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Abstract

BCJ-relations have a series of important consequences in Quantum Field
Theory and in Gravity. In QFT, one can use BCJ-relations to reduce the
number of independent colour-ordered partial amplitudes and to relate non-
planar and planar diagrams in loop calculations. In addition, one can use
BCJ-numerators to construct gravity scattering amplitudes through a “squar-
ing” procedure. For these reasons, it is important to find a prescription to
obtain BCJ-numerators without requiring a diagram by diagram approach.

In this thesis, after introducing some basic concepts needed for the dis-
cussion, I will examine the existing diagrammatic prescriptions to obtain
BCJ-numerators. Subsequently, I will present an algorithm to construct an
effective Yang-Mills Lagrangian which automatically produces kinematic nu-
merators satisfying BCJ-relations. A discussion on the kinematic algebra
found through scattering equations will then be presented as a way to fix
non-uniqueness problems in the algorithm.

Zusammenfassung

BCJ-Relationen haben eine Reihe wichtiger Konsequenzen in der Quanten-
feldtheorie und der Gravitation. In der Quantenfeldtheorie konnen sie dazu
verwendet werden, um die Anzahl unabhéngiger farbgeordneter Partialam-
plituden zu reduzieren und um nicht-planare mit planaren Diagrammen in
Schleifenrechnungen in Beziehung zu setzen. Dariiber hinaus kénnen BCJ-
Relationen verwendet werden um Streuamplituden in der Gravitation durch
"Quadrieren" zu konstruieren. Aus diesen Griinden ist es wichtig eine Vor-
schrift zu finden, mit der sogenannte BCJ-Nenner ermittelt werden kénnen
ohne auf einzelne Diagramme zuriickgreifen zu miissen.

In dieser Arbeit stelle ich zunéchst einige fiir die darauf folgende Diskus-
sion bendétigte, grundlegende Konzepte vor und untersuche danach bekan-
nte Methoden um BCJ-Nenner aus Diagrammen zu ermitteln. Anschlieffend
stelle ich einen Algorithmus vor, um eine effektive Yang-Mills-Lagrangedichte
zu konstruieren, welche automatisch kinematische Nenner produziert, die
BCJ-Relationen erfiillen. Schlieflich wird die kinematische Algebra disku-
tiert, die man aus Streugleichungen ermitteln kann. Diese stellt eine Mog-
lichkeit dar, Probleme beziiglich der Nicht-Eindeutigkeit des Algorithmus zu
beheben.
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INTRODUCTION

1.1 A facade for the void?

"We define only out of despair, we must have a formula... to give a
facade to the void.”
— Emil Cioran, A Short History of Decay

As T am about to start my last thesis, I would like to take some time to
write about human knowledge and how this concept stands in my view of life.
The uninterested reader is free to skip this rather personal and philosophically
oriented digression and immediately start with the physical content of the
thesis which is presented starting from section [I.2]

The evolution of the brain is composed by a long succession of gradual
steps, made by random genetic mutations in gene pools which survived - or
not - resulting advantageous - or not - to the creatures they belonged to.
This incredibly long and slow process shaped its functions and characteris-
tics. The three-dimensional perception of space, the perception of bodies in
a solid state as uniform and connected objects, can all be possibly accounted
as favorable ways of experiencing the world through our bodily receptors.
How are these peculiar ways of perceiving the world related to our scientific
description of it?

In other words, are our interpretation of the external signals, our limited per-
ception of them and our limited size influencing our knowledge? How would
we be describing the world if we could see it through the eyes of a being the
size of a neutrino? How would our physical models be if we could see with
our own eyes what we call the microscopic world?

These are of course rhetorical questions. It is not surprising that our early
models for physical systems were entirely imbued with the prejudices given
by the thinking structure that evolution imprinted in us. However, human
brains showed a rather impressive capacity: the ability to think abstractly.
Thanks to this quality, we were able - up to a certain degree - to detach
ourselves from the peculiar perceptions of material reality and their interpre-
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tations made by our brain. The idea that other kinds of abstraction might
be possible is still an open question: what kind of thought processes might
be developed by other forms of intelligence? Would they be just another
re-casted version of mathematics and logic or are they something completely
different, out of our reach?
A nice thought experiment to grasp this idea, is to consider the huge differ-
ences between us and aped!] Our DNA is different only for a really small
percentage from theirs; what can we expect to be there in the depths of
space, where completely different evolutionary processes might have hap-
pened, leading to all different kinds of minds and observers? If creatures out
there are as far from us as we are from apes - in dna-evoution terms - would
they be seeing us and our mathematical models as we see apes and their
behaviours?
This is of course nothing we can speculate about; it is still interesting though
to consider this idea and to get a good perspective on the relative value of
our discoveries.

Leaving this fascinating idea aside for the moment, let us focus again on
human knowledge.
The amazing work of science has something rather peculiar to it. Its transient
state, its continual self improvement, its clear bounds of validity, predictivity
and uncertainty. In this terms, science differs from any other kind of human
knowledge. Being it a human product, however, it is still fallible and prone
to mistakes, especially when research is done at the very limits of our under-
standing and technological power. One rather subtle mistake made in the
interpretation of modern physical models, especially when quantum physics
enters the game, is the idea that the objects we are describing would actually
exist with the shapes and characteristics our brains give them. One example
is the case of modern particle physics. The two ideas that help us visualizing
the objects of our studies are particles and waves. However, none of the two
is a real complete description of what is really being observed. At this level
of abstraction, one must work with objects that can be described to an amaz-
ing degree of precision by our mathematical models, giving up, however, any
kind of intuitive perception of the observed events. We introduced the use of
fields, we introduced extra dimensions, we use regularly quantum mechanics.
However, all these mathematical constructions, fail to satisfy our thirst for
ultimate, complete, descriptions.

In a way, one could argue that there is a kind of analogy between early
physics and modern quantum physics in the level of (conscious) conceptual-

I See for example the speech given by Neil DeGrasse Tyson at "Cosmic Quandaries",
held at The Palladium in St. Petersburg College on March 2009.
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approximation involved in the models created to describe systems. In clas-
sical physics, the models are faithful to what we can observe with our sight,
making everything more intuitive and satisfying from a certain point of view.
However, as mentioned before, this is purely a result of the prejudices that
evolution instilled in our brains. Those objects we describe are made of
smaller components we cannot distinguish and of the forces that keep them
together. The fact that a cup on a table does not simply slip through it, is
at a classical level just a consequence of the assumed solidity of the bodies
involved, while at a deeper level of sophistication, can be understood as an
interaction at the molecular level of the two bodies, with the bonding forces
among the molecules in one body, preventing those of the other body to slip
through. What kind of deception is at work in modern physics instead? We
cannot observe the objects we are discussing directly with our senses. We can
however observe them indirectly through the interactions with other physi-
cal systems that we equip with understandable interfaces. This is the case
for example of modern particle scattering experiments. A series of physical
systems called sensors interacts with the system we are studying, returning
a signal that is then interpreted by interfaces which can finally be read by
humans and given a proper interpretation in the view of some mathematical
model. What is the picture of science and physics that comes out of this?
Nothing more and nothing less than what every scientist should know from
the beginning of his/her work.

In science, there is no presumption to access an absolute truth. The only
expectation we can have is to increasingly better understand processes for
the way they work, using mathematical models that have a finite level of
precision and predictivity.

Does this mean that the Top quark or the Higgs boson do actually not exist
and that what we use are just mathematical expedients to describe what
we observe? No; or - better - not only. This rather means that in our hu-
man models, where particles and waves are implied (or quantum fields to be
more precise), a Higgs particle or a Top quark are required for the model
to work. Other models with other assumptions and structures would have
a corresponding object performing somehow the same functions, perhaps in
the same way or perhaps in a completely different fashion.

What I am arguing here is that a class of different theories that describe
reality equally well might exist and that they could be so deeply different
that our intuition would be completely unable to grasp them.

However, this whole thought experiment is just a matter of speculation. At
the moment there is no evidence that other theories with the same precision
and predictivity as ours might exist; and even less evidence that intelligent
life on other planets might exist and have reached a technological and cul-
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tural level suitable for scientific knowledge to arise.

The whole question is profoundly related to our incapacity to access an abso-
lute level of understanding, to dig reality to its very essence; or - more likely
- to our innate prejudice that such an absolute truth and essence exist. After
all, the concept of essence of reality could most likely be a construct of our
earthly brains, evolved and perfectioned to categorize items and creatures
based on their absolute role in a restricted and short sighted perspective.
For example, a spoon is a spoon because it is used to pick up liquids. Being
it a fully artificial concept, there is no deeper level of abstraction and we
can completely understand the idea of a spoon to its very “essence”. Real-
ity however does not belong to these easily labellable categories and so, its
understanding cannot be equally satisfying; especially when we enter the mi-
croscopic world. The rather useful idea of categorizing objects and to define
precisely might be the root of our dissatisfaction.

Somehow, we ended up facing a very old and discussed problem. Backtrack-
ing all human definitions, we end up with empty hands, as the initial quote
by Emil Cioran well describes.

To step out of this impasse, let me use the words of Richard Feynman, who
recognized the same problem, but was able to amusingly find a solution:

“We can’t define anything precisely. If we attempt to, we get into
the paralysis of thought that comes to philosophers... one saying
to the other: «You don’t know what you are talking about!» The
second one says: «What do you mean by talking? What do you
mean by you? What do you mean by know?»”

Which point of view shall one take?

One can focus on the unsettling truth of the well motivated but still arbitrary
definitions mankind created to be able to understand the world in front of
its eyes and on the scary void that stands behind them. This view can be
frightful and demotivating, connecting us with our deepest ancestral fear of
being alone in the universe, lost on this planet wihout a clue of what we are
part of. On the other side, one can focus on the amazing enterprise human
kind is part of. The search for a deeper and deeper understanding of what we
live in; the hope for new astonishing discoveries that could radically change
our future, perhaps enabling us to reach other regions of our universe that
are nowadays too far and remote for our technology; the incredible challenge
of uniting the world under the same hopes and efforts to reach these goals
together, as the only romantic cure to the frightful perspective offered be-
fore. In some sense, we are charged with the responsibility of bringing on the
rare and extraordinary selfawareness that characterizes us; to say it with the



1. Introduction 5

inspiring and wise words of another person I really think highly of:

“We are the local embodiment of a Cosmos grown to selfaware-
ness. We have begun to contemplate our origins: starstuff pon-
dering the stars; organized assemblages of ten billion billion bil-
lion atoms considering the evolution of atoms; tracing the long
journey by which, here at least, consciousness arose. Our loyal-
ties are to the species and the planet. We speak for Earth. Our
obligation to survive is owed not just to ourselves but also to that
Cosmos, ancient and vast, from which we spring.”

Carl Sagan, Cosmos [1].

In order to act accordingly, we have to accept the limitations of our definitions
and discoveries and direct all our efforts to further research and refine what
we have, contributing, even if only for a finite, tiny span of time to this great
human adventure.

With this spirit, I welcome the reader to the following sections of the thesis.
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1.2 Answers and mysteries in modern Physics

“We make our world significant by the courage of our questions
and the depth of our answers.”

Carl Sagan, Cosmos [1].

Despite what I said in the first section of this introduction, I believe that the
universe we live in is wonderful in its rationality. It is an astonishing fact in
itself that human brains, evolved on a tiny planet lost in space, are capable
of such a degree of abstraction to formulate and investigate ideas well beyond
our common earthly experience. The awe and thrilling excitement given by
discovery and research has driven many scientists (whether or not the term
can properly fit to some of them) on the pathway to the most precise and
insightful description of reality. One of the two fundamental theories that de-
scribe reality is the Standard Model (SM), which describes electro-magnetic,
strong and weak interactions through gauge theories and a symmetry break-
ing mechanism. The symmetry breaking mechanism adds in turn a boson
particle to the model, the Higgs boson, which gives mass to fermions and
to the W and Z bosons. The scenario of particle physics has been driven in
the last years especially by the joint theoretical and experimental effort to
find the Higgs boson, which was prized with a positive result in July 2012
(see for example |2|) and with the Nobel prize for Physics in 2013. This
search has required an unprecedented effort from the experimental side, with
the construction of the Large Hadron Collider (LHC) and other accelerators
(previously constructed or still in construction) that are meant to further in-
spect the spectrum of reality. On the theoretical side, these efforts involved
the precision calculation of scattering processes at the energy levels reached
by the experiments, where loop corrections have a determinant role. The
main efforts in these directions have been made using various analytical and
numerical techniques like on shell methods [3}8], the subtraction method?]
[12H15] and many others, depending on the particular focus of the calcula-
tions.

The search is of course not over, since the SM still leaves a list of thrilling un-
solved questions, mainly involving the hierarchy problem and the fine tuning
of the model. A number of models have been proposed to solve these ques-
tions and are investigated at this very moment. The LHC, with its next run
in 2015, will be one of the tools used to look for new physics, which might
then give us new insights and directions towards the exclusion or further
investigation of some of those theories.

2 Used among others also by my colleagues and supervisor; see for example [9-11]
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The second main theory that is nowadays considered the standard model
for gravity is General Relativity (GR). GR is a classical theory. Its quanti-
zation encounters a series of problems that, at present time, are still being
investigated. One of the main problems is given by the fact that if one tries
to quantize the theory starting from a classical Lagrangian as one would do
for a gauge theory, one obtains an infinite series of interaction terms which
make in turn the theory non renormalizable and difficult to treat perturba-
tively. In addition to the proliferation of terms, we have to face also a more
complicated expression for the Feynman rules, which further encumbers cal-
culations. How to quantize the theory of relativity in order to look for a
unified theory including gravity and the other fundamental interactions, is
one of the most thrilling open questions and challenges of modern, and most
likely future, physics and constituted one of the main motivations for my
application and devotion to this field of research. In section we will sum-
marize the problem and present an intriguing idea offered by Zvi Bern and
others [16].

How are these two theories related? Is there a Great Unified Theory
that at some energy scale breaks down in the two different descriptions of
reality? These are still open questions and are one of the driving aspects
that motivated my curiousity and this PhD project.

In the past years, the issue brought people to inspect a puzzling aspect
of these theories: gauge-gravity duality. The work of 't Hooft and Susskind
on holography (see for example [17]) and successively of Maldacena [18] and
others on AdS/CFT duality, gave us what is considered the most advanced
attempt to obtain such a unified theory in the context of String theories.
However, such theories are at the current state of the art impossible to test
experimentally (except for some models with implications at the TeV scale;
see for example [19]).

My thesis will involve instead another kind of gauge-gravity duality: that

which arises from the squaring relations proposed in |20] by Bern, Carrasco
and Johansson (BCJ), which can be seen as a recasted version of the KLT
relations, first discovered in string theory by Kawai, Lewellen and Tye [21].
Underlying the structure of these relations, is a newly discovered duality:
color-kinematic duality, which will be the real main focus of this work.
All the technical terms used in the following paragraphs, will be formally
defined in the following chapters, so I invite the non-familiar reader to not
expect a detailed and exhaustive discussion in this introduction. In particu-
lar, in chapter [2| a detailed description of kinematical and colour factors will
be presented, as well as some other techniques employed in the calculation
of amplitudes.

In [20], it was conjectured that tree amplitudes in massless gauge theories
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can always be put in a form of a pole expansion containing only three-valent
verticesﬂ such that the kinematical numerators, n;, of this expansion satisfy
anti-symmetry and Jacobi-like relations when the associated colour factors,
¢;, do.

1 tree CiTl
F.An (1,2,...,72) = Z Hai S

ci+cite,=0=n;+n;+n,=0

This pole expansion has some important consequences. First of all, it unveils
additional relations between colour-ordered partial amplitudes, reducing the
number of independent ones; these relations are called BCJ relations. As I
will extensively explain in chapter 2| decomposing a n-point tree amplitude,
brings in the game (n — 1)! independent colour-ordered partial amplitudes.
Kleiss-Kuijf relations [22, 23| further reduce this number to (n — 2)! and
finally BCJ relations lead us to (n — 3)! independent amplitudes. BCJ-
relations have been proved first in string theory [2429] and then within
quantum field theories using on-shell recursion relations [30-32].

BCJ relations and colour-kinematic duality at loop level remain a conjecture,
even though they have been verified in numerous examples [33H43].

The second important consequence of BCJ-relations, is that they can be

used to simplify loop calculations. They can in fact be used on loop inte-
grands in order to relate non-planar to planar graphs. An example will be
shown in chapter [3]
The third consequence regards the forementioned gauge gravity duality. In
fact, it is possible to exploit kinematical numerators that satisfy BCJ rela-
tions in the construction of gravity scattering amplitudes. In order to do
so, one has to realise that gravity amplitudes can be written in the same
forementioned pole expansion where, however, one has to replace the colour
factors with another kinematical factor (from now on: BCJ-numerator).

_—ZMI;LT66<].,2,...,TL) _ Z n;n;

(k/2)"2 [1a, a.

If one extracts the numerators from pure Yang-Mills theory amplitudes, one
obtains as a result gravity amplitudes corresponding to Einstein gravity cou-
pled to an anti-symmetric tensor and a dilaton. Other kinds of gravity can
be obtained starting from different versions of Yang Mills theories, including
Supersymmetric cases.

3 The idea is to assign each contribution of a four-vertex to the right channel. More
about this will be said in chapter [3] and
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Unfortunately, finding BCJ-numerators is not a trivial exercise. In fact,
calculating partial amplitudes starting from the standard Yang Mills La-
grangian does in general not lead to numerators satisfying BCJ-relations. In
addition, BCJ numerators are not unique, because they can be modified via
generalized gauge transformations as one can see in [20, 44|. In literature, the
main efforts to construct BCJ numerators have been made at the amplitude
level [45-48] or using BRST covariant building blocks 28], [29]. The approach
of this thesis will instead follow the steps of the work previously published
with Stefan Weinzierl in [49).

1.3 This thesis

This thesis will follow another path compared to literature and aim for the
construction of an effective BCJ-manifest Lagrangian, whose Feynman rules
automatically lead to BCJ-numerators. One example of this approach can
be found in literature in [50]. In order to do so, I will start in chapter 2| with
the standard Yang Mills Lagrangian, containing only the kinetic term for the
gauge fields and a gauge fixing term. The gauge fixing term will introduce
ghosts in the theory. However, since I will be mainly concerned with Born
amplitudes, ghosts will not enter the game and will be just mentioned in a
separate section where loop order calculations will be examined.

When not differently stated, I will be working with SU(N) as the symmetry
group of the theory. However, for simplicity, I will be referring to the gauge
particles as gluons and to the gauge degrees of freedom as colour degrees of
freedom, as in the SU(3) case of QCD.

In section [2.5] 1 will introduce some calculation procedures, notation and de-
vices fot the efficient calculation of massless gauge theory amplitudes. These
tools will be important in the prosecution of the thesis since they will simplify
considerably the calculations and will allow us to draw a series of conclusions
and comments on results otherwise concealed.

Section will serve as a brief introduction to the quantization of General
Relativity and to the related issues. Particular care will be taken in showing
the underlying structures of gauge-gravity and colour-kinematic duality, as
well as the difficulty involved in the calculation of massless scattering ampli-
tudes starting from a general Einstein-Hilbert lagrangian for Gravity. Some
results from [50] will be presented as a preliminary introduction to the con-
struction of an effective BCJ-manifest Lagrangian.

BCJ-relations as they have originally been presented by Bern, Carrasco and
Johansson will be introduced in chapter [3| In this section I will also present
some examples for the validity of the pole expansion as well as for the diffi-
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culty in obtaining the same result when the valency of the treated amplitudes
(the number of external gluons) grows. Part of the chapter will be finally
dedicated to the discussion of generalized gauge transformations and to the
use of BCJ relations at loop level as presented in [20] and [51]. The original
contribution of the author and of Stefan Weinzierl will be finally introduced
in chapter [l where an algorithm to construct an effective BCJ-manifest
Lagrangian will be presented. The last chapters will be dedicated to a dis-
cussion and to some speculations on scattering equations used to construct a
kinematic algebra [48, |52/56]. The chapter will be lead by the idea that the
previously presented algorithm can be improved and refined by reproducing
the canonical BCJ-numerators presented in [56).



