly extracted from the N' = 1 subsector of NV =4 SYM.

Now, to write connected formulas for the color-ordered QCD amplitudes from
the connected formulation of N = 4 SYM, we fill find convenient to rewrite the RSV
formula, Eq., using the rational form of the 4D scattering equations, given in
Eq. . In order to do this, we first introduce the short hand notation

Oq — Op
tatb

then, as shown in [68], the superamplitude in the sector with k negative helicity
particles and be written as

(ab) =

(6.53)

=4 _ Ha 1d0a 2 Ai 2 A
apt = [ M 1o (v -2 g ) e (- X )

1€+

_ oja [, _ i 1
]] (’7’ ;(Ii)>(12)(23)...(n1)

Ie—

(6.54)

where + and — denote two sets into which we split the particles, such that there
are k particles in — and the remaining n — k particles in 4+, and we denote the
elements of —,+ with I and 7, respectively.

As discussed in Chapter 2, component amplitudes can be obtained from the su-
peramplitude by calculating derivatives of the Grassmann variables 7, according to
the superfield prescription of Eq.. Grassmann differentiation can of course be
also performed as Grassmann integration, and it is in this way which it proves more
easy to perform the calculations.

For example, assume we want the component amplitude with (n — 2) gluons and
one pair of gluinos {QZI,A,%A}, with / € — and ¢ € +. This means that we take
negative helicity gluinos to be in the set — and positive helicity gluinos to be in the
set 4. Ignoring the contribution from the gluons, we need to perform the Grassmann
integrals overE| (d®nr) adn?*. This leaves only one delta function,

04 i o
5! <m — (]z)) = mé | (nr —m;) (6.55)

3Recall that the positive helicity gluinos are associated to a single Grassmann variable 14,
while the negative helicity gluinos are associated to the product of three Grassmann variables in
the definition of the superfield.
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using the properties of the fermionic delta functions. Hence, the overall effect
of the integration over the Grassmann variables of a gluino-antigluino pair is to
introduce a Jacobian factor J = ) This generalizes to m gluino pairs, which we

)10 (- X )

(6.56)

can label by (I1,41)...(Im, im), and yields the formula

n 2o
gh Ha 1 det — 2 .
Ak = vol GL(2, (C) (12 (nl) H 0 (AI Z

where = is the m x m matrix with entries, for r,s = 1,2, ...m,

5AI7-A2'5
Zs = ——— 6.57
TS (],’,,ZS) ( )
where A; , A;, refer to the flavour of the gluinos. Naturally, to avoid an ambiguity
with respect to the overall sign of the determinant, one must choose in which order
to label the rows and columns of =; these are arranged such that row r corresponds
to I, and column s to ;.

From our discussion of the relation between N' = 4 SYM and QCD color-ordered
amplitudes, we know that the component amplitudes with only one flavour are
exactly equal to the amplitudes in single-flavour QCD. Hence, from Eq.(6.56)), we
obtain the connected formula for single-flavour, massless QCD by setting §4i4i = 1
in all the entries of =.

Now, consider the case where there are two quark lines with distinct flavours,
which we denote by {ai, as} and {b, by }. These two lines can be ordered in two pos-
sible ways: (ay,by,bs,a3) and (ay,as,by, by ). As before, the position of the gluons
can be ignored.

In the first case, note that the vertices connect the different flavour gluinos aj , by
and a3, by . Therefore, in order to avoid the propagation of an internal scalar S45,
we identify the QCD color-ordered amplitude with the N' = 4 SYM amplitude
with A = B, which guarantees that the diagrams with scalar exchange vanish. This
corresponds to taking the entries of = for two gluinos of equal flavour, which results
in the Jacobian

(6.58)

In the second case, the vertices already connect the equal flavour gluinos. In this
case, to avoid contributions with the form of amplitudes with equal flavours (which
would arise from gluon exchange), one takes two different flavours, A # B, which
cancel the off-diagonal elements of = and the Jacobian simplifies

1 1
(a1a2) b1b2)

In general, the connected formula obtained from this procedure for an arbitrary
number of quark-antiquark pairs has the form

J(ay,a5,b7,by) = (6.59)
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:qq I[_, d° {Uq q} 2 2 AL
A9 — 2 A — )
n vol GL(2, (C) (12 (n1) H ! Z 161 Z (il)
(6.60)
where the Jacobian J is obtained from the matrix =, by setting to zero different
elements of the one-flavour matrix with entries =, = 1/(1,i5), depending on the
ordering of the external quarks. This construction is given explicitly for up to four

quark-antiquark pairs in [27].

Let us do some final remarks on this two alternative approaches. On one hand,
the method based on inverting the CHY representation to obtain the polarization
function in terms of the primitive amplitudes has the advantage of satisfying, by
construction, the various linear relations between primitive amplitudes with dif-
ferent external orderings in arbitrary spacetime dimension. Also, it allows one to
obtain mathematical properties of the integrand by using the known properties of
the amplitudes (for example, the subject of Chapter 7 will be to show that the ge-
neralized polarization function for n, < 2 factorizes on soft limits to leading order,
in a way similar to the primitive amplitudes). However, as we already mentioned, it
has the obvious problem of depending on the amplitudes, making it useless for the
calculation of the amplitudes themselves.

On the other hand, the connected formalism provides us with explicit formulas
for the integrands with fermions. However, although cyclic invariance and the KK
relations are manifest from the definition in terms of the Parke-Taylor like factor
1/(12)...(n1), the BCJ relations are not so obvious, and would require a case-by-case
check, because there is no explicit expression for the fermion Jacobian J with m
quark-antiquark pairs, even though it can be calculated in principle for any number
of quark-antiquark lines. Moreover, there is no clear way to generalize the result to
massive quarks, because the spectrum of N/ = 4 SYM is massless, and the intro-
duction of masses breaks the supersymmetry of the theory, which makes the whole
superfield and superamplitude construction fall apart. Moreover, the formula is only
valid in four dimensions, and its generalization to arbitrary dimension is complica-
ted due to the fact of choosing to express the fermion Jacobian in terms of spinors
and helicity amplitudes, which of course exist only in four dimensionsf_f]. It would be
interesting to see how these two approaches can be connected to each other, and
if the existence of the four dimensional connected formulas provide hints into the
proof that F, has full row rank.

4In D > 4 dimensions, the little group of a massless particle is SO(D — 2), which is of course
non-Abelian, and thus the simplicity of the SO(2) little group in four dimensions is lost.



Soft limits in the CHY formalism

In this final chapter, we study the factorization of amplitudes in the soft limit
using the CHY representation and present an original result, not given still in the
literature, concerning the soft behaviour of the generalized polarization function for
ng < 2.

We will show that using the prescription for the integrands of Yang-Mills theory,
Eq. and for the biadjoint scalar theory, Eq. and the decoupling of the
scattering equations discussed in Chapter 3, it is possible to derive the leading soft
factors when a gluon or a massless scalar is emitted with momenta p, — 0, respec-
tively.

Finally, we will use the universal soft limit for gluon emission derived in Chapter
2 and the expansion of the generalized polarization function in terms of primitive
amplitudes for n, < 2 given in Eq. to show that the polarization function
also exhibits a factorization property in the single soft limit, which will be the main
result of this thesis. We will check the self-consistency of our result by showing that
the soft factor of the generalized polarization function integrates over the puncture
associated to the soft momenta to yield the eikonal factor for the amplitudes. We
close this chapter with a discussion of the difficulties that arise when one tries to
perform a similar procedure in order to derive a factorization theorem for the gene-
ralized polarization function with an arbitrary number of quarks.

The fact that the CHY representation allow one to obtain explicit factorization
theorems in certain kinematic limits for arbitrary multiplicity and in any spacetime
dimension has been widely exploited in the literature, of which we quote a few results
(but by no means intend to by extensive). Subleading soft theorems for both Yang-
Mills and gravity [] were obtained in [86], by performing a similar analysis to ours;
later on, the result was extended to the sub-subleading order for gravity amplitudes
in [87]. Double soft theorems, which occur when two massless particles are emitted
with momenta p; = €Py, ps = €P, with € — 0 (that is, they are controlled by the
same scale) were derived in [88] for various effective theories such as Dirac-Born-
Infeld (DBI) and the Non-linear Sigma model (NLSM), as well as Yang-Mills scalar.
The double soft graviton theorem was derived afterwards in [89]. Also, collinear li-

!The subleading terms for soft theorems in QCD were worked out from the point of view of
on-shell recursion relations in [91].
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mits were considered in [90], where agreement was found with the leading collinear
factorization when 2 out of n external gluons become collinear, and it was shown
that, at the subleading order, the amplitude can be written as the convolution of
(n — 1)-point gluon amplitudes and a so-called universal collinear kernel.

As a reminder to the reader and in order to clear the notation of this chapter, we
denote by s;; = (p; + p;)?, which in the case of massless particles is equal to 2p; - p;.
However, this is no longer true for massive particles, and we will use the notation
i = 2p; - p; with the understanding that, in this relation, the momenta p; and p;
may be massive.

7.1. Soft limits in the CHY formalism

Let us establish the general notation we will need for the derivation of the soft
theorems.

Recall that the CHY representation can be written as the multidimensional con-
tour integral

0 ,(—1)i+j+k d"z Zij 2k ki

An(x) =1 (271_2-)”,3 é dw 1—[/ fa(Z,p)In<Z7X) (71>

where the contour C encloses the (n— 3)! inequivalent solutions to the scattering

equations. Now, suppose that one of the particles of the scattering process, say the

one with momentum p,,, is massless. Hence, it makes sense to consider the limit when

this momentum is very small, which as in Chapter 3, we parametrize as p, = €P,,
with € — 0. In this limit, the (massless) scattering equations

filzp) =) i—] =0 (7.2)
j#i Y

decouple, in the sense that, for ¢ # n, we can write

filzp) = 3 22— (7.3)

and, for 1 = n,

flzp) =€ =0 (7.4)
jn o

which, as we discussed, means that if we keep only the leading order terms

in €, in the soft limit the equations f;(z,p) = 0 for i # n become a system of
scattering equations for the (n — 1) particles were the soft particle is omitted, and
the equation f,(z,p) = 0 becomes an order (n—3) polynomial equation for z,, whose
coefficients depend on the remaining hard punctures and the momenta. This means
that, by performing a contour deformation, if we can separate the dependence of
the integrand Z,(z,x) on the puncture z, associated to the soft momenta, we can
integrate over this puncture individually as a simple contour integral in one complex
variable to obtain the leading contribution to the soft factor associated with the
emission of the particle with momenta p,. We will first see how this occurs in the
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biadjoint scalar ¢® theory, and afterwards we will consider the case of Yang-Mills
theory.

