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Abstract

In this thesis, we present new developments for the analytic calculation of tree- and multi-loop
level amplitudes. Similarly, we study and extend their analytic properties.

We propose a Four-dimensional formulation (FDF) equivalent to the four-dimensional helicity
scheme (FDH). In our formulation, particles propagating inside the loop are represented by
four-dimensional massive internal states regulating the divergences. We provide explicit four-
dimensional representations of the polarisation and helicity states of the particles propagating
in the loop. Within FDF, we use integrand reduction and four dimensional unitarity to perform
analytic computations of one-loop scattering amplitudes. The calculation of tree level scattering
amplitude, in this framework, allows for a simultaneous computation of cut-constructible and
rational parts of one-loop scattering amplitudes. We present a set of non-trivial examples,
showing that FDF scheme is suitable for computing important 2 — 2, 3,4 partonic amplitudes at
one-loop level. We start by considering two gluons production by quark anti-quark annihilation.
Then, the (up to four) gluon production, gg — ng with n = 2,3,4. And finally, the Higgs and
(up to three) gluons production via gluon fusion, gg — ng H with n = 1,2, 3, in the heavy top
mass limit.

We also investigate, by following a diagrammatic approach, the role of colour-kinematics
(C/K) duality of off-shell diagrams in gauge theories coupled to matter. We study the behaviour
of C/K-duality for theories in four- and in d-dimensions. The latter follows the prescriptions given
by FDF. We show that the Jacobi relations for the kinematic numerators of off-shell diagrams,
built with Feynman rules in axial gauge, reduce to a C/K-violating term due to the contributions
of sub-graphs only. We discuss the role of the off-shell decomposition in the direct construction of
higher-multiplicity numerators satisfying C/K-duality. We present the QCD process gg — ¢qg.
An analogous study, within FDF, is carried out for d-dimensionally regulated amplitudes.

The computation of dual numerators generates, as byproduct, relations between tree-level
amplitudes with different orderings. These relations turn to be the Bern-Carrasco-Johansson
(BCJ) identities for four- and d-dimensionally regulated amplitudes. We combine BCJ identities
and integrand reduction methods to establish relations between one-loop integral coefficients for
dimensionally regulated QCD amplitudes.

We also elaborate on the radiative behaviour of tree-level scattering amplitudes in the soft
regime. We show that the subleading soft term in single-gluon emission of quark-gluon amplitudes
in QCD is controlled by differential operators, whose universal form can be derived from both
Britto-Cachazo-Feng-Witten recursive relations and gauge invariance, as it was shown to hold
for graviton and gluon scattering.

In the last part of the thesis, we describe the main features of the multi-loop calculations. We
briefly describe the adaptive integrand decomposition (AID), a variant of the standard integrand
reduction algorithm. AID exploits the decomposition of the space-time dimension in parallel and
orthogonal subspaces. We focus, in particular, on the calculation of 2 — 2,3 partonic amplitudes
at two loop-level
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Introduction

After about a century of efforts to get unified theories for describing the fundamental forces
in nature (strong nuclear, electromagnetic, weak nuclear and gravitational), the situation is
perhaps reverse. Apart from the success of the unification of the weak interaction, still, there is
the effort to try to unify gravitation and all the interactions. This investigation can start from
mathematical schemes and then, look for the physical interpretation. Or, start with the physical
principle and then, codify it into a mathematical form. Start from mathematical schemes always
allows to create a delightful theory able to presume the physical behaviour of any physical system.

In order to describe the fundamental forces, we need to combine Special Relativity (SR)
and Quantum Mechanics (QM) to formulate a Quantum Field Theory (QFT). QFT describes
particles as quantum mechanical objects or quantum fields, in the sense that they obey the rules
of QM. Furthermore, the definition and interactions of those fields are mathematically described
by a symmetry group.

Currently, the Standard Model of Particle Physics (SM) is the best QFT model able to de-
scribe the interaction among elementary particles due to three of four forces existing in nature [9—
13]. Gravitation, although being the most evident force is the weakest of the four forces and its
proper quantum description is still an open issue. The SM consists of two basic ingredients: the
electroweak theory, based on the symmetry group SU(2); x U(1)y, which describes the elec-
troweak interactions by combining the electromagnetic interaction of Quantum Electro-Dynamics
(QED) and the weak interactions. And, Quantum Chromodynamics (QCD), whose symmetry
group SU(3)., deals with strongly interacting particles. The latter is understood as an exact
symmetry, while the former is predicted to be broken spontaneously via the Brout-Englert-Higgs
mechanism. The Higgs particle is a scalar responsible of the spontaneous symmetry breaking
and for all the masses of the other particles of the SM.

The huge success of the SM in predicting the experimental data confirmed its validation with
the discovery of the Higgs boson by ATLAS and CMS experiments at the Large Hadron Collider
(LHC), announced on the 4th of July of 2012 [14, 15]. This was, indeed, the missing piece to
authenticate the validity of this theory. Nevertheless, the SM does not provide all the information
of the subatomic world. The evidence of neutrino oscillations, which has been confirmed at the
Super-Kamiokande experiment [16] and at the Sudbury Neutrino Observatory [17, 18], proved
the existence of neutrino masses, that are not described by the SM. Additionally, the SM does
not describe the existence of dark matter and dark energy, as well as, the asymmetric content of
baryonic and antibaryonic matter in the universe.

Since the SM leaves too much physics without descriptions, the scientific community believes
it must be part of a more complete and fundamental theory. Hence, new directions to describe
physics beyond Standard Model (BSM) have been considered. So far there has been no evidence of
new physics in the TeV region. Moreover, with the unexplored energy scales the LHC is currently
running at, the evidence of new physics by either the production of new heavy particles or slight
deviation of the measured SM parameter might manifest the physics BSM.

From these considerations, the LHC results point towards a refinement of our understanding
of the SM physics. High precision predictions in such background processes are necessary in order



to possibly find and understand new physics at the TeV scale. Relevant observables are obtained
from the computation of QCD scattering amplitudes. In particular, QCD is asymptotically free.
Therefore, the strong coupling constant g becomes weak at large momentum transfers, justifying
a perturbative expansion.

Scattering amplitudes have two main motivations. Firstly for their practical application
in particle physics. Secondly, they have a mathematical elegance which attracts theoretical
physicists. These motivations are very important and they complement each other. The first
attempt to compute any scattering amplitude is based on a Lagrangian approach. Feynman rules
are extracted and used to calculate a scattering amplitude, A, as a sum of Feynman diagrams
organised perturbatively in the loop expansion. From the scattering amplitudes we calculates
the observables of interest for particle physics experiments, such as cross section, o oc |A[2. The
scattering amplitudes are gauge invariant objects.

The Lagrangian approach is, in principle, suitable to compute any kind of process. Moreover,
when increasing the multiplicity of the external particles or the order in the perturbation theory,
we find that the calculation becomes cumbersome. The complexity of the calculation might
arise from the intermediate states, due to the amount of indices contracted up and down in all
the directions. And also, the number of Feynman diagrams to be considered starts increasing
exponentially, not allowing to show any insight of the physics and any hint of simplicity.

Another issue is that each Feynman diagram, a gauge-dependent quantity, gets more compli-
cated in its evaluation and in many cases impossible. It is true that the use of computer programs,
that automatically generate matrix elements for multi-particle processes, can be really helpful.
Nevertheless, the numerical evaluation sometimes does not take place, since spurious poles that
might appear are canceled out between diagrams. Hence, compact expressions are desirable.

Despite of this, we can follow an alternative approach, where, instead of considering an
unpolarised amplitude, whose squared will allow to write the cross section in terms of momentum
invariants (Maldestam variables) and masses, we can split the calculation in several pieces.
These pieces are the polarised or helicity amplitudes, which, can be seen as a complex number,
whereby the cross section is obtained by simply squaring that number and sum over all possible
configurations.

The helicity amplitudes are computed by picking a basis for the polarisation states of the
external particles. In high energy physics, most of the particles are effectively massless. For
massless fermions, their chirality and helicity coincide. Vector bosons are also described from
their helicity. This fact allows us to write fermion and boson wave functions in terms of spinors, a
procedure that is usually referred to as spinor-helicity formalism [19-22] and is used throughout
this thesis. In this basis many tree-level amplitudes were found to vanish. In addition, compact
and nice expressions were found, in particular the tree-level scattering amplitude with maximal
helicity violation (MHV) found by Parke and Taylor [23]. This result was later proved recursively
by Berends and Giele [24].