2

YANG MILLS THEORIES

2.1 Non-abelian group theories

Most of the incredible theoretical achievements of the last century, have
been reached only thanks to the power of that incredible labor saving device
that is group theory. Mathematicians and theoretical physicists, used group
theory with incredible effectiveness, even though, at the beginning at least,
its proper application and interpretation looked quite puzzling. A quote by
J.R.Newman taken from [57] in particular is quite suggestive of this feeling:

The theory of groups is a branch of mathematics in which one
does something to something and then compares the results with
the result of doing the same thing to something else, or something
else to the same thing.

as it is again this quote by Sir A.S.Eddington from the same book:

We need a super-mathematics in which the operations are as un-
known as the quantities they operate on, and a super-mathematician
who does not know what he is doing when he performs these op-
erations. Such a super-mathematics is the Theory of Groups.

In order to briefly introduce the vast topic and the essential tools and
definitions that will be needed, I will mainly follow [58| and [59]. What is
not clear from the two previous quotes is that, in physics, what actually
leads to really insightful results is the study of group representations, and in
particular, what makes it so effective is the fact that those representations
live in linear spaces, allowing us to transform states conveniently using linear
transformations. In many branches of physics, finite groups have been one
of the most effective tools used to describe and characterize systems. In
quantum field theories, the most important role is covered instead by Lie
groups, i.e. groups that also satisfy the requirements for being differentiable
manifolds. In particular, I will focus here on continuously generated groups
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and, in treating the specific case of Yang Mills theories, I will further restrict
my attention to non-abelian groups. Continuously generated groups have the
very useful property of containing elements that are infinitely close to the
identity, allowing us in this way to introduce a convenient parametrization
and express every general element g through the repeated action of those
infinitesimal elements:

g(a) =1+iaT* + O(a?) (2.1)

The coefficients T are called the generators of the symmetry group and are in
fact Hermitian operators. The commutation relations of these operators can
be easily found by noticing that they must span the full space of infinitesimal
group transformations, which gives in turn:

[T, T = if*T* (2.2)

where f%¢ are numbers called structure constants of the group, and they are
totally antisymmetric in all indices. A Lie Algebra is composed by the vector
space spanned by the generators, together with these commutation relations.

A crucial set of relations satisfied by the generators and in turn by the
group structure constants is the set of Jacobi identities.

[T, [T, T°] + [T°,[T°, T*] + [T°,[T*,T"]] =0 (2.3)
which can be written in terms of the structure constants as:
fadefbcd + fbdefcad + fcdefabd =0 (24)

Their role will be essential in the prosecution of the thesis and in particular
in the creation of the original algorithm published in [49].

As T stated before, what is really interesting in group theory is the study of
particular representations of the group algebra.

For a general group G, a unitary finite dimensional representation is given
through a set of d x d Hermitian matrices t* satisfying the commutation re-
lations d here is the dimension of the representation.

Let us focus now on the case of SU(N).

The simplest irreducible representation is given by the N-dimensional com-
plex vector and is called Fundamental Representation. Every simple Lie
algebra also possesses another irreducible representation called the Adjoint
Representation, which is the representation to which the generators of the al-
gebra itself belong. As previously stated, the Lagrangian studied in the next
chapters will be restricted to contain only fields living in this representation.
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The adjoint representation has dimension d,g; = N? — 1 and its represen-
tation matrices are given by the structure constants of the group

(tb)ac = Z'fabc (2.5)
which satisfy the commutation relations previously introduced:
([t t),, = if* () e (2.6)

It is interesting to notice that the last commutation relations are nothing but
the Jacobi relations as expressed in [2.4] Since we will borrow abundantly
the terminology of the SU(3) case of QCD, let us pause for a moment and
immediately introduce some terms (generalized to the SU (V) case) that will
accompany us throughout the whole thesis.

QCD describes strong interactions among quarks, anti-quarks, gluons and,
through a gauge fixing procedure that I will introduce later, ghosts. Quarks
and anti-quarks carry a N or N index i,7 = 1,2,..., N, while gluons carry
an adjoint color index a = 1,2,...,N?> — 1. These terms will recur often
throughout the thesis and in particular they will form the language I will use
when introducing the use of colour ordered amplitudes and Feynman rules.

2.2 Yang-Mills Lagrangian

This section will be mostly derived from standard textbooks and articles as
[59] and [60]. In order to construct a gauge invariant Lagrangian containing
only fields living in the adjoint representation, we need to introduce a set
of gauge fields Aj, labeled by a color index a, with one gauge field for each
generator of the gauge group.

The Lagrangian 1 will start with can then be written as:

1 a apv
Lyy = _ZFWF " (2.7)
where the field strength is defined as
Fi, = 0,A; — 0,A; + gf“bcAZAi (2.8)

From now on, I will loosen a bit the notation and stop specifying the differ-
ence between the generators of the group 7 and their representation matrices
t®. T will instead generically refer to the matrices as to generators and 1 will
indicate them with 7.

The generators satisfy the commutation relations and an additional ar-
bitrary normalization equation:

Tr[T°T = %5“ (2.9)
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It is useful to introduce the Lie-algebra valued matrix field
A, = %T“AZ (2.10)
and the corresponding field strength
F, =0A —-0A,+[A,A) (2.11)

In terms of these new quantities, we can rewrite the lagrangian as

1 v
£y]u = Q_QQTTF#VFH (212)

which is invariant under gauge transformations
A, — UA U — (0,0)U" (2.13)
The explicit form of the gauge transformation is
U(x) = exp(iga®(z)T?) (2.14)
or in infinitesimal form
U(x) =1+ iga®(x)T* + O(a?) (2.15)

where I restored for clarity the gauge group generators T* and where o are
the parameters of the transformation.

2.2.1 Gauge fixing and ghosts

In order to quantize the theory and to derive Feynman rules appropriately,
one can define the functional integral:

/ DAexp {2 / d%ﬁYM] (2.16)

When doing so however, one must also consider that there is an infinite
number of directions in the space of fields configurations along which the
Lagrangian is unchanged (corresponding to the fact that performing a local
gauge transformation leaves the Lagrangian invariate). The functional in-
tegral then, if performed as written above, will include a great amount of
redundant information that will in particular lead to a wrong result for the
gauge field propagator.

This problem was first solved in 1967 by Faddeev and Popov in the famous
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[61].

Their method involves the application of a gauge fixing condition G(A) = 0
at each point z, in order to constrain the gauge directions in the functional
integral. To do so, one can exploit the identity

- / Da(2)5 (G(AY)) det (5G§ja)) (2.17)

where A% is the gauge field after a finite gauge transformation parametrized
with a(x). The explicit calculation can be found in many textbooks like
[59] and will not be presented here. However, what is important to notice
is that the procedure adds a gauge fixing term to the Lagrangian as well as
Faddeev-Popov ghosts in the theory.

When not otherwise specified, I will be working in the Feynman gauge.

The gauge fixing term in the Lagrangian reads

Lor = g—lzTr(a“AM)(a”A,,) (2.18)

For now, ghosts will not be part of the discussion since the thesis will be
focused on tree level gauge amplitudes, where ghosts do not contribute.
The concept of gauge fixing and how this might have an impact on algorithms
for bej-numerators will be treated again in the last chapter.

2.3 Feynman Rules

Starting from the Lagrangian density introduced before, we can derive a set
of Feynman rules. Let us first re-write the Lagrangian in order to make the
nonlinear terms manifest:

EYM = _lFa Fory — £O _ gf“bc(ayA‘j)Ab“A"’” _ g2(fabcAZAlc/)<fadeAduAeu)

4= H
(2.19)
or, using the more compact formulation of and including the gauge fixing
term:

Lyy + Lop = % (£ +£® 4 L] (2.20)
9
with
L£® = —2TrA,0A"
L® =4Tr(9,A,)[A", A] (2.21)
LY =Tr[A,, A)A", A
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It is important to mention once and for all that here and throughout the
thesis, I will make the choice of always describing outgoing gluons.

The gluons interaction vertices are given by £ and £*, which respectively
lead to the Feynman rules:

v

P2

b
z:@@m c = gf*™ [¢"(p1 — p2)* + g2 — p3)* + g (ps — p1)"]
P3

a

— —Zg2 [fabefcde (gp)\g,up o gupgu)\) + facefbde <g,u1/gp)\ o gupgzn\)

+fadefbce (guugp/\ o gu)\gup)]
(2.22)

As we can see, the colour factor each three gluon vertex brings in a gen-
eral YM diagram is given by a group theory structure constant f¢. Each
four gluon vertex instead brings in contracted pairs of structure constants
fabe fede . This formulation however keeps colour and kinematic information
mixed together in the Feynman rules. For the purpose of this thesis, it will
be convenient to introduce another way of formulating the vertices, such that
only the kinematic part of the information will be present and it will corre-
spond to a particular colour structure automatically associated with it. This
formulation goes under the name of colour decomposition of amplitudes.

2.4 Colour decomposition

First of all we need to identify all the possible colour structures in a given
amplitude. The next step is to find a prescription to construct the kinematic
coefficients of these colour structures.

These kinematic coefficients are called partial amplitudes or sub-amplitudes.
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First of all, let us rewrite the Feynman rules in a more convenient way:

Py

b
'%@W ¢ = gf" [g" (1 — p2)* + 9" (P2 — p3)" + g™ (s — 1)"]
a P

= g(i f*)(i [¢" (p2 — p1)* + 9" (ps — p2)" + g™ (1 — p3)"]
= g(if™)

(ZV” (p17p27p3))

— _292 [fabefcde <g,u)\g,up o g,u,pgu)\) + facefbde (g'Lng)\ o g,upgv)\)

+fadefbce (g;wgp/\ o gu)\gup)}
& [(EF)GFNilg g — 404" + ()i )ilg" 9™ ~ ")

AL )il g™ — 9g")]
(2.23)

In order to apply colour decomposition we need to invert the commutation
relations that define the structure constants:

[T, T = ifoi1? (2.24)
Multiplying each side by another 7 and tracing, we obtain:
Tr (T°T*T" — T°TT*) = if*™Tr (TT°) (2.25)

Now, using the invariance of the trace under cyclic permutations and the
normalization convention [2.9, we end up with:

if* = 2Tr (T*[1°,T°)) (2.26)

Another useful set of relations, used to manage contracted generators ap-
pearing from the use of the forementioned substitution, is given by Fierz
identities.

Given two strings of SU(N) generators S; and Sy, we can express the iden-
tities as:

TT(T“Sl)Tr(T“SQ) == % (TT(Slsg) — %TT(SQTT(SQ))
or (2.27)

Tr(T*S,T°S,) = (TT(S1)TT’(52) — %TT(&SQ))

N —
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We can rewrite the vertices applying these rules, finally obtaining:

g(ifabc) (inJ,WA(plapzaps)) =
- 29 [TT(TaTbTC)Z.V})MV)\(plvp27p3) - TT(TaTch)i‘/gLVA(pI)p27p3)i|
— 2 [Tr(TaTbTC)z'VgW(pl,pg, ps) + Tr(TT*T)iVI™ (p1, ps, pg)}

= 2g Z TT<Ta1Ta2Ta3)Z"/}’NIN2N3<p1’p2’p3)
P(2,3)
(2.28)

where we used the antisymmetry of V3 when any two legs are exchanged, and
where I renamed indices in the last step to obtain a more compact expression.
For the four-vertex we get:

292 Z TT(T‘”TaQT%Ta“)Z'(Qg“l%g“QM — gt ghens _ guwzgusm)
P(2,3,4)

:292 Z T’I“(Tal Ta2asas )z“/:l“w?“f’lhl
P(2,3,4)
(2.29)

where we used the Fierz identity to calculate these expressions:

(if*e)(ifed®) = 2 [Tr(T°TT°T?) — Tr(T°T*TT®) — Tr(T*T*T°T?) + Tr(T°T°TT*)]
(2.30)

and where we defined the purely kinematic quantity V/"#2#3#4,

In this way, we can always write a tree level n-gluons amplitude A, as

An(pis Miyai) = g"™2 > 2T (T, T%@ . T%m) Ay (o()™,0(2)*,...,0(n)*)
oc€Syn/Zn
(2.31)

Here p;, \; are the momenta and helicities and A, (1*, ... n*) are the gauge
invariant functions called colour-ordered partial amplitudes, which contain
all the kinematic information. The partial amplitudes are colour-ordered,
i.e. the only diagrams contributing to their calculations are those with a
particular cyclic ordering of the gluons.

In order to calculate them we can exploit the decomposition of the vertices
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derived before. Let us introduce then colour-ordered Feynman rules:

ph?
%3 = i[g""*(p1 — p2)™* + ¢ (P2 — p3)"* + 9" (p3 — p1)"]
28

Py
(2.32)
— Z’(letlmguwzx _ gu1u4gu2u3 _ gu1/L2g/t3M4) (2.33)

Due to the cyclic property of partial amplitudes, we have:

An(1,2,3,...,n) = A,(2,3,...,n,1) (2.34)

The sum in eq. is over (n — 1)! partial amplitudes. The cyclic property
might be used to fix leg 1 in the first position, so that the sum in [2.3]]
corresponds to the (n — 1)! permutations of legs 2,..., n.

An(pis Miyai) = g" 2 Y 20 (T, T%®, ... T%m) A, (1M, 0(2)*,...,0(n)™)
0€ESn_1

(2.35)
In addition to cyclic invariance, partial amplitudes present other features,
as the reflection property

An(1,2,3,...,n) = (=1)"A,(n,...,2,1) (2.36)
the dual Ward identity (also called photon decoupling identity

An(1,2,3,...,n)+A,(2,1,3,...,n)+A(2,3,1,....,n)+.. +A4,(2,3,...,1,n) =0
(2.37)
and the sub-cyclic sum

> A(L2,...,m)=0 (2.38)

Zn—1(2737"'7n)

The (n — 1)! partial amplitudes are not independent. In fact, they satisfy
another set of linear relations called Kleiss-Kuijf relations [22].

A;ree(l, {a},n, {ﬂ}) _ (_1)715 Z AZ‘Ee(L {a}i,n) (239)
{o}icOP({a},{BT})

where we are summing over the ordered permutations OP({a},{81}), i.e.
all the permutations of {a}|J{8?} which preserve the relative order of the
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elements of the two sets. {37} here represents the set {3} with the ordering
reversed and ng is the numeber of beta elements. Thanks to Kleiss-Kuijf
(KK) relations we can fix the order of another leg, e.g. leg n in the last
position, and express all the partial amplitudes where n does not appear in
the last position as a linear combination of partial aplitudes where n instead
does. For example, for n = 4 we have only two independent KK amplitudes:
Atree(1,2,3,4) and A'°¢(1,3,2,4). Using KK-relations we can for example
write:

AMee(1,2,4,3) = —A"(1,2,3,4) — A"(1,3,2,4) (2.40)

All the other possible combinations of the external legs can be obtained
using KK-relations, the reflection and the cyclic property. This means that
the amplitudes A™¢¢(1,P(2,3),4) form a basis in which the remaining partial
amplitudes can be expressed. In general, at valency n, we can write all the
partial-amplitudes in terms of the (n — 2)! KK-amplitudes where the order
of two legs is fixed. This procedure is also part of the algorithm introduced
by Bern Carrasco and Johansson in [20].

Now, before actually introducing BCJ relations and our alorithm, we will
introduce a series of formalism devices that will simplify expressions and
calculations in the following chapters.

2.5 Calculating amplitudes efficiently

2.5.1 Spinor helicity formalism

One of the tools utilized to obtain compact representations for tree and loop
level amplitudes in QCD is the Spinor Helicity formalism. We'll start with
massless fermions. Studying the solutions of the massless Dirac equation, one
can see that the positive energy and negative energy solutions are identical
up to normalization conventions.

i, = 0 (2.41)
Inserting the ansatz ¢ = u(p)e P and )~ = v(p)e™P*, we obtain:

Ypuu(p) = pu(p) =0

—'po(p) = —po(p) = 0 (2.42)

For the adjoint spinor we can procede in a totally similar way.

Y(=iy"0,) =0 (2.43)
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which - in momentum space - translates to:

—u(p)y'py = —ulp)p =0

o(p)y"pp = v(p)p =0 (244

What is interesting to notice is that, in the massless limit, the positive energy
projector A (p) ~ u(p) ® u(p) and the negative energy projector A_(p) ~
v(p) ® v(p) become both proportional to p. Because of this, we can choose
the following solutions to be equal to each other:

W) = (1 E0ul) velp) = (1 £900l)  (245)

The same is true for the conjugate spinors, where a similar relation holds:

i) =a)5(1F %) o) =0()5(1F %) (2.40)
In the next sections we will be working in general with a n-tuple of momenta.
It is useful then to introduce a shorthand notation for these momenta and
the definite helicity solutions associated to them. We will denote our set of
momenta with p; where 1 = 1,...,n and we will - at least in the next few
sections - use the following notation:

i) = [pi) = uelp) =ve(p), (| = 0| = () = 0x(p) (247
We are now finally ready to define the spinor products:
(ig) = (7| 5%) = a-(pus (), ig] = (7| 57) = ae(pi)u-(p;)  (248)

Using an explicit representation for the spinors, we can also obtain explicit
expressions for the spinor products. This, however, will not be object of our
interest. For the interested reader, we suggest for example [62|. The spinor
products satisfy a series of properties that will result being incredibly useful
in the calculation of n-point amplitudes. First of all we can calculate the
usual momentum dot products with:

e L
(W) l7i] = STrlp gl = 2p; - pi = sii (2.49)
where the last identity is true for massless particles if we define

sij = (pi + ;) (2.50)
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This is a good moment to introduce some other useful shorthand notations
that we will be using:

Dij.k =DPi +Pj+ ...+ Pk

(2.51)
Sij.k = (pij...k)2 =(pi+pj+... + pr)?

We also have Gordon identity and a rewriting of the projection operator:

1
(| i) =2p,  [iF) (F| = F(LE%)p, (2.52)
Spinor products are antisymmetric under exchange of the two arguments:
(ij) = =iy, [i] ==, () =[] =0 (2.53)

In order to simplify expressions, we can use Fierz rearrangement:

Gt ) (KT 1) = 2[ik] (1) (2.54)
as well as charge conjugation of current:
@ 157 = G i) (2.55)

and Schouten identity:

(ig) (kl) = (ik) (1) + (il) (k) (2.56)

In addition, in an n-point amplitude where momentum conservation is satis-

fied, we also have:

> il (ik) =0 (2.57)
i=1
i#j.k
If we want to describe massless gauge bosons however, we need to introduce
a spinor representation also for the polarization vector that charachterizes

them for a particular +1 helicity:

(@ v lp™)

V2 (qF| p*)

where p is simply the momentum of the vector boson, while ¢ is an auxiliary
massless vector that we can call reference momentum. The freedom allowed
in the choice of the reference momentum, simply reflects the freedom we
already have in on-shell gauge transformations. To see that this is the case,

eff (p,q) ==+ (2.58)
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let us calculate the difference between two polarization vectors where two
different reference momenta have been used:

(G [vlp™) A [vlp7) (@1 vupla®) + (@ [ prula™)

e (p,q) — €/ (p.q) = — =—

V2 (qp) V2 (qp) V2 (@p) (ap)
V2 (4q) "

(gp) (ap)

1w

(2.59)

So, changing the reference momentum simply corresponds to shifting the
polarization vector of an amount proportional to p,,.