7.1.1. Leading soft limit in ¢°

The integrand for biadjoint scalar theory is given by the product of two standard
Parke-Taylor factors with possibly different external orderings,

I% (2, w1, ws) = Cp(wy, 2)C(ws, 2) (7.5)

In general,

11 1 171 1
wy = 0T

7.6
wp = B2 22, 2 (7.6)

Suppose that particle n is in arbitrary positions given by the letters ! in the
word w; and [} in the word ws. If we assume that the letters [}, and Il are
associated to particles ¢ and j respectively, with 1 < 7,7 < n, and similarly that
the letters [7_; and [7, are associated to the particles k and m, with 1 < k,m < n,
we can rewrite the n particle Parke-Taylor factors in the integrand Z¢ (z, wy, w,) in
terms of Parke-Taylor factors for (n — 1) particles, in analogous fashion to how we
did when deriving the KK relations,

I (z,wy, wa) = Z(i,n, ) Z(k,n, m)Cr_1 (W), 2)Cp_y (wh, 2) (7.7)

n

where

r_ g1 11 1
wy =l gyl 0,

P22 P2

and Z(a, b, ¢) is defined by Eq. . Note that the (n—1) particle Parke-Taylor
factors are independent of the puncture z,. Hence, in the soft limit p,, — 0, choosing
not to gauge fix any of the punctures i, j, k, m,n, the CHY integral for the n-point
scalar amplitude can be written as

(7.8)

M (wy|ws) = ?{ ngLI}}l,)Cn_l(w’l,z)Cn 1(wh, z (Qm $r.—o de"Z i n,j)Z(k,n,m)) (7.9)
C

where by ngL}Bl/) we denote the CHY measure associated to (n — 1) particles.
Now, omitting the explicit integration contour, let us introduce a special notation
for the one-dimensional contour integral,

1 d dz .
g =5 - (Zanaj)Z(kanam) (710)

ijkm 27i fn

We want to evaluate this integral for generic values of the indices ¢, j, k, m and
n. As a first step, let us rewrite the denominator 1/ f,, explicitly as

1 a nzna
= L. (7.11)

fn Za;én Sna Hb;éa,n Znb
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which can be easily obtained by multiplying an by the factor ([], 4n Zna)/ (11, n Zna)
and noting that the denominators appearing in each of the terms of the sum defining
fn, which are of the form s,;,/2,;, cancel exactly against the term z,, in the product
[Tazn #na) - Hence, we rewrite

1 a nzna
. = — ¢dz, 1.,

km 2m Za;én Sna Hb;éa,n “nb

The contour of integration has to enclose the (n — 3) solutions to the equation
fn = 0. Then, as a first step, we notice that there is no residue at infinity, because
there are (n — 1) power of z, in the numerator and (n — 2) +2 = n in the de-
nominator, which come from multiplying the denominators of Z(i,n,j)Z(k,n,m)
with the factor that remains from 1/f,,. Moreover, using the residue theorem, it is
possible to see that the only non-vanishing residues come from the denominators in
Z(i,n,j)Z(k,n,m). Hence, these factors determine completely the structure of the
integral.

Z(t,n,j)Z(k,n,m) (7.12)

Before performing the actual evaluation, let us consider some symmetry cons-
traints on the integral Ij7,, . First, by definition, it is obvious that, when ¢ = j or
k = m, we have

iem = ]injkk =0 (7.13)
because of the numerators in
Z(a,b,¢) = —% (7.14)
ZabZbe
Moreover, since Z(a,b,c) = —Z(c,b,a), the integral is antisymmetric under the

exchange of its first two indices keeping the third and fourth fixed

and is also antisymmetric under the exchange of the third and fourth indices,
keeping the first two fixed

n
jikm

From these two properties, we can see that under a simultaneous exchange of
both pairs of particle labels, the integral is symmetric

Moreover, all of the following combinations are vanishing

=1 =1 =0 (7.18)

1448 iy T

Hence, the only non-vanishing integrals are given by the combinations ijij for
i # j, and ijim for i # j # m . All other non-vanishing integrals are related to these
cases by symmetry or antisymmetry under exchange of the different indices.

Now, let us evaluate the integrals of the type ¢ji5 and ¢jim. First, let us write
out the integral explicitly
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2
Ha;én Zna Zij

1
) — j{ dz
ijij 271 n Za;«én Sna Hb;éa,n Znb lenZ72U
Notice that the product in the numerator contains one power each of z,; and
2nj. This cancels the squares in the denominator, leaving only two single poles.

Furthermore, when evaluating the residue at each pole (which are either z, = z; or
Z, = zj), a generic term in the sum

> sua [] 2 (7.20)

a#n b#a,n

will contain either a factor of z; or z;;, which are of course zero. The only non-
vanishing term when calculating the residue, say, at z;, is then

beti

therefore, using the residue theorem, the integral is obtained as the sum of the
two residues at z, = z; and z, = z;, that is

(7.19)

2
[n o 1 % dZ Ha;én Zna zij
ijij = o= n 55
2mi 2 atn Sna LLza nb ZinZn;
L, Ha;«én,i,j Zna 1
2mi Za;én Sna Hb;ﬁa,n Znb “nifng

R Ha;ﬁi,j Zia 1 Has«éi,j “ja (7.22)
= Zij _— 4+
Zij Smi [pzs v 2ji g [pzy 250
9 { 11 n 11 ]
= 2. _— _
K zfj Sni ZJZZ Snj
1 1
- 4+ =
Sni Snj
Hence, the integral is independent of the hard punctures, which is what we need
in order to obtain a soft theorem. A similar calculation yields

1
I, =— (7.23)

7tm S
nt
These results can be compactly written in terms of Kronecker delta functions as

" 1 1
Lijom = Ot = Oim) = —— (0t = Gjm) (7.24)

ni nj
which is a simple consequence of the two integrals we calculated explicitly and the
different symmetries under the exchange of indices we have discussed. This means
that, in the soft limit when the momenta of a scalar p,, — 0, the biadjoint amplitude

factorizes as

M (w1 |wz) & I -1 (W w)) (7.25)
which depends on the position of the scalar n in the external orderings w; and
we. A comment is in order: at first glance, it seems like there is a mismatch in
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the dimensionality of the quantities appearing in Eq. . However, this occurs
because we have omitted throughout our calculations the coupling constant of the
theory, A. To see that reintroducing this coupling constant restores the dimensional
consistency of this equation, consider the case D = 4. In this scenario, the coupling
constant has mass dimension +1, and an n-point tree amplitude goes like \"~2.
Hence, when taking the soft limit, one must attach a factor of A\ to the soft factor
I in order to reconstruct the A*~? factor in the definition of the (n — 1)-point
amplitude m,,_;(w}|w}). Thus, the rescaled soft factor A x I has mass dimension
—1, which then makes Eq. consistent. It is worth noting that this soft factor
for biadjoint scalars with cubic interaction has also been found by using a so-called

transmutation operator applied to the gluon soft factor in [92].

This result not only provides a leading soft theorem for biadjoint ¢ theory, but as
we will also see, it will allow us to prove the self-consistency of the soft factorization
of QCD primitive amplitudes.

7.1.2. Leading soft limit for Yang-Mills theory

Now, we use the reduced Pfaffian, Eq. , as first worked out in [13], to obtain
the leading soft theorem for Yang-Mills theory. Note that we have already derived
the Weinberg soft factor (also known as eikonal factor) from a Feynman diagram
analysis in Chapter two. This provides an alternative derivation of the eikonal factor,
which was also one of the first hints at the fact that the Pfaffian provides a correct
prescription for the evaluation of gauge theory tree amplitudes from the CHY re-
presentation.

We recall that the n-point gluon primitive amplitude with external ordering w
can be written as the CHY integral

_1)i+j+k d"z 2ii %k ki
AYM(w,p,e :<—zj§— WIRTR O (w, 2)E, (2, p, € 7.26
( ) CT AT | AR (w, 2)En(z,p,€)  (7.26)

where F, is the reduced Pfaffian,

(_1)i+j /
E,.(z,p,€) = Z—Pf v, (7.27)
ij

of the matrix ¥,,, which we defined in Eq.([4.25). For simplicity, we will derive
the soft limit for the canonical ordering w = 12...(n — 1)n, and assume that gluon
n has a soft momenta p, — 0. Then, we choose to compute Pf’ ¥, = Pf (\I/n)g
eliminating columns and rows ¢, j such that 7, j # n. As we discussed in Chapter 4,
the Pfaffian satisfies an expansion in terms of Pfaffians of minors, similarly to the
determinant, as in Eq.. The leading term, in the soft limit, for the Pfaffian of

n gluons is given by
P (U,)7 ~ ConPE(W,_1) ") (7.28)
where C,,, is the diagonal element of the C' matrix in the definition of ¥,,, which

is given by
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% .
Cnn = _Z ‘n ' Da (729)

Z
a#n na

Hence, separating the Parke-Taylor factor in analogous fashion to the procedure
we performed to obtain the soft theorem for the scalars, we find that

271 _ z Zn—-1nZ
=0 fn a#n na n—1,n<~nl

= S(n—1,n,1)AYM(12...(n — 1))

1 dzy, 26, Do Zn—
AYM(12. (n — 1)n) ~ <_f[} e )Am(m...(n—m)

(7.30)

where

S( 1 1) 1 f dzn 2€n *Pa Zn-11
n—1n, = — -
27 fn=0 fn atn Zna  An—1,n%nl

Similarly to the case of the scalars, after writing the explicit expression for f,,
we can multiply and divide by [], 4n Zna tO Tewrite the integral as

(7.31)

S(1,n,n—1)

1 atn 2€n *Ma a.n Zn n—
f m:¢ Pellizon 200 _2no1a (7.32)
fn=0

2mi Za;ﬁn Sna Hb;ﬁa,n Znb Zn—l,nznl

Now, this integral has the same pole structure of Eq. . Thus, to evaluate
it, we simply compute the residues at z, = 2,1 and z,, = z;. By a similar argument
to the one we used when evaluating %, only one term of the sums in the numera-
tor and denominator contribute to each residue, and the product of the remaining

punctures cancels out, yielding

€& Pn—1 4 €n - D1
Pn - Pn—1 Pn - D1
where the minus in the first term comes from writing the denominator z,_1, =
—Znn—1 When calculating the residue at z,, = z,_;. This result agrees with the one

derived in Eq.({2.72)).

S(n—1,n,1) =

(7.33)

With this, we have shown that the CHY formalism provides a very versatile
scheme in which to derive factorization theorems of amplitudes in soft limits. In both
of the examples we have worked out, we have seen that one of the main features
which allow us to obtain the soft theorems is the fact that the integrand themselves
factorize in the soft limit into lower point integrands, and that the remaining factors
integrate over the soft puncture to yield a function which does not depend on the
punctures associated to the hard particles. Therefore, we may ask ourselves: is the
soft factorization a general property of CHY integrands? Although we are not able
to answer this question in its full generality, we will see that the integrand for
primitive QCD amplitudes with n, < 2 does have this property by using the leading
soft theorem for the primitive amplitudes to derive the soft factor associated to the
integrand E,. We will also verify that this is self-consistent by integrating the soft
factor over the soft puncture, which will yield the correct soft factor for the primitive
amplitude.
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7.2. Soft limit of the QCD integrand

In this final section, we will derive the soft factorization theorem for the inte-
grand E, in Eq.(6.26]), which describes QCD primitive amplitudes with an arbitrary
number of gluons and up to n, = 2 massive or massless quark lines. In these cases,
we can write the amplitude basis simply as

By={weWlli=1, lyi=n—1 1I,=n} (7.34)

where, for n, = 0, we identify ¢ = 1, g,—1 =n — 1 and g, = n; for n, = 1, we
set 1 =1, g,—2=n—1,¢ =nandforn, =2, weset ¢ =1, =n—1and g =n.

As a first step, we rearrange the sum in Eq.(6.26)) in a convenient fashion. To do
this, we let the elements w € B,, be labelled explicitly as w;, where i = 1,2, ..., (n —
3)!. Then, we can rewrite the sums over B, as

(n—3)!
En(z,p€) = =i Y Sulwilw]Co(w;, 2) An(wi, p, €)
ij=1
(n—3)!
= —1 Z eiAn(wi7pv E)
i=1
where we have chosen to abbreviate one of the sums to put the polarization fun-
ction as an expansion in terms of primitive amplitudes weighted by some coefficients,
which are given by

(7.35)

(n—3)!

e =Y Sufwi|w;]Cy(w;, 2) (7.36)

J=1

7.2.1. Projection of n particle basis into (n—1) particle basis

When we obtained the soft limits for scalar ¢* and Yang-Mills theories, we re-
marked that one of the properties that allowed us to obtain the soft theorems was
that the integrands factorized into integrand soft factors, times (n — 1) particle inte-
grands. In order for this to be possible for the QCD integrand, Eq., we would
like to find a way in which to express the sums over the (n — 3)!, independent n-
point basis amplitudes, as sums over the (n — 4)!, independent (n — 1)-point basis
amplitudes were the soft gluon has been stripped off. In order to do this, first note
that for a fixed word w; = 1l§i)l§i)...l£f)_2(n— 1)n € B, there is some k € {2,...,n—2}
such that l,(:) = n — 2, where we take the label (n — 2) to describe a gluon, which
will be the one we take the soft limit upon.