The use of the spinor-helicity formalism generated several outcomes in the computation of
high-multiplicity tree-level processes. One of them, was that fact that by deforming real momenta
in complex ones, keeping their on-shellness and asking them to satisfy momentum conservation,
new properties for amplitudes arise. Indeed, Britto, Cachazo, Feng and Witten (BCFW) in
Ref.s [25, 26| realised that with the use of complex kinematics and the analyticity of the S-
matrix it is possible to work with on-shell quantities only. Consequently, this observation yields
a recursive construction of the amplitude, in which, any colour-ordered helicity amplitude can
be evaluated by breaking it down into amplitudes with a smaller number of legs. For instance,
any n-point gluon amplitude can be straightforwardly computed by applying this recursion. The
required ingredients are the basic building blocks, which are exactly, the MHV amplitudes. Be-
sides massless theories, BCFW recursion formula has been successfully used in theories involving



the interplay of massless and massive particles [27-29)].

In the context of one-loop calculations, the unitarity of the S-matrix has allowed to re-
construct an amplitude as the product of simpler ones. This framework defines the so-called
unitarity based methods [30—41], nowadays, developed in a consistent way to perform one-loop
calculations. Instead of the explicit set of loop Feynman integrals, the basic reference point is
the linear expansion of the amplitude in terms of basis of Master Integrals (MIs), multiplied by
coefficients that are rational functions of the kinematic variables, known as Passarino-Veltman
decomposition [42]. The availability of the analytic expressions of MIs [43] has allowed us to
focus on the development of efficient algorithms for extracting the coefficients multiplying each
MI. Improved tensor decomposition 44|, complex integration and contour deformation [45], on-
shell and generalised unitarity methods, and integrand reduction techniques [41, 46-48| led to
the explosion of new results in the computation of high multiplicity process at one-loop level.
Several techniques have been automated [49-60], allowing to make phenomenological predictions
in QFT.

The unitarity based methods, by putting on shell more than two propagators, allow to obtain
the coefficients of the MIs by expanding the integrand of the tree level cut amplitudes into an
expression that resembles the cut of the basis integrals. The dimensional regularisation is incor-
porated in this complex machinery. In fact, in dimensional regularisation, all one-loop amplitudes
are cut-constructible, provided that the full dimensional dependence is kept in evaluating the
branch cut. Each MI has a distinct branch cut, uniquely determined by its logarithmic and
dilogarithmic arguments. Therefore, the decomposition in MIs can be used to solve for their
coefficients separately using analytic properties. However, at integrand level a mathematical
structure of the integrated amplitudes has been shown to be related to an universal decomposi-
tion valid for the integrand, called Ossola-Papadoupulos-Pittau (OPP) decomposition [46]. The
coefficients of the MIs can be found by evaluating the integrand on multiple cuts.

More recently, a new approach to one-loop integrand reduction has been developed, namely
the integrand reduction via Laurent expansion method [61], which elaborates on techniques
first proposed in [39, 62| for analytic calculations. It turns out that within this approach, the
computation of the coefficients of the Mls gets simpler when performing a Laurent expansion of
the integrands with respect to the components of the loop momentum which are not constrained
by the multiple-cut conditions.

Within integrand reduction methods, different approaches are available, according to the
strategies adopted for the determination of cut-constructible and rational terms. In some algo-
rithms, the computation of the two ingredients proceeds in two steps: the cut-constructible part
is obtained by reducing the un-regularised integrand while the rational one is computed by intro-
ducing new counterterm-like diagrams which depend on the model under consideration [63, 64].

Other methods, instead, aim at the combined determination of the two ingredients by reduc-
ing the dimensionally regulated integrand. Therefore the numerator of the integrand has to be
generated and manipulated in d dimensions and acquires a dependence on (d — 4) and on the
square of the (d —4)-dimensional components of the loop momentum [65-67]. The multi-particle
residues are finally determined by performing generalised cuts by setting d-dimensional particles
on shell.

If the integrand at a generic multiple cut is obtained as a product of tree-level amplitudes,
the issues related to factorisation in presence of dimensional regularisation have to be addressed.
An interesting approach [65] uses the linear dependence of the amplitude on the space-time
dimensionality to compute the d-dimensional amplitude. In particular the latter is obtained by
interpolating the values of the one-loop amplitude in correspondence to two different integer
values of the space-time. When fermions are involved, the space-time dimensions have to admit
an explicit representation of the Clifford algebra [66]. More recently, this idea has been combined



with the six-dimensional helicity formalism [68, 69] for the analytic reconstruction of one-loop
scattering amplitudes in QCD via generalised unitarity.

In the context of multi-loop calculations, and in particular at two-loop, we can keep working
with integrand reduction methods. However, it turns out that the basis of MlIs is not known
apriori as in the one-loop case. Therefore, the needed MIs are identified at the end of the re-
duction procedure. The most successful reduction method for higher loop amplitudes has been
the so called integration by parts identities [70, 71], especially using the Laporta algorithm [72].
The computation of amplitudes beyond one-loop have been addressed using a wide range of tech-
niques, such a difference [72, 73] and differential [74] equations, Mellin-Barnes integration [75],
asymptotic expansions [76], sector decomposition [77], complex integration and contour defora-
tion [78]. In the same manner, unitarity based methods at two-loop have been introduced for
supersymmetric [79] and later applied to the case of QCD [80] amplitudes. More recently, a
generalised unitarity approach has been proposed [81-88|, which extracts the coefficients of the
MIs by extending the one-loop OPP decomposition.

The use of the on-shell recursive relations within the spinor-helicity formalism allows to
study, easily and directly, the behaviour of amplitudes in the soft regime. An amplitude displays
an universal factorisation, into a soft and a hard contribution, when a particle becomes soft.
Such factorisation is governed by the non-radiative process, perturbed by the action of operators
that depend on the quantum numbers of the emitter, whose form can be derived by taking the
soft limit when constructing the amplitude from recursive relations. At tree-level, for photon-,
or similar gluon emission, as well as for graviton-emission, the leading terms in the momentum-
expansion of a radiative amplitude are controlled by soft factors, whose shape was identified a long
time ago [89, 90]. The recent study of Cachazo and Strominger, based on an on-shell recursive
construction, about gravity [91], later extended to Yang-Mills [92, 93] and QCD amplitudes [94],
pointed to the existence of differential operators that control the subleading behaviour. Likewise,
these subleading-soft operators are found to depend on the total angular momentum (orbital and
spin) of the radiator as explicit shown in Ref. [93] by following the proof of Low’s theorems [89,
95, 96]. The connection between the two derivations is carried out by comparing the results
obtained from BCFW recursive relations and from gauge invariance.

The leading and subleading soft theorems have been generalised to arbitrary dimensions and
other theories [97-110]. In [111-130], the theorem has been understood from various perspectives,
especially those constraint by gauge and Poincaré symmetry. Double (or multiple) soft theorem
limits [131-136], and generalisation to loop level [102, 137-142|, have also been discussed.

Moreover, scattering amplitudes are found to admit the well known colour-kinematics (C/K)
duality. The kinematic part of numerators of Feynman diagrams obey Jacobi identities and
anti-symmetry relations similar to the ones holding for the corresponding structure constants
of the Lie algebra. This property was discovered by Bern, Carrasco and Johansson [143, 144].
While first studies were interested in scattering amplitudes involving massless particles only,
more recent ones drew their attention to the C/K-duality in gauge theory amplitudes containing
(massless or massive) quarks or other particles in the fundamental representation of the gauge
gauge [3, 145-152].

The C/K-duality led to linear relations between primitive tree amplitudes with different
ordering in gauge theories, usually known as Bern-Carrasco-Johansson (BCJ) relations, whose
coefficients depend on Lorentz-invariant combination of the momenta of the particles. These
results together with U(1) symmetry and Kleiss-Kuifj relations [153], can be used further to
reduce the number of primitive amplitudes to be considered in tree-level calculations. C/K also
yields a gauge-gravity dual representation of gravity amplitudes. The knowledge of the Yang-
Mills amplitudes is recycled, in the sense that gauge-group structure constants are replaced by



a second copy of the C/K-dual numerator once the latter are organised to respect the duality.
This is usually referred to as the double copy property [93, 154-182]. More details of these
implications can be found in the recent review [183].