The expression [2.5§ gives our polarization vector all the properties we
expect. First of all, since p [p*) = 0, we have that *(p, ¢) is transverse to p
for any choice of the reference momentum:

& (pq)-p=0 (2.60)
Complex conjugation reverses the helicity:
(5 (p:0)" =€, (p,q) (2.61)

By using Fierz rearrangement, we can also verify that the standard normal-
ization is implemented:

()=t = G ) @ ™)
2 (qp) [ap) (2.62)
S S VR R R UR Y '
€r-(e) =€ ¢ 5 0
2 (ap)

Finally, using the set of rules described before and the anticommutation rules
for gamma matrices, we can see that the completeness relations satisfied by
the polarization vectors are the same ones of a light-like axial gauge:

. Pudy + Puq,
D )€, q) = —gu + (2.63)
A=+ p-q

One is allowed to perform a different choice of reference momentum for each
gluon (or in general momentum) in the quantity one wants to calculate. In
doing so, one must be particularly cautius, since changing reference momen-
tum corresponds to a gauge choice (i.e. changing reference momentum inside
a gauge independent quantity is a wrong step).

This freedom will result particularly useful. Selecting carefully the reference
momentum for the different gluons involved in a scattering amplitude can
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often result in a simplification of calculations. In particular, smart choices of
¢ can bring to the vanishing of terms or even full diagrams. The backbone of
these simplifications lies in these identities (where we introduce the notation

e (q) = e (ki,qi = q)):

=6 (q) ¢ (pi) =0 (2.64)

We are finally endowed with enough notation to calculate scattering am-
plitudes involving massless vector bosons (and massless fermions) in terms
of spinor products. Let us start calculating some gluon amplitudes.

As previously stated, we will consider all the gluons as outgoing; the choice
for helicities will be then defined accordingly. By requiring that all the mo-
menta involved in the scattering event are real valued, we can immediately
obtain:

AYe(1,2,3) =0 (2.65)

The same quantity, however, does not vanish if we let momenta be complex
valued quantities. This is for example the starting step of procedures involv-
ing complex kinematics like BCFW recursion relations [4], twistor techniques
or other on-shell methods (see for example [63]).

Now, making use of all the machinery described before, one can try to
calculate quantities like A"¢¢(17,2% 3% 4%). First of all, let us consider the
question from a diagrammatic point of view and write down all the colour
ordered diagrams involved}

(2.66)

Let us focus on the s;5 channel to work out a calculation for the sake of

! The number of diagrams we need to consider is related to all the possible channels
(i.e. to all the propagator structures) that can appear.
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giving an example:

Alree(1+ 9+ 3+ 41) =

512

= er (p1, )€l (P2, @2)i [¢"" (p1 — p2)” + g% (2p2 4+ 1) + ¢ (—=2p1 — p2)"?] X

(=)~
512

€. (ps, @3)€, (P4, qa)i [g" (ps — pa)” + g7 (2pa + p3)™ + g7 (—2p3 — pa)*™']

=iler- € (p1 —p2)’ + €5 (261 pa+e1-p1) — € (262 p1 + €2 pa)] (iﬂ> X
12

€3 €4 (p3 — pa)” + €] (263 - pa+ €3 - p3) — €5 (2€4 - p3 + €4 - pa)]

;
= s_ [51 * €2€3 " €4 (Pl - p2) ) (p3 - p4) + 2€1 - €2€3 - P4 (pl - p2) €4
12
—2€1 - €2€3 - (1 — P2) €4 - D3 + 2€1 - Pa€3 - €469 - (P3 — Pa)
+4d€3 - pa€g - €4 — €1 - Pa€g - €364 - P3 — 2€5 - D1€3 - €4€3 - (P3 — Da)
—4€) - €4€3 - Pa€g - p1 + A€y - €369 - pr€g - P3]
(2.67)

where, in the second step, we used equation (together with a substantial
simplification of the notation). As we can see, each term in the final result
contains a contraction ¢; - €;. This immediately hints us to exploiting the
freedom in the choice of the reference momenta ¢.s.
In fact, choosing the same light-like vector for all the different polarization
vectors and using the second identity in will yeld an important result:
Alree(1+,27,37,47) =0 (2.68)
and the same can be shown to be true for the remaining diagrams, which

yelds then to:
Alree(1t,27,37 41) =0 (2.69)

One important thing to notice is that we have to avoid setting all the ¢/s
equal to one same external momentum, because this would yeld singularities
in the expressions of the polarization vectors of those legs. This important
result can be extended with some considerations to the case of n external
legs.

In fact, each vertex can contribute the expression with at most one momen-
tum vector p; and since we have up to n — 2 vertices in a diagram, we can
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immediately see that the polarization vectors can be contracted with a maxi-
mum of 7 — 2 momentum vectors p2l This means in turn that we will always
have a € - ej contraction in each term and this allows us to set the whole
expression to zero whenever we can set e:r . E;L to zero choosing the reference

momenta appropriately. So we can conclude that:
Alree(1t 27 0 nt) =0 (2.70)

Using the same philosophy and the other identities in we can also
immediately see that also this evaluation holds:

Alree(17,27 ... nt) =0 (2.71)

in this case, the simple choice ¢o = ¢35 = ... = ¢, = p1 and ¢ = p, is
sufficient to obtain our result.
The first non-vanishing amplitude we can calculate is Ay¢¢(17,27,3% 41).
Now we will cheat a bit by calculating once again just the si5 channel of
the colour ordered amplitude. We will do so because we already know that -
due to the reference momenta choice we will make - the contributions of the
other diagrams will vanish. The expression is similar to the one we calculated
before. This time however, we will reintroduce the full notation in order to
make manifest that not all the terms will disappear after the choice of the
reference momenta.

Alree(17,27,3%,47) =

— (e (1) - 5 (@2)ed (a5) - €5 (an) (01 — p2) - (b3 — pa)

+ 267 (q1) - €5 (q2)€3 (g3) - pa (p1 — p2) - €1 (qa)

—2¢1 (q1) - €5 (qo)eg (g3) - (p1 — p2) €4 (qa) - 3

+ 21 (q1) - paey (a3) - €4 (aa)e3 (@) - (3 — pa) (2.72)
+ 4¢3 (g3) - pa€y (q2) - €4 (qa)

— e (1) - a6y (q2) - €5 (g3)€d (qu) - s

— 265 (q2) - p1€5 (g3) - €4 (qa)€q (g3) - (p3 — pa)

—der (q1) - €5 (qa)es (g3) - pacs () - 1

e (@) - € (63)65 (a2) - i€ (aa) - p3]

It is time to make a choice for the reference momenta: ¢; = ¢o = p; and
g3 = q4 = py4. This choice will considerably simplify this expression. In fact,

2 This particular consideration will be useful in chapter [4 (section , where it will be
used in relation to the algorithm proposed in [49] and to define part of the notation.
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due to the identities only the contractions €, - €5 will not vanish. This
gives in the end:

Ajee(17,27,37,47) = 3%2 [—4e1 (pa) - p2cy (pa) - €5 (p1)ef (p1) - 3] (2.73)

Now, applying the definition of the polarization vectors, Gordon identity and
Fierz rearrangement, we finally obtain:

1
Airee(liu 27’ 3+> 4+> = 8_12 [_4€I<p4) '}?265(]94) ’ €3+(P1)€I(p1) 'pB]

i (_ {pi | 7 [P 'pﬂ) (_ ilwles) (] }p§>) (<p1_!% |pi) ,pp)
s\ V25| pr) V2{pi|py) V2 {r|py) ) \V2or| pf)
(12) [34])*

[12] [14] (14)

(2.74)

This result can be now put into a more revealing form. We will just need
momentum conservation, antisymmetry of the spinor products and the good
old trick of multiplying by 1 and in few steps we can re-express the amplitude
as:

o= o et v oo (120347 (12)[34)° (23)(34)
A(7,27,80,47) = _22[12] 4] (1)~ “"T12][14] (14) (23) (34)
o (12) (= (21) [14]) ([12] (12))
= 2197 (23) (34) (a1) [14] (275)
s (12)°
(23) (34) (41)
or, following a more standard notation:
Alree(17 97 3% 4%) = 2 (12)° (2.76)

(12) (23) (34) (41)

In order to obtain all the possible helicity configurations for the colour or-

dered 4-gluons amplitude, we have to calculate another amplitude: AY¢¢(17,2% 37 4T).
To obtain the remaining ones, in fact, we can simply flip all helicities simul-
taneously (i.e. () <> [ |). The missing amplitude can be calculated in a

most simple way using the decoupling identity

Alree(17,27, 37 4%) = —Aee(17,37,21,47) — A*¢(17,37,41,21)
(13)* (13)*
(13) (32) (24) (41) ~ (13) (34) (42) (21)
(2.77)

= —2i
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and, after using Schouten identity and some algebra:

(13)"

AZT86(1_72+73—74+) = <12> <23> <34> <41>

(2.78)

Finally, one finds |64, 65| that this is a general rule (Parke-Taylor formulae)
for expressing n-gluons amplitudes with 2 legs having helicity A and all the
others having opposite helicity:

tree . - +\ s n—2 <jk>4
Afee(Ir, 2%, T, kT, )—Z<\/§ ><12><23)...<(n—1)n><n1>
(2.79)
or, flipping all the helicities:
tree(1— o— -+ + ) =1 "2 [kj]4
ATOT 20 ) = (VR e
(2.80)

These particular amplitudes are called MHV amplitudes (Maximally Helicity
Violating), because they accomplish for the maximum possible violation of
helicity conservation. The reason to introduce this particular notation is that
we will be using it in part of the calculations in the next chapter when we will
finally present BCJ-relations and some particular examples. In addition, this
particular way of describing gluon amplitudes, will represent a good analogy
for the construction and relative discussion presented in chapter

How can we treat amplitudes where three of the gluons have opposite
helicity? We can call these amplitudes: nezt to mazximally helicity violating
(NMHYV). In [66] the authors proposed a simple formulation making use just
of propagators and some peculiar vertices which are in fact an off-shell con-
tinuation of the Parke Taylor amplitudes. That construction however does
not show manifest Lorentz invariance which is instead auspicable, especially
in view of using tree amplitudes as building blocks for loop calculations
In addition, in [67], in order to obtain a manifestly Lorentz invariant formu-
lation, Kosower presented an improvement of the CSW method where the
dependence on the reference momentum is shown to disappear.

3 The importance of tree level amplitudes and BCJ-relations in the construction of both
Yang Mills and Gravity scattering loop amplitudes will be underlined in the next chapter,
with a special focus on how colour-kinematic duality and gauge-gravity duality coope to
form a particularly intriguing picture.
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2.5.2 Berends Giele recursion

Another particular way of speeding up calculationd’] is given by the recursive
techniques described by Berends and Giele in [65]. These recursive techniques
have been largely used by the author to implement and test the algorithm of
chapter [4

The first step consists in defining the off-shell current J*(1,2,...,n) as
the sum of the (n + 1)-point graphs where n gluons are on shell and the

W,

remaining “u” leg is off shell.

The procedure to obtain such a current corresponds to taking an amplitude
Alree(12 2% n (n+1)*+1), removing the polarization vector e*(p,1)
for the n+1 leg and multiplying by a propagator — Ze  On the other side, in

order to obtain an on-shell amplitude from a Berends Giele current, we have
to perform the opposite steps. The recursive idea behind off-shell currents is
that if we follow the off-shell line back into the diagram, we will encounter
either a three vertex or a four vertex. Then, each line out of that vertex, will
connect to a number of on-shell gluons and so on. This idea, can be seen in
a pretty eloquent way as:

which is just a recast version of the formula:

Y9ua . )
Ju(lv"'v pg'u Z pl,iapi+1,n)']u(17'"7Z)JP(Z+1"'7”)
Ln i=1
n—1 n—2
VL DT+ L ) e+ )
j=it1 i=1

(2.81)

4 In this approach, no Feynman diagrams have to be calculated.
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where V3 and Vj are just:

VIPP(P,Q) = i(g"(P— Q)" +29™Q" —2¢" P")
(2.82)
VZU//JU — Z (2g,upgya _ g,u,ugpo _ g,ucrgl/p)
and the base of the recursion is clearly:
JH(p) = € (p", q) (2.83)

The offshell currents satisfy a number of properties, partly inherited by par-
tial amplitudes. We have the photon decoupling identity:

JH1,2,3, . n)+JM2,1,3, . )+ (2,3, 1, .. )+ AJM(2,3,...,1,n) =0

(2.84)
the reflection identity:
JH1,2,3,...,n) = (=1)""J#(n,...,3,2,1) (2.85)
and current conservation:
Pladn(1,2,3,...,n) =0 (2.86)

This last property can be proved inductively and depends on the gauge fixing
choice made. We invite the interested reader to read the details in appendix
[A] However, it is also important to notice that off-shell currents, contrary
to partial amplitudes, are gauge dependent objects. This means for example
that they depend on the choices of reference momenta made for the on-shell
gluons. With respect to this, one should take particular care in not changing
those reference momenta before extracting an on-shell quantity from the
current.



3

BCJ RELATIONS

3.1 UV finiteness of gravity

We will see in the following sections how BCJ-relations can be used to sim-
plify the exploration of the ultra violet properties of gravity. In view of this
perspective, it is useful to compare briefly the structures of the two theories
involved. This will in turn give us a first hint on the underlying idea of colour
kinematic duality.

In order to give a compact and still good introduction to the topic and
the relation to gravity, we will follow a review paper by Bern, Carrasco and
Johansson [16].

The common knowledge of the previous decades was that constructing a
point-like ultraviolet finite quantum field theory of gravity perturbatively
was an impossible task in four dimensions (e.g. [68|). In fact, a series of pa-
per clearly showed that gravity coupled to matter diverges at one loop in four
dimensions [69-74]. In particular, the dimensionful character of the coupling
implies that the divergences cannot be reabsorbed by a simple redefinition of
a finite number of parameters, i.e. the theory is non-renormalizable. More-
over, pure Einstein theory also shows a divergence that cannot be cured with
a viable counterterm at one loop (see for example [75]); this in turn delays
the divergence to two loops |69, 76-80].

The whole work done through supersymmetry pointed to further delay di-
vergences to higher loops. However, all the theories to date fail with this
protection mechanism at some loop order.

The authors of [16] are challenging the belief that this finiteness search is
destined to fail.

In particular, working with A/ = 8 supergravity [81}{83] at three loops order
|84} 185], they found evidence that another mechanism to prevent divergencies
indeed exists. In particular, the authors stress that every explicit complete
calculation of ' = 8 supergravity scattering amplitudes [84-94] find an iden-
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tical powercounting to that of N' = 4 super-Yang-Mills theory, which is finite
in four dimensions.

The importance of this work - for our case - is given by the fact that exactly
during those calculations BCJ-relations were discovered by noticing recurring
structures among tree amplitudes used as building blocks.

The UV exploration of gravity is mainly performed making use of two cat-
egories of on-shell methods. However, before focusing on what these mech-
anisms are, we will briefly show why a standard Feynman diagrammatic
approach is not optimal.

3.2 Yang Mills theories and Gravity compared

Let us start with the Einstein-Hilbert lagrangian:

2
£EH = ?\/ —gR (31)

where g is the determinant of the metric tensor and R is the curvature scalar[]
k is related to Newton’s constant by x? = 3272Gy. Let us compare in
a diagrammatic way the outcomes of Lagrangian and Lagrangian
Starting from the Yang Mills lagrangian we have seen that, making standard
gauge choices, one obtains three- and four-points interactions.

(3.2)

Instead, Einstein Hilbert’s Lagrangian gives an infinite number of contact

interactions:

! In this section, we will break for a while consistency with our previous and following
notation. We will in fact indicate a general metric tensor with g, while the Minkowski
metric tensor will be given by 7,,.
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In addition, by taking a look at the expression for the three graviton vertex,
one is immediately stricken by the complexity of these interactions:

1K 1
GSMO&,Vﬂ,O”Y = 3Sym _§P3 (pl 'p277;ta7]uﬁ7707) + 2P3 (plup2u777a7760)

1
+ P6 (pl : p277,ua771/o775'y) - 2P3 (pl : p277ua7711677cr'y) - §P6 (pluplﬁnuanaﬁ/)
+ 2P3 (plupl'yn,uanaﬂ> - P3 (pwpmma%y) + P3 (Pm—pzﬂ?uﬂ)aﬁ)

1
+P6 (plapl'yn/wna,ﬁ) + 2P6 (]911/]02777@77010) + §P3 (pl : p277;w77a6770'y)
(3.3)

“sym” stands for a symmetrization of the indices y <+ o, v <> 3,0 <> 7, while
P3; and Fy stand for symmetrization over the three external legs, generating
respectively three or six terms. This means that the expression written above
contains approximately one hundred terms. If one compared this to the
expression for a gluon three vertex, the conclusion would be that gravity
seems much more complicated than gauge theory.

3.3 Two important hints: On shell approach and KLT relations

One of the key aspects of on-shell methods, that partially explain their effi-
ciency, is that the building blocks utilized are previously calculated on-shell
amplitudes. In order to do so, one generally calculates tree level amplitudes
making use of on-shell recursion [3} 4] and then moves on to loop level making
use of the unitarity method [5H7].
Using an on-shell approach immediately allows for some simplifications in the
expressions for the vertices. As an example, let us compare the three graviton
vertex of equation [3.3| with its on-shell version. We will contract the expres-
sion for the vertex with polarization tensors e associated with the external
legs and satisfying the on-shell conditions p; = €/ (p;), = € (pi), = €l = 0:
G3(p1,p2,ps) = —%Gﬁmﬁgﬂe? [(p1 = p2)ow + cyelic] [(p1 — p2)ynap + cyelic]
(3.4)
as we can see, this is not really much more complicated than the on-shell
three gluon vertex:

n v _o

Vi (p1, pa, p3) = eieseqaf™ [(p1 — p2)onu + cyclic] (3.5)

At this point, it is important to make two remarks. First of all, as already
mentioned in the previous chapter, the on-shell three gluon vertex - as well
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as the three graviton vertex - actually vanish due to the kinematical impos-
sibility of the process. This is the reason why on-shell methods involve the
introduction of complex kinematics, which allows us to have momentum con-
servation, the on-shell condition and a non-vanishing quantity at the same
time. The second remark is that the structure of the on-shell graviton ver-
tex as a double copy of the Yang-Mills one is not a mere coincidence and
reveals in fact an important property of gravity. This is the first hint one
can consider for the existence of BCJ-relations and colour-kinematic duality
as a basis for gauge-gravity duality.

Before we move on to a deeper analysis of the idea, we can make another
technical remark about the polarization tensors for the gravitons. In the
previous chapter, in eq. [2.58] we have seen how to construct polarization
vectors for gluons. As it turns out, for gravitons one needs only to take a
product of such vectors:

(0, 0) = €, (D, )es (P, ) (3.6)

The spinor product notation introduced before, as a consequence, applies to
the treatment of gravity scattering amplitudes as we will see soon.

As we said in the introduction, one of the strinking properties of BCJ-
relations is that they allow us to construct tree-level gravity amplitudes start-
ing from gauge theory amplitudes. This fact was first discovered in string
theory by Kawai, Lewellen and Tye (KLT) [95H102]. One can derive their
validity in quantum field theory as a low-energy limit of string theory. As
an example, we will show KLT relations in this limit for four-, five- and
six-points amplitudes:

Miree(l, 2,3,4) = _?:3121427“86(1’ 2,3, 4)14127"@6(1, 2,4,3)

MIee(1,2,3,4,5) = is12534A°(1,2,3,4,5)A¢(2,1, 4,3, 5)
+ 0513504 AT (1,3,2,4,5)A*¢(3,1,4,2,5)

MEree(1,2,3,4,5,6) = —is1as45A45°(1,2,3,4,5,6) [335212‘@6(2, 1,5,3,4,6)

(s34 + s35)AU°(2,1, 5,4, 3, 6)] +P(2,3,4)
(3.7)
where the M, are gravity amplitudes and A, and fln are colour ordered

amplitudes of two, possibly different, gauge theories. P(2,3,4) stands for a
sum over all permutations of the labels 2,3 and 4.
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It is also possible to generalize the relations to n-points [103]:

Mrz‘/f‘ee(l,l...,n):i( 1>n+1 Atree Z lej,,_ (ll,..- lj)
perms
x Aree(iy, i Ln— 10, L n)

+P(2,...,n—2)
(3.8)

where the sum is over all the permutations {ij,...,i;} € P{2,...,[n/2]}
and {l,....l;} € P{[n/2] +1,...,n — 2} with j = [n/2] — 1 and j' =
[n/2] — 2. This means that inside the square brackets there is a total of
([n/2] = D)I([n/2] — 2)! terms.