We need a procedure to convert the sums over the set B, into sums over the
smaller set B,,_1, whose elements are all the independent external orderings of (n—1)
particle amplitudes obtained from those of B,, by the removal of the soft gluon. To
this end, let us define a projection operator

T:B, — B,

wr s T(w) (7.37)
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whose action on w; is to remove the letter corresponding to the label (n — 2).
Explicitly

T(w;) = T(u“ D 19 (n—1)n)
(

=) l,f)ll,fll By —=1)n (7.38)
= 1§ 150 19— 1)n

= wi/

where 4" is a new index taking values on {1,2, ..., (n — 4)!}. Then, the notation
l,gl) indicates which letter occupies the position ¢ in the word wy,.

The function T' is not injective, because the gluon (n — 2) can be anywhere
between positions 2 and (n — 2) for an arbitrary external ordering. To illustrate this
point, consider the case n = 6 and let w; = 123456, wy = 124356 and w3 = 142356.
We assume the label n — 2 = 4 refers to a gluon. Then, we can see that

T(wy) = T(wy) = T(w3) = 12356 = w] (7.39)

Furthermore, we can see that for n = 6, there are no more elements in the set
Bg whose image under T is w}, and that these elements of By differ from each other
only by the position of letter 4. Since the set Bg has (6 — 3)! = 3! = 6 elements, it
is helpful for the general construction to see what happens with all the elements of
the set. We have already enumerated three of its elements; the other three are given
by wy = 132456, ws = 134256, wg = 143256. We can see that

T(wy) =T (ws) = T(wg) = 13256 = w, (7.40)

The words w] and wj can be seen to form a basis for five-particle amplitudes,
since the set Bs has (5 — 3!) = 2 independent elements with the first, fourth and
fifth letters with fixed values in each word of the set, which in this case are set to
the values 1, 5,6 that make reference to the labels of the particles of the six-particle
amplitudes. Furthermore, we can write the set Bg as

B6 = Sl U SQ (741)
where
Sl = {wl,w2, wg} SQ = {w4, w5,w6}, Sl N SQ = @ (742)
Moreover, we can see that
T(S1) = {w)}, T(S2) = {wy} (7.43)

This means that the projection operator 1" defines a partition of the set Bg. This
construction can be generalized in a straightforward fashion to the case of arbitrary
n. That is, we can construct a partition of the basis B,

(n—4)!
= {J s (7.44)
i'=1

such that
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T(Sy) = {wi} (7.45)

for every i = 1,2,...,(n — 4)!. Using these decomposition, we can write the
polarization function as

(n—4)!
Eo=—i Y > " Suwe|my)Cp(y, 2) An(wa, p, ) (7.46)

i, 7' =1 wa, €Sy ﬂ;bes‘j,

the indices take values a,b = 1,2,..., (n — 3) and, for w, € Sy, W, € S;, we have

we = U005 (n = Dn, = 10O yn(n — 1) (7.47)

where, as before, the letters (n — 1) and n have their ordered reversed in words
with a bar, and we assume that l,(f) = l}(,b) =n—2 for some k,p € {2,...,n—2}. This
simply means that the gluon whose position in the canonical external ordering 12...n
is specified by (n — 2) must be in some position in the words w, and wy. Note that,

in general, k # p. Using the shuffle product, we can see that each set S; contains
all the words appearing in the sum

Wy = wy W (n — 2) (7.48)

An important detail in what follows is that the value of a fixes the value of k in
the word w, and the value of b fixes the value of p in the word wy. That is, specifying
a external ordering with the word w € B,, determines the position of each of the

particles in that given ordering. In particular, it specifies the position of the letter
(n—2).

7.2.2. Soft behaviour of En

Before we continue, it is useful to see how each of the quantities defining the
integrand in Eq.(7.35) behaves in soft limits.

To start with, we use the fact that n-particle Parke-Taylor factors can always
be decomposed as the product of an (n — 1)-particle PT factor, times a function
Z(a,b,c). In our case of interest, we write

Co(wy) = Z(1V 1 —2,1))Cros (07, (7.49)
An important property of Z(a, b, ¢), which we have already discussed in Chapter

5, is that Z(a,b, c) satisfies the eikonal identity

b
> Z(i.xi+1) = Z(a,,b) (7.50)

On the other hand, if we let p, o — 0, each primitive amplitude will factorize,
at leading order in p,,_o, as

Ap(wa) = S — 2,189 ) Ay (w))) (7.51)

where S(a, b, ¢) is the Weinberg soft factor derived in Eq.(2.72)). This soft factor
also satisfies the eikonal identity
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> S(i,a,i+ 1) = S(a, z,b) (7.52)

Finally, we need the leading soft behaviour of the momentum kernel. Since the
momentum kernel is a polynomial in the kinematic invariants and squared masses,
this leading behaviour is given by the linear term in the soft momentum p, 5. In
order to find this term, let us parametrize p,,_o — p,_2, where x is a real parameter,
and we consider the limit z — 0 of the momentum kernel. Then, noting that A;; = 0
whenever ¢ or j are gluon indices, we can expand the momentum kernel as

Splwa|wy] = (—1)" <§1l(2a) + Allé“”) <§1lga> + Allé“) + O, (léa), l:())a))(§ (@) + Alga)léa))>

X [ (1) + 0, (7 = 230y + o+ O, (U= 250 ()]

(a)

X ... X < 1l(a) + Alll(;ir)l + .+ 2y, (n — 2, lk+1)8(n—2)l§€‘21>
.. X (§IZ£L{L22 + ...+ 205,(n — 2, lr(l )2) 8oy, + ..+ wa(lia_)& l7(;l_)2)(§l;a7>3l7(1a7)2 + AISI—)SZSL—)Z))

(7.53)

From this we can see that the momentum kernel always is, at least, linear in x.

Then, to obtain the leading term in p,,_o, we set to zero every term with powers of

x greater than one, and set x = 1. With this, we obtain

k—1
Sy [walwy) ~ — (gl(ng) + 300,19 0 — 2)3,0 (n_2)> S [W) | ] (7.54)

r=2

Putting everything together, the soft limit of the polarization function can be
written as

Z Py € Z flj/ n— 1 z’|w’] n— 1( Z)An 1(11),/) (755)

7.7_

where we define the coefficients

_ Z E él(,, 5+ T4 0, (5, n = 2)30, 2)) Z0® 0 — 2,1 )S1@, n—2,1) (7.56)

’waGS/ ’LUbES -/

The next step is to perform the sums over a and b. If we can show that this sum
is independent on the election of 7' and j’, we will be able to put this factor outside
the sums and obtain a soft theorem for the generalized polarization function E,.
Before tackling the general case, let us see the simplest non-trivial example: the six
point amplitudes.

7.2.3. Example: six-point amplitudes

When n = 6, the possible ways to distribute the particles are either ny, = 6,n, =
0; ng =4,n, =1 or ny = 2,n, = 2. Since there is essentially no difference between
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the different cases, we will ignore the specific particle content. Then, we consider
the alphabet

Ag ={1,2,3,4,5,6} (7.57)

With which we can form the six particle basis

Bs = {wy, wa, w3, wy, ws, we } (7.58)
where we take
w; = 123456
we = 124356
ws = 142356
’ (7.59)
wy = 132456
ws = 134256
we = 143256

Now, let T" be the projection operator that removes the letter 4 from an arbitrary
w; € Bg. Then, following our general arguments, we can construct the subsets

Sl = {wla Wa, /LU3}, SQ - {w4a Ws, w6} (760)
which satisfy

T(S1) ={wr},  T(S) = {wy} (7.61)

where w| = 12356, w), = 13256, and we can define the five particle basis as

Bs = T(S1) UT(Sy) = {w), wh} (7.62)

Moreover, since n = 6, (n — 3)! = 3! = 6; hence, we can write the six particle
generalized polarization function as

6
Eg=—i»  Selw;|w;]Co(w;, 2) Ag(w;)

ijfl

= —j Z > ) Sslwilw;|Co(wy, z) Ag(w;) (7.63)

=1 waGS waS/

~ —i Z £35S Wl [, | Cs () As (w)y)
i5'=1
where, in the last line, we have taken the approximate soft expression. The
coefficients are defined as in the general expression, Eq.(7.56]),

k—1
a ~ b) © a
g E ( wb<l7(= )74)5#1)4) Z(l](j) 1747 lszl)Sak 174 lk—gl)
=2

waES ’ wbES / r

= Z S ka)174 lk?l)

Wq ESZ-/

(7.64)
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where we define

Qg = Z Z(l;()b)lv 4, l;lell (314 + Z HWZ, r ) l(a)4>

[
E

p 17 4? lerl)e (lﬁa)7 4)§l£‘1)4 (765)

= l(‘l) Z p 17 7 p—‘,—l)g (l(a)74)
€Sy

3’

Now, we will evaluate the sum over b in Eq.(7.65) by considering the explicit
forms of S%, evaluating the sum over each set and showing that we obtain the same
result. On one hand, consider the set

51 - {'U_)l, U_)Q, U_Jg} (766)

where w; = 123465, w, = 124365, w3 = 142365. Then, if we denote by 1) the
letter 4 in the word w,, as before, we can see that

=10 M =300 —6
1 =19 51 =21%) =3 (7.67)
19 =1 19, =1, 18, =2

and we can expand

Z Z<lp 1 47 lpz)-l)e (l(a)7 4)
’Lf)begl (768)
= 7(3,4,6)05, (1'Y,4) + Z(2,4,3)05,(1'Y,4) + Z(1,4,2)05,(1V, 4)

Now, for any value of a, the sum over r in Eq.(7.65) has as upper limit k£ — 1,
where k is the position of the letter associated to the soft gluon in the word w,;
then, the letter 1“9 can only take the values 1,2, 3, because those are the only letters

that can appear before 4 in an arbltrary WOI‘d w € Bg. Hence, if we substitute any
of the values I = 1,2,3 in[7 , we find

> 20,4, 05))05, (18, 4) = Z(11, 4,6) (7.69)

p—1
u_)bESj/

An equivalent argument follows if we choose the subset

Sy = {1y, Ws, We } (7.70)
with w, = 132465, ws; = 134265 and wg = 143265. In this case,

19 =1 1 =21, =6
10 =1 -1 =319, =2 (7.71)
1O =1 =19 =1,19, =3
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this implies that

>z 4,10))05, (19, 4)
ﬂ]bégg (772)

= Z(2,4,6)00, (11, 4) + Z(3,4,2)0a, (11, 4) + Z(1,4,3)05, (11", 4)

and, upon substitution of any of the values 1“9 = 1,2,3, we obtain Eq.(|7.69))
again. This shows that the sum over b is indeed independent of the specific subset
Sjr. Hence,

k—1

Qo= bpaZ(1V,4,6) (7.73)

r=1

Now, we evaluate

Sr=— ) auSU,4,1)

waESi/
k—1 (7.74)
== > D S, 200 4,65 4 1Y)
waeSi/ r=1
for a particular subset Sy C Bg. There are two possibilities,
Sl = {w17w27w3}7 S? = {w47w57w6} (775)

where, as in the case of the sum over b, w; = 123456, wy = 124356, w3 = 142356,
wy = 132456, ws = 134256, wg = 143256. First, we consider the subset S;. In this
case,

=10 =1V =31, =5

=19 1P, =212, =3 (7.76)
l}(:,) = 153) — 11(4;3—)1 =1, lls:?l =2

Hence, expanding the sum over w, with this subset, we find

3 2
=) smaZ(I,4,6)5(3,4,5) + Y 82 Z(11,4,6)5(2,4,3)

v
r=1 r=1

+Zsl34z (I, 4,6)5(1,4,2)

(1,4,6) + (7.77)
+ 8(2, 4, 3) (§14Z(1,4, 6) + §24Z(2 4 )) + S(]_ 4 )8142(1,47 6)
= $147(1,4,6) (S(1,4,2) + S(2,4,3) + S(3,4,5))
F $907(2,4,6) (5(2,4,3) + 5(3,4,5)) + 8342(3,4,6)5(3,4,5)

3
= 8uZ(i,4,6)S(i,4,5) = > $uZ(i,4,6)S(i,4,5)

i=1 r#4
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where we have used the eikonal identity and added the terms $457(5,4,6)5(5,4, 5),
$467(6,4,6)5(6,4,5), both of which are equal to zero, in order to write f , in a per-
mutation invariant form. Performing the sum over S5 goes along the same lines and
yields the same result, showing explicitly that the sum over w, is independent of
the subset S;.