The BCJ relations were proved at tree-level by employing both string theory [156, 157, 161
164] and BCFW recursive relations [167-169]. Also, the generation of dual numerators starting
from an effective Lagrangian was achieved in Ref. [184]. However, at loop level the duality is still
a conjecture and has only been verified in examples. Up to two-loops in non-supersymmetric
theories [93, 185, 186], and up to four loops in supersymmetric ones [144, 187-193]

Despite of the conjecture at multi-loop level, strong relations between one-loop integral co-
efficients have been studied for N/ = 4 super Yang-Mills [157] and then, extended to the cut-
constructible part of the QCD [194] one-loop amplitudes, by showing that the BCJ relations can
significantly decrease the number of independent coefficients needed in one-loop calculations.
When moving to d-dimensional generalised unitarity, extensions of tree-level identities to one-
loop amplitudes are expected to hold also between rational contributions, as it was investigated
in [195, 196].

By following a different approach, the BCJ relations have been used in [197] to reconstruct
the non-planar two-loop integrand contributions to the all plus five-gluon amplitude from the
planar ones.

In this thesis, we propose a four dimensional formulation (FDF) regularisation scheme, which
at one-loop turns to be the extension of the four-dimensional helicity (FDH) scheme [32, 198, 199].
Within FDF, the d-dimensional regularisation of amplitudes can be carried out by using four
dimensional ingredients only. In fact, the states in the loop are described as four dimensional
massive particles. The four-dimensional degrees of freedom of the vector boson are carried by
massive vectors bosons, while the (d—4)-dimensional ones by real scalar particles obeying a simple
set of four-dimensional Feynman rules. Instead, d-dimensional fermions are treated as tachyonic
Dirac fields. The d-dimensional algebraic manipulations are replaced by four-dimensional ones
complemented by a set of multiplicative selection rules.

Within integrand reduction methods, FDF allows for the simultaneous computation of both
cut-constructible and rational part of one-loop amplitudes. By employing a four-dimensional
representation, the formulation of generalised states running around the loop can be formulated.
Therefore, a straightforward implementation of d-dimensional generalised unitarity within ex-
actly four space-time dimensions can be realised, avoiding any higher-dimensional extension of
either the Dirac [65, 66| or the spinor algebra [68].

The calculation of one-loop amplitudes, through generalised unitarity and integrand reduction
methods from d-dimensional regulated amplitudes, is automated within the framework of FDF.
This automation allows us to compute the one-loop QCD corrections of the processes: gg —
qq,99 — ng with n = 2,3,4 [1, 6], and the Higgs and (up to three) gluons production via gluon
fusion, gg — ng H with n = 1,2, 3, in the heavy top mass limit [7].

Besides calculations of one-loop amplitudes within FDF, we also investigate the C/K-duality
for dimensionally regulated amplitudes. We notice that the duality obeyed by the numerators
of tree-level amplitudes within the FDF scheme are non-trivial relations involving the interplay
of massless and massive particles. Furthermore, from the construction of dual numerators, we
follow a diagrammatic approach and account for the knowledge of the gauge invariance of the am-
plitudes, finding BCJ relations for dimensional regulated amplitudes, whose (d — 4)-dependence
becomes explicit 3, 7.

Additionally, we combine the integrand reduction method via Laurent expansion and the set
of BCJ identities to find relations between one-loop integral coefficients [4]. These relations can
be established for the cut constructible contributions as well for the ones responsible for rational
terms.



We also investigate on the low-energy behaviour of single-gluon radiation from QCD am-
plitudes with a quark pair and gluons. Upon colour decomposition [200], we can identify two
situations according to the position of the soft gluon: (i) between an (anti)quark and a gluon,
and (7i) between two gluons. Since the case (ii) is similar to the Yang-Mills case, discussed in
Ref.s [92, 116] we focus on case (i), where, the soft gluon can be radiated either from a gluon
or from an (anti)quark. In order to derive the soft behaviour from fermionic emitters, we first
analyse the QED case of photon bremsstrahlung from the quark line. For this case, we show the
equivalence of the soft operators derived from gauge invariance and from the on-shell construc-
tion. This result is then, easily, extended to the quark-gluon amplitudes in QCD. We show that
the leading and subleading soft terms in single-gluon emission of quark-gluon amplitudes in QCD
is controlled by differential operators, whose universal form can be derived from both BCFW
recursion and gauge invariance, as it was shown to hold for graviton- and gluon-scattering [2].

Finally, we review the development and applications of the integrand decomposition method
for two-loop amplitudes. Since these methods rely on a new reformulation of the one-loop
calculations. Firstly, we focus on the ones given by polynomial division module Grébner basis.
Within this framework, the calculation of the two-loop four-gluon amplitude [80] is carried out
by following a diagrammatic approach. Similarly, we study basic and useful concepts of the new
adaptive integrand decomposition (AID) method [201]. This method exploits the decomposition
of space-time dimension in parallel and orthogonal subspaces, d = d +d_.

We apply AID to the two-loop five-gluon amplitude [8], finding agreement with known re-
sults [88]. These results correspond to a warming-up calculation and are oriented to develop
algorithms and tools for the automated evaluation of two-loop scattering amplitudes, which,
currently, is one of the main challenges the community is trying to solve.

This thesis is organised as follows: In Chapter 1, we recall all the concepts of QCD theory that
are going to be useful throughout this thesis. From the Lagrangian and its symmetry group we
show, as a first consequence of the theory, how the colour-dressed amplitudes can be decomposed
in two terms. One depending on Lorentz variables only, usually called primitive amplitudes. The
other one containing all the information regarding the colour-structure. The choice of the basis
to compute helicity amplitudes are revisited, giving the proper study to fermion and boson wave
functions. Within the spinor-helicity formalism we present the MHV amplitudes and the BCFW
recursive relation, giving the main ingredients that are used in Chapter 2.

In Chapter 2, we study the behaviour of a radiative scattering amplitude in the soft regime.
Since it is governed by the non-radiative process, perturbed by the action of operators that
depend on the quantum numbers of the emitter, we approach it in two different and equivalent
ways. The first one is based on recursive relations, whereas the second one takes into account
the gauge invariance of the amplitude. While previous studies dealt with graviton and gluon
amplitudes, we focus our description on QCD scattering amplitudes, in which the emitter can
be either a fermion or a gluon. Each calculation is accompanied by explicit examples.

Chapter 3 is devoted to studying the relation between colour and kinematics of colour-dressed
scattering amplitudes. As one of the main consequences of this duality, we review the fundamen-
tal BCJ relations and their properties. An alternative study of the colour-kinematics duality,
based on a diagrammatic approach, is presented, which, with the knowledge of the gauge invari-
ance of the amplitude, allows to end up with the set of BCJ relations. Explicit calculations for
particles belonging to the adjoint (gluons and scalars) and fundamental (quarks) representations
are considered. Furthermore, the derivation of the five-point BCJ relation is performed.

The description of one-loop amplitudes is presented in Chapter 4. We present a coherent
description of the integrand reduction methods, staring from the tensor decomposition until the
computation of one-loop amplitude via Laurent series expansion. Furthermore, we study the



formalism based on unitarity based methods, which turns out to be one of the main ingredients
for the computations of multi-loop scattering amplitudes.

The four-dimensional-formulation (FDF) scheme is introduced in Chapter 5. All its features
to compute one-loop amplitudes, by following either the traditional way of Feynman diagrams or
the unitarity based approach, are discussed. For the latter, we provide explicit four-dimensional
representations for the d-dimensional particles circulating into the the loop. Also, in order to
satisfy the Clifford algebra in d-dimensions within FDF, we include a set of selection rules, which
turn out to be just an internal symmetry and can be performed before doing any kind of reduction
algorithm. Simple applications of the FDF, for the computation of d-dimensional regulated
amplitudes, are given by presenting the one-loop analytic contribution of representatives four-
point processes.

In Chapter 6, we show the analytic one-loop contributions, obtained by using the FDF
scheme and the computation of one-loop via the Laurent series expansion, of multi-gluon- and
Higgs plus gluon- amplitudes up to six external particles. We provide the full expression for
the finite gluon amplitudes, A}L'IOOP(1+, ...,nt) and A}[IOOP(l’, ...,nt), with n = 5,6. While
for the Higgs plus gluon amplitudes, we discuss the structure of Aé’lOOP(H ,11,27 3% 47) and
Aé’lOOP(H ,11,27 3% 47 5%). Moreover, for the remaining helicity configurations of five-, six-
gluon- and Higgs plus four-gluon-amplitudes we provide, for each one, a MATHEMATICA notebook
file containing the list of coefficients for each MIs. The coefficients of the MIs are written in terms
of momentum twistors variables.