The functions f and f are given by:

j—1
f(il, e ,’lj> = 8172'3. (81 im + Z 'lm,Zk >

m=1 k=m+1
(3.9)

i’ m—1

f(llv"'yl )_Slln IH <8l7,L,n—l+Zglk7 )
m=2 k=1
with the function g being:
.o Sij if i < J

960 =9 0" else (3.10)

Let us see what KLT relations tell us for a practical example. Let us calculate
Miree(17,27,3%,47). We have already calculated the colour ordered ampli-
tudes AYe¢(17,27,3%,4") and AY°¢(17,27,4%,3") in the previous chapter.
According to eq. we have then:

Mjree(1—’ 2-, 3+’ 4+) — _Z‘312AZT66(1—’ 2” 3+>4+)AZ66(1_’ 27, 4+’ 3+)

(12)" (12)"
(12) (23) (34) (41) (12) (24) (43) (31)

= ’i4812
(3.11)

If one would calculate the same amplitude starting from the Einstein-Hilbert
Lagrangian, one would obtain the same result. The amplitude shown above
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is stripped of the couplings. In order to obtain the full amplitude one needs

to restore the (g)nf2 factor:

(12)* (12)*

(3.12)
(12) (23) (34) (41) (12) (24) (43) (31)

MUee(17,27, 37 4%) = inspy

This means that to obtain full gravity amplitudes from eq. one has to
multiply the result in this way:

K\ "Nn—2
MITee(1,2,. .. n) = (§> MTee(1,2,.. . ,n) (3.13)
As we will see in the next section, KLT relations can be reformulated in a -
from a QFT point of view - clearer way, which makes at the same time man-
ifest the existence of colour-kinematic duality. It is finally time to introduce
BCJ-relations.

3.4 BCJ relations

In this section we will follow mainly reference [20], in order to give a peda-
gogical and yet illuminating description of BCJ-relations.

The idea is to reason on some peculiar properties of colour ordered aplitudes
at four points. This will unveil deep and not manifest qualities of kinematical
factors.

The next step will involve reasoning on a five-points example. This will have
two effects for the purpose of this thesis. First of all, it will reveal the gen-
eral idea of BCJ of as how to obtain BCJ-numerators and which freedom of
choice is involved?] Secondly, it will make manifest how difficult and time
consuming this process is at the level of amplitudes. The motivation for our
effort to find a prescription at the Lagrangian level will then be a little bit
clearer.

3.4.1 Four-points analysis

As we said, we will start at four-points. We introduced in section the
photon decoupling identity satisfied by colour ordered gluon amplitudes.
At four points, it reads:

Aee(1,2,3,4) + AT°(1,2,4,3) + A7°(1,4,2,3) =0 (3.14)

2 More on this topic however will be said in the following sections on general gauge
transformations and in the next chapter.
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Tree amplitudes are in general rational functions of polarization vectors,
spinors, momenta and Mandelstam invariants s = s;p = (p1 + p2)?, t =
s14 = (p1 + pa)?, u = s13 = (p1 + p3)?. The photon decoupling identity does
not depend on the polarization choice or the number of dimensions. This
in turn excludes that it could rely on four-dimensions spinor identities (as
the ones introduced in the previous chapter). We are left with a dependence
of the identity on Mandelstam variables. In particular, what ensures that
the identity is satisfied in a non trivial way, is the formal equivalence of the
photon decoupling identity to the vanishing of s +t + u:

Alree(1,2,3,4) + AT°°(1,2,4,3) + AT(1,4,2,3) = (s +t +u)y = 0 (3.15)

From this expression, we can see that the three amplitudes must be propor-
tional to each other. In addition, we know that AY°(1,2,3,4) treats factors
of s and t in the same way. This means in turn that it must be proportional
to u = —(s+1t). Repeating the same steps for the other amplitudes involved
in the identity finally gives:

ATe(1,2,3,4) = xu  AT(1,3,4,2) = xt  AV°(1,4,2,3) = xs
(3.16)
which is of course compatible with eq. [3.15
Eliminating y we obtain a new set of relations among these four-point am-
plitudes:

tAY(1,2,3,4) = uAl*“(1,3,4,2)
sAec(1,2,3,4) = uAT*(1,4,2,3) (3.17)

tATee(1,4,2,3) = sAT(1,3,4,2)

The next step is to consider the possibility we have to write colour-ordered
partial amplitudes in a representation that makes manifest the poles that
appear in each diagram, i.e. as a sum of the contributions of the different
channels:

n n
Ae(1,2,3,4) = — + -
4 ( ) Sy Dy ) S + n
Alree(1.3.4.9) = s _ I 1
4 ( )y ) s U (3 8)
Atree(1,4,2,3) = — 2t 4 Mo

t U
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In order to use this representation, however, we have to take care of the four
gluon vertices. In particular, we have to split them into contributions that
sum to the channel contributions already present. This has been already
done in literature with the use of a tensor particle [104].

A practical way to obtain such a representation is to consider the amplitudes
from a diagramatic point of view (after the reabsorption of the quartic contact
terms into the cubic ones):

Alree(1,2,3,4) =
A*e(1,3,4,2) =

(3.19)

Ale6(1,4,2,3) =

Another way of seeing this is to consider eq. as the expressions defining
the n;’s; i.e. one has to calculate amplitudes with other techniques and af-
terwards solve for the n;’sf
Up to now, we focused on the colour ordered sub-amplitudes. What about
the colour factors related to this representation?
We are dealing with three different colour factorsE]7 composed of color struc-
ture constants, satisfying Jacobi identities as described in eq.
Co = falagbfba3a4 ¢ = fagagbfba4a1 Cy = fa4a2bfba3a1
(3.20)
Cs—C —C, =0

One can see the situation from a colour-diagrammatic point of view as:

2 3 2 3 2 3
- . - =0 (3.21)

1 4 1 4 1 4

3 The sign of the n;’s is the result of a conventional starting choice plus the antisymmetry
of colour ordered Feynman rules.

4 Where the signs have been chosen in accordance with the convention used for the
numerators above.
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If we now combine eq. and we obtain for the corresponding kine-
matic factors:

Ng — Ny — Ny =0 (3.22)

We found the first sign of the correspondence between colour factors satisfy-
ing Jacobi identities and the related kinematic numerators doing so as well
when the amplitudes are put in a particular representation.

Let us see this with an explicit example that will in turn illuminate us on
another important characteristic of these relations. We can rewrite the am-

plitudes found above for a particular helicity configuration: let us choose
{17,27,3%,41}.

(1) 2t (12)° [34]°
ATL234) = U o B )~ 2 s 2 st
tree ey (12)* 2 (12) [34)°
A(1,3,4,2) = TN BN A 20 - spe T
tree o (12)* 2B (12)%[34)°
AT 23) = U o o B0~ 2 s
(3.23)

We can now comapare these expressions with eq. and solve for the n;’s.

tng + sn, = —2i (12)%[34]?
ung + sn, = 2i (12)* [34] (3.24)

—uny + tn, = —2i (12)* [34)°

After some algebra, what we find is a rank 2 matrix for our system of three
unknown quantities. The two relations we are left with are:

tng + sny = —2i (12)%[34]?
(3.25)

Ng — Ny — Ny =0

We need to make two remarks at this point. First of all, the second relation
is exactly the BCJ-relation we were expecting and that corresponds to the
colour factors Jacobi relation [3.20L Secondly, since we just have two relations
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and three unknowns, we have an undefined system. This means that we are
left with the freedom to set one of the n;’s to the value we prefer. We choose
to set n, to zero, which implies that n, = n, = %

The freedom we discovered to have in this example, is something deeply in-
grained in the procedures to construct BCJ-numerators. We will see that in

detail now, considering what that freedom actually corresponds to[]

Making use of expression together with eq. we also obtain an
expression for the full colour dressed amplitudd?] as:

tree __
Ay =

t U

Since terms like ==, =t "= are in fact s-channel, t-channel and u-channel dia-
grams, we know that they cannot be gauge invariant quantities. In particular
they depend on the field variable choices we made. The choice we made be-
fore when solving for the n;’s is one example of such freedom.
If we impose that the BCJ-numerators are local quantities, this freedom
corresponds to all the terms the can be added that cancel the poles in the
expansion This operation can be called a general gauge transforma-
tion, cause it resembles the well known effect of gauge transformations of
moving terms from one diagram to another[] One way to parametrize this
transformation is:

nl, =ns+ as (3.27)

where o« = «a(p;, €;) is a parameter that depends on momenta and polarization
vectors and is local.

If we want to maintain the amplitudes unchanged, we must of course
change the other numerators accordmgly.

ny=mn;—at  n,=n, —au (3.28)
This tern of transformations is exactly what we need to satisfy |3.22

n,—ny—mn,=mns—ng—ny, +a(s+t+u)=0 (3.29)

One can see that is true in any gauge at four points.
However this is not true at higher-points. In fact, only specific choices of the

5 We will discuss in the last chapter a construction that makes use of scattering equa-
tions|52H54], where it seems possible to obtain a canonical set of BCJ-numerators free
from ambiguities [56].

6 In splitting the four gluon contact terms one must ensure that no cross terms appear.

" This however does not imply the existence of a gauge transformation that actually
does so.
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numerators will satisfy the higher-point Jacobi-like relations for kinematic
numerators. In particular, if one starts from standard Feynman rules as
introduced in the first chapter, the relations will in general not be satisfied.
We decided before to keep « local. However, in and we never made
use of locality. This means that in fact o can be non-local. This is for
example the case of our example above, where setting n,, = 0 meant in fact
performing a shift with o = %+, This gave in turn non local values for n,

and n;. They both contained in fact a new u pole.

3.4.2 Higher points generalization

This section will cover three important roles. Here we will in fact generalize
BCJ relations to higher points, show how time consuming and non-trivial is
to obtain BCJ-numerators and at the same time introduce one of the first
main consequences of the existence of BCJ relations.
The idea is that for every tern of dependent colour factors c,, cg, ¢, satisfying
Jacobi identities, it is possible to write colour ordered sub-amplitudes in such
a way that the corresponding kinematic factors n,,ng,n, satisfy the same
relation.
We will follow once again [20] and use a five-point example to show how this
is possible and what is the first visible consequence of this construction.
The first step is to write again the sub-amplitudes as sums over the possible
diagrams that compose themﬂFor example, we have

m n2 ng 1oy 5

AY(1,2,3,4,5) = + + + + (3.30)
512545 523551 534512 545523 551534

In general, at five points, there are five diagrams that can appear for each
colour-order considered. This corresponds to the general law that for an n-

point colour-ordered amplitude, the number of diagrams appearing is given
2n—2(2n—5)!1

by 22t

We have a total of fifteen diagrams appearing in a general colour dressed

amplitude at five points, corresponding to the n-law: (2n — 5)!!l. This means

that we can write a five-point colour-dressed amplitude as:

p cin Con c3n CyMN CsN CgN
t 3 171 2162 3703 4764 515 6/t6
A;ee =g < + + + + +
512545 $93S551 534512 S45523 851534 S$14525

crny Cgng CoTg C10M10 C11M11 C12M12
+ + + + + + (3.31)
532514 525543 513525 542513 551542 512535

C13M13 C14M14 C15M15
+ + +

535524 514535 513545

8 We are assuming again that only three-valent vertices are present
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where the colour factors are given by:

¢ = falagbfbagcfca4a5 Cy = fa2a3bfba40fca5a1 c3 = fa3a4bfba5c]cca1a2
_ pragasb pbaic pcasas _ rasaib pbasc pcaszaq _ praiagb pbasc rcasas
cy = [T ey = [N cg = fUfRF
__ prasasb pbasc pcaiaq __ prasasb pbaic pcagas _ raiaszb pbasc rcasas
cp = [l cs = [N cg = [Ty
_ ragaob pbasc pcaiasg _ prasaib pbasc pcagasn __ paiasb pbayc pcasas
co=f 77 cin=f e cig=f e
_ rasasb pbajc pcasaq _ paiagb pbasc pcasas _ paiasb pbasc pcagas
ci3=f e cy = f e cis = f e
(3.32)

These colour factors will again satisfy Jacobi relations as in the example
below:

cg8 c6 €9

How can we move terms between diagrams in order to obtain the same set
of identities for the kinematic part?

The first step is to recognize that - thanks to Kleiss-Kuijf relations [2.39] - in
order to have enough information on the whole fifteen numerators, we will
need just the set of (5 — 2)! = 6 independent amplitudes:

nq %) ns Ty Ny
Aéree(1,2’3’47 5) — —+ —+
512545 523551 534512 545523 551534
Ng Ny ny ng N9
t
A¢(1,4,3,2,5) = + + + +
514525 543551 532514 525543 551532
g ns N0 ng ni
Agree(1,3,4,2, 5) = — + -
513525 534551 542513 525534 551542 (3 34)
N2 ni ns ni3 Ny ’
Ag’“ee(l, 2,4,3,5) = + — + —
512535 594551 543512 535524 551543
avi ni ny ni3 U

Agree(1,4,2,3, 5) = — —
514535 542551 523514 535542 551523
nis no nio Ny ni
AET66(1,3,2,4, 5) = — — — —
513545 532551 524513 545532 551524
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The number of colour-factors that are independent corresponds to the num-
ber of amplitudes that are independent under Kleiss-Kuijf relations (see for
example [23]). These means that of the fifteen ¢;’s only 6 are independent.
If we are to generalize Jacobi relations among colour factors to kinematic
numerators, we have then that the number of independent kinematic nu-
merators is also (n — 2)! (6 in our case). We can then decide to choose
6 numerators among the fifteen ones and write all the KK-amplitudes in
terms of those. This however is not the optimal way to do it, since every
numerator corresponds in fact to a non-gauge-invariant quantity. The best
way to minimize the gauge-dependent choices is to choose 6 numerators (e.g.
ni, ng, N3, Ny, N5, Ng) and express 2 of them in terms of the gauge-invariant
amplitudes they are part of:

) n n n n
N5 = S51534 (A?ee(l, 2,345) - — =2 3 ™ )
512545 523551 534512 545523 (3 35)
— tree s Ny 8 U2 '
NG = 514595 <A5 (1,4,3,2,5) — _ _ _ )
543551 532514 525543 551532

In this way, we ensure also the compatibility of AZ¢(1,2,3,4,5) and A¥*¢(1,4,3,2,5).
The fact that n; and ng appear in the description of ng does not consti-
tute a problem because later we will see that they in fact only depend on
ni,ng,ng,nyg. In order to generalize BCJ-relations, we have to require that
the numerators saitsfy Jacobi-like relations in accordance with what the cor-
responding colour factors do. So, for example, following the example of eq.
3.33]

cgs—Cg+cg=0 =—= ng—ng+ng=>0 (336)

Following the same principle, we can evaluate all the relations among colour
factors using Jacobi identities and subsequently impose the same relations
on the kinematic factors:

ng—ng)—l—ng:O,

TL3-7’L1+711220,

ng —ni +nys = 0,

n4—n2—|—n7:O,

n5—n2+n11:0,

N7 — Ng + N4 :0, (337)
ng—nﬁ+n920,

N1 — ng +nis = 0,

nio — n11 + niz = 0,

niz — Nz +nyg =0
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As we can see, we have ten numerator identities, corresponding to the n-law
for the number of numerator identities; "=312n=51"

We can now proceed to solve this system of equations for the nine dependent
numerators:

N7 = Ng — Ny,

ng = —ng + ns,

Ng = Ng — N5 + N,

N = —N1 + N3 + ng — N5 + Ne,

N1 = Ng — Ny, (338)
Nz = N1 — N3,

niz = Ny + Ng — N3 — Ny — Ng,

Nig = —Ng + Ny + Ng,

N =M1 — Ty
and, replacing the new-found terms in ng:

(S15 + S25)514

Ng :A?ee(l, 4, 3, 2, 5)814525 - A?%(l, 2, 3,4, 5)(815 + 525)514 + Ny P
12945
S23 + S S 514515 + S14S25 + S25S
1 ny 23 35 +n3£+n4 14915 14925 25945

523 512 523545

(3.39)

Now it is also possible to re-write all the Kleiss-Kuijf amplitudes in terms of
ni, na, N3, ng, AY(1,2,3,4,5), Are(1,4,3,2,5). Of the six parameters, the
two colour-ordered amplitudes are gauge invariant quantities, while the other
four are gauge-dependent numerators. This of course forces some tests in or-
der to check if all the known properties of amplitudes are still satisfied.
In order to do that, we can inspect all the factorization channels of five-point
amplitudes] In these limits, relations become simply the numerator
identity discussed in the previous section. Since - in these limits - nu-
merators relations are satisfied and what we are left with are gauge-invariant
quantities, we must consider possible violating terms that are proportional
to quantities that vanish in those limits, i.e. the propagator structures them-
selves. We have to consider then transformations of this kind:
ny =ny + Q1512545 Ny = Ny + A28523551

(3.40)

! /
Ng = N3 + 3534512 Ny = Ny + 04S45523

9In the limit where one propagator structure goes to zero, we can see the five point
amplitude as a product of a three- and a four-point amplitude.
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Thanks to the construction performed before, the first two KK-amplitudes
are invariant under these transformations, because the two numerators ns, ng
will change exactly in such a way to correctly reproduce them:

/
ny = ns — (o + ag + as + ) S51534

/
Ng = Ng + 3512514 -+ (Oél + (6D) + Qa3 + a4)314315 -+ (Oél + a3 + a4)514325

— Q19815825 + 14S25545
(3.41)

What is left to test is if also the other four KK-amplitudes are invariant
under these transformations. To do so, we have to calculate the shifts for each
numerator and then plug them into the expressions Remarkably, a series
of non-trivial cancellations happen, which make the other four amplitudes
indeed invariant under the transormations described above:
AA?%(L37472’5) _ Ang B Ans n Anqg _ Ang . Anqq _o,

513525 534551 542513 525534 551542

A?’ng 1 ATLH _ A?’Lg i Amg _ ATL5 :07

512535 524551 543512 535524 551543

AAT(1,2,4,3,5) =

An14 A?’LH An7 Anlg Ang
AATe(1,4,2,3,5) = — — — — =0,
514535 542551 523514 535542 551523

AAtsree(LB’Q,Zl, 5) _ An15 _ Ang _ Anw ATl4 _ ATLH

513545 532551 524513 545532 551524

—0
(3.42)

In the four-point example we have seen that the parameters «;’s do not nec-
essarily have to be local. The same applies at higher points. In fact, we
can also set n} = n), = nj = n) = 0. By doing so, we can realize that the
construction is in fact fully gauge invariant, since the only dependence now
is on the gauge invariant amplitudes AY°¢(1,2,3,4,5), Ar°(1,4,3,2,5).