7.2.4. Factorization of the integrand for n, <2

Now, we perform the sums over a and b in Eq.(7.56) for arbitrary n. As in the
six particle case, we first write

To= Y @S, n = 2,07 (7.78)

w(LESi/

That is, we define the sum over b as a coefficient of the sum over a. Now, we
want to evaluate the sum

b) ©
- 5 220 (s S,

wbES-/
k—1
Z Z p 17 n— 27 lp-l—l)ewb(lfﬂa)? n— 2)§l<r‘l) (n—2) (779)
wbES g r=1
~ b b a
— Zsm)(n_m >z 0 —2,10))04, 11, n - 2)
r=1

’lIJbESj/

where we have used the facts that lga) =1 for all values of a and that 6, (1,n —
2) = 1 for any word, since the letter 1 is fixed to be at the first position for an
arbitrary w € B,, (this implies that it is also fixed to be in that position for a word
in any subset of B,). Finally, we have exchanged the order of the sums over r and
b. With this, we are in position to perform the sum over b.

The key observation in performing this sum is that, for ﬁxed Values of r and a,
there is some g € {2,3,....,p—1,p+1,...,n — 2} such that IS l for every value
of b. Now, recalling that the value of b fixes the value of p (that is, by choosing
a value of b, we are taking a particular element w, € S;/, and we can identify the
value of p for this element by looking at the position of the label (n — 2) in w,) and
noting that in an analogous fashion, the value of b determines the value of ¢, only
the terms with ¢ < p are non-vanishing. Furthermore, the sum over r has the label
(k — 1), the position of the last letter before (n — 2) in the word w,, as its upper
limit. Therefore, 1@ # (n —1),n, because of the way we have constructed the basis
set B,,. This implies

> 0, (1 0 —2) 21 n - 2450 ) = Y 2P0 —2,10)) (7.80)

beS; p=q+1
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The new sum can be easily performed by using the eikonal identity for Z(a, b, c).
Hence, the sum collapses to a single term,

n—2
> 20n = 2,40) = 200 0 - 2,17,
p=q+1 (7.81)

= Z(I1 n —2,n)

where we have used the fact that ln , = n for every word w, € S; and our
definition of lq . We have obtained, then, the partial result

Z Z(1V,n = 2,0)80), (7.82)

One important feature of this sum is that it is independent of the particular
subset S;. This is exactly what we need in order to obtain a soft factorization
theorem for the generalized polarization function. Inserting this result into f7'.,,

k—1
fe= = Y 220 = 2w, o, SO - 2.0 (7:83)
wQESi/ r=1

To perform these final sums, it is helpful to order the elements w, € Sy by the
position of the letter (n — 2) in w,. That is,

Si’ = {wl,wg,wg, ...,wn_g} (784)

where

wy = 1(n — 2101V 112(n n
wy = 1P (n — 2)1211P 1@

ws = UL (n — 219
(7.85)

wog = U 1 (= 2)(n— 1)

This particular enumeration of the elements of S; has the advantage that, for
any given value of a, we can immediately determine the value of k& (which gives the
position of (n — 2) in the word w,) as k = a + 1. Now, let

T(S:) = {wh} = {167657.675(n — 1)n} (7.86)

be the image of Sy under 7', which as we have discussed, is a single element.

For an arbitrary w, € Sy, we can identify the letters lfff), m = 2,...,n — 2 with the

letters Zf/), t =2,...,n — 3 in the following manner: first, we identify the position of

(n — 2) which, as we have mentioned, will be at position a + 1 in the word w, with
this particular ordering of the elements in S;. Then, for m < a + 1,

1@ = 1@ (7.87)
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and, for m > a + 1,

-/

1@ =@ (7.88)

m—

Using this, we can replace all letters 1@ # (n — 2) with the letters of w/,. Then,
we can explicitly expand the double sum in Eq.(A.7]) as

n—3

=1
n—3
+ 5 oy 2087 = 2,m) 37 S = 2,11 (7.89)
=2
, n—3 ) 3
ot By 20 s = 2,m) 30 S0 - 2,10
1=n—3

The number of times each eikonal factor appears is a consequence of the fact
that, in the double sum Eq., each element w, determines the value of k and
this, in turn, defines how many terms appear on the second sum. We choose to
factor out the kinematic invariants and the z dependent terms. Using the eikonal
identity for the Weinberg soft factors and the fact that l,(fL)Q = n—1, allows for direct
evaluation of each of the sums appearing in Eq., giving the result

n—3
Te==> §l§il>(n72)Z(l§Z Jon =208 n—2n-1) (7.90)
=1

Moreover, since the string of letters Egl)féﬂ)...fgl_)g is just a permutation of the

the string 23...(n — 3), we can see that

(808 19 = 42,3, n— 3} (7.91)

independent of the particular value of ¢ (which amounts to the election of a
particular permutation of 2,3, ..., (n — 3)). This implies

n—3
bo== Sin-nZ(i,n—2,n)S(i,n—2,n—1)
i1 (7.92)
=— Z Sin—2Z(1,m —2,n)S(i,n —2,n — 1)

i#En—2

where we have used the fact that Z(n,n—2,n) =0and S(n—1,n—2,n—1) =0
to add the two terms needed to write the soft factor in a permutation invariant form.
We have found that the coefficients f;; are independent of ', j'; then, we can assert
that the generalized polarization function factorizes, in the soft limit p,_o — 0, as

A

E,~ F,E,_, (7.93)

where F}, is given by

Fo== ) Sin-2Z(i,n—2,0)S@n—2,n~1) (7.94)

i#En—2
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We would like to emphasize that this is a result still missing in the literature.
Not only we have shown that the QCD integrand for n, < 2 shows similar soft
factorization properties to that of the pure Yang-Mills case, but we also provide an
operational technique to relate primitive amplitude basis with different number of
particles, and a way to characterize this relation in terms of partitions.

7.2.5. Integration of the soft factor

Finally, as a consistency check of the calculation, we perform the integral over
the soft puncture and see if we recover the eikonal factor associated with the ex-
ternal ordering specified by the word w. For simplicity, we take w € B, since we
can use cyclic invariance, the KK and BCJ relations in order to obtain the case of
an arbitrary ordering by computing suitable linear combinations of basis amplitudes.

Concretely, consider a primitive amplitude A, (w, p, €) with some external orde-
ring w = lyly...l,, and assume that, for some m € {1,n}, m = n — 2 (note that the
external ordering has no restriction on the position of the soft leg). Furthermore, let
w' = T(w). Also, for simplicity of notation, we let l,,_1 = ¢ and [,,41 = t for some
q,t €{1,2,....,n}/n — 2. Then, we can write

Co(w, z) = Ch_1 (W', 2)Z(q,n — 2,1t) (7.95)

Then, using the soft limit of the scattering equations, we can rewrite the CHY
integral for the primitive amplitude A, (w) as

Ap(w) = Ap(w,p, €)
~ e i g (W', 2)E 2,D,€)an (2 (7.96)
jg H Cn—l( ) ) n—l( » Ps ) n( )

- (2mi)n—* dw b fa(z,p)

a#n—2

where we define the integral

1 dZn_Q
n(2) = —— Z(q,n—2,t)F,
an(2) Ll A (g,n )
! 3" 5SSt — 2, 1) Az 2,4)Z(j,n — 2,n)
= — Si(n— ,n—2,n— yn— 2, n—2an
271 Pl itn=9°4 ¢ Jn2 K /
(7.97)
which, in terms of the integral Ij7;, defined in Eq. (7.12)), we can formally eva-
luate
an(z) = Z Sj(n—Z)S(j’ n—2n-— 1)];57,_712 (798>
J#Fn—2

Therefore, upon substitution of the general result for If},, into a,(2), we can see
that it is independent of the punctures z,, a # n — 2. Moreover, the appearance of
the Kronecker deltas pick the terms in the sum such that the invariants 3;; appearing
in the numerator and denominator cancel out, and yields the result

an(z) = S(g,n — 2,t) (7.99)
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by use of the eikonal identity. This is the soft factor associated to the external
ordering given by the word w. Hence, we have shown not only that the polariza-
tion function factorizes in the soft limit at leading order in the soft momenta, but
also that it is consistent with the factorization properties of the primitive amplitudes.

Now, let us give a few closing remarks on the factorization of the generalized
polarization function. For the general scenario of a primitive amplitude with n, >
2, the main difference with regards to the n, < 2 case is the BCJ matrix Fy,
because, in order to find a soft factorization theorem, we need to understand the soft
behaviour of all the factors that enter the expansion of E,. However, besides from
the fact that there are no explicit expressions for the elements of the pseudoinverse
Guw EL it is also not clear how the matrix F’ itself behaves in soft limits. Since each of
its elements are rational functions of the momenta with equal power of the kinematic
invariants in both the numerator and denominator, one has three possibilities for
the value that a particular element F,, takes on the soft limit p, — 0,

STLCL
Fww’ x — ~1

Snb

Sna
Fpuw ~ 0 (7100)

Sij

Sii
Fw < —L ~ 00

Snb

for some momenta p,, py, p; and p; different from p,, and in the first line, we
understand ~ 1 as meaning that the element F,,,, becomes independent of the soft
momentum, but may depend on some of the hard momenta. There is also a fourth
possibility, which is that the element F,, is independent of p,. Although we have
a explicit definition, there is no simple way to determine which of these cases is sa-
tisfied given arbitrary words w and w’ such that F,, is non-trivial. Understanding
this behaviour would give hints at the soft limit of the elements of the pseudoin-
verse G, and may allow for the derivation of a soft factorization theorem for the
generalized polarization function for an arbitrary QCD primitive amplitude.

2which would be of course equivalent to proving the conjecture on the rank of F.-



Conclusions and outlooks

In this thesis, we have shown that, by focusing on the physical and mathematical
properties of scattering amplitudes, it is possible to calculate them without resorting
to a Lagrangian formulation nor the Feynman diagram expansion. Through the use
of spinor-helicity variables and BCFW recursion, we have seen that it is possible to
obtain compact formulas for amplitudes with arbitrary number of external particles,
which is outright impossible from the point of view of Feynman diagrams.

We have also seen that extending the idea of studying the singularity structure of
amplitudes to arbitrary dimensions provides us with the scattering equations, which
have allowed us to write closed formulas for the tree amplitudes of Yang-Mills theo-
ries and gravity in terms of localized integrals over a set of complex variables. The
fact that this is possible is by itself remarkable, since it provides complete solutions
to classical Yang-Mills theories and general relativity.