The discussion of the C/K duality in d-dimensions is addressed in Chapter 7. Within FDF,
we follow the very same diagrammatic approach of Chapter 3. The C/K-duality for the d-
dimensional case, as for the four-dimensional case, is recovered by using momentum conservation
and on-shellness of the particles. The d-dimensional regulated particles satisfy p? = u?. Also,
the BCJ relations are obtained for d-dimensional regulated amplitudes. On top of it, we show
that the use of these BCJ relations together with the generalised unitarity and the integrand
reduction yields the existence of relations between the integrand residues of partial amplitudes
with different orderings of the external particles.

An introduction to two-loop techniques, based on integrand reduction methods is addressed
in Chapter. 8. We first provide a description of the most used algorithm, which turns out to
be the polynomial division module Grobner basis. Then, we study the main feature of the
adaptive integrand decomposition. The computation of the all plus two-loop four- and five-gluon
amplitudes is presented.

Finally, in appendix B we collect additional features of the FDF, such as the one-loop equiva-
lence between the regularisation schemes FDH and FDF. We also prove the completeness relation
of generalised fermions and give the set of colour-order Feynman rules. In Appendix C we extend
the results of Section 7.4 by providing the set of coefficient relations that can be derived from
the BCJ identities between five-point amplitudes.

All algebraic manipulations and numerical evaluations have been carried out by using the
MATHEMATICA packages FEYNARTS [202|, FEYNCALC [203, 204], S@M [205] and T@M [206].



Chapter 1

QCD Scattering Amplitudes

Quantum Chromodynamics (QCD) is a non-abelian gauge theory based on the local symmetry
group SU(N.) with N, = 3. There exist ns flavours of quarks (fermions of spin 1/2) and gluons
(gauge bosons that mediate the interactions). This theory allows us to describe the dynamics of
the strong nuclear force. The action for the path integral quantisation of the theory is

ny
1 - — - .
L= Fi, F™" + > gk <z’7“ij — mf(;w) Ui+ Lar + Lrp, (1.1)
f=1

where the field tensor F}j, can be written in terms of the gluon field, A, as
Ff, = 0,A% — 0,A% + g f* AL AS (1.2)
which also defines the covariant derivative in the fundamental representation

(D“)ﬁ = 0,0, — igst%Az . (1.3)
Furthermore, the ¢}’s are the flavours f of quarks (anti-quarks) transforming into the funda-
mental (anti-fundamental) representation of SU(N,). Fundamental colour indices are denoted
by i1,i9,... € {1,2,...,N.}. Whereas, adjoint colour indices are denoted by a,b,c,...a; €
{1,2,...,N2 — 1}. In these equations, g, is the coupling constant of the interaction, whereas
£ and t* are the structure constants and the generators of the symmetry group SU(N,) re-
spectively. The suffixes of the Lagrangian (1.1) stand for “gauge fixing” and “Faddeev-Popov”,

Lor = =5 (0,47, Lip = P DI, (1.4)

with
Dﬁb = 5“*’(% — gsf“bcAZ, (1.5)

the covariant derivative in the adjoint representation. The choice of the parameter £ determines
the choice of the gauge. The typical choices of £ are the Landau gauge, obtained by taking the
limit & — 0 and the Feynman-"t Hooft gauge, in which £ = 1.

In the following, we review the efficient techniques to compute scattering amplitudes in QCD,
which on the one hand, are based on the colour and helicity information and, on the other, on
the analyticity and unitarity of the scattering-matrix. These techniques will allow us to work
with gauge invariant objects only.



1.1 Colour-ordered amplitudes

The calculation of multi-gluon scattering amplitudes in perturbative QCD is very challenging,
since the number of Feynman diagrams describing a given process grows very quickly. This
proliferation of terms is due to the redundancy of the gauge-dependent pieces. Therefore, one
way to simplify those calculations is dividing our amplitude (or set of diagrams) in terms of
gauge-invariant pieces, meaning invariant under redefinition of the polarisation:

e (pi) = & (pi) + i (pi) 1} (1.6)

with a; (p;)’s being arbitrary functions.

In general, any scattering amplitude in a non-Abelian gauge theory can be decomposed in an
orthogonal basis in the colour space. This decomposition brings to gauge invariant pieces. We
identify the orthogonal linear independent colour structures by strings of SU(N) generators.

We represent the generators of SU (IN.) by the rescale Hermitian traceless matrices TZ‘]E =

t% /V/2, so that TZ%’S are normalised to

Te(T°T?) = 59 . (1.7)
The structure constants, defined by,
[T%, T = iv/2f%Te (1.8)
fe = _ Loy ([T“,T”]Tc> , (1.9)
V2
satisfy the Jacobi identity,
fadefbce + fbdefcae + fcdefabd =0. (1.10)

Writing all structure constants according to (1.9) produces linear combinations of strings of T’s.
Therefore, in order to reduce the number of traces we perform a “Fierz rearrange”,
1
Ti(iflTi(;iQ = 5i1325i231 - E5i1525i251 : (1.11)
Thus, an n-gluon tree amplitude can be reduced by a trace-based colour decomposition to a sum
of colour-ordered amplitudes [207-211],

At (Ipi by a;}) = g™ 2 Z Te(T%W .. T%m) AT (g(1M), ... o(n")). (1.12)
0€Sn [ Zn

Moreover, we can stay with the colour structure or often called ‘f’-basis of Del Duca-Dixon-
Maltoni [212-214]

AT ({pi, hivai}) = (ig)"™2 3 fraees prioses L prnsstn o glree (1 g(ghe) | h).

O'ESn72
(1.13)

In Eq.s (1.12,1.13), A% is the full amplitude, with dependence on the external gluon momentum
pi,i = 1,2,...,n, helicities h; = +1, and adjoint indices a;. Whereas, A'*®’s are the primitive
amplitudes stripped by the colour factors but with all the kinematic informations. Primitive
amplitudes accompanied by colour factors are called colour-ordered amplitudes.

These primitive amplitudes, denoted here generically by A% (1,2,...,n), are by construction
colour independent and satisfy a number of important properties and relationships':

LA detailed discussion about the topic can be found in Ref.s [215, 216]
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o AU (1,2, ...,n) is gauge invariant.
e Factorisation of A% (1,2,...,n) on multi-gluon poles.

e (Cyclic invariance:
AT(1,2,...,n) = A™(2,... n,1), (1.14)

This statement follows from the trace structure of the colour-order amplitude. Cyclic
invariance allows us to fix one external particle at a specified position, say position 1. This
reduces the number of independent primitive amplitudes to (n — 1)!.

o Reflection invariance:

A (n,n—1,...,2,1) = (-1)" AF®(1,2,...n) . (1.15)

o The photon decoupling identity:
Afee(1,2,3,...,n) + AT (2,1,3,...,n) + ...+ AT (2,3,...,1,n) = 0. (1.16)

This relation follows from taking one of the generators T® proportional to the identity
matrix.

o Kleiss-Kuijf relations:

A:{ee(l, A, ..., O, M, 51, ceey 5n—2—j) = (_1)n—2—j Z A:Lree(l, 01y +-+30n—2—3, 77,) . (117)

ceawfT

Here, a@ = {a, ...,an},gT = {Bn-2—j,..., P2, 01}, and &@LU BT denotes the set of all shuffles

of a with 5T , i.e. the set of all perturbations of the elements & and 5T , which preserve
the relative order of the elements of & and of the elements BT . The Kleiss-Kuijf relations
allow us to fix two external particles, say 1 and n. This reduces the number of independent
primitive amplitudes to (n — 2)! [153].

o Bern-Carrasco-Johansson relations:

n 7

Z Zs2j A:{ee(la?)"",ia2,i+1a---an):0- (118)
=3 \j=3

where s9; = (p2+p;)?. The Bern-Carrasco-Johansson relations allow us to fix three external
particles, say 1,2 and n. Therefore, the number of independent primitive amplitudes is
reduced to (n — 3)! [143].

A deep study of the Bern-Carrasco-Johansson relations shall be given in Chap.s 3 and 7,
for tree-level amplitudes in four- and in d-dimensions respectively.

Similarly, tree amplitudes with two external quarks and (n — 2) gluons can be reduced to single
strings of T matrices,
Aee(1,,2,...,n — 1,ng)
=g"? ) (T%® . T%0-0), 5 AT(14,0(2),...,0(n—1),ng). (1.19)
UESn/Zn

In Eq. (1.19), we have omitted the helicity labels, and numbers without subscripts in the ar-
gument of A% refer to gluons. There are (n — 2)! terms corresponding to all possible gluon
orderings between quarks.