Inserting all the results in the expressions for the Kleiss-Kuijf basis ampli-
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tudes, we finally obtain a new set of relations among them{"’}

—81284514?66(1, 2, 3, 4, 5) + 814(524 + 825)141?66(1, 4, 3, 2, 5)

AY4(1,3,4,2,5) =

513524

A?ee(l, 2,4,3,5) = —31432514?"66(1, 4,3,2,5) + s45(512 + 324)At5’”66(1, 2,3,4,5)
524835

Agre€(1,4, 2.3,5) = —31254514?‘33(1, 2,3,4,5) + s95(814 + 824)At5me(1, 4,3,2,5)
524535

Atee(1. 5.9, 4.5) — —S1ssATC(1,4,3,2,5) +S slj(sﬂ +545)AV°(1,2,3,4,5)
13524

(3.43)

This new set of relations reduces in fact the number of independent colour
ordered amplitudes to two. The all-n pattern is that in general, n-point
gauge theory amplitudes can be put in a form of a pole expansion such
that whenever a tern of colour-factors satisfy Jacobi identities, the related
kinematic numerator satisfy an identical relation:

1 tree Cilli
gTL*QAn (1,2,.,.,”) — XZ:HQZ Sai

(3.44)

cit+ci+e=0 = mn;+nj+n,=0

As we have just seen, bringing to new relations among tree-level gauge theory
amplitudes, BCJ-relations reduce in fact the number of indipendent ampli-
tudes to (n — 3)!@ This also implies that the number of numerators that we
have to rearrange simultaneously in order to obtain gauge-invariant ampli-
tudes is at least (n—3)!. Using the set of BCJ-relations, one can fix a number
of numerators, leaving however (n — 2)! — (n — 3)! numerators unspecified.
They can be local or non-local and in particular they can be set to zero in
order to make the independence of gauge amplitudes on them manifest.
One can also obtain a all-n description of the relations among gauge theory
amplitudes. We address the reader to [20] to find a complete description.
What one can also notice from the construction we just performed, is that
finding BCJ-numerators is not a trivial exercise. In particular, when the
number of external gluons grows, the difficulty arises quite quickly, mak-
ing practical calculations unlikely. In order to summarize the number of
diagrams, amplitudes and numerators one can encounter, we report a table
taken from [20):

10 Notice that these relations should hold for any helicity configuration and for any
number of dimensions.
11 Considering that we started from the (n — 2)! Kleiss-Kuijf independent ones.
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External legs 3 4 5 6 7 8 n
Ordered diagramd™ |1 2 5 14 42 132 Z Gn o
Diagrams [ 1 3 15 105 945 10395 (2n — 5)!!
Kleiss-Kuijf amplitudes | 1 2 6 24 120 720 (n—2)!
Basis numerators 1 2 6 24 120 720 (n —2)!
Numerator equations | 0 1 10 105 1260 17325 (=35
Independent n-eqs 0 1 9 81 825 9675 | (2n—5H)!l—(n—2)!
Basis amplituded™ |1 1 2 6 24 120 (n —3)!

In [20|, the last line was just a conjecture. BCJ-relations, however, have
been proved first in string theory [24H29] and then within quantum field
theories using on-shell recursion relations [30-32).

The second important consequence of BCJ-relations is their effect on loop
level calculations.

3.4.3 Loop level consequences

The idea is to exploit BCJ-relations to relate non-planar to planar diagrams
in a general unitarity method environment (making use in particular of max-
imal unitarity cuts [63]).The internal amplitudes that one observes at this
point (the cut diagrams), can be considered as tree-level amplitudes that
satisfy the new-found set of relations. One can then exploit the relations
among BCJ-numerators to rewrite parts of loop amplitudes as sums over
other - easier to treat - diagrams. As an example, we report a picture taken
again from [20], where the simple four-point BCJ-relation is being used
to relate non-planar diagrams to easier planar diagrams:

12 The propagator structures appearing in a single colour-ordered amplitude
13 Propagator structures appearing in the full colour-dressed amplitude
14 After imposing BCJ-relations
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2 =
1 4

2 3

1 |

2 3

(C‘) — _
X = _—
1 q 1 1 b q 1
2 3 2 3 2 3

The identities in the picture can be seen both as Jacobi identities among
colour diagrams (if we dress each vertex with a f%¢) or as the BCJ-identities
of the corresponding kinematic numerators of the cut diagrams. In practice,
when one calculates the numerator contributions on the right hand side, all
the numerators on the left hand side are determined up to the cut conditions.
The identities work also at higher points, i.e. n-points cuts satisfy the same
relations as n-points tree level amplitudes. We address once again the reader
to [20] to find a practical example of a two-loop calculation in QCD or to
[84] to find these techniques applied in N/ = 8 Supergravity theories.

It was also conjectured that BCJ-relations can be applied at loop level in a
much deeper sense [51]. This will be briefly reviewed in section [3.4.5] First
we will discuss how the newly found equations relate to KLT-relations.
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3.4.4 Consequences on gravity: the squaring relations

As we have seen before, KLT relations allow us to construct gravity ampli-
tudes from gauge theory amplitudes. Their validity is clear in string theory
and in field theory as a limit of string theory. However, considering the
question starting from the Yang-Mills Lagrangian and the Einstein-Hilbert
Lagrangian, the link remains unclear.

BCJ-relations allow us to clarify the connection by seeing KLT-relations as
a diagram by diagram numerator squaring relations. Let us see again a four-
point example. We have seen how we can use four-point gluon amplitudes
to construct a four-point gravity amplitude in What happens if the am-
plitudes are written using the pole expansion introduced above? As it turns
out, for pure gravity, we can write:

2 2 2

—iMiree(1,2,374) — E_FE_FE (345)

S t U
where the n;’s are the gauge theory numerators described above. If one
wants to consider other theories like supersymmetric versions of gravity or
in general theories with other particle contents, one can have two different
sets of BCJ-numerators:

nsﬁs nt’ﬁt nu/ﬁu
+

_Z.MiTee(L 27 37 4) = (346)

S t U

however, at least one of the sets of numerators will have to satisfy BCJ-
relations:
Ng —Ng — Ny =0 Ng — Ny — Ny =0 (3.47)

This way of expressing KLT relations as squaring relations can be extended
at higher points. A five-point gravity amplitude can be written as a sum over
the fifteen diagrams defined in [3.34] as in the colour dressed amplitude [3.31
where - however - the colour factors have been substituted by other “tilded”
kinematic numerators™]

lenl 4 ﬁz’ng 4 ﬁgng 1 77L4’I’L4 i 7:L5TL5 i ’ﬁ@?’LG

—iMlree =

512545 5923551 534512 545523 551534 514525

N7y ngng NgNg  MipNio . NNl Ni2Ni2
+ + + + + + (3.48)
532514 595543 513525 542513 551542 512535

n13N13 N14M14 nisN15
+ +

535524 514535 513545

In the previous section we have seen how four of the six independent nu-
merators could be set to zero, while two of them could be defined making

15 And where of course the gauge theory couplings were removed.
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use of gauge invariant KK-amplitudes. By varying the choice of the KK-
amplitudes used to define the two numerators, we can obtain different sets of
KLT-relations. For example if we use AZ°¢(1,2,3,4,5) and AYe(1,3,2,4,5)
when we solve for the n;’s and AL°¢(2,1,4,3,5) and A¢¢(3,1,4,2,5) when
solving for the n;’s, we obtain immediately the five-point KLT-relations de-
scribed in B.7

The all-n pattern goes like this; starting from the expressions for two colour
dressed amplitudes in two - possibly different - gauge theories

1 i
_A;ree(l’Z’_..’n):Z&

gn—2 Hai Saz‘
(3.49)

1 Atree o Ciﬁi

we obtain a compact and illuminating expression for the gravity amplitudes:

M2, n) =Y H"—” (3.50)
~ T, S

where in both cases the sum runs over all the possible diagramd{| that can
appear. One is then left free to choose 2(n—3)! basis amplitudes to define the
same number of numerators. Every gauge theory amplitude choice made to
define the numerators will correspond to a different relation between gauge
and gravity amplitudeﬂ

The attentive reader, will have noticed that in the introduction we stated
that applying the squaring relations on two sets of pure YM numerators will
lead to Einstein gravity plus an anti-symmetric tensor plus a dilaton. How-
ever, in these last sections we focused only on gravitons.
The idea is that the other two objects mentioned in the introduction are rel-
evant and natural in string theories, where the graviton state is accompanied
by an antisymmetric tensor B, and by a scalar trace mode. The antisym-
metric tensor possesses a dual 3-form field strength H = dB. This means

16 where the four-point contact terms have been reabsorbed in the cubic ones

7 This should not be confused with the freedom to use numerators belonging to different
gauge theories. Different choices for the gauge theories from which the sets of numerators
n; or n; arise, will lead in fact, as stated above, to different gravity theories. For example,
if one of the sets of numerators arises from N = 4 SYM amplitudes and the other set
arises from N = 0 YM amplitudes, the gravity amplitudes constructed will be the ones of
N = 4 Supergravity. If both the sets of numerators arise from N = 4 SYM theory, the
gravity amplitudes constructed will be the ones of N = 8 Supergravity.
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that it is dual to a scalar called axion in four dimensions. The scalar trace
mode instead is the dilaton we mentioned in the introduction.

What we treated in the last sections is exclusively the Einstein-Hilbert
Lagrangian, producing graviton interactions. The picture we analyzed is the
following [105]:

graviton™(p;) = gluon™ (p;) ® gluon™ (p;). (3.51)

This, in particular, fits the polarization scheme described in [3.6]
If one considers opposite helicities in the squaring relations (or equiva-
lently in the KLT-relations), one obtains [105]:

dilaton

— 1/, Fl(,,.
azion } = gluon™ (p;) ® gluon™ (p;). (3.52)

This consideration should then clarify the generality of the statement made
in the introduction.

3.4.5 A loop-level conjecture

In [51] the authors proposed that what we just learnt about BCJ relations
could be directly implemented at loop level with few modifications. In ad-
dition, in [50], was made a first attempt of constructing a BCJ-manifest
Lagrangian up to five-points. The existence of such Lagrangians can be as
well seen as another hint that the duality can extend to loop level. The idea
in [51] is that we can write loop-level gauge theory amplitudes and -as a
consequence - gravity loop-level amplitudes as:

( loo, d b 1 CJn]
n2+2L'Ap Z H27TDSH

(3.53)

( )L+1

d°’p; 1 n;n;
loop __ j'hy
G =3 ] H GoEER

where the integrals are over the loop momenta, the sums are over the dia-
grams descibed in the previous sections and S; are the internal symmetry
factors of the diagrams. This formulation is at the moment a conjecture,
even though it has been supported already by numerous calculations at dif-
ferent loop levels: [33-43|. In addition, as a consequence of the conjecture,
one can see the expression for the gravity amplitudes as the application of
the unitarity method on the tree-level expression [3.50] This idea is as well
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supported by numerous calculations (see for example [86]).

This construction is not part of the main topic discussed in this thesis. It is
however interesting to notice the picture of gauge-gavity duality that colour-
kinematics duality is unfolding.

If one assumes the validity of the conjecture, what we are left with, is a
rather easy way to construct gravity amplitudes both at tree- and loop-level,;
duality, in fact, creates the following schematic situation:

Unitarity

methods
Gauge Tree Gauge Loop

Doubl
KLT l ouble

Double

copy copy

{m == ===

Unitarity

_ methods _
Gravity Tree Gravity Loop

where the duality at loop level is described as a dashed line to stress once
again the fact that it has not been proved yet.

In [50] the authors constructed also a BCJ manifest Lagrangian up to five-
points. This Lagrangian, in addition to the hint to the validity of the loop
conjecture, delivers also another information. It is possible to make the
colour-kinematic duality manifest at the Lagrangian level, making the con-
struction of BCJ-numerators an automatic process of derivation and appli-
cation of a new set of Feynman rules. The idea of the authors has been
thereafter improved and generalized to a n-point algorithm by the author of
the thesis and Stefan Weinzierl. This will be the topic covered in the next
chapter.

(3.54)



4

A BCJ-MANIFEST EFFECTIVE LAGRANGIAN

The structure of the chapter will be the following. First of all we will intro-
duce some notation to re-formulate BCJ-relations and to make our approach
as clear as possible.

Following the steps of the previous chapter, we will start from a four-point
case and we will show - finally clearifying the problem completely - how to
split efficiently four-point contact terms in the correct channels with the cor-
rect factors. We will then procede to the introduction of the general idea
of the algorithm and to the treatment of a five-point example. This will be
our way to finally introduce the complete n-point algorithm, together with
some additional notation required for the generalization. In addition, the
five point example will serve as a case study to treat the problem of non-
uniqueness that these constructions present. Finally, some technical details
on the construction of Feynman amplitudes will be covered.

4.1 'Trees, rooted trees and Jakobi-like identities

In this section we will treat trees characterized by a fixed cyclic order of the
external legs and by the presence of three-valent vertices only.

They will serve - thanks to their properties - as the main tool to define and
discuss our algorithm. First of all - as we have partially seen in the previous
chapter - we can use trees to re-write Jacobi-relations as a Jacobi-like tree-
relation. We have seen in chapter 2] that:

falagbfb(zslu + f¢12a3bfbala4 + JfflS(llbl]“ba?‘14 =0 (41)

For our purpose, it is interesting to recover their formulation in terms of the
generators 1T%s:

Tr ([[T*, T, T*®|T* + [T, T*], T |T* + [[T*, T*], T*T*) =0
(4.2)
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The graphical way of expressing this is:

1 2 3 2 3 1 3 1 2
\§/+\§/+\§/o (4.3)
4 4 4

Since in our case the three-valent vertex is antisymmetric, we can also re-
express them as the STU-relation we have seen in the previous chapter:

2 3 2 3 3 2
1L4 - 1LL4 - 1*}—L4 4

One of the interesting consequences of the validity of is that its repeated
use puts any tree-level n-legs graph containing only three-valent vertices in
a multi-peripheral form with respect to 1 and n, i.e. in a form where all the
other legs attach directlyf]] to the line connecting 1 and n:

02 g3 On—1

1 ' ' ' ' ' " (4.5)

Let us consider a tree with n external legs labeled clockwise, where the
last leg has been singled out. We call this tree a rooted tree, leg n being
the root. The notation we choose to indicate rooted trees is made of square
brackets that remind and symbolize also the antisymmetric properties of the
vertices involved. For example, with

[[1,2], 3] (4.6)
we will indicate the rooted tree
1 2 3
(4.7)
4

I T.e. there are no non-trivial sub-trees attached to this line.
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where the root is - as said - the leg labeled by 4.
Let us see some examples. For n = 3 we have one possible rooted tree

7 =1,2], (4.8)
for n = 4 we have two possible rooted trees
4 4

=123, 7Y =1[23] (4.9)

for n = 5 we have five possible structures

corresponding to the cyclic-ordered rooted trees

NN Y

(4.12)

Of course, the possible cyclic-ordered rooted trees correspond to the pos:51ble
propagator structures that can appear in a n-point amplitude containing only
three-valent vertices.
In this notation, we write a multi-peripheral tree with respect to the line 1-n
as

T =1 [[11,2),3,4], .. ),n — 2,n — 1] (4.13)
The number of cyclic-ordered rooted trees with only three-valent vertices and
n external legs can be obtained recursively through:

n—1

f) = f@)fn—i+1),  f(2)=1 (4.14)

i=2
or by the closed formula already presented in table

2"2(2n =511 (2n—4)!

(n—1!  (n—1!(n-2) (4.15)

f(n) =

As we said before, this all-n behaviour corresponds to the number of prop-
agator structures (channels) that can appear in a colour-ordered amplitude
with n external legs and only three-valent vertices. This description makes
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once again clear why using trees to define our algorithm will be particularly
useful.

Rooted trees allow us to define some other operations. For example we
can define two operators: L. and R, which pick the left sub-tree and the right
sub-tree respectively. To be precise, consider a rooted tree T' = [T7, T5] where
T, and T, are sub-trees. Then:

LT)=T., R(T) =T, (4.16)

This definition has to be completed with the action of the operator on atomic
trees T' = j, for which we have:

L(j) = R(j) = 0 (4.17)

The next operation we want to define is concatenation, an operation that
allows us to construct non-rooted trees starting from rooted ones by con-
necting them with an edge. We denote this operation with round brackets.
Let T} and T, be two rooted trees with roots being respectively r; and rs.
(T3, T5) is then the non-rooted tree obtained by joining r; and o with an edge.
This operation is symmetric in the two rooted trees: (71,T3) = (T3, T1). As
an example we can see:

2 3

1 > 3 4
Y , Y = >—< (4.18)
T1 T9 1 4

By applying the definitions above and the symmetric property of concatena-
tion, we can see that the following relation is satisfied:

([11, T3], T3) = ([12, T3], T1) = ([13,T1], T3) (4.19)

As a last step of this notation introduction, we want to denote by 7, the set
of all cyclic-ordered rooted trees with n external legs and only three-valent
vertices.
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4.2 The BCJ-decomposition revisited

In chapter [2} in equations 2.51 we defined quantities like p;_; and s;_;. It
is time to re-write them using the newly introduced trees-formulation. This
will allow us to rewrite BCJ-relations in a form that will make clearer how
to implement them at the Lagrangian level.

So, let us get back to a n—gluonf] born partial amplitude A(1,...,n) where
we denote with py, po, ..., p, the momenta of the outgoing gluons.

Let us consider then a rooted tree T' € 7T,. Notice that, having n external
legs and only three-valent vertices, it will have (n — 3) internal edges.

We define then a quantity D(7") to be the product of the invariants corre-
sponding to the (n — 3) internal edges. Let us see some simple examples:

D([[1,2],3]) = s12 (4.20)
D([[[1,2],3],4]) = s125123 (4.21)
D([[1,2],[3,4]]) = s1253 (4.22)
D([[[1,2],[3,4]],5]) = s1253451234 (4.23)

We denote the momentum that flows through the root by p(7") and the related
invariant quantity by s(7') = p(T)?. Let us see again the same examples:

p([[1,2],3]) = p1as s([[1,2],3]) = s123 (4.24)
p([[[1,2], 3], 4]) = pi2a4 s([[[1,2], 3],4]) = s1234 (4.25)
p(l[1,2],[3,4]]) = pr2sa s([[1,2],3,4]]) = s1234 (4.26)
p([[[1,2], [3,4]],5]) = pi23ss s([[[1,2], [3,4]],5]) = s12315 (4.27)

We are finally ready to re-write the BCJ-decomposition of partial amplitudes:

Aree(1,.om) = % (4.28)

TeTn

where the dominators D(T") have been defined before and where the numera-
tors N(T') satisfy antisymmetry and Jacobi-like relations. In order to define
the first property rigorously, we have to consider sub-trees T},7T5,7T3 such
that

Ty = (11, T3], 1), Ty = ([12, T1], T3), (4.29)

are (non-rooted) trees with n external legs. The antisymmetry of numerators
can be written then as
N(Ti2) + N(Tp;) =0 (4.30)

2 Once again we are using the term gluon as a label for any gauge theory vector boson.
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For Jacobi-like relations we need sub-trees 17,73, T3, T such that

Th93 = ([[T{,Té],Té],Té% To3 = ([[TéaTé]lelLTéi)’ T319 = ([[Té,T{],TZ'],Ti)
(4.31)

are again non-rooted trees with n external legs. The Jacobi-like relation can

then be written as

N(Ti23) + N(Tos1) + N(T312) = 0 (4.32)

As we have already discussed, the statement that partial amplitudes A,
can be put in the form of with numerators satisfying [4.30] and [4.32]
is highly non-trivial one. As seen in the five point example of last chapter,
starting from the standard Yang Mills Lagrangian will in general not produce
this result. In particular, using a standard colour-ordered Feynman rules
approach will fail because of the presence of four-gluon vertices. Each four
gluon vertex, in fact, reduces the number of propagators by one, forcing us
to perform the splitting procedure mentioned in the previous chapters by
insertion of “smart ones” in the form of factors like z—J How do we insert the

right factors in the right places? That is where a sy]stematic algorithm can
help. In order to do so, let us explore the problem in a more rigorous way.
Consider a diagram contributing to the n-point colour-ordered amplitude A,
and containing only three-valent vertices. The number of vertices in this
case will be given by (n —2). We have then n polarization vectors € for the
external legs to be contracted with (n — 2) momentum vectors q;ﬂ brought
in by the (n — 2) three-gluons vertices. We have then at least one ¢, - €;,
product where two polarization vectors have been contracted. The maximum
number of such products we can find in a n-point amplitude is given by [n/2],
indicating the largest integer smaller or equal to n/2.

These considerations allow us to decompose amplitudes in the following way:

[n/2]
j=1

where A, ; contains j €, - €, products. To give an example, we can see how
the lowest point amplitudes get decomposed:

Ay =Ay1 + Agp (4.34)
As = Asy + Ass (4.35)
A = Asq + As2 + As 3 (4.36)
A7 = A7+ Arp + Az (4.37)
Ag = Ag1 + Ago + Agz + Agy (4.38)

3 Linear combination of the external momenta.
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The terms A, ; are obtained from three-valent vertices only and satisty BCJ-
relations automatically. The presence of a four-gluon vertex will increase j
by one. This means that the “problematic” terms we have to treat are the
Ay ; with 7 > 2.