Another interesting conclusion is that the procedure of color decomposition and
the existence of a minimal amplitude basis provides the backbone for the existence
of a CHY representation for QCD amplitudes. This has allowed us to prove that the
CHY integrands has factorization properties parallel to those of scattering amplitu-
des. Now, let us give a few comments on our results and some directions in which
one could extend them.

Even though we have proved that there exists a CHY representation for primitive
QCD amplitudes in arbitrary dimension with up to two quark-antiquark pairs, the
integrand obtained has the obvious shortcoming of depending on the amplitudes.
Therefore, it cannot be used for either an explicit calculation or to derive properties
of the amplitudes, since the desired property would be needed as an input. However,
it is possible to obtain properties of the integrand itself by using different properties
of the scattering amplitudes. These properties, like the factorization on soft limits,
put further constraints on the integrand beyond those of SL(2,C) covariance and
the independence on the external ordering. Deriving further constraints, such as
factorization on collinear limits, could allow to determine the explicit expression for
the integrand E,, explicitly without an expansion in terms of amplitudes, if not for
general n, for a particular number of external particles. This is a direction which we
consider requires further exploration.

Also, as we mentioned at the end of Chapter 7, it should be possible to derive
a soft theorem for the generalized polarization function for an arbitrary number
of quarks, provided the soft behaviour of the BCJ matrix F,, is understood. We
expect that studying the soft behaviour of the BCJ matrix not only allows to deter-
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mine a soft theorem for the multiquark generalized polarization function, but also
that it sheds some light on the existence of its pseudoinverse.

Another interesting perspective is provided by the results in [93], where it is
shown that the Pfaffian of Yang-Mills can be written as an expansion over KK
independent Parke-Taylor factors,

PEW, = Y C(lwn)niun, (7.101)

weWa

where ny,, are numerators that satisfy color-kinematics duality. Our derivation
of the generalized polarization function for QCD primitive amplitudes involved an
expansion over the BCJ independent Parke-Taylor factors, which is of course a sma-
ller basis than the one provided above. However, one cannot help but see their
similarity, and it would be interesting to see if both results are connected and if the
kinematic, color-dual numerators of QCD provide valid CHY integrands for QCD
primitive amplitudes.

Finally, we would like to remark that there are many other open problems within
the CHY formalism. For example, the generalization to loop amplitudes has been
studied, at one-loop order, in [94] and [95] from an ambitwistor string theory pers-
pective, and rules for their integration presented in [65]; in [96], loop amplitudes are
obtained from the forward limit of higher dimensional tree amplitudes. More recently
in [97] a generalization of the scattering equations to elliptic curves is considered and
this so-called elliptic scattering equations are applied in [98], by the same authors,
to construct one-loop integrands in scalar ¢® theory. This approach was generalized
to the two-loop order in [99]. One-loop propagators from the scattering equations
are studied [100],[101], also in scalar ¢ theory. A CHY representation of Yang-Mills
one-loop amplitudes which manifestly satisfies the BCJ relations has been worked
out in [I02]. The two-loop case has been considered in [I03], again from the ambit-
wistor string formalism, but no field theory argument has been provided.

Also, recent work by Weinzierl et al [I04] and Arkani-Hamed et al [I05] has
shown that the different CHY half-integrands of Yang-Mills theory can be written
as differential forms -given the name of scattering forms- which only have logarith-
mic singularities, and whose residues factorize into products of lower-point scattering
forms. Moreover, as proved by Mizera [100], the scattering equations themselves de-
fine a one-form 7, and the scattering amplitudes can be calculated as the intersection
numbers of the scattering forms associated to each half-integrand, twisted by the
one-form 7). This provides a nice geometrical interpretation of scattering amplitudes
and the CHY representation, and it may be a fruitful research line, both in the di-
rection of extending this picture to different theories as well as loop level extensions
to Yang-Mills, scalar ¢* theory and gravity.

Furthermore, given that the tree-level case is not completely understood, it is
obvious that the loop case for amplitudes with fermions is a problem still not worked
out in the literature. Along with the other topics we have discussed, we can see that
there is still much to be understood about the CHY formalism and its deeper con-
nections to quantum field theory that, perhaps, will reveal hidden structures beyond
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the usual Lagrangian formalism that allow us to obtain more profound information
about the fundamental interactions of nature.



Proof of SU(N) completeness rela-
tion

We want to show that the SU(N) hermitean generators T satisfy the identity

(T} (T = 8260 — <0107 (A1)

In order to do this, consider an N x N matrix M. Since the matrices T, for
a=1,2,..,N? — 1 are the generators of the Lie algebra of SU(N), we can expand
any N x N matrix in terms of these generators plus the identity matrix, which we
shall note as I. Thus, we can write

M = 01] + CbTb (AZ)
Now, since the generators are traceless and Tr (1) = N, we immediately find that

1
= NT?‘(M) (A.3)

Furthermore, left-multiplying by T® and using Tr(T*T") = §%°, we find the
coeflicient ¢,

o = Tr(MT®) (A.4)

Therefore, inserting the coefficients in and writting the equation in terms of
the matrix elements of M, (a sum over all repeated indices is understood) we obtain

. -1 -
M} = Tr(MT)(T")] + < Tr(M)3);

in (paviz (et | L st c7a q (A-5)
_ 12 (ra\Jj2 (ra\Ji = SI1 872 pfi2
= M2 (T3 (T*)} + 7700 80 M;:

i1 19
Where we also wrote down the traces in terms of matrix elements. Now, rewrit-

ting the right-hand side as

2 711

M+ = 7572 (A.6)
1 J2
we find that
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) a\J a\Jj J1 5J ) 1 71 5J 7
M (T)2(T™)]! = S50 M2 — 071872 M
- = 1 = = .

_ [ siisie T sjigie i

_ (5 T h 5) M

Equating the coefficients in the sum of both sides of [A.7] we obtain

(A7)



Spinor-helicity conventions and iden-
tities

In this Appendix, we list our conventions for spinor indices and prove some
identities useful for manipulating expressions involving spinor products. Our metric
convention in 4-dimensional Minkowski spacetime is g, = diag(1, —1,—1, —1). The
antisymmetric tensors €*? and €%’ are take the values

12 i2

€ =" =€y =6 =1
oA (B.1)
= = =5 =1
Spinor indices are raised and lowered using the Levi-Civita tensors as
n* =g, it =i (B.2)

With the usual definitions of the Pauli matrices

(Vi) (7Y (20)

and denoting the three-dimensional vector of Pauli matrices by o, we define the
four-dimensional Sigma matrices

(3)3% = (I, ~0), (0")as = €aseas(0")*® = (L, 0)
(611)@& = (]Iv 0)7 (O-M)Oéo'é = (Hv _U)

The generators of the Lorentz group in the spinor representation can be written
in terms of Sigma matrices as

(B.4)

()" =

«

(B.5)

(5”V)d5 =

((@)*(0")ag = (6")*(0")ag)

An arbitrary four-momentum p* can be projected into the bispinor representa-
tion as

I TN S

(B.6)
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Since the Sigma matrices and the Levi-Civita tensors are related through

5”da5”56g#,, = 2¢MF b (B.7)

and various other relations can be obtained by lowering the various spinor indices.
In particular, this allows to obtain the four-momentum from its bispinor represen-
tation as

~. 1
P = X0l = (o (5.5)

due to the various forms of contracting the spinors with the different Sigma ma-
trices, this representation is not unique. The bispinor representation, in the massless
case, is realized in terms of two-component spinors

Pac = Aada (B.9)

where, for real momenta in (1, —1, —1,—1) signature, (A\,)* = Aa. The helicity
spinors can be identified with the solutions to the massless Dirac equation in four
dimensions as

(B.10)
ur(p) =0v-(p) = (0,Xs) = [p|, u—(p) = v4(p) = (A%, 0) = (p|
and the spinor products are given by
(i) = At Njas [i] = Niakf (B.11)
From their definition and the relation A, = Al we can see that
(pq) = lap]" (B.12)

Moreover, the spinor products can be related to the Lorentz-invariant product
of their momenta through

(i7)[J1] = €apAiA] (—e45 0T X))
= €apE s AN NI NS
= 5a555dpfﬁpfd (B.13)
= PiaPja
= 2p; - p;

Using both of the above equations, we can see that |(ij)|* = |[ij]|> = 2p; - p;.
Thus, we can think of spinor products as (complex) square roots of the kinematic
invariants s;; = (p; + p;)* = 2p; - p; (the last equality is valid only for massless
particles.) Furthermore, another consequence of the antisymmetry of the Levi-Civita
tensor is that

(i) = ={gi),  [ij] = =71] (B.14)

and, using the properties of the Gamma matrices,
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(ily"l5] = [l (2) (B.15)
Furthermore, using the relation g#*4g8 G = 2€°7 €% we can prove the so-called
Fierz identity

G 13) Elull) = NaAjadpghiad 6" g,
= 2>\id)\ja/\k6~)\'l.ﬁfaﬂfaﬂ
= 2eNiahige Aia (B.16)
= 2(jl)[ki]
= 2[ik)(lj)

One final property of spinors is a simple consequence of the fact that each spinor
only has two independent components. Consider, for example, the spinors i), |7), |k).
Since these are two-component objects embedded in four dimensional vectors, only
two of them are linearly independent. Then, we can write

k) =ali) +blj) (B.17)

where a,b are complex numbers. Using (i4) = 0 and the equivalent relation for
7, it can be seen that

_ k), k)
=y T (B.18)

thus, if we dot the expression with another spinor with momentum [, we obtain

=Gy 1

which, upon multiplying both sides by (ji), yields

(Ik) = L (i) + (k) (15)
(71) (i) (B.19)
GR) (k) |
(

(L) (ji) + (k) (L) + (kj){li) = 0 (B.20)

which is known the Schouten identity. An equivalent expression is obtained if
one replaces all angle brackets with square brackets.



Conformal symmetry of MHV am-
plitudes

We will review the basic properties of conformal transformations. Our first aim
is then to show that the trace of the energy-momentum tensor in Yang-Mills theory
vanishes. Afterwards, we will see how the conformal symmetry of Yang-Mills mani-
fests itself in the MHV amplitudes, and how the action of the conformal generators
on the amplitudes is more naturally realized in twistor space. We partially follow
[T07] in the discussion of the conformal group.

Consider a flat, d-dimensional spacetime with metric g,, = diag(1, -1, ..., —1).
A local transformation of the coordinates x — 2’ is said to be a conformal transfor-
mation if it preserves the angles between two given lines in spacetime. In terms of
the metric, this condition can be stated as

ox'P 0x'°
gpaww - A(:C)g,ul/ (C1>

where A(z) is a scalar function, assumed to be positive for every value of x,
and is known as the scale factor. It is worthwhile to note that, when A = 1, the
conformality condition becomes the usual definition of a Lorentz transformation.
Moreover, since the conformal transformations are themselves a group (obviously
called the conformal group), this implies that the Lorentz group is a subgroup of
the conformal group. In fact, the complete Poincaré group is a subgroup of the con-
formal group, since translations by constant vectors also preserve the angle between
any two given lines.