11



With the prescriptions given in Eq.s. (1.12,1.19), we can write a set of colour-ordered Feynman
rules for QCD in 't Hooft-Feynman gauge,

k . gaﬁ
.,é&m&é, = — m s (120&)
k F+m
- e =5—" 1.20b
‘R _mZt+i0’ ( )
k . 1
o(—l— B 5‘ =1 m s (120C)

2,8 .
1
{‘,“;‘“%;i =5 [9ap (k1 — k2)y + gpy (k2 — k3)a + gra (ks — k1)), (1.20d)
3,7

2,8 .

1, . 2

47;:%{ = 19av39B86 — 5 (gaﬁg'yé + gaégﬁ'y) s (1'206)
3,7

2,8 i 5 2,8 i 5
g\é __ L. % — B 1.20f
1 ; \/57 1 ) \/57 ( )

kS . (1.20g)

In order to understand how the colour decomposition works, we consider the simplest example
of the four-gluon tree-level amplitude. Starting with the diagrams that contribute to this process,

0 — 1(p1) 2(p2) 3(p3) 4(p4),

2 3 2 3 2 3 2 3
SN e
1M4 1 4 1 4 1 4 ( )
The four diagram in (1.21) can be split into

cang = nas farash pasash | N foaorb pazash Na farash pazash (1.22)
adding the four contributions up, the amplitude becomes,
Alee (1,2,3,4) = (% 4 n4;s> parazb pasasb <% I n4;t) fpasarb pazasb
(22 gy ) ot ot (1.23)

being s,¢ and u the Mandelstam invariants and, n’s the numerators of each diagram. Working
out the product of the structure constants, we get,

— foaazb pasasb — {% [tr(T T2 TT%) 4 tr(T“4T“3T“2T“1)]} —{[1 < 2)]}, (1.24)
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Hence, the colour-dressed four-gluon amplitude admits the following decomposition

A (1,2,3,4) =AY (1,2,3,4) [tr(TUT2TST™) + tr(T“TT2T4)]
+ non-cyclic perm’s. (1.25)

This confirms that only the primitive amplitude A (1,2, 3,4) is needed as stated in Eq (1.12).

A similar study can be done for one-loop scattering amplitudes, where, instead of single
strings of T matrices we have the product of strings. For instance, in the pure gluon case, we
have [211]

[n/2]4+1

A111-100P :gn Z Z Grn;c(U)A%L_;lcoop (U) )

c=1 0€Sn/Sn;c
Grp1(0) = N Te(T% W ... T% ),
Grpie(0) = NTr(T% W - - T 0 Ty(T% (@ - T D), e > 1. (1.26)

As described before, A,l[;lcOOp’s are the primitive amplitudes computed through the set of colour-
ordered Feynman rules (1.20), and |m] is the greatest integer less than or equal to m.

1.2 Spinor-Helicity Formalism

The spinor helicity formalism [19-22] has shown delightful results due to the compact repre-
sentation one achieves in the perturbative computation of scattering amplitudes at tree- and
multi-loop level. Since this formalism relies on the fundamental spinor products, it clearly cap-
tures the analytic properties of amplitudes, like the factorisation behaviour on multi-particle
channels. As well, the study of soft and collinear limits.

This section is devoted to reviewing the main features of this formalism. We start with the
definition of spinor products and polarisation vectors. Further details on the topic can be found
in Ref.s [217, 218].

1.2.1 Massless fermion wave functions

Consider a massless fermion of momentum p!'. The spinor for this fermion satisfies the Dirac
equation

P, u(pi) = 0. (1.27)

This equation has two solutions, u_(p;) and uy(p;), for the left- and right-handed fermions
respectively. These satisfy,

Parwe () = (1% i) = s, (1.29)

The spinors v for anti-particles, in the massless case, obey the same equation. Therefore, we can
choose them to be equal to the ones for particles, namely v4(p;), = ux(p;).
We define the square and angle brackets

i) (Pi) = v (pi) , |
(il (pi) = o4 (pi) [

The anti-symmetric spinor products

I
<

U+ \p
- \p

| = uy (ps) = 0- (pi) (1.29)

Il
|

(i) = u— (pi) uy (pi) , [ij] =ty (pi) u— (pi) -
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Furthermore, because of the Gordon identity, we can connect the momentum p!' to spinor prod-
ucts,

1. . 1 .
p= 5 (i = 5 li#, (1.30)
or vice versa,
Ny 1 5 q . 1 5
il =5 (1+7) 9, il =5 (1-+)p, (1.31)
These spinor products satisfy a series of useful identities,
(i) =—=(i),  [igl=—[j], (@) =[id]=0, (j]=[ij)=0, si=_{ij)[ji]. (1.32)

We can express tr(ysp, pop.p,) and tr(p, p,p.p,) as
tr(vsp, Poapp,) = trs(1234) = [1]234]1) — (1]234[1] ,

tr(p1p2p3p4) =tr(1234) = (1]234|1] + [1]234]1) . (1.33)
The Fierz rearrangement,
(@3] (k1] = 2 (k) 1] (1.34)
charge conjugation,
(A" la] =1 e, (1.35)

Schouten identity,
(ig) (kL) + (k) (L7) + (il) (jk) = O,
[ig] [Kl] + [ik] [L4] + [él] [jk] = 0. (1.36)
We set the convention to convert spinors |—k) into |k),
|—k) =1i|k), |—k] =ilk]. (1.37)

So far we have not made use of the explicit representations for angle and square-spinors; this
is because we can work abstractly with |¢) and |i] and, later relate the results to the momentum
vectors. Nevertheless, in order to carry out numerical computations, we define those spinors in
terms of momentum vector components. In more details, we define the components of angle and
square spinors as follows,

1) = , =1 2 |, 1.38
n=(3 i=( 3 (1.9)
with the anti-symmetric spinor products,

(ig) = —&nj + &mi, [i] = &y — &5l (1.39)

being automatically satisfied all Schouten identities.
The calculable expressions of angle and square spinors in terms of momenta are

. 1 pf"_ . 1 p'—efupk
==, ) i=——=("" ). e
/p;_ p; € /pl—}— b;

with
+ 0 3 1 1 2 1] / j +i p‘i
D; = D; :I:pl , D; = D; +Zpl — ‘p o'k — pjp;elwk, eTWk — \/%’ (141)
b; p;
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1.2.2 Massless vector boson wave functions
One can also define polarisation vectors for right- and left-handed massless gauge bosons as,

iyl 4] [ q)
el (p‘;q)=—<7, el (pisa) = —=—
+ V2 qi] ' V2 (qi)
R ' ol £ R 1 el K
e (ping) = = el (pisg) = ——=—,
o V2 (qi) Z V2[qi]
which are defined in terms of both, the momentum vector p; and a reference vector ¢;. The gauge
invariance of the scattering amplitudes allows to choose any arbitrary reference momentum g;

satisfying p; - ¢; # 0. This arbitrariness can be seen by examining the difference between two
choices of ¢;,

(1.42)

e (pisr) — e (piss) = \/5%1)5, (1.43)

showing that this “gauge-function” will not give any contribution to the amplitudes because of
gauge invariance, (1.6).
These vectors have the usual properties

(ai)*:ajF, et et =0, et et =1,

pig” + gtpY

ehell +elle? = —gt + '
q-DPi

(1.44)

In addition, under an azimuthal rotation about p; axis, polarisation vectors left- and right-
handed transform as required for helicities +1 and —1,

"
e (piq) — G dl _ g w q)
Y (pirq) N " (piy q)

e" (pi,q) — % = e Pt (i q) , (1.45)

due to the transformation of the angle and square bracket,

i) — |i') = e™/2]i) i) — [i] = e /2 4] . (1.46)

1.2.3 Parity and Charge Conjugation

Within the spinor-helicity formalism, we get further simplifications by simply making use of
the discrete symmetries of parity and charge conjugation. Parity simultaneously reverses all
helicities in an amplitude; for example Eq.s (1.42) show that it is implemented by the exchange
(gk) <> [kq]. Charge conjugation is related to the anti-symmetry of the colour-ordered rules; for
pure gluon primitive amplitudes it takes the form of a reflected identity

Al (1,2,...,n) = (1) A (n,...,2,1), (1.47)

whereas, for amplitudes with external quarks, it allows us to exchange a quark and an anti-quark.