As a first step, let us see how to cure the problem with A, at the level of the
Lagrangian. This is formally equivalent to the splitting procedure described
before at the level of the amplitudes.

4.3 'The four-point case: an idea for a general algorithm

We have seen in chapter [2] that the Yang-Mills Lagrangian can be written as:
1
Lyw + Lop = 5 [LP + L + L] (4.39)
g
with
£® = —2TrA,0A"
L£® =4Tr(9,A,)[A", A] (4.40)
LY =Tr[A, A)A", A"
Our first step in the creation of a systematic algorithm is the splitting of

four-gluon vertices into the right channels at four points. In order to do so,
we re-write £ adl}

V2

£ — —grsghzbag 1D§ 34 Tr|A
12

A |[Aps, Aps] (4.41)

H1o 3

A brief pause to describe the new notation. The subscripts on the derivatives
tell us on which fields they act. A derivative without subscripts, instead, acts
on all the fields on its right. So, for example, 073 acts on A,, and A,, but
not on A,, and A,,.

Let us look a bit more into the trick used to obtain the correct splitting.
We introduced a factor D%Q as an intermediate propagator to the four-gluon
vertex. However, this factor cancels out with —g,,,,01305; = Uo. In fact,
the trick reduces once again to the insertion of a “smart one” at the level of
the Lagrangian. This idea however, will allow us to generalize this procedure
systematically. Let us see how.

The trace encodes the colour information and the propagator corresponds in
fact to the tree structure of the colour. In this perspective, it is useful to

* From this chapter on, we re-adopt the usual notation concerning metrics, with g,
being the Minkowski metric.
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L~

define as D! the product of factors
of the colour.

This definition is such that, in momentum space, the operator just defined
agrees with the quantity D described in Let us see some examples to get
familiar with the operator:

%1) correponding to the tree structure

DI ([[[Ayy, Ayl Ay ]AM]A%)Zi Tr([[[An, Auls A, Al Ays)

Ug2l193
(4.42)
1) (=1
DUVTr([[Apy, Aps), [Auss Ay JAs) = 5= Tr (A Ape)s A, Al Aps)
12034
(4.43)
DUITr([[[Aus Apa) A A A Aus) = (4.44)
(=1)°
=————Tr([[[Au, ALl Aul, [Au Aul|Ay
|:|12|:|123|:|45 (H[ / / ] } [ 12 ]] )
(4.45)
Now we are finally ready to use the new notation to re-write £®):
4) pap2pspa =1
s — g, 31300

The Feynman rule of this interaction term is given by:

.P12 . .Pa3

H1H2M43 4 MH1H3 2[4 M4 213 MH1H3 2 14 K12 314

4 =i (ghiHsghans — ghikag )+Z—S (ghiHe ghata — ghikz ghshia)
12 23

(4.47)
One immediately notices that, simply by simplifying p?j = s;; with the cor-
responding s;;, equation reduces to the standard four-gluon vertex [2.33]
However, if we do not perform those simplifications, eq. performs the
correct splitting of four-points interaction terms into s and t channels, gener-
ating the BCJ-decomposition correctly up to four-points. This simple trick
will not be enough however for higher-points decompositions. We need then
to generalize our trick.

4.4 Higher-points generalization and a five-points example

First of all, let us generalize eq.

1 o0
Lyy + Lar = 252 z; (4.48)
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where, with our notation, £ contains n fields. Of course, we want eq.
to agree with the original Lagrangian this means that we will have
L™ =0 for n > 5. After using “smart ones” then, it is the moment to use
“smart zeroes”.
In the following sections, we will construct the terms £™ such that they
generate the BCJ-decomposition up to n-gluons; their form is similar to the
form of £
[n/2]
£ =3" Z op e DT, (4.49)

t

~1is a pseudo-

nt)

where O " is a differential operator of degree (n — 4), D

differential operator of degree (2n — 8) that we will define later and T,
contains n fileds and all the colour information. As one can see from the
presence of the two sums, more than one term is p0551ble for a given n. The
sum over t allows to consider inequivalent trees in T,“ )um while the sum over
j is related to the number of factors g"#2 in O % ;" and it corresponds to the
decomposition of amplitudes presented in Notice how, in accordance
with what said about the decomposition, we do not need to insert j = 1
terms.

As we said, the L™ terms have to vanish for n > 5. This is ensured by
requiring that T,(ﬁt)un vanishes due to the Jacobi identity. In order to clarify
what we mean, let us see for example one term we can take at n =5

M5

£6) =gt g uzma ( (A Al Al AullAL
[ias

+ Tr([Apg A [As Al A + Trl[A (A Al Ay Ayg)
(4.50)

o) a4

which equals zero thanks to the Jacobi identity among the tern [A,,, A,,], A.;, A,
However, when considered as a contact term, £ will generate a ﬁve gluon
vertex that gives non-vanishing contributions to individual numerators. Of
course, to preserve the values of partial amplitudes, the sum of the terms
related to this five-gluons vertex will sum up to zero inside each partial am-
plitude.

Since Jacobi identity is the way through which we obtain the vanishing of
this objects, it is convenient to introduce for arbitrary Lie algebra-valued
expressions T'1,T5 and T'5 the notation:

J(T1,Ty,T3) =[[T1,T5], T3]+ [[T2, T3], T1] + [[T3,T4],T5] (4.51)

In particular, if Ty, T and T3 are arbitrary trees, each term in the tern
above contains one internal line that does not appear in the other two. We
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will refer to this line as the “ling’] marked by the Jacobi identity”. We are
finally equipped to define the pseudo-differential operator D=1, This operator
- when acting on a colour structure that contains a Jacobi identity - will give,
for each term of the tern, the previously defined D~! times a factor in the
numerator given by (—0,,,), where “mp” stands for the marked propagator
in that term.

As an example, let us consider the “Jacobi-sum” that appeared in the term
4.50]

D™ O
DITrT (A A Ay A) Ay = — =2 Tr [[[A,, Al A A A,
Diolhos
O
— |:|123|:4|34Tr [[AM37AM4] ) [ MI’A#Z]] Aﬂs
|:|124
_ mTT [[Au47 [Alil’AmH 7Au3] ‘Au5

(4.52)

Exactly as for the four-point example, we do not simplify the common terms.
The denominators define the correct tree structures, while the operators in
the numerators contribute with the right quantitiy to BCJ-numerators. Ex-
ample [4.50| can then be reformulated as:

[’(5) — OMleMsMMs[D*lTTT(S,l)

11 A2 3 A fis
0?517;11722/;3%#5 _ —49“1“39“2“48f5 (4.53)

TTTE%BMM% = TTJ([A;WAuz]vAuszm)Aus
Let us exploit this example a bit more to discuss the non-uniqueness of the
operators that we can use in our construction. (’)?57‘1‘722‘;3“4“5 is in fact not

unique for three reasons. First of all, we can rewrite the same operator in
a different way by making use of momentum conservation| and a suitable
relabeling of indices. For example, we can obtain the same Feynman rule

generated by Oé‘;‘fé’;w“%, by using instead:
O S uttermarive = 49" 9405 (4:54)

The second reason is that there are operators which generate Feynman rules
in agreement with the previous one when restricted to the five-particles on-
shell kinematics. This means in practice that the Feynman rules differ only
by terms proportional to p? with i =1,... ,n.ﬂ

5 Or “propagator”.
6 Or equivalently the vanishing of a total derivative.
" n being 5 in our example.
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The third possibility is given by operators which generate non-vanishing
Feynman rules but whose contribution to BCJ-relations actually vanishes.
One example of such operators is given by:

4A(g“1“3g“2“4({9f5 _ gmuaguwsaf) (4.55)

where A is a free parameter. This particualr case was already noted in [50].
It is time to explain all the steps that are required to construct an effective
Lagrangian which shows manifest BCJ—symmetryﬁ up to n-points.

4.5 'The n-points algorithm: a BCJ-manifest effective
Lagrangian

In this section we will present a step by step algorithm to construct the n'”
term of the Lagrangian [4.48]

1 o
Lyy + Lar = 252 Z (4.56)
—
in order to do so, we will assume that all the previous terms £, £3) ... £(=D

have already been constructed.

We already made it clear that this construction is not unique. In this per-
spective, the reader is informed that our algorithm will give a specific choice
as a result. In addition, it is important to notice that the choices made for
the terms £*) with k < n will affect the term £ and the following ones.
The form of £™ is the one presented in m

[n/2]
L =3" Z (O M K (4.57)

(n,t,9) H1.--fin
t

The three steps that compose our algorithm are the following.

e First of all we have to construct all the inequivalent tree topologleﬂ
Tfﬁtun for the Jacobi relations. For a given n we obtain then a set:

{T1) . Timae) ) (4.58)

M1 n? M1---Pn

8 Which automatically produces amplitudes that can be BCJ-decomposed as defined in
this chapter.
9 In appendix [B| we will present an algorithm to do that.
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e Then, for a given n, a given j and a given ¢, we consider["]all the possible
forms that the operator O’“ ;L)" can take. In general, (’)“1 “)" can be
written as sum of terms Where each term, as already sald contains j
metric tensor factors. Since the operator is of order (n — 4), we know
that it must contain (n —2j) derivatives with open indices and (2j —4)
derivatives contracted into each other. It is useful then to denote each

term in O“ltj) through one permutation o of the set (1,2,...,n) and

a multi-index 4 = (4y,...,4,—4) where each component i, takes values

1 <4; <n. The form of the terms composing Of, ;)" is then

n—2j 712
1. un Mo Mo “a(2J+k) ) LA,
O 0‘ 1, (Hg (2k—1) (2k)> (H a ) H (0,”_2j+2k_1 8Zn_2j+2k)
k=1

(4.59)
For each term, we must generate the corresponding Feynman rule
through a procedure that will be described in section If two
terms lead to the same Feynman rule up to a sign in the on-shell kine-
matics, we consider them to be equivalent and we dismiss one. In this
way, for each equivalence class we only have one representative.
At this point, we define a function 0(c,%) which takes values one and
zero. We will use this function to decide whether a term is kept or not.

We finally have a complete ansatz for O (nt ;L)”

Oéﬁ,t;n = Z ch,t,j o (U 7')0#1 Hn (O' Z) (460)

where the coefficients ¢, ; ,; are unknown.

e We can now insert our ansatz [4.60]into the t,,,, BCJ-relations defined
by the set The next step is to extract the coefficients of the
independent scalar products € - €, € - p; and p; - p;. By requiring
that these coefficients vanish (ensuring in this way the validity of the
BCJ-relations) we obtain a system of linear equations for the unknown
coefficients ¢, »5. We solve then for the ¢, ;s4's.

As we have already remarked, the solutions will not be unique. The
non-uniqueness in these solutions reflects the freedom to add terms like
4.55|at five-points. Since we are only interested in finding one solution,

we make a choice and this defines in turn Oéﬁt;‘)" and £,

Let us discuss some technical details. First of all, in the second step, the
number of terms to consider can be reduced by some simple considerations.

0With 2 < j < [n/2] and 1 <t < tnas
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Permutation symmetries and momentum conservation will allow us to im-
pose some useful restrictions:

Restriction for Motivation
o(2k —1) < o(2k) ke{l,....7} gl @k=1)Ha(2k)
— g)u‘a(Qk).u‘a(Qk—l)
0—(2[{; _ 1) < O'(Qk) ke {17 . ’j _ 1} g#n(Qk—l)ug(zk)gua(zkﬂ)ua(zk-s—z)

— g#a(2k+1)#o(2k+2)g#o(%—nﬂa(%)

o2k — 1) < o(2k) ke{l,...,n—2j} al%:r(zﬁmaiﬁzlﬂﬂn
— aHo<2j+k+1)ayo(2j+k>
7fk+1 1k

in—?j—+2k—1 < in—2j—+2k k¢ {1, C.. ,j — 2} 81»1_1 . 0, = &-l . 8il_1

in—2j—tok—1 < In—sj—tort1 | kK €{L,....5 =3} | (0, - 0) (iyy - Oiy)
- (ail+1 'ail+2 ail—l 'aiz)

ir<n ke{l,...,n—4} | Momentum conservation

The second technical detail is that, in the third step, one finds a block-
triangular system of equations. This means that the coefficients of a mono-
mial involving j products of the type €;, -€;, will bring to equations containing
variables ¢,/ -4, With j < j. In particular then, if we consider only mono-
mials involving exactly two scalar products €;, - €;,, we will obtain equations
containing only variables ¢, ;2 -

4.5.1 Feynman rules from the new Lagrangian terms

We described in detail how to obtain the terms £ in the new formulation for
the Yang-Mills Lagrangian. How do we obtain the corresponding Feynman
rules? This will be the topic covered in this section.

Let us start with a toy example in order to gradually construct our master
formula. Consider an interaction term of the form:

Lipy = QW mtbin (0 0n) AR () - AR () (4.61)

where Q% @n#1--Hn ig 3 pseudo-differential operator of degree (4-n) depending
on derivatives 9; that act only on the corresponding A7 () fields. The ful
Feynman rule for the vertex is given by:

Viww = Y, QO tetrtto=o) (ipy ) . ipg(n)) (4.62)
€S

where, once again, all the momenta p; are outgoing. Let us suppose now
that the operator Q% -@mti-—kn(9, . . 3,) can be colour decomposed in the

1 Including colour.
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following way:
Qor-tmbibin (9, = 2" 2T (T ... T) O +#(dy, ..., 0,) (4.63)

The Feynman rule for the vertex can then be written, splitting the sum over
the permutations S, into S,,/Z, and Z,, as

Vi = ig" > Z Tr(T%W .. T%m) Z OHon ) Hon) (351, - -+ s iDon(n))

TESn /L 0€Ln
(4.64)
It is now possible to extract the colour-ordered Feynman rule:
V=1 Z 0“0(1)~-#n(n> (z'pa(l), Ce ,ipa(n)) (465)

O'GZn

Since we will be working with trees, we need to reintroduce and expand part
of the notation. Let us consider a tree T with n external legs cyclically
ordered as (1,2,...,n) and let us denote by T, ., a representation of this
tree made of commutators and fields A,,. Consider as an example the tree

T = ([1,2],[3,4].5). (4.66)
Its representation will be given by

T = ([([Aprs Apa]s [Apgs Apa]ls As)- (4.67)

As we discussed already before, a general tree T with n external legs, has (n-2)
vertices and, when drawn as a rooted tree, there are 2("~2) ways of swapping
at each vertex the two branches not connected to the root. By writing all
the different swapping possibilities, we obtain a set of permutations of the
external legs which we denote by B, (7") and which correspond to different
cyclic orders for the external legs.

Let us consider now a term of the form

1
'Cmt = 2—920“1'"#n (81, R ,Gn)TrTm,__“n (468)

By exploiting the antisymmetry of commutatord', we can rewrite it as

1 Nswap (T
LthQ—gQO# O 0n) Y (=)™ A A (4.69)

Hr(1) * " “ T Hr(n)
7w€By(T)

where it is important not to confuse nyq,(m) with the sign of normal per-
mutations. To give an example, let us take the tree ([[1,2],3],4). If we swap

12 Or, the properties of trees.
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the branches [1,2] and 3, we obtain ([3,[1,2]],4), with ngyep(m) = 1 and
therefore (—1)"swer(™) = —1. This should not be confused with the sign of
the permutation for the order of the external legs 7 = (3,1, 2,4), whose sign
is (+1).

By relabelling the indices we obtain:

1 n s - —
Lint = ﬁ Z (—1) swap(T) Hn=1(1) 1(">(6ﬂ_1(1), ce ,aﬂ—l(n))TTAm .. .Aun
wE€BR(T)
(4.70)
The colour-ordered Feynman rule becomes then

_1)
v = Yo (SN O e 0 e ) (1) - Do ()

4
wE€Bn(T) O€Ln,

(4.71)
Up to now we have defined a way to construct Feynman rules starting from
particular tree structures, taking care of the colour-information separately
and managing all the possible swappings allowed keeping the root fixed. We
only miss some notation now to treat another kind of permutation needed
in our case: “Jacobi permutations”, corresponding to the presence inside of
T, ., of Jacobi—sumﬂ. So, let us consider again interaction terms of the

form where this time T, ., is given by

Tsosn = Ty, T T T (4.72)

Hjp+1---Hjg “.7'2+1"'“J'3) Hjz+1---Hjn

The symbol J denotes once again a sum over the three permutations of
the Jacobi identity. It is convenient then to introduce three trees which
correspond to the three terms in the Jacobi sum. We will denote these trees
with Ti234, Th314 and T3194

T34 = HTulmujl>Tﬂjlﬂmujz]’Tuj2+1-~Mj3]TM3+1~--ujn (4'73)
To314 = HTMj1+1---M_;‘27Tltj2+1---u,7'3]7Tul---ujl]Tujg,H---/tjn (474)
Th934 = HT#]'2+1~-H]'37Tu1-~uj1]7T#]‘1+1~-Mj2]Tuj3+1-~ujn (475)

With these definitions, we can rewrite

T,u,l...,u,n = J(T,u,l...,u]'l 7T,uj1+1...uj27T/,Lj2+1‘..,uj3 )T/'Lj3+1"wujn = T1234 + T2314 + T3124

(4.76)

Moreover, it is also convenient to define three permutations
T1234 = (1a s 7j1aj1 + 17 s 7j27j2 + 17 cee aj37j3 + 17 s 7n) (477)
T2314:(jl+1,...,j2,j2+1,...,j3,17...,j1,j3+]_,...,TZ) (478)
T1234I(jg—l-1,...,j3,1,...,j1,j1+1,...,j2,j3+1,...,n) (479)

13 As defined through the quantity “J” in the previous section.
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We also define the set
I ={1234,2314,3124}. (4.80)

In order to not confuse the order of the indices, since we will have three
different kinds of permutations at work, we need some more notation. We
denote by T'(1,...,n) a tree with cyclic order (1,...,n). We will denote
by (7T) a tree obtained from the original tree by swapping the branches
at the vertices to reach the permutation 7. (77) will have the cyclic order
(m(1),...,m(n)). We then denote by

(7T)(1,...,n) (4.81)

the above constructed tree, where the indices have been in the end re-labeled
into (1,...,n). Let us see some examples to avoid confusion. At five-points,

we start with
1 2 3 4

T(1,2,3,4,5) = (4.82)

5

We decide to swap the branches at the lowest vertex in order to obtain the
cyclic order (7(1),7(2),7(3),m(4),7(5)) = (4,1,2,3,5)

4 1 2 3
(nT) = (4.83)
We finally relabel indices to obtain:
1 2 3 4
(rT)(1,2,3,4,5) = (4.84)

5

The next notation we need to define is the one for Jacobi operations 7; with
jel.

We denote by (7;7) the tree obtained from 7" performing the Jacobi operation
7;. The cyclic order of this tree will then be (7(1),...7(n)). Thanks to
the definitions given above, we can see for example that Th314 = To31471234-
Once again, we denote by (77)(1,...,n) this tree where, however, we re-
labeled external legs as (1,...,n). Some graphical examples can help to
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clarify once again. Let us start from a tree 7°(1,2,3,4,5) = ([[[1, 2], 3],4],5)
corresponding in our notation to 7Tjs34.

T1234 — T(l, 2, 3, 4, 5) — (485)
5

We are considering a case where the Jacobi permutations are performed on
the three sub-trees [1,2],3 and 4. We decide to apply To314 on T, in order to
obtain T2314 = (7'2314T)

(To314T) = (4.86)

We finally relabel indices to obtain (723147)(1, 2, 3,4, 5)
L2 3 a4
(12314T)(1,2,3,4,5) = (4.87)
5

The Feynman rule for an interaction term of the type with T, ,,. asin
can then be written as

1% :(_i)nl'n-i-l Z Z (_1)nswap(7r)

GEI w€Bn((75T)(1,....1) (4.88)

Ko 1 =1y M 1 —1
or— LT (1) o~ LT " (n)/; .
E O J J (Zpo_ﬂ__lTj—l(l), .. 72po7r_17'j71(n)>
OELn

where T = T1234.