In addition to the usual translations, rotations and boosts, the conformal group
introduces two additional kind of transformations: dilatations and the so-called spe-
cial conformal transformations (SCT), which are given by

" = ax* (Dilatations)
224 C.2
L 1,$2Ha.z+a/2;2 (SOT) ( )

where a is a constant and a,, an arbitrary, constant vector. These transformations
are generated, in configuration space, by the operators

D = —ix"0, (C.3)
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for dilatations, and

K, = —i(22,2"9, — 2%0,) (C4)

for special conformal transformations. Along with the usual generators of the
Poincaré group

pP,=—-id,, M, =i(z,0, —x,0,) (C.5)
the set of 15 generators {M,,,, P,, K, D} satisfy the conformal algebra

D, P,| =1iP,
D, K,| =—iK,
[Kw P = 2i(9uvD wa) (C.6)
[Kpy M) = i(9pu B0 — g KKy)
[Py M) = i(9puPs — gpuPu)
]

in a general spacetime dimension d > 3 with Lorentzian metric g, = diag(1, —1, ...

the conformal group is identified with SO(1,d + 1). The case d = 2 is very special,
because there the number of conformal generators is infinite. However, we will be
concerned with the finite case; in particular, with d = 4. As we have mentioned,
a particular feature of a conformal field theory is that the trace of the energy-
momentum tensor vanishes, T# = 0. Let us check this condition for Yang-Mills
theory.

Recall that the Yang-Mills Lagrangian is given by

| BN
EYM = _Z (ij> (C?)
where
Fi, = 0,A% = 0,A% + g fane AL A (C.8)

is the gauge field strength, ¢ is the gauge coupling and f,. are the structure
constants of the gauge group. To compute the energy-momentum tensor, we will
assume that the metric g, is a dynamical variable, and use the definition

1
5QS[AH7guV] = 5 /d4$\/ —95QWTW (09)

and then set back g, to be the Minkowski metric. Unlike the energy-momentum
tensor obtained from Noether’s theorem, this procedure yields a symmetric, gauge-
invariant tensor, which is usually obtained by applying the Belifante prescription for
symmetrizing the Noether energy-momentum tensor. First, we write the action as

1
Syym = —Z/d‘lx\/—ggo‘pgﬁUFgﬁ P (C.10)

and then, using the relations 6/—¢g = %\/—gg“”éguy, 0g" = —g""9"? 09,0, a
short calculation shows that
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1
OgSym = — / Ao F s F o (53/=99"9" 9" 09 = /=999 9 690 — /=99°7 9" 9" 5Gu,)
— / d4$\/_(59w, ( uVFaa,BFa gongﬁugcﬂ/FgﬂFa gﬁagaugqua Fa >

1 1
=3 /d4x\/ —90Gm (1 IR — ZQWZ i 5&)
(C.11)

where, to obtain the term that is not proportional to the metric, we use the
antisymmetry of the field-strength, F, = —F},. We can immediately identify

1
T#Kg — FauJF(;IV _ ZguVFGOCBFgB (012)

Now, taking g,, to be the Minkowski metric, we know that g,, " = 4. This
implies that T} = g, 7" = 0. This is enough to show that Yang-Mills theory is
conformally invariant as a classical field theory, which implies the conformal inva-
riance of gauge theory tree-level amplitudes. Quantum effects induce the so-called
trace anomaly, which imply that the trace of the energy-momentum tensor becomes
proportional to the Beta function of the running coupling constant g. The fact that
the Beta function of Yang-Mills theory is non-vanishing starting at one-loop breaks
the conformal symmetry of the theory.

Our next goal is to see how the global symmetries of Yang-Mills theory manifest
themselves on the MHV amplitudes, and try to interpret them. We have already seen
from the Lagrangian point of view that the theory is, at least classically, conformal
invariant. Now, let us see how these statement is translated to the tree amplitudes
of the theory.

The fact that an amplitude has a particular symmetry is realized as an operator
statement. That is, if O(p) is the generator of some particular symmetry transfor-
mation, the relation to be satisfied is

O(p)A, =0 (C.13)

where

(Z pz> n({pis €i}) (C.14)

is the amplitude with the momentum-conserving delta function restored. Since
in four dimensions we consider amplitude as functions of the spinor variables, we let

<Z A ) 2 ({0 A ) (C.15)

and, in order to study the action of the conformal generators, we write them in
terms of spinor variables. E| This is realized in two steps: first, one performs a Fourier

1 We will use the conventions for spinor indices of Appendix B.
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transform from configuration to momentum space, in order to write the generators
(C.3)(|C.4)(C.5) acting on momentum variables, and then one projects their Lorentz
components into spinor components using the appropriate combinations of Sigma
matrices. For example, consider the generators of the Lorentz group

M,, =i(x,0, — x,0,) (C.16)

In momentum space, this operator takes the form

. : 0 0
M#V =1 (p'ua_p’/ _pya_pﬂ) (C].?)

Now, there are two ways to project the Lorentz generator into spinor variables,
namely mqs = M" (0,,)as and ms; = M"(6,,),5, which correspond to the self-
dual and anti-self-dual part of the operator M. .- Here, 0, and 7, are the generators
of the Lorentz group in the spinor representation, and are given by

(Uuu)a # = i (<Uu)ad(5u>dﬁ - (UV)Oéd(&#)dﬁ)
1

()" 5= 7 ((3)°*(00)ag = (3,)* (1) ag)

Moreover, the map from the vector to the bispinor representation can be inverted
to yield

(C.18)

1 .
Pt = éagdpo‘a (C.19)

which then allows to use the chain rule to write

9 _ lau,jﬁi
o e 2 o Jpt

hence, we can contract the vector indices of the Lorentz generators with those
of the sigma matrices to obtain, for example,

Oa (C.20)

0
op¥
Hence, an arbitrary operator which depends on momenta and its derivatives can

be transformed to spinor variables. In particular, the conformal generators for a
single particle take the form

(0")aa(0") ¥ pus— = 2X70, (C.21)

pad = )‘aj‘da kad = aaad
. i _ 3
1 1-.
d= X%y + A0, + 1
5 O + 5 O +

With this representation of the conformal generators, we can readily show that
the MHV amplitudes are conformally invariant.

First, the fact that the momentum operator annihilates the amplitude is valid
in the distributional sense of
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xzd(z) =0 (C.23)

due to the appearance of the momentum-conserving delta function in[C.15 Also,
they are symmetric under Lorentz transformations generated by m and m because,
for example,

Mag(ik) =D NiOigg A Ary
=1

1 n
— 5 Z [)‘ia ((51‘3'(5,8 TNy F 5ik€ﬁ»y)\}) + (o < ﬁ)} (C.24)
i=1
1
=5 Patis = Majs + (@ ¢ B)] =0

where we used the fact that the epsilon tensor is antisymmetric. Similarly, the
Lorentz generators annihilate all other spinor products. Hence, since the MHV ampli-
tudes are functions of the spinor products, we conclude that the Lorentz generators
also annihilate the full amplitudes.

We only need to show that the amplitudes are annihilated by the dilatation and
special conformal generators d and k.. On one hand, it is easy to see that, if we
write d = d — n, that is, the differential part of the dilatation operator, then

e = Ty
2 (C.25)

d(ij) = (ij)

then, the dilatation operator measures the mass dimension of the object it acts
upon, and sums a constant times the object. Hence,

dA, = ([A,] +n) A, (C.26)

Recalling that the delta function has units of the inverse of its argument, [6*(p)] =
—4. Since the MHV amplitude has four spinor products in the numerator and n in
the denominator, its mass dimension (as it should be) is 4 — n. Hence,

dA, = (—4+4—n+n)A, =0 (C.27)

Finally, we study the action of the special conformal generator. Note that, since
the MHV amplitude only depends on spinor products formed with undotted spinors,
the only action of the derivative with respect to dotted spinors appearing on kg is
on the delta function. Thus, if we let P denote the total momentum of the scattering
process,
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kadAn - Z aiaaio'z (54(P)An)

=1
n 85
_ Yo (92 (i&(zs)) A,
— oxe \opss
=> 5. 05 ()\f (i&(za)) An> (C.28)
. oPss
8 , 0 0
— B8 4
= [(napw—I—P ﬁPﬁdaPaﬁ)a (P)} A,

o L
+ (Wﬁdfs (P)) ;)\ Dia Ay,

Now, lowering the ( index, we may split the operator on the last line into a
symmetric and an antisymmetric part

i /\wam = i )\iw&m) + €a i /\Z&;W (C.29)
=1 =1 =1

We recognize the symmetric part as the Lorentz generator, mg,, which we already
know that annihilates the amplitude. Then, recognizing that the part proportional
to the Levi-Civita tensor is just the non-vanishing part of the dilatation operator
acting on the MHV amplitude A,, we find that, after rising again the g index,

D N0aA, =6, (4-n)A, (C.30)
i=1
then, putting everything together,
0 ;0 0
. — B8 4
o= [( Pl 2 e o

Now, let F(P) be an arbitrary test function. Then, we can see that

o 0

4 BB 4
/d P E(P)PY s 501 (P)
0 ;0 0 N 0
__ [ on B4 4 _ % 1
/d P{apﬂa |:F(P)P aPaB(S (P):| O PBa (F(p)P > GPQB(S (P)}
- , OF 1 0
I B 55 54
- /d P {250 F(P)+P apﬂd] ~pai? (P)

oOF 9 ;0
— 4 88 4
- /d r {Qapad " P (P 8FP5°'Y)} 7P

OF , O°F
= / d'p {4 ~pas Pﬂﬁm} *(P)

_ _/d4P F(P) [4611@ 54(P)]

(C.32)
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where, to obtain the last line, we used zd(z) = 0 and integrate by parts to pass
the derivatives to the delta function. Hence, on a distributional sense, we have the
equality
s 0 0 0
PP —— —§H(P) = —4——
0P8 g pap opac
which implies that ks annihilates the MHV amplitude. This completes the proof
that MHV amplitudes are conformal invariant at tree level.

§*(P) (C.33)

The representation of the conformal group in terms of spinor variables
is highly asymmetric. Momentum is realized as a multiplicative operator, while the
Lorentz generators are first-order differential operators and the special conformal
transformations are second-order differential operators. The natural thing would be
to look for a set of variables in which the generators are written in a more uniform
manner. In order to do this, consider the following transformation

N 0
Ao = 1=
— 1 a,u,a

0 :
oxa e
In these variables, all the conformal generators become first-order differential
operators; their one particle action is given by

(C.34)

0 .0
Pac = Z)\aﬁ_lu,d’ kad - Zﬂd%

7 0 0
’%ﬁ—é(M5ﬁ+*%mﬁ s
= () (©39)
dg 2 :uaaIwB Maa[uﬁ

if, 0 .0
d_é(Aaﬁ_“3m>

This is a particularly uniform representation of the conformal generators; in
particular, the dilatation operator has become homogeneous, which is a direct con-
sequence of commuting p® with the derivative operator. In four dimensions, the
conformal group can be identified with SU(2,2), the special unitary group of 2 x 2
matrices acting on two-dimensional hermitian forms. Its complexification, SL(4,C),
has a four-dimensional representation acting on

Z1 = (), 1) (C.36)

the objects Z! are known as twistors; they were first introduced by Penrose
[T08] as an alternative geometric description of Minkowski spacetime that made
conformal symmetry manifest. Depending on the signature of spacetime, the twis-
tors are either real or complex. For example, in (+, 4+, —, —) signature, the conformal
group is SL(4,R) and it is consistent to take A\ and p as real, two-component spi-
nors. In particular, to obtain an amplitude in twistor space from the corresponding
momentum-space amplitude in this signature, one must simply perform a Fourier
transform
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A, 1) = / f[(mj exp (nujxj]) A, &) (C.37)

for Lorentzian signature (4, —, —, —), the spinors are complex and the Fourier
transform should be replaced by a contour integral. However, the definition of the
contour is not unique, and the formalism of J-cohomology is needed to define the
twistor transform. Nonetheless, we will perform manipulations of amplitudes from
momentum to twistor space as if they were in (4, +, —, —) signature.