1.2.4 Maximally Helicity Violating amplitudes

An important and compact result obtained within the spinor helicity formalism was observed by
Parke and Taylor [23]. It classifies n-gluon amplitudes by the number of negative-helicity gluons
occurring in them. Tree amplitudes with less than two negative helicity gluons vanish,

Abree (1% it 5t nt) =0, (1.48)
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whereas, their formula for a maximally-helicity-violating (MHV) gluon amplitude, with two
negative helicity gluons reads

tree -— c— . <Zj>4
A, (1+,...,2 yeees ] ...,n+) :2<12> 23y ((n = 1)) (nl) (1.49)

Similarly, the MHV amplitudes for processes with a pair of massless quark-antiquark,
(13)° (ni)
(12) (23) -+ {(n — 1) m) (n1)’

In order to build the MHV amplitudes for n gluons, we start considering the three-gluon
amplitude

Atree1,2%, i, (n= 1) nd) =i

. (1.50)

(12)°

A (17,27,37) = im.

(1.51)
Moreover, there is an implication coming from momentum conservation, p; + ps 4+ ps = 0, that
says s12 = s13 = S23 = 0. Therefore, Eq. (1.51) has a meaning when the momenta is promoted
to be complex. Making this distinction, we set

(12) # (23) # (31) #0, [12] = [23] = [31] =0, (1.52)

where all three left-handed spinors haven been chosen to be proportional, |1] = ¢; |3], [3] = 2 |2],
while the right-handed spinors are not proportional, but obey the relation, ¢; [1)+c2]2) +13) = 0.
For this kinematic choice, the tree-level primitive amplitude A¥®® (17,27,3") is non-zero, even
though all momentum invariants vanish.

1.3 Britto-Cachazo-Feng-Witten Recursive relations

An important fact of the MHV amplitudes is their simplicity and what is extremely useful is
that any n-point amplitude can be computed by considering their simplest block, Eq. (1.51).
This, indeed, can be done working with off-shell quantities only. Moreover, thanks to Britto,
Cachazo, Feng and Witten (BCFW) there was a transition between off- and on-shell quantities,
which allowed to use main ideas of the analyticity of the S-matrix to reconstruct full scattering
amplitudes |25, 26]. As shown in the previous section, the extension of real to complex momenta
makes sense when reusing null amplitudes that vanish for the former. In addition, complex
kinematics exploits analytic properties that are not visible for real ones.

BCFW recursive formula introduces an algorithm to calculate efficiently, and in a recur-
sive way, all tree-level scattering amplitudes for various theories under certain conditions. These
scattering amplitudes are generated as a sum over terms constructed from the product of two am-
plitudes with fewer particles times a propagator. Being these amplitudes with shifted momenta
physical, in the sense that all particles are on-shell and momentum conservation is preserved. In
the following, we illustrate the derivation of this method.

1.3.1 Derivation

We consider a primitive amplitude A% (1,...,n), where the external particles can be either
gluons or quarks. We pick two legs for special treatment; we define the shift [j,[) shift to be

] = 13l = 1) = = 1, 1) = 10) = 1) + =213) , (1.53)
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where z is a complex parameter. This shift leaves untouched the spinors [j) , |/] and the spinors
for all the other particles in the process. Under this shift, the correspondent momenta are

P = B (2) = v — 20,
p =) (2) =) + 2, (1.54)

with 7% = £ (j [y#|1] a massless complex momentum orthogonal to p?‘ and p)’. These shifts are
chosen in a particular form in order not to alter the momentum conservation, ﬁy + ﬁf = p? + pf ,
and on-shellness of the particles, ﬁ? = ﬁ? = 0.

This shift allows us to define the complex function

Afree (2) i= Aee(1,2,....7,...,1,...,n), (1.55)
the analytic continuation of A% which is a rational function of z with simple poles in its
variables. Also, by the polology theorem [219] the poles correspond to the exchanged of virtual
particles and the corresponding residues to the coupling of such particles to all the spectrum of
the theory. Hence, the physical amplitude is given by A% (0).

Now, we consider the integral

}[ dz Ay (2) (1.56)

211 z
C

the contour is taken around a large circle in the complex plane. If A% (2) — 0 as z — oo, the
integral vanishes and, because of the Cauchy’s residue theorem, we obtain a relationship between
the physical amplitude, at z = 0, and a sum over residues for the poles of A% (2) located at zq,

d Atree Atree Atree
lim _Zni(z) =Res._0 [ni(z)} + Z Reszﬂzani(z) =0,
z z

C—oo | 2m1 z
C

Atree P
Ay (0=~ Resﬁza—”z( ! (1.57)

poles a

Further poles in the amplitude come from the dependence on z of the propagators, which corre-
spond to factorising the amplitude A% (z) by separating the particles k; and k;. In consequence,
any propagator of this form splits the external particles in two groups

e (a,a+1,...,7,...,b) on its left,
. (b+1,,...,i,...,b—1) on its right.
In this case, the propagator Py, becomes
Pl =Pl —zn! (1.58)
being Péz the momentum flowing before the shift. Therefore, the residues in Eq. (1.57) take this

parametric form,

A%ree (Z) o tree o > i tree > 7

Res,,,——— = —ZA (@y....Jsey b, Poy) =5 A (= FPap, b4+ 1,,...,1,...,b—1),
z - Pz

(1.59)

where the sum is over all intermediate states. This expression is evaluated at z = z,, which is
set when the internal propagator is put on-shell, Pazb =0, giving

2o = —=2—. (1.60)



Doing the same for the other propagators, one finds,
Aee(1,2, ..., n)
- ¥ j{:,4%ee(ar,...,j,...,br,]%“bT)}%;ziﬁee(——fzmbr,br~+ Lyl b — 1), (161)
partitions r h ab
The first sum goes over all the partitions r that separates the particles j and [. Also, each term
of this sum has to be evaluated at the respective pole z = z,.

Recursive diagrams containing three-point amplitudes often vanish because of the “wrong”
kinematics. In general, if a [j,[) shift is used, meaning that the momenta k; and k; are shifted,
and the recursive diagram contains a three-point amplitude with two positive helicities, one of
which is j, the diagram vanishes. The reason is that the spinor |j) is unaffected by the shift,
hence, its product with the spinor for the other external leg a in the three-point amplitude, (ja),
remains non-vanishing. Therefore, [ja] and all of the left-handed spinor products must vanish,
and so the three-vertex with two helicities vanishes. Similarly, three-vertices with two negative
helicities can also dropped, when one of the three legs is k;.

1.4 Little group scaling

In Sec. 1.2 we introduced the spinors |i) and |i], which, through the Gordon identity, allow to
write the momentum as p' = 2(i|y#|i]. It is worth to see that this relation is invariant under
the scaling

|i) — ti), li] — t71i], (1.62)

This is called little group scaling. The little group is a group of transformations that leaves
the momentum of an on-shell particle invariant [219]. For real momenta, ¢ has to be a complex
phase such that |i]* = |i) is preserved. For complex momenta, |i) and |i| are considered as
independent quantities and, we can exploit the holomorphicity and anti-holomorphicity of these
spinors, where ¢ can be any non-zero complex number [215, 216].

Since amplitudes that contain massless particles can always be written in terms of spinor
products we need to scale the external line rules under (1.62); the internal ones are made of the
invariant momenta,

e The scalar rules is a constant factor 1: it does not scale.
e Angle and square spinors for fermions: scale as t~2" for h = i%.

e Polarisation vectors for spin-1 bosons: scale as t~2" for h = +1. They do not scale under
scaling of the reference momentum.

Thus, for an amplitude of massless particles only, we have the following result
An({1), 1], 1}, ., {ti]z'>,ti_1]z'], hi},...)= t;thAn(. Al e Rty ), (1.63)

where h; is the helicity of the the particle i.
As a consequence of the little group scaling, all three-point tree amplitudes are fixed.

Three-point amplitudes — As we saw in Sec. 1.2.4, three-point amplitudes can only depend
on either angle or square brackets, therefore, we can write a general ansatz

A (1, 2he, 3h) = ¢ (12)752 (13718 (23)7 (164)
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Little group scaling (1.62) fixes,

t31612+$13t92012+9323t§13+9323 _ t1_2h1t2_2h2t52h3, (1.65)

solving the system for x;;
Agree(lhl ’ 2h2 ’ 3h3) —c <12>h3—h1—h2 <13>h2—h1_h3 <23>h1_h2_h3 , (166)

where the helicity structure has fixed the three-point amplitude up to an overall constant. The
same behaviour is obtained for the three-point correlation function in a conformal field theory
(see for instance Ref. [220]).