Now we just need to take care of one last step. In fact, we never explicitely
treated any term containing the operator D' In principle we can think of
it as being part of O (dy,...,0,) in [1.68] However, for our purposes it
is better to treat it explicitely. Let us consider then a Lagrangian term of

the form .
Lint = 2—g2(9“1"'“"(81, 3 O) DTy (4.89)



4. A BCJ-manifest effective Lagrangian 70

Notice that D~ depends only on the tree-structures it acts upon.
The Feynman rule is then given by:

S — n+1 Z Z (_1)n5wap(7T)

J€I weBn((1;T)(1,..., n))

or—lr 'uaﬂ' 7'.71 n) (- . ~—
Z O J tay” j ()(Zpaﬂ' 17_ (1)7"'7Zp0'7r717'j_1(n))D 1((7TTJT)<O'(1),

O’GZn

4.6 Some results

In this section we will present results up to n = 6, following the choices made
in [49).
The effective Lagrangian takes the form

1 o
Lym+ Lor = 25 ; (4.91)

The terms £ and £ are the ones presented with the original Yang-Mills
Lagrangian
L£® = -2TrA,0A"

4.92
L®) = 4Tr(9,A,)[A", AY] (492)

The term for n = 4 has been slightly modified from the original form in order
to assign four-point contact terms to the right channels

L&) — Orikzpspa )= 1T7“[A A ][A,u,gaA,UA}

H1p2 3 L4 13 2 4 V1 Z;’ (493)
o =9 g G, 013054
L5 and £© are instead of the form
[n/2]
£ — Z Z O’ﬁtf” T (4.94)
— <

and they both are formally zero due to the Jacobi identity contained in
n,t

T,

For £ we have only one tree structure (t = 1) (see appendix [B]) and j can

only take the value two (j = 2). The tree structure is

TrT®) =TrJ([A

s s Aps]s Ay s Apa) Ay (4.95)
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Since t = 1 and j = 2, we just have one operator 055‘1‘22‘;3“4“5. As we said in

the previous sections, however, the operator is nonetheless not unique. We
make once again the choice presented in [4.53

Oét51f1t722;;3#4#5 — _4gmu3 gN2u4 a{% (4.96)

For n = 6, the situation is a bit more complicated because ¢t and j can take
more then one value. We have in fact two different tree structures

TTTEL61,/£)2/L3},L4,U,5},L6 =TrJ([[Au, Awls Ausl, Apss Aus ) Ay (4.97)
TTT/(xfilyi)gugu4u5u6 = TTJ( [A,Ul ’ AMQ]’ [A#S ’ AH4] ) ANS )AMG (498)

(4.99)

In addition, we can have j = 2 or 5 = 3. This means that overall we will
have four possibilities for Ofgf??w““&"%. Once again, we have to make a choice

among the possible equivalent terms. We confirm the choice made in [49):

H1IU2U3 A5 6
Ol6.12) =

_ 8gmuzgu3u4@i‘5agﬁ _ 4g“1u2g“3“48f5856 _ 4gulu2gusﬂ4a{is agb‘ + 4guluzgu4us 3{13(956
+ 8gMI g 0P 0" + By g0y 05° — 24gMI g 0y OF° — 8gHHe g 0y OF°
+ By g O 05 + BghHe gHIe O 0 — Byt g 0,2 0y — Byt gt 0, 05°
4 8gHata ghizhs 8{”’ aﬁl;e + 24 gHa ghiams (953 (956 + 16gH 14 ghams 553 agﬁ + 32gHka gh2ts (953 356
B2 RO OR g PO O — 169" g IO O — 8o g O O
+ 8gHiHa ghas QL2 916 4 Bgh1Ha gHsks QR QNS 4 BgHiHa ghsks gl OlS + 16.gH1H4 gHars 9L o'
+ BghHighane 9L 05° — 8ghthe ghels 02 05 — 8ghtia ghHe L2 01 + 16gH 1 ghoto 052 0y
_ 169”3“4 gusue @51 aé@ _ 16g“3“4g“5”6 aitl 352 + 169#3%9#4#5 af;l aé@

(4.100)

H1H2U3 a5 6
Ol6.22) =

_ 29u1#29u3u4 855 a:l;G _ 129ung#3u5 a{M @i‘ﬁ _ 4gmu2 g#:ms a{M 856 _ 89,”1#2 gﬂsua af?r aéM
_ 129/”#3 guzm ai% a:l;ﬁ _ 4gulusgu2u4 ai% agﬁ _ 8guwsgu2u5 aiﬂ affﬁ + 16g“1“3 guzus 854 a{%
_ 8g’“ ©3 guzus 0?4 Q/fﬁ + 89’“ w3 gusuﬁ @i@ aém + Sg,ulus guzuﬁ 8?3 854 + 89’“”5 guzue 8113 aéhl
_ 89#1%9#3#6 852 854 _ 4gmu5 gﬂ3#6 852 agM _ 169#1,&5 gu3#6 an aéM + 129#1#5 9#3#6 aéL2 a{“l
+ 8g’““5 guwﬁ 852 854 _ 4gmus gu3u6 852 354 _ 8g#1u5 guwﬁ aé& aéM

(4.101)

H1H2U3 a5 e
Ol6.13) =

_ 29u1u4gu2usgu3u6 (al . 34) _ 4gH1N4g#2M59N3lJ6 (al . 35) _ 6gu1u4gu2usgu3u6 (84 . 85)
(4.102)
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H1IU2U3 A5 L6
Ol 23) =

_ 2g#1u3guzu4gu5us (al . 85> _ zgmusg#wsguwfs (al . 83) _ 29H1H39M2u5gu4u6 (82 . 84)

+ 291 g grate (9, - 05 ) + AgMte ghere gt (05 - 05)
(4.103)

In addition, we obtain also the set of terms that can be added to the La-
grangian without violating BCJ-relationd™ for n = 6. These results do not
seem to offer any particular hint on the existence of some smarter way to
formulate them or of a particular structure that can be investigated.

Some proposals for ways to improve the algorithm and to, perhaps, find
something more revealing about the Lagrangian structures that generate
BCJ-numerators will be the topic of the next chapter. At the present state,
the algorithm is still a useful tool to further investigate BCJ-relations and
its implications for gravity.

4 Corresponding to the term for n = 5.
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SCATTERING EQUATIONS AND KINEMATIC ALGEBRAS

In the previous chapters, we have seen how the construction of BCJ-numerators
presents a considerable amount of freedom, which takes the form of gener-
alized gauge transformations at the level of amplitudes and takes the form
of additional terms that do not contribute to BCJ-relations or the choice of
free parameters in our Lagrangian formulation. This freedom might seem a
positive feature. However, on the contrary, it should be seen as the fact that
we have not found yet additional relations to further constrain those choices.
In particular, in our Lagrangian-construction algorithm, the freedom we are
left with, complicates calculations and every choice made at n valency fur-
ther influences the successive results.

The last part of my doctoral studies involved the search of a way to further
constrain our algorithm in order to improve its efficiency and to obtain a
canonical formulation for BCJ-numerators. A first attempt was made with
corolla polynomials [106, [107]. The tree formulation of this idea is in a way
prone to be exploited in terms of our construction. However, the attempts
made did not go further than the correct splitting for the four-point contact
terms.

In the rest of the chapter instead, we will discuss another viable way to im-
prove our algorithm: the kinematic algebra based on scattering equations
analysed by Monteiro and O’Connell first in the context of the (anti-)self-
dual sector of Yang Mills theory [48] and then in the general Yang-Mills
gauge theory|56].

In the next section we will briefly review scattering equations. Afterwars, we
will show how the construction of BCJ-numerators work in the (anti)-self-
dual sector of Yang Mills theories. Finally, we will present the - so called
in [56] - canonical construction of BCJ-numerators based on solutions of the
scattering equations.

The last section will be dedicated to a discussion of possible ways to exploit
these results from the perspective of our algorithm and to difficulties and
caveats that can be foreseen on this path.
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5.1 The scattering equations

The scattering equations have been shown to be particularly relevant for
tree-level scattering of massless particles [52-54]. In this section we will see
a short review - following mainly [56] - of why this is the case.

The scattering equations at n-points read

Zf“_a - (5.1)

where the p,’s are the momenta of the extenal legs. This set of equations has

to be solved for the n complex variables o,. Of this n equations, however,

only (n—3) are independent. A key feature is their invariance under SL(2, C).

This means in particular that givena solution o,, another valid solution is
given by

, Ao, +B

7a=C 0.+ D

where AD — BC' = 1. This property allows us in turn to interpret the
solutions o, as points on a sphere S2. Up to this redundancy, there are
always (n — 3)! different solutions of the scattering equations.

One way to see this is through the recursive algorithm proposed in [52]. In
fact, each solution for the (n — 1)-points system yelds (n — 3) solutions for
the n-points system for a total of (n — 3)! solutions. Exploiting scattering
equations, one can easily write n-points colour-ordered gluon amplitudes and
graviton amplitudes

a E,({p,€, 0
An:/ OISL2CH5<ZO]'Z—O'1,> o . (5:3)

0120923 ...0np1

M /Vol SL(2,C) H(S (Z Oia ) EX({p,e,0}) (5.4)

where o, = 0, — 0, and where

H5<Zf“_g>:mj%% Ms(xrn) oo

a a#i,j,k b#a

(5.2)

In particular, this last definition can be shown to be independent of the
choice of 7, 7, k and is therefore permutation-symmetric. Let us define now
the object F,({p,e,0}). It is a gauge invariant object depending on the
momenta and the polarizations €, of the particles and it is as well symmetric
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under permutations of the particles.
It can be described in terms of a 2n x 2n matrix ¥ which can be given in a

block form
A —CT
U = ( cC B ) (5.6)

where the different n X n blocks are defined as

Pa - Db
b
A,=d o 7 (5.7)
0 a=1b
\
r
€q * €p
b
Bu=1{ on 7 (5.8)
0 a=1>b
\
( .
€a " Db a 7& b
Oq
Cab - o b €a " Pe —b (59)
O-CLC
c#a

We denote by \I/Z the matrix where rows ¢ and j and the corresponding i
and j columns have been left out. With this notation, we can finally define

En({p. €, 0})
_ 1T — (_1)i+j ij
E.({p,e.0}) = Pf (‘I’zg) = QTPJC(‘I/U) (5.10)
ij

where “P f” is the pfaffian of the matrix.
The integrations over the delta functions have two functions. First of all they
completely localise the integrals in and [5.4] reducing them in fact to a
sum over the (n — 3)! solutions of the scattering equations. Secondly, the
integration introduces a Jacobian. In order to describe it, we introduce the
matrix ¢, with components

DPa " Po
o Tab 7 (5.11)
ab — Pa * Pc .
N Z o2 4= b
675(1 ac

The delta functions in [5.5] tell us to leave out rows 7, j and k. For this reason,
we omit them from the Jacobian determinant. In addition, we have to gauge
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fix SL(2,C). To do so, we can fix the positions of three points o,, o, and oy
and this procedure will introduce a factor ,,0404.. The final result is that
the Jacobian determinant is given by the minor determinant of ® where rows
7,7 and k and columns r, s and t are left out. We introduce then the notation
ik
| |rst (512)

OrsOst0¢r0i50 jkO0 ki

det'®d =

The amplitudes can then be written as sums over the solutions of the scat-
tering equations

1 Pfw
A= 5.13
soluzt;ns 012023 ...0n1 det’ ) ( )
(Pf'w)?
W= D e (5.14)
solutions

5.1.1 The light-cone gauge

First of all, we need to introduce some new notation, since we will be working
in the light cone gauge. This choice can be motivated in different ways.
First of all it is one of the most promising concerning the study and the
construction of a gravity Lagrangian since the explicit independent fields
that appear are two in both theories in four space-time diensionﬂ Secondly,
it is the most natural gauge in which to perform the following study of the
kinematic algebra.

We will use light cone coordinates (u, v, w,w). The metric is such that, given
any two four-vectors A, B

The polarization vectors are given by
6: = (Oapawv Ovpau>7 6; - (Oapau_npaua 0) (516)

and they satisfy
€:‘:El:)l: = 0’ 26—(;61;_ = —PauPbu (517)

a

We can now define two important quantities that will constitute the main
objects we will work with

262_ * Db = PawPou — PauPbw = Xa,b (518)
26; *Pb = PawPbu — PauPbiv = “Va,b (519)

! This is true in general for light-like gauge of which the light-cone gauge is a particular
case.
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If p, and p, are on-shell, we have also

gy = b (5.20)
PauPou
Equations and can be instead extended to off-shell quantities, using
for example the simple rule X, . = X, + Xp.. Off-shell momenta will be
later denominated by capital letters A, B, .. ..
How do these quantities relate to the scattering equations?
First of all let us specify how we write a four-vector with spinorial indices

_( Pu pw> 5.91
Pad <p7I) Do ( )

When the four-vector is on shell, we can write it in terms of two spinors as
Pai = AaAa. One can choose

Aa:<1) S\d:<p“> where o = 22 = I (5.22)
g Dw Pu Pw

We are now ready to write a new set of spinor products anologous to the
ones introduced in chapter [2] in [2.4§|

X
ab) = eaﬂ)\g’))\(b) =0, — 0p = Zab 5.23
< > . g PauPou ( )
[ab] = AN = =X (5.24)
From eq. we also obtain
Xy = —ab (5.25)

Oq — Oy
Now, using eq. and and momentum conservation we have
d Xap=0 ) Xup=0 (5.26)
b#a b#a

which are a re-casted version of the scattering equations in terms of the
quantities of interest X, ;, X, .
It is finally time then to see why they are particularly interesting quantities.
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5.2 The (anti)-self-dual sector

The quantity X,; can be shown to be the kinematic part of the vertex of
self-dual gauge theory [108, [109]

B
C = (2m)*'6W (P4, P, Po)X o pf 4 2¢ (5.27)

A

We can see the vertex as part of a three-valent graph, where P4, Pg and P
are sums of momenta of the external particles (e.g. P4 = p1+ps and Pp = ps3
and as a consequence X4 p = Xi423 = X134+ Xo3). In order for X4 5 to be
a vertex, it has to be independent of the two legs chosen to represent it, i.e.

Xap=Xpc=Xca (5.28)

This is guaranteed by momentum conservation and by the fact that X4 p
is an anti-symmetric bilinear form. Where does the relation with colour-
kinematics duality arise? As shown in [48], X4 p is the structure constant
of a Lie Algebra. In particular the one that arises with area-preserving
diffeomorphisms in the w — u plane and generated by the vectors

Vi=—2e a9, Vi Vel =iXasVig (5.29)

These generators satisfy as well a Jacobi relation, which in turn yelds a Jacobi
relation for the structure constants X4 p

XapXare +XpoXpyrca+ XeaXciap =0 (5.30)

What we just observed is the simplest manifestation of colour-kinematics du-
ality. In fact, the self-dual gauge theory has one three-vertex whose kinematic
part satisfies Jacobi relations exactly as the colour part does.

How can we obtain BCJ-numerators then? The construction is pretty
straightforward. Let us see some examples. At four-points, we have already
met the colour factors?

Cy = fa1a2bfba3a4 cp = fa2a3bfbala4 Cy = fagalbfba2a4_ (531)
The corresponding numerators are then given by

ng = OéX172X374 ny = OéX273X1’4 N, = OéX3’1X274 (532)

2 Up to a sign convention.
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where a stands for the normalization coming from the polarizations.

To generalize this idea to higher points, we can see the issue from a tree-
graphs point of view. Let us take for example the five-points colour factor
farazb fbasd fdasas - corresponding to the graph representation

3

(5.33)

1 5

One way to construct the BCJ-numerators is to associate a X4 p factor to
each vertex encountered. What we obtain for graph is then

n = CKX172X1+273X475 (534)

The tree-level amplitudes obtained from the self dual gauge theory however
vanish. They correspond in fact to helicity configurations where one single
particle has negative helicity. As we have seen in chapter [2| these amplitudes
vanish in four dimensions. This property has been used in [56] as a way to
test the validity of the generalization to the general gauge theory we will
present in the following section.

5.3 BCJ-numerators from the scattering equations

5.3.1 A first generalization

Given a solution of the scattering equation o,, we define

Xpp= —ab Xop = (00 — 00 hahy, (5.35)

Oq _O-b7

with the additional condition X, , = 0. The quantities h, have been intro-
duced to generalize the p,’s present in the previous relations. They need to
satisfy the additional constraints

> ha=> 04ha =0 (5.36)
a=1 a=1
in order to allow us to still have

> Xap=0 ) Xup=0. (5.37)

b#a b#a
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If we want to generalize the role of X (or X) as a vertex we need to implement
once again the consistency condition described in [5.28] First of all we have
to define an off-shell version of X

Xap = Z Xaop = Z Xap = Z Z Xap (5.38)

ac{A} be{B} ac{A} be{B}

where {A} and {B} are sets of external particles. Consider now three sets
of external particles {A}, {B} and {C'}, connected to the lines A, B and C
of the vertex [5.27] The consistency condition

Xap=Xpc=Xca (5.39)

is then satisfied thanks to the scattering equations

XA,B: Z Z Xa,b:_ Z Z Xa,c

ac{A} be{B} ac{A} c¢{B} (5 40)
== 2 D Keem D D Kee=—Xac = Xeu
ac{A} ce{A} ac{A} cc{C}

In order to treat Jacobi relation we need a fourth set of external particles
{D}.
We have then
XapXep+XpoeXap+XcaXpp =
= —Xap(Xap+Xpp)— Xpc(Xpp+ Xep) — Xea(Xep + Xap)
=2XaXpp =0
(5.41)

where in the second last step we used eq. and in the last step the fact
that XD,D =0.
Since we have Jacobi identities, once again, we have a Lie Algebra involved

ViV =iXasVie Vi, Vgl =iXasVi g (5.42)

In this case, however, we cannot simply extend the explicit representation
5.29]

With this generalization of the quantity X, it is possible to show that

“X—amplitudes”ﬂ still vanish. We address the reader to |56 to find a proof

of this statement. We will instead procede to show how to construct BCJ-

numerators in the general case, making use of the newly defined quantities
X and X.

3 Amplitudes containing only X vertices, corresponding to the vanishing amplitudes
constructible in the self-dual gauge theory.
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5.3.2 The general idea

Let us start, following [56], from a toy model where an explicit representation
for the generators exists and let us give the general idea underlying the
construction. For this reason we will first treat vectors of the type

V,=—2eP%, .0, a=1,2,3 (5.43)

The most natural Lorentz-invariant quantity one can construct at three-
points is

Vi [Vo, Vo] + Vo [V3, Vi] + V3 - [V, V] =

- l'(i*i(pﬁpﬁm)m((ﬁ &2)(p1—p2) €3+ (e2-€3)(p2 —p3) €1+ (e3- €1)(ps — p1) - €2)
(5.44)

One immediately notices that this is in fact the three-points gluon amplitude.
Moving to four-points, we can generalise the quantity in the following WayE]

Ni234 = ‘/1 ’ [‘/27 [‘/37 ‘/4]] + ‘/2 ’ [‘/37 [‘/4; ‘/1]] +‘/3 ’ [‘/47 [‘/17 ‘/’2“ +V;1 ’ [‘/17 [‘/27 V:’))H
(5.45)
Here we chose to follow [56]’s notation for the numerators. If we want to
connect this quantity to the notation of the previous chapter, we have to
consider a tree T'(1,2,3,4) or, considering our necessity to treat Jacobi iden-
tities, the related general notation T7,; introduced in [£.31] The numerator
n12.34 corresponds then in our notation to the term N(77,5) appearing in the
Jacobi relationf]f] One should also notice that the commutator structures,
as in the notation of chapter [4] reflect the orientation of the vertices.
The BCJ Jacobi-like relations, in this construction, follow directly from
the standard Jacobi identities of the algebra of spacetime vectors

N12,34 + N23,14 + N31,24 =

= Vi - ([Va, [Vs, Va]] + [Vs, [Vi, VoI | + [V4, [Va, V3]
+ Vo ([Vs, V1, Va]] + [Va, [V, Vs]] + [V, [Vs, VA ]
+ Vs - (W, [Va, VAl + [V, Vi, V] + [V, W1, Vo
+ Vi ([Vi, [Va, Vi]] + [Va, [Va, Vi]] + [V3, [V, V2]]) = 0

The all-n rule to construct the numerator for the trivalent graph o will then
be

)
) (5.46)
)

Mo =» V- 6% (5.47)
a=1

4 In the case of the s;5 channel.

5 This correspondence is valid up to minus signs given by the anti-symmetry of the
three-valent vertex.

6 However, the real correspondence will be underlined in the following, where the con-
struction will be valid for n-points gluon amplitudes.
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where &\ stands for the commutator structure as read from leg a. In this
sense, one can apply - also in this approach - exactly the same diagrammatical
way used for representing colour factors. In fact, substituting the terms
V; with T%, the - product with standard matrix multiplication and finally
taking the trace, gives us the colour factor corresponding to the numerator
just found. The BCJ-numerators for gluon amplitudes will be constructed
following the same idea. However, an explicit representation as will not
in general be available.