Note that choosing to transform X instead of A is completely arbitrary, and one
could also perform a twistor transform which leaves the antiholomorphic spinors un-
touched, and transforms the holomorphic spinors. The consequence of making such
a change is that, for example, there is no longer a simple relation between the MHV
and anti-MHV amplitudes; in momentum space, one can obtain the anti-MHV am-
plitudes as parity conjugates of the MHV ones, which amounts to replacing all angle
brackets with square brackets, up to a phase E] This symmetry is broken down by the
transformation to twistor space. As we will see in a moment, MHV amplitudes will
have a particularly simple structure, but this will not be the case for the anti-MHV
ones.

When the external states of an amplitude undergo a little group transformation,
they pick up a phase. This fact is realized, in spinor variables, as the relation

o .0 _ y
)\-a— - )\q? An )\i, )\Z', hz == —2h1An )\Z‘, >\i7 hl C38
(¥ 5z ~ 555 ) s Aot Codoh) o (C39)

for an arbitrary leg ¢, and h; denotes its helicity. In terms of twistor variables,
one obtains

« 0 & 0 A Y _ 1
(Az a—)\la + i a_'u?) An<>\“ )\” hz) == (th + 2)An()\17 i, hl) (039)

The operator on the left-hand side of the last relation can be seen to be equal to
z! 8%,, which has an identical form to the dilatation operator of the conformal group
(although acting on rather different variables). Therefore, we can identify it as the
generator of the scalings Z! — tZ! for some complex, non-zero constant ¢. This im-
plies that the amplitudes are homogeneous functions of the twistor variables of each
particle, Z!, of degree —(2h; +2). We can identify sets of twistor variables differing
by overall scalings, Z! ~ tZ! and drop the single point Z! = 0. This identification
defines an equivalence relation, and the space where the twistors that amplitudes
depend on are defined is actually projective twistor space, CP® or CR?, depending
on whether the twistors are real or complex.

Now, let us write the MHV amplitude with the momentum conserving delta
function as

ANV = @2m)* 8 () AN F(N) (C.40)

%

2Actually, a factor of (—1)" for an n-point amplitude.
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where f corresponds to the Parke-Taylor formula . The important fact
in the following argument is that it only depends on the holomorphic spinors \;.
We want to perform the twistor transform of the MHV amplitude. Since the only
dependence on the antiholomorphic spinors is through the delta function, we write

AMHAV — /d4x exp(it gy Z )\?S\f)f()\z) (C.41)

with this representation, the Fourier transform to twistor space can be easily
performed,

AMHV (N 1) = /Hd25\j exp (WMS\?) /d4:1: exp <zxaa2)\fj\f> f(\)
j=1 i
= /d4x/Hd25\j exp [ZS\?(MJQ + ZL‘O@/\?)} f(/\z) (C42)
j=1

_ / de [ 8% (ia + 7as X))

i=1

How do we interpret this result? For every point x,, in spacetime, the delta
functions enforce the equations

ic + TacA =0, @& =1,2 (C.43)

which define a degree 1 algebraic curve in RP? . In (4, +, —, —) signature, this
curve is most easily described as straight line; if we take A; # 0, it can be described
by the set of parametric equations

Ao )
NITNT N

hence, MHV amplitudes in twistor space are supported on points which are
collinear in R®. This observation motivated Witten [19] to conjecture that an n gluon
scattering amplitude in twistor space is nonzero only if the twistor coordinates Z!
of each external particle are supported on an algebraic curve of degree d, which
satisfies

Tr =

(C.44)

d=q—1+1 (C.45)

where ¢ is the number of positive helicity gluons and [ the number of loops.
Furthermore, this curve may have genus g > 0, but must be bounded by

g<l (C.46)

For example, at tree level, there can only be genus zero curves. Since lines are
defined as genus zero curves, our example indeed satisfies these assumptions. Further

3An algebraic curve, C in RP? is a curve defined as the set of zeroes of a polynomial equation
with real coefficients in the twistor coordinates Z7. One way to define an algebraic curve is to set
two polynomials of degrees dy,ds say Pi(Z!) and P»(Z'), equal to zero. The degree of such an
intersection is then d = dyd>.
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exploration of this conjecture led to the connected formalism for tree-level super-
amplitudes in N' = 4 Super Yang-Mills theory (SYM), which we discuss in Chapter
4.



As(q1q192G29) helicity amplitude

We will perform the calculation of the color-ordered amplitude As(q1G1¢2G29), as
defined by the color decomposition of . Attaching all factors of —ig/v/2 to the
primitive amplitudes instead of the color factors and using the notation U(p;) = U ()
and €,(p;) = €,(i) , using the shorthand notations u(p;) = u(i), etc. We can write
A, as

A1:D1+D4+D5

- (e () ) () (g
() () ) (45) ()

<

+ ¢7?(p1 + p2 — p3 — pa)“]€a(D)

(%) [9°*(ps — p1 — p2)” + 9" (D3 + s — p5)”
)

=i () @) (5, +p,) )

a3 (3, + p,) HGR) + —— [V

—u()ksv(2)u(3)¢(5)v(4) + a(1)y v(2)u(3)y,0(4) (b1 + p2) - €(B5)]}

. (%)3(11 + T, +Ty) (D.1)

where we have contracted all possible Lorentz indices and 17, T5,T5 denote each
term in the sum in brackets. Now, we will consider spinors of definite helicity. In
particular, let us consider A;(17273%475)). Then, in Dirac spinor notation,

u(l) =[1], v(2)=12)

; (D.2)
u(3) =[3, v(4)=14)
and, for some reference momenta ¢,
1 (g]7ul5]
= — D.
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which implies, due to the Fierz identity, that

1 (q|"[5]7,
(g5)

) (lg)[5] + [5](ql )

Then, if we take the reference momentum to be ¢ = p; and using the anticom-
mutation relation of the Gamma matrices, we can see that

¢(5) =
(D.4)

5 S

#5) (p, +9,) = (201 €(5) = p,¢(5)) + 45)p,
— —p,{(5) + {5,

Furthermore, the Dirac equation implies ﬂ(l)p L= 0. Then, the first term contri-
buting to the amplitude simplifies to

(D.5)

T = sl (% (1)05] + |51<1|>) poul2)
- 3151834 %BWHVQ ([15]<1|’¢5V’L|2>>
1 V2 ’
= sy 5) B2 .
_ ﬂ 15)(41#13) 2], 15)
2v/2
- (15)[51](34)[43] [15){42) 53]
oy (2

(51)(34)[43]
Now, we consider the numerator of T3, that is

2Bl (p, + P (5)14)

= [17*12)[37,. (14)[4] + |4]¢4] + |5)[5] + |5](5] ) % (D[ + 151(1]) 14)

_ %wm (Bl 4] + [3l5) 1) (15](14)) (0.7
— Va2 as]3hy )

— 2\/5%[45](2@ 31]

hence, after writing the propagators in terms of spinor products,
(14)(24)[31]
Ty =2v2 D.8
? f(12>[21]<54>(15> (D)

Finally, we have to calculate the third term, corresponding to the three-gluon
vertex, in terms of spinors products. First, we consider




160

u(1)¢(5)v(2)a(3)p,v(4) = [1] <% ([1)[5] + [5](1] )) 12)[3[p,]4)
(D.9)
V2 _
= a2 560 = T,
and
_ _ B V2
u(L)ks0(2)u(3)¢(5)v(4) = [Llp,]2)[3] <ﬁ ([1)[5] + [5](1] )) |4)
(D.10)
V2
<15> —[15](52)[35](14) = T35

We can calculate the difference between these two terms and use the Schouten
identity to obtain

Ty — Ty = ﬂ% 35] ((23)(54) — (52)(14))
— Va2 B3] (- (15)(42) (D13
— V/2[15][35](24)
The final term we have to simplify is
BP0 (2)a)0(4) (o1 + p2) - <(5) = [ 2Bl ﬁ< <‘f;‘>5]
— Ssehe b o)
| BURseHY

(15)

With this, the third term in the amplitude can be written in terms of spinor
products as

Ty =T31 — T50 + Ts3

2v2 1 1 (D.13)
= 15 (12)21] (34)[43) ((24)(15)[15][35] + (24) (12)[25][31])

Therefore, the partial amplitude is given by

(24)
{15y (4 (12)[21] (3443
+<15>[51] 53](54> + <24> [32](34> [43] + [31](12)[25](54>}

[
Ly ()24
— "9 12) (34)(15) (54)

A(17273%475)) = ig®

53](12)[21](54) + [35](34)[43] (54)

(D.14)
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where the last equality follows after using momentum conservation to elimina-
te the momentum ps from the spinor products. Other helicity configurations may
be calculated in the same fashion, starting from (D.1]), replacing the corresponding
spinors for the helicities under consideration and simplifying their products. The
remarkable simplicity of the result shows the utility of spinor products. The calcula-
tion of the complete set of helicity amplitudes associated to this process using string
theory methods was performed by Kosower in [109].



Derivation of the Parke-Taylor for-
mula

In this appendix, we provide a proof of the MHV formula for gluon amplitudes
using the BCFW recursion relations. We will proceed by induction on the number of
external legs. Since we have already proven the case n = 3 using little group scaling,
we will take it as the starting step, and as inductive hypothesis assume that the
formula is valid for all 7 < n for some n € N, and prove that it holds for this value
of n. Without loss of generality, we choose to perform the following BCFW shift

[n) = |n) — 2[1)

1] = |1] + 2|n] (E.1)

With this shift, the BCFW recursion can be expanded to take the form

0

n—2
A, (1728 i) =) 0y A2, —Pi) i Ancka (P b+ 1, 0)

s=% k=2 1k

- - 1 ~ .

= [As(17,27, = P5) o5 Ana (P, 3%, i i) + ot
s==+ P12
1— s H—s l DS A
“I—An_l(l ,2+7...,Z 7“"_P1(n72))P2—A3( 1(n_2)7<n_ 1)+,TL+)]
1(n—2)
A A 1 N
= Az(17,2%, —PE)—QAn_l(PIE, 3 i, )+
P

A - A i - .

++A, (17,28 i _Pl—’(—an))P2—A3(P1(n72)’ (n—1)*,a")

1(n—2)
(E.2)
where, in going from the second to the third line, we see that all other contri-
butions vanish because they are either all-plus gluon amplitudes or have only one
negative helicity gluon. Choosing complex kinematics to satisfy

[12] =0, (12) #0 (E.3)

we see that the three point amplitude As(1~,27, —]512) vanishes, and we only
have to compute one contribution. Using the three-point anti-MHV formula and the
inductive hypothesis, we can write
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y (_Z [(n — 1))’ )
[Prazy(n = D][(n — D[Py (E4)
i 1Ai)4(n — 1)n)*
P2 (12)..((n = 2)| Piu-n) ] [(n = DAJ(1]| P2 (n — 1)]
(1i)*

~ "12)(23)..(nl)
where we used momentum conservation in the last step and replaced the explicit
expression of Pf(n_2) =1+t Pn2)? = Pu1+pn)? = S(n—1)n = ((n—1)n)[n(n—
1)]. This completes the induction step, thus proving the Parke-Taylor formula for
the MHV amplitudes.



5-point ¢° amplitude from the CHY
representation

In this appendix, we will use the method of local residues to calculate the 5-point
amplitude in ¢3 theory. Similarly to the 4-point case, we compute the amplitude for
two equal external orderings o = ¢ = 12345. To avoid clutter, we will not include
this as an argument of the amplitude, with the understanding that we have chosen
such an ordering.