Working out a three-gluon amplitude with two negative and one positive helicity gluons,

(12)°

AFee(17,27,3%) = T Y

(1.67)

This matches our calculation (1.49). Moreover, if we change our general ansatz and assume that
the amplitude depends on square brackets, we get

[13]]23]
[12f -

Afee(17,27,30) = ¢ (1.68)
In order to distinguish between (1.67) and (1.68), we use dimensional analysis. The momen-
tum dependence in the former is (mass)!, which is compatible with the three-gluon interaction,
(1.20d). While the latter has a mass dimension (mass) !, which is discarded, since there is not
such interaction in the local Lagrangian.

1.5 Momentum twistors

In this section, we show that starting from formal properties we can achieve efficient results in
the computation of scattering amplitudes. We describe the momentum twistors, which allow
us to write any n-point amplitude made of massless particles in term of 3n — 10 variables.
This approach is going to be used in the extraction of the coefficients of MIs for the analytic
computations of gluon and Higgs one-loop amplitudes.

1.5.1 Definition

The momentum conservation can be seen geometrically. The fact that n momenta p!' add to
zero implies that the vectors close into a contour, see Fig. 1.1 for n = 6.

Y2 pp Y3

v1
ve U5 w5

Figure 1.1: Relation between the ordered set of 6 four-vectors (y1,...,ys) and the ordered set of
6 four-vectors (p1,...,py) constrained by p; + ...+ pg = 0.

It means that the contour can be defined by the edges or by the cusps. The former is the usual

representation. For the latter, we take the cusps to be located at point /' in a dual space [221].
They are defined by their relation to the momentum vectors

Py = (Yi — ¥ix1)” . (1.69)
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The dual coordinates y; are not space-time coordinates and have mass-dimension 1. In dual space,
n-point momentum conservation simply corresponds to the periodicity condition that y,11 = y1.
Since the ordering of the external particles matters, we restrict our discussion to colour-ordered
amplitudes, where, we can define

Yii = (Wi —yj)* = (pi + pit1 + ... +pj—1)". (1.70)

Moreover, we can provide a definition of the dual coordinates in terms of spinors, by simply
taking into account the Dirac equation,

This relation is usually called incidence relation and allows to define a new variable |u;],
il = 4,li) = 4,4 10) - (1.72)
These prescriptions amount to

Yo = 1 (i|y* | pia] = (@ = 1y pq]
P73 G—19) '

(1.73)

We have translated the dual coordinates y; to Z; = (]i), |is]). The new four-component spinor
variables Z; are called momentum twistors [222], which have been exhaustive studied in super-
symmetric theories [223-226].

Under the little group scaling (1.62) the momentum twistors transform an uniform scaling

Zi = b Zili), |pa]) = Zi(ti [2), b |l - (1.74)

Furthermore, the relation between y; and p® = $(i|y|i] implies that |i] can be expressed in
terms of |7) and |u;]. Indeed, we find

(i 4+ 14) [pia| + (@i = 1) [piga| + (0 = Li+ 1) [ .

il = (i —Tiy (ii+1)

(1.75)

Starting from n momentum twistors (Z1, Za, ..., Z,), we see that a momentum p; satisfies,
by definition the massless condition, p? = 0, and momentum conservation, Y ;" ; p; = 0. This
outcome suggests us that all momentum twistors can freely be chosen without any constraint.
In addition, the momentum twistor has the following symmetries:

e Poincare symmetry.
e U(1) symmetry.

Therefore, any n-point amplitude that originally is written in terms of 4n twistor components,
will be written, because of the symmetries, in terms of 4n — 10 — n = 3n — 10 free components.
Working out the expressions for y;, we notice that the arbitrariness of choosing the momentum
twistor components can be seen from another point of view,
Y, = __<’L 1 Z> (T (Z,,Ufifl) € (pi,Q,ui71) -T (Z - 15//4) €_ (pifla Qﬂz)) ) (176)
)

with

(i1 — 1) [i—1 pip1] + G — 1i 4+ 1) (i1 ] .

T (i, pi-1) = V2 (i — 1) (ii 4+ 1)

(1.77)
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From the definition of p; in (1.69) we find

o 1
b T A i)
+ @i+ 1) (41— 1) [ipi] (€% 96 qu) — € (Pis Qs )

(0 + 10— 1) (0= 14) [pia ] (€2 (s Quisr) — €2 (Pis Qi) } , (1.78)

2{ <Z - 1i> <” + 1> [Mi—lﬂi—i—l] (E2 (pi7qm—1) —e? (pi7 qui+1))

which, allows us to write any momentum p; as a combination of three polarisation vectors with
the same momentum but different reference momenta. The explicit value of p; in the r.h.s of
(1.78) is recovered by simply taking into account Eq. (1.43).

Since the aim of our discussion is to review the link between momentum twistors and spinors
to compute efficiently scattering amplitudes we refer, for more details, to Ref.s. [215, 216].
1.5.2 Momentum twistors variables

In this subsection we review the representation of momentum twistors [88, 224, 227-229).

Four-point momentum twistors

The momentum twistor parametrisation at four-point needs two variables, say z; and zo. A
possible choice of the Z matrix is

10 & S+
) 12) [3) |4>> 01 1 1
Z= = 1.79
(!ul] lpa] 3] |pal 00 -1 -1 (1.79)
00 0 1

The components of the angle and square brackets were defined in Eq. (1.39). This matrix allows
us to write the spinor products as follows,

{(12> — —1,[21] = —21,(13) = —1,[31] = 21 (22 + 1), (14) — —1,[41] — —=z; 29,

1 1
(23) = —,[32] — 222, (24) — [42] = —2225, (34) - —,[43] — z%zQ} . (1.80)
21 2122 2122

Therefore, we can see that z; and z9 are related to the Maldestam variables, s = s12 and t = s14,

21 = 812, 29 = S (1.81)
512
Let us write the four-gluon MHV amplitude in terms of momentum twistor variables
_ o . 12)* mt .
Afree(17,27,3%,4%) = < = iziz = . 1.82
(17, 27,37,47) “12)(23)(34)(41) TR Ttesu (1.82)

Since we are working with free-phase variables, in the sense that there is no physical information
of the helicity, the r.h.s of (1.82) is what we call phase-free amplitude. Hence, the physical
amplitude is recovered by Lorentz symmetry (see. Sec. 1.4),

Afree(17,27,37,47) = o T AT (17,27,37,4T) . (1.83)
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We set, under momentum twistors,

o, TR, (1.84)
where, because of the structure of Z, we have [230]
) t ) (31) mt
(i1) 21 Fori=2,...,4, =1, (1.85)
[1]2[3)
and <1>27++ takes the form
12)?
o, T = <7 . 1.86
C T BRI 150
Five-point momentum twistors
A possible choice of the Z; for the five-point parametrisation matrix is
11 1 1 1 1
10 o Ztam atast ans
Z_(\l) 12) [3) |4) ]5>>_ 01 1 1 1
] |2l lps] |pa]  is) 00 -1 -1 a1
00 O = 1
(1.87)
This parametrisation allows to write the Lorentz invariants as
21((25 — 1)2223 + (23 + 1)z
S12 = 21, 8§23 = %124, 534 = 1((zs 2273 1 (73 )4),
22
S45 = 2125, s51 = 2123(22 — 24 + 25) , (1.88)
and for trs(1234),
2 2
—1 2 1 — 1 —
tr5(1234) — _Zl((ZE) )Z3Z2 + ( Z3 + )Z4Z2 (Z3 + )Z4(Z4 Z5)) . (189)
22
The system can be inverted to give
14)(23 15)(34
21 = 512, Z2:7< i >, 23:7< i >,
(12)(34) (13)(45)
oy =2 2= A2 (1.90)
S12 512
Momentum twistors at higher multiplicity
For n > 5, a choice of Z is given by [231],
L0 fi fo fs Jn—3 Jn—2
P 01 1 1 1 1 1 (1.91)
o 0 0 O Zz—;l Zn 29n—6 1 ’ ’
00 1 1 zon—s 23p—11 1 — z‘zz—:io
with
Lo
fi=Y =, (1.92)
el | I
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and

$12 =1,
(i+1)(i+21) .
TAD(tLir2) 1=2,...,n—2,
o2 b (1.93)
Zi = i—n1+4 (i—n+5[5]2] . . .
Z;:gl W ) ’L—’I’L,...,Q’I’L—6
i—2n+9 (1)(2+3)jli—2n+10) .
S Sediantio - i=2n—5,...,3n—11
e i=3n-10

512

As we saw for the four-point case, any physical quantity W can be, in general, decomposed as
W, = &, W, (1.94)

being Wn phase-free and ®,, a function that contains all the helicity information of W. We set
under momentum twistors

Pl (1.95)

From the choice of Z, ®"1~/» can be generalised to

plhn _ < (31) )’“ ﬁ <M>_hi _ (1.96)
=2

[1213) (31)

We have written a MATHEMATICA package, T@M [206] based on SQ@M [205], that implements
the technology of the spinor-helicity formalism through momentum twistor variables. The main
outcome of this implementation is that we do not have to care about the re-organisation of the
amplitude, since it is written in the minimal basis, namely the 3n — 10 variables.