5.3.3 BCJ-numerators for gluon-amplitudes

In the following, we will construct BCJ-numerators for each contribution
to the gauge theory amplitudes corresponding to solutions of the scattering
equations. From eq. we can schematically rewrite each of these contri-
butions as

Parke-Taylor factor ~x  permutation invariant factor (5.48)

The permutation invariant part can be ignored for the moment, because
it will automatically satisfy BCJ-relations.What we really need instead are
BCJ-numerators reproducing the Parke-Taylor amplitudes

n _ Tr(Tem T . T%m)
APT - Z O-(I) O.(I)
BESn [ Ln BL)B2) " Y BM)B(L)

(5.49)

where [ stands for the particular solution to the scattering equations that is
being considered. The Lie algebras we will consider, are the ones introduced
in In addition, we define a set of rules for the action of elements on one
another. This will be particularly useful for our calculations in the absence
of an explicit representation. We have - in the case of the X-algebra -

ViVE =iXasVis (5.50)
where VATB is not an element of the X-algebra but satisfies instead
Vi +Vaa=Viis (5.51)

which is consistent with the commutation relations. By further defining
%TA = Vi, we obtain another set of rules

VXIBVCiID - Z.XBvCJrDVA%—B+C|D (5.52)

VA_IBVCiID - Z.XBvCJrDVAiBJrcm (5.53)
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Moreover, we need to define a symmetric product “x” such that
_ —2hphp it PA+ Pg+ Pc+ Pp =0
- + Bhp A B c D
VA\B * VC|D 0 VA\B * VC|D {

0 otherwise
(5.54)
We are finally ready to calculate complete numerators such as - at four-points

Ny1- 2+ 3+ 4+ :‘71_ * [‘72+7 [‘734_7 ‘A/4+]] + ‘A/2+ * [‘%_‘_7 [‘A/4+7 ‘71_]] (5 55)
+V5E o [V VL VT + Vi« [V, IV V3T .

which satisfy Jacobi identities for the same reasons as in [5.46] In order to
actually calculate the numerator, we can apply the rules introduced above
to see that

Vi VoV Ve = 2X, 5,4 X 4hahy = 2X1 0 X5 4hihy (5.56)
and as a consequence
Vi x [Voh Vst ViT]) = 2X1 5 X540 (he + hs + hy) = —2X12X54h%  (5.57)
Now, by considering the other terms in [5.55, one can verify that
Ny- v g ar = —4X1 9 X402 = 2V % [VoF, [ViH, Vit (5.58)

This turns out to be a general rule for numerators containing only one single
e particl{]7 which can then be written as

ZV*G =2V % 6@ (5.59)

Wy

where r labels the particle. An important observation to make is that
numerators with only one “-” particle contain only X-vertices. This means
that they actually correspond to numerators of the X-amplitudes mentioned
in the previous sections that actually vanishff]

" Mind that “4” here do not refer to the helicity of the particles, but rather correspond
to the notation introduced in the previous sections and in a deeper sense, to the notation
of [110] and [48]. The helicity information for the external particles is instead contained
in the permutation invariant part of the amplitude.

8 Notice also that the numerators containing only “4-” particles vanish due to the sym-
metry of *.
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We can now finally introduce the general formula to obtain BCJ-numerators
for the Parke-Taylor amplitude. The idea is to consider this time two parti-
cles of the “-” type. We will denote these particles with r and s. We start by
rewriting in a BCJ-decomposed fashion

Na,rsCa
Apr = Brs Z D— (5.60)

. «
aEcubic

where the factor [, is independent of the particle ordering and is given by

n —1
Brs _ [4iTL(UT _ O'S)Qhrhs(hr + hs) Zo’iha] (561)

a=1

The numerators are characterized once again by the property found above
so that they can be written by calculating only the parts related to the “-”
particles

Nors = Y Vax &) = <V; * 6@ 4V éga)) (5.62)

a=1

The dependence on r and s of the numerators cancels out with the same
dependence in In addition, the results are independent on the choice
of the quantities h, as long as they satisfy the constraints described above.

The conclusion of [56] is then that a natural canonical choice of BCJ-
numerators for a graph « in a gauge theory amplitude is

o pf’\p(l)

— W. (5-63)

)

(n—3)!
na =Y B AW with 5
I=1

where one should notice that, since ﬁg) and ) are independent of the
particle ordering, the numerators n, satisty the same Jacobi-like relations as
the nﬁfls

5.4 A possible path

The construction proposed by Monteiro and O’Connell (MO), is the first able
to identify a set of canonical BCJ-numerators. This stands in contrast with
the existing algorithms (both at the amplitudes- and Lagrangian-level) where
the constructions are characterized by a peculiar freedom in the choices one
can make.
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In which way can MO’s construction help us to improve the algorithm
introduced in chapter [P
The idea of the author is that a new - light-cone gauge - formulation of the
Lagrangian algorithm is possible and that the comparison of the new set of
L™ terms with the prescription offered by MO will offer further insights in
the issue. In particular, it is possible that, by obtaining the new - light-cone
gauge - £L’s | an explicit representation of the vectors Vai could be found.

As no rigorous calculations have been performed to date, the section will
rather serve as a discussion aimed at outlining a strategy of improvement for
the next cycle of research on the topic.

The first step of this improvement strategy involves of course a re-writing
of the Lagrangian in a light-cone gauge. A recent paper by Diana Vaman
and York-Peng Yao [111] might be useful in this process. In fact, the authors
there pursued a similar strategy to the one just presented. Their opinion is
that working in a - more general - light-like gauge is the correct choice in
order to obtain results at the Lagrangian-level that can be translated into a
systematic construction of a Gravity Lagrangian. Despite obtaining a BCJ-
manifest Lagrangian formulation up to five-points, the procedure applied in
|[111] rather follows the steps of BCJ in |20], with the calculation of the nec-
essary shifts to be applied at the level of the numeratorﬂ and corresponding
to the freedom allowed by the general gauge transformations mentioned in
previous chapters.

Since our aim is rather to obtain a systematic algorithm at the Lagrangian-
level, we decide to follow a different path. The idea is to exploit the light-cone
formulation of the Lagrangian of [110]@ and to - step by step - obtain once
again our systematic algorithm.

Using light-cone coordinates (u,v,w,w), with a metric such that, given
two arbitrary vectors A, B, defines an inner productff]

A . B = AuBU + AUBu - A'wBU_J - Au—}Bw (564)
we can rewrite a gauge field A, as

Ay = (Ay, Ay, Ay, Ag). (5.65)

9 The content of this section is highly speculative and is - at the moment - not suppoted
by higher-points calculations.

10 The authors report particular difficulties in translating the algorithm presented in
chapter 4| and [49] into their own formulation.

1 Or, equivalently, the one used in [48] and [111].

12 Notice the factor “2” missing in the definition. In this section, we want to be as
consistent as possible to our previous notation of chapter [2| and 4] We will also try to be
consistent with the notations and normalizations of 111} [112].
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In particular, we are interested in the gauge-fixing condition A, = 0. We
also decide to redefine some components of A, to avoid the proliferation of
indices

A, = A, Ag = A. (5.66)
With this new notation, the gauge-fixed Yang-Mills Lagrangian read
c— TT{—/_X82A+29 (§A> (A, 0, A]—ig (83;1) (A.0,4]~¢°(4.0,4] 5[A,0,4
(5.67)

The idea now is to recognize the terms composing the Lagrangian and to
subsequently perform an analogue procedure to the one applied in In
order to do so, we switch to the more convenient notation introduced in
chapter 2] The Lagrangian becomes then

_ 1 452 0 A 4\ 4 -1
L= 2—g2Tr{—2Aa A+8 (8—UA) [A, 0,A]+8 (a—uA> A, 0,A]—8[A, auA]a_g[A, auA]}
(5.68)

We address the reader to [111] to find the set of Feynman rules that can be
derived from the interaction terms presented here. We can instead focus on
three ideas that can outline a possible research strategy.

First of all, the Lagrangian now contains only the physical degrees of free-
dom of a gauge field in four space-time dimensions. We have in fact positive
and negative helicities corresponding respectively to A and A components
|48, |111].

Secondly, we notice that the interaction terms are given by a self-dual and
an anti-self-dual three-valent vertices and by the four-points vertex. This
consideration hints to a possibility related to the decomposition of gluon
amplitudes In particular, we interpret the presence of the self-dual and
anti-self-dual cubic vertices as a hint to the fact that the 7 = 1 terms in the
decomposition [£.33] can be in fact seen as a sum on self- and anti-self-dual
contributions.

Finally, the four-gluon vertex can be once again rewritten so that it re-
produces correctly the BCJ-splitting up to four-points [49, [111]. Using the
notation of chapter

1 -

LW = _8Tr[A, GHA]E[A, DA (5.69)

13 We also used the equation of motion for A, to eliminate it from the expression. After
fixing the gauge, A, becomes in fact non-dynamical and can be treated as an auxiliary
field.

4 The notation for derivative operators is chosen to be consistent with the one used for
four-vectors.
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can be rewritten as
1

V1 QU2
LW = A A g, 1, MTT[AMN&LAW]52

es A0 6:70)

where we introduced once again the splitting thanks to a “smart one” and
where we introduced the two new 4 x 4 matrices A; and As. They can be
seen as simple ways to obtain the correct component of the field A,. In the
example above we have

o O OO
o O OO
_ o O O
o O OO
o O OO
o O OO
o O O O
o= O O

The term [5.70] correctly reproduces the splitting of the four-gluon vertex
[49, |50, 111]. As a pure speculationE] then, we imagine an algorithm that
considers all the inequivalent tree topologies as in chapter [ but where the
correspondence between j and the number of Minkowski metric factors is
replaced by a similar correspondence with the matrices Am In absence of
a full tested algorithm, any other comment would be purely speculative and
its value would therefore drastically reduce. In particular, we still lack a
complete picture of how to treat the different helicity configurations in a
systematic way analogue to the one presented in chapter

The ideas presented above are the fetal stage of one of the possible ways we
can take to implement our algorithm in a light-cone gauge. Further research
steps and in particular in depths calculations are needed to corroborate these
speculations.

Moreover, once obtained an analogue of our prescription in a light-cone
gauge, one still needs to investigate and figure out how the results of Monteiro
and O’Connell of [56] can be reproduced and how scattering equations enter
the game.

These intriguing steps and the confirmation or rejection of the just-
presented speculations will be just some of the future exciting proceedings
in this fruitful field of research.

15 Actual calculations at higher points have not been performed yet. This should rather
be taken as a personal conjecture of the author.
16 We stress once again that this has not been tested yet for higher points.
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CONCLUSIONS

In this thesis we analyzed BCJ-relations in Quantum Field Theories. In par-
ticular, we examined some construction algorithm for the BCJ-numerators
that can be used through squaring relations to construct Gravity amplitudes.
We first reviewed the method described by Bern, Carrasco and Johansson
in [20] where a amplitude by amplitude approach is required and where a
systematic construction was impaired by the necessity to perform choices at
the level of the amplituded!] as well as when deciding the final values for the
numerators.

We then analyzed the systematic algorithm presented by the author and
Stefan Weinzierl in [49], where a systematic approach was taken to generate
all the possible terms who produce an effective Lagrangian with manifest
BCJ-duality. We realized, however, that also this method is made ambiguous
by the amount of freedom left to the user to decide which terms have to be
kept in the Lagrangian and which instead are dismissed, as well as which
terms giving non-vanishing Feynman rules but with vanishing contributions
to the BCJ-relations should be included.

We moved then on to the first algorithm to construct BCJ-numerators
that does not present the same ambiguities. The kinematic algebra approach
taken by Monteiro and O’Connell in [56] making use of the scattering equa-
tions, allowed us - in fact - to define a canonical set of BCJ-numerators.

Finally, we discussed possible ways to improve the systematic algorithm
of [49] exploiting the new results of |56] and |111] in a light-cone gauge
setting. Considered the highly speculative character of the last sections,
one has to mind some important caveats. As the story of BCJ-relations
taught us so far, the approaches that sound more easily constructible contain
unfortnuately unpredictable complications that are not so easily bypassable.
In this regard, the conjectures presented in section are a mere collection
of naive considerations motivated by the construction made in [49]. Further

! Deciding in particular which independent KK-amplitudes to use to define (n — 3)!
numerators.
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research and - especially - detailed calculations, will allow us to sort out if
this path to improvement is actually a safe and fruitful one.

The potential of BCJ-numerators to make further investigations in gauge
theories and gravityf] easier, faster and cleareiff] motivated this research
project. There is still a lot to uncover and a lot to see. This will surely
motivate any successive attempt to improve what was done by the author of
this thesis in the spirit of science. We can only wish a good, fruitful research
process to the next generation of graduate and undergraduate students who
will accept the challenge.

2 And on the links between the two.
3 See for example the beautiful picture presented in section m



Appendix A

OFF-SHELL CURRENTS

A.1 Off-shell current conservation proof

The base of the induction is simply given by:

Ja(1) = €a(1) = a(p1,9) (A1)
which of course satisfies:
p?l]a(l) = p‘f‘ea(l) =0 (AQ)
Let us now assume that pf, Jo(1,...,m) = 0 with m < n. We have then:
pinJa(l, ceyM) X
n—1
(8 p(f,ngua Z [gyp(pl,i — Dis1n) + QQWPZ-VH,n - QQWPT,J J(1,. .. 7i)Jp(i +1...,n)
i=1
n—1 n—2
8T D D 120797 — 9" g™ — 9" g L (L, )T+ 1 ) (G L n)
j=i+1 i=1

n—1
= 19701, — Piin) + 200 0%, — 200 08 ) Ju (L, i) (i 1. )
=1
n—1 n—2
+ 3N T [28,9" = 0 g = 00 Tl )T+ L ) (1)
j=i+1 i=1

(A.3)
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Now, using the assumption we made at the beginning, we obtain:

n—1

i=1
n—1 n—2

+ [2(p171+p]+17n);](2+1,,j)J(l,,Z)J(]—l-l,,n)
j=i+1 i=1

—pz+17n<](1,,Z)J(Z+1,,])J(]+1,,n)
- JG+1, o n) (1,0 JE+ 1, )]

=X1+ X2

where we defined:

n—1
X1 :Z (1, = Pia ) (A, )+ 1., n)]

n—1 n—2

Xe= > > i+ pjsan) S+ )T TG+ n)

j=i+1 i=1
_pz+1,n‘](17al)‘](l+1a7J)J<j+1a7n)
—pL]J(]—i‘l,,n)J(l,,Z)J(Z—i‘l,?j)]

Now, one can easily verify that x, can be rewritten as:

n—2 n—1
Xo=—i (Z > Tl OV i Pin) J i+ L )G L
i=1 j=i+1
m—17—1
S LG AL )V (pra pieag) (L) T 1 ,j))
j=2 i=1

(A.5)

0
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Part of the terms present in can be re-written once again, by making use
of the formal definition of the off-shell current 2.81¢

‘/?ftyp(pi+17j,pj+17n)<]y(i —f- 1, e 7])Jp(] + 1, Ce ,n) =

=ipi S G+ L n) = > Y VL k) (k4 L DT+ 1

k=i+11=k+1

%“Vp(pLi,pi_H’j)Jy(l, Ce ,Z)Jp(l + 17 . ,j) =
J
=ip}; J (i, ..., j) — VI I, k) (k1 DI+ )
(A.6)

Now, after explicitly writing the sums, rearranging terms and renaming in-
dices, we can see that:

n—2

Xo = (i, —P1)J(,. i) J(i+1,....n) (A.7)

=1

which means in turn that:
plli,n‘]li(lv"'vn) (S8 (X1+X2) =0 (AS)

A.1.1 Off-shell currents in different gauges

In chapter [2| I stated that the current conservation depends on the gauge
fixing choice we made. Let us see why this is the case.

Up to now we worked in Feynman gauge, where the expression for the off-shell
current was:

—1 . .
TP, ) =—2m va (Pras Pisin) T (1, i) (i + 1. n)

pln i=1

n—1 n—2

S VI )+ L)+ L )

Jj=it+1 =1

=—+LJ7(V3, V)

1,n

7n)
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If we make one step backward and just treat the case of a general covariant
gauge, we obtain:

—1 Pin,Pin
JEG(17 cee 7”) :%_ (gHV - (1 - 5)%) JV(%) ‘/;1)

o (A.10)
=7V = (L)
1n

)

where the second term vanishes due to the conservation of current shown
in the previous section. So, in the case of a general covariant gauge, the
conservation of off-shell currents is preserved:

panCG( o) =pi,Jr (1, n) =0 (A.11)

As a counter-example, we will now briefly discuss the case of an axial gauge
where we introduce a reference vector n [}

—1 P1n, Ny +p1,n n, n +§p1
JA1,...n) = —— e - i, P, | (Vs Vi) =
#( 7 ’n) p%,n (gl’V pl,n'n (pl,n n)2p1 ,upl 7 ( > 4)
—1 pl,nun'y)
a— JT(V5,V,) =
pln (g:“ pl,n 'n ( ’ 4>
7: pln
=JE(@1,. + - n-J(V3,V,
L) SR (1, V)
(A.12)
which means in turn that
1
Pl (L n) = (n-J(V3,Va)) (A.13)

Pin - n

This shows how the conservation of the current is also a gauge-dependent
property of the gauge dependent off-shell currents.

! The special case n** = (1,0, —1,0) - the light cone gauge - will be particularly impor-
tant in the last chapter.



Appendix B

INEQUIVALENT TREE TOPOLOGIES

When one considers the possible Jacobi relations that can arise among trees,
one has to find first of all the inequivalent tree topologies for the specific
number of external legs treated.

Since this is our aim, we will consider trees with at least four external legdl]
As already described in chapter 3] each of the three terms in a Jacobi relation
has a specific marked propagator. We decide then to represent such terms in
the following way

T = (Tha, Tsa) = (11, T2, [T5, T4)) (B.1)

In this notation, the marked propagator corresponds to the root of the sub-
tree Tmﬂ Given two trees T',T" of the form they are called inequivalent,
if they cannot be obtained from one another through the following three
operations:

1 The cyclic property of (...,...)
(Tha, T34) = (T3, T1,) (B.2)
2 The anti-symmetry of [...,.. ]
[Ta, Ty] — [Ty, 0] (B.3)
where T, T, are sub-trees at one vertex of 115 (or T34). rﬂ

3 Jacobi operation

([T, 7o), (T3, Tu]) = ([13, T3], [17, T3]) (B.4)

I The minimum required to have Jacobi relations at all.

2 Or equivalently of sub-tree Tjy.

3 If we can obtain T, (or T},) from Tis (or Ts4) with a sequence of swaps like the
trees are equivalent.
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Appendix B. Inequivalent tree topologies

Using these rules, we can construct all the classes of inequivalent trees for a

given n. We have the following inequivalent classes up to n = 8
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