In order to use [4.22] we need to determine the two polynomials hy and hs in the
denominator of the integrand. Hence, we must find the number of distinct subsets
with two and three elements of the set {1,2,3,4,5}. Simple combinatorics show that
there are 10 of each kind of subsets. The two-element subsets are

{1,2} {1,3} {1,4} {1,5} {2,3}

F.1
(2.4} {25} (3.4 {35 {4.5) 0
while the subsets with three elements are given by
{1,2,3} {1,2,4} {1,2,5} {1,3,4} {1,3,5}
(F.2)
{1,4,5} {2,3,4} {2,3,5} {2,4,5} {3,4,5}
Then, using the definition |3.40] we can write
hay =s122120 + 132123 + S142124 + S152125 + $232223 (F.3)

+8042024 + So52025 + S342324 + S352325 + S452425

For hs, we would find terms of the form s;93212923, involving three-particle inva-
riants. However, using momentum conservation we can see that, for example,

S123 = (p1 + P2 + p3)2
= (ps + ps)? (F.4)

= S45

which yields a term z72923845. Then, hs is a polynomial with terms of the form
2i%j2,Sim, where, if we think of the labels as a set, {i,7,k,I,m} = {1,2,3,4,5}.
Then,
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hs =s12232425 + S13222425 + S14222325 + S15222324 + S232124%5 (F.5)

+894212325 + So5212324 + S342129%5 + S35212224 + S45212223

Now, using [£.22] the integral we want to calculate is

IR ) 1
m5=—z’fo 2llic 2 (F.6)

(2m0)2 dw  hohs (212223734745 251)2

For this calculation, we choose to gauge fix z1, 2o and z3. Hence

dz1dzadz
dw = —2778 (F.7)
212723731
and the product in the numerator is
5
H Zij = Z12R13%14215223%24225234 235245 (FS)
i<j
Substituting into the integral and cancelling terms, we obtain
. dzadzs 1 23214204295 235
m5—_j! 22 (F.9)
o (2mi)? hohs 234245251

We set z; = 1,29 = 0, 23 = 00. Then, e isolate the terms with z3 and calculate

2
lfm 231735 . 1
23—00 234h2h3 héhg

(F.10)

where a prime denotes differentiation with respect to z3. After setting z; = 1
and zy = 0, we obtain
h/2 = S13 + S3424 + S3525 (Fll)

and

hg = S9524 + S94 25 + S1224%5 (F]_Q)

On one hand. On the other, we need the part of the integrand which does not
involve z3. This is

24P 2425(1 — 24) (F.13)
245251 (24 — 25)(1 — 25)
Therefore, renaming z, = x and 25 = y, we obtain the integral
dad 1- 1 1
ms = 27{ Y vyl — ) (F.14)
o (2m0)% (x — y)(1 — y) S13 + S34 + S35y S12TY + So5T + S24Y

The above integral is a simple example of a multidimensional contour integral;
in this case, the contour C' (a curve on C?) encloses the simultaneous solutions to
hy, = hi = 0. To perform the integral, we first solve the equations h, = h; = 0
explicitly. For example, we can eliminate y in k4 = 0 by using h}, = 0, obtaining
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y= -t sut (F.15)

535
then, substituting y into h; = 0 results in the quadratic equation

2
5125342~ + (512513 + 524534 — 525535)T + S13524 = 0 (F.16)

which yields two solutions 1, x5 for x, which are related to a pair of solutions
Y1, Yy for y. This is analogous to our discussion in Chapter 2. Then, the two solutions
(1,y1) and (x5, y2) are the ones we need to calculate our integral. Then, if we identify

xy(l—ux)
N (1)

the Jacobian we are after is given by changing variables to 2’ = hi(z,y), ¢ =

hs(x,y). Since R} is linear in x, y and hj is quadratic, the Jacobian is easily calcula-
ted, and yields

J(x,y) = S34(S24 + S122) — S35(525 + 5120) (F.18)
With this, the amplitude is simply given by

me= (G + T

iy S24 t+ So5
512((S34 + 535)(S24 + S25) — S12513)
. 524
+ F.19
(512 + 525)((S12 + 525) (513 + S35) — S24534) (F.19)

525
2
819534 + S12525534

—1

( 1 1 1 1 1 )
812834  S12845  S23551 523545 S34S551
where the last line is obtained by rewritting the Mandelstam invariants in the

numerators using the various kinematic identities obtained from momentum conser-
vation.



Words and shuflle algebras

In his appendix, we introduce the notation of words and shuffle algebras, which
will allow us to organize amplitudes that possess an external cyclic ordering due to
some color decomposition. In particular, consider QCD amplitudes with n external
particles, such that

n=2ng,+n, (G.1)

where n, is the number of quark-antiquark pairs and n, the number of gluons.
We assume that the quarks have different flavours. The quark labels are qi, ..., gn,,
the antiquark labels are gy, ..., ¢,,, and the gluon labels are gy, ..., gn,. We define the
set

A= {Q1aq2> ooy Qngs q1, 92, "'@Lq;gl?g% "'7gng} (G2)

which we call an alphabet, and each of its element we call letters. We define a
word, w, as an ordered sequence of letters

Words are a convenient way to group the particle labels on which amplitudes
depend on. In particular, we are interested in word made out of n letters, such that
no letter is repeated; those words correspond to all possible orderings of the particle
labels, which means, all possible orderings of the external particles in a primitive or
partial amplitude. We define the set of such words as

We can define a product of words, called the shuffle product, under which the
words form an algebra. Let wy = l1ls...lx, wo = lp11lk12...l,.. Then, the shuffle product
is defined as

wy Wwy = Z lg(l)...lg(r) (G5)

shuf fleso

where the set of "shuffles” is the set of permutations that preserve the relative
order of [;...l;; and ljy1...[,. As an example, consider the words w; = l1ls, wo = l3ly4.
The possible shuffles are {lll2l314}, {l113l214}, {13l11214}, {lgl4lll2}, {lllgl4lg}, {l3l1l412},
and then
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w1 W we = l1[2l3l4 + l113l2l4 + l3l1l2l4 + l3l4l1l2 + lll3l4l2 + 13l1l4l2 (G6)

The shuffle product is both associative and commutative. If we denote the empty
word by e, that is, the word with no letters, it will be an identity for the shuffle pro-
duct. Since words w € W, are simply a way to organize the ordering of the external
particle labels of a given primitive amplitude A,,, we can interpret amplitudes as
functions on the vector space of words,

Ap(ly..ly) = Ay (w) (G.7)

such that these are linear operators,

Ay (wy +wy) = Ay (wy) + Ay (wy) (G.8)

We take as the definition of a sum of words; a sum of external particle
orderings is understood as the sum of primitive amplitudes with those orderings.
We will see that words also are a natural language in which to express the different
linear relations among primitive amplitudes with distinct orderings.



Rings, ideals and Grobner bases

In this appendix, we introduce some notions of abstract algebra and algebraic
geometry that provide the basis for the calculation of the global residues needed in
the CHY formalism. We follow the review [I10], where methods of computational
algebraic geometry are treated in the context of multiloop integrand reduction.

Let R be an Abelian group under the operation 4. We say that the triple
(R,+, X) is a ring if x satisfies

» (axb)xc=ax(bxc), Vabc€R,
= There exists an element 1 € R such that 1 xa=ax1=a Va € R,
maX(b+c)=axbt+axcand (b+c)xa=bxa+cxaVa,b,céeR.

Furthemore, a triple (F, 4+, x) is a field if it satisfies the ring axioms and is also
an Abelian group under x.

One particular type of ring is the polynomial ring R = F|z1, ..., z,,|, which is the
collection of all polynomials in n variables with coefficients in the field F. Common
examples of fields where we one considers polynomial rings are the rational numbers
Q or the complex numbers C.

Now, we can define an ideal I as the subset of the polynomial ring R = F[z1, ..., 2]
that satifies

» 0 € I, where 0 is the identity of the + operation on the field F,
» For any pair of polynomials fi, fo € I, (fi1 + f2) € I,

w [f felthen —f€el,

s VielandVhe R, hx f=hfel

Another definition of an ideal can be given as follows: if we consider a set of
polynomials S = {f1, ..., fe} C R, the ideal generated by S is defined as

k
I'=(frer fi) ={f1f =D hifi, hi € R} (H.1)

=1
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In general terms, the generating set of an ideal is not unique, but can always be
chosen to be finite, a result which is known as the Lasker-Noether theorem.

Now, consider an ideal I C R. For two polynomials f, g € R, define the equiva-
lence relation

fr~giff f-gel (H.2)

Then, for each f € R, we define the equivalence class [f] as the set of all poly-
nomials g € R such that g ~ f. This allows us to define the quotient ring

R/I={[f]lf € R} (H.3)

An standard result on ring theory is that the multiplication on the ring R/ is
given by [f1][f2] = [f1f2].

Let K be a field and suppose ' C K. The n-dimensional K-affine space A is the
set of all n-tuples composed of elements of K. Given S C Flzy, ..., z,|, we define its
algebraic set over K as

Zx(S) =A{p € Ak|f(p) =0 V[ € 5} (H.4)

That is, the algebraic set of a subset S of the polynomial ring F[z, ..., z,] over
a field K is the set of simultaneous zeroes of the elements of S over the field in
question. This definition allows us to formulate one of the most important theorems
in algebraic geometry, known as the weak nullstellensatz: if I C F|zy, ..., 2,] is an
ideal and K is an algebraically closed field (which means that at least one root of the
polynomial equation P(z) = 0 for P € K[z] is an element of K), such that F C K,
then Zx(I) = () implies that I = (I) = F[z, ..., z,).

The weak nulstellensatz is generalized to the so-called Hilbert nullstelensatz. Let
F is an algebraically closed field, R = F[zy, ..., 2,] and let I C R be an ideal. Then,
if f € R is a polynomial such that f(p) = 0 for every point p € Zp(I), there exists
a positive integer k sucha that f* € I. Put simply, the Hilbert nullstelensatz pro-
vides a way to characterize all polynomials vanishing on the algebraic set of I over F.

One special kind of generating set of an ideal is the so-called Grobner basis. To
define them, we first need to introduce the concepts of monomial orderings.

For any polynomial f, define LT(f) to be the highest degree monomial in f
along with its corresponding coefficient. Now, let M be the set of all monomials
with coefficient 1 in the ring R = F[zq, ..., z,]. A monomial ordering < in a ring R
is an ordering on M such that

= < is a total ordering; that is, if mq, mo € M, then either m; < msy or moy < My,
unless my; = mo,

s Given w € M, if u < v then vw < vw,

m 1 <ovuif w € M and w is not a constant.
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There is no unique way to construct a monomial ordering. One possible one is
to take 1 < 2, < 2,1 < ... < 2z1. Then, given two monomials

1

g1 =220 gy = 2P P (H.5)

we can define the following monomial orderings:

» Lexicographic ordering: g1 < g2 if o < §; for some i € {1,2,...,n} and o; = f3;
for j € {1,...,i — 1},

» Degree lexicographic: g1 < g2 if Y1, a; < D> 7, B;. In the case both sums are
equal, the "tie” is decided by applying lexicographic ordering,

» Degree reversed lexicographic: g1 < go if > 0 ;o < > » , ;. If the sums are
equal, one compares «, and f3,. If a,, < 3, then ¢go < g1. If oy, = [3,,, repeat
the process with a,,_1, 8,_1, and so on.

Having defined the different monomial orderings, we can define a Grobner ba-
sis of an ideal I C F[zq, ..., z,| with a given monomial ordering as the set G(I) =
{91, .-, gm} such that I = (G) and with the property that, for each f € I, there
exists g; € G(I) such that the leading term of g; divides the leading term of f, i.e.
LT (g;)|LT(f). Grobner bases allow to solve non-linear polynomial system of equa-
tions, and can be understood as a generalization of Gaussian elimination. Also, the
allow the computation of polynomial greatest common divisors in multiple variables,
which is the reason of their usefulness in the context of integrand reduction.
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