1.6 Discussion

In this chapter we have introduced the spinor helicity formalism, which allows to write compact
expressions for amplitudes. The definition of spinor products accounts for Lorentz invariants. A
remarkable result, within the spinor helicity formalism, is the structure of the Maximally Helicity
Violating (MHV) amplitudes.

In the same line, we have shown the relation between spinor and momentum twistors. Due
to the nice properties the momentum twistors have, we were able to express all spinors products
in terms 3n — 10 independent variables, with n the number of massless momenta.

Althought the momentum twistors provide non-redundant analytical expressions in terms
of a minimal set of variables it becomes cumbersome when increasing the number of external
legs (n > 6). Nevertheless, their numerical evaluation is faster than spinor products. In the
same manner, numerical codes are more stable when using a kinematics provide by momentum
twistors.

We have reviewed traditional and modern techniques to compute tree-level amplitudes. While
the diagrammatic approach of Feynman diagrams produces enormous expressions as the number
of legs increases, the modern techniques take advantage of the analyticity of the S-matrix. The
latter allows us to work with gauge invariant objects only, dropping spurious poles that appear
when considering individually Feynman diagrams. This construction allowed the formulation
of the Britto-Cachazo-Feng-Witten (BCFW) recursive relation, in which the calculation of any
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n-point amplitude is under control. In particular, for N'= 4 SYM there is the automatic BCFW
Recursion in MATHEMATICA [224].

In the next chapters, we will use these tools to build our fundamental pieces or inputs. These
inputs correspond to the gauge invariant object or tree-level amplitudes needed to recover any
multi-loop amplitude.
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Chapter 2

On the Subleading-Soft Behaviour of
QCD Amplitudes

In this chapter, we study the behaviour of tree-level scattering amplitudes in the soft regime.
We make use of the techniques presented in Chap. 1. Apart from the leading contribution, we
also consider the subleading one. It turns out that the latter is gauge invariant by itself.

Scattering amplitudes display an universal factorisation when a massless particle is radiated
from an external leg. Such factorisation is governed by the non-radiative process, perturbed by
operators. These operators depend on the quantum numbers of the emitter. In order to derive the
leading and subleading soft operators we make use of the gauge invariance and on-shell recursive
construction of the amplitude. From the former, it can be shown that the soft operators depend
on the total angular momentum (orbital and spin) of the radiator, as explicitly shown for gluon
and graviton amplitudes by Bern et al [116]. The latter, based on the spinor helicity formalism,
writes these operators as differential operators, as pointed out by Cachazo and Strominger [91]
and Casali [92] for graviton and gluon amplitudes respectively.

Since previous studies dealt with Yang-Mills and gravity amplitudes, we elaborate on the low
energy behaviour of single gluon radiation for QCD amplitudes with a quark-pair and gluons.
Upon colour decomposition [200], we can identify two situations according to the position of the
soft gluon: (i) between a (anti-)quark and a gluon, and (ii) between two gluons. Case (i7) is
similar to the pure Yang-Mills (YM) case, where the emitter is necessarily a gluon, and it can
be considered well studied [91, 92, 116]. In case (i), instead, the soft gluon can be radiated
either from a gluon or from a (anti-)quark. In order to derive the soft behaviour from fermionic
emitters, we analyse the case of photon bremsstrahlung from the quark-line in QED [219]. For
this case, we show the equivalence of the soft operators derived from gauge invariance and from
the on-shell construction. This result is, then, easily extended to the quark-gluon amplitudes in
QCD [2].

Furthermore, we explicitly apply the soft operators to describe the low-energy behaviour of
quark-gluon amplitudes, emitting either a photon or a gluon, for non-trivial helicity configura-
tions of six-parton scattering.

2.1 Soft limit of gluon-amplitudes

According to little group transformation (1.63), we recall the scaling behaviour of tree-level
scattering amplitudes involving massless particles,

AT (1), |1, P Y, o {tld), 6 i) Ry o) = t;zhi.Affee(. Al e ity ), (2.1)

Without loose of generality, we consider an n-gluon amplitude, A% with the gluon s as soft,
helicity hs = +1 and momentum k% = %e (s|y"| s]. € parametrises the energy loss. As represented

25



Figure 2.1: Soft-gluon behaviour of pure-gluon amplitudes

in Eq. (2.1), the corresponding amplitude transforms as

AT Vel s) Vels] +1) o ) = e AT {els) 8] 411, 22)

which means the soft limit can be taken through the holomorphic limit €|s) — 0, while keeping
the anti-holomorphic variable, |s], as finite [91, 92].

The low-energy behaviour derived from the BCFW construction [25, 26|, for primitive am-
plitudes, shows that in the soft-limit reads [92],

Apee ({els), Ish} A1) S (10} {ln = 1), In = 1]})
_ (ésg% %Sém> A (1,.,n — 1)+ 0 () (2.3)

where the leading and the subleading terms are,

O (n—11>
Sa = (s1)(n—1s) "’

SN — <S—11>[s o] + ﬁ[s By 1] (2.4b)

Operators [s 0;] act on spinor products, according to

(2.4a)

(s Oi][ei] = [o5], s &]ﬁ - (2.5)

As shown in [116], gauge invariance can also be used to determine the next-to-leading soft

behaviour of the non-Abelian gauge theory. The primitive amplitude gets contribution from

the three types of diagrams shown in Fig. 2.1. Diagrams (a) and (b) contribute to the leading

pole term in the soft regime, while the third one, with the soft-gluon emitted from an internal
propagator, is regular in this limit. By using gauge invariance, we obtain the soft behaviour,

n—1

A (b, hno1) = [ SE) 4 SG| ASS (ks h1) + O(k) (2:6)

with

k1 - e(ks;rs kn—1-e(ks;rs

s = helhsire) Fnorelhairs) (2.7)
\/i(kl . ks) \/E(knfl . ks)

_ieu(ks;""s)kso < chly _ Jgngl ) . (2.8)
\/5 (kl ’ kS) (kn—l ’ kS)

Here, J is the total angular momentum of the emitter, written in terms of the orbital momentum

L and spin X,

s

no uo Ho
JGi L + X6,

P 0
L = 4 H _ L9
Gi ! (k ok, i 3kw> ’

26



0 0
YR o= gl el -7 . 2.
Gi v <€z 85@'0 & 3€m> ( 9)

In the derivation of this result [116], L‘é‘; does not act on explicit polarisation vectors, i.e.

LEer =0
Gi~1 :
As discussed in [116], the equivalence between the operators Sg ), derived from gauge in-

A

. 1 . . . .
variance, and Sé , derived from on-shell recurrence, can be seen through their explicit action

on polarisation vectors. In fact, the next-to-soft operators S((}l ) and S((}l ) acting on e (ky;71)
amount to,
W) 4D (o ) = — (r1s) (o 2.1
W) (o oy = 4 18] _pr 2.11
SG e P(ki;m1) +[’I“11] [18]6 (ks;1) 5 (2.11)
and
(DNt oy ) = — L) v 2.12
_ 2[ry s]
S(1)>\ Pk — [7“1 S] +p ks _ 7\/_ kP 2.13
c ¢ ( 17701) +[7“1 1] [1 S] € ( 7T1) [Tl 1] <1 S> 1 ( )

The second term in the last equation is proportional to &, and vanishes after contracting it with
the polarisation stripped AY®% amplitude, due to Ward identity. Therefore, the next-to-leading
soft (differential) operators obtained in these two frameworks are completely equivalent.

2.2 Photon bremsstrahlung from quark-gluon amplitudes

Since previous studies considered the radiation of gluons from gluon amplitudes [92, 116], one
needs the radiation from fermion lines only. Hence, in order to isolate this contribution, we
consider the radiation of a photon from a quark-pair of a quark-gluon amplitude. The radiation
of a gluon from quark-gluon amplitudes will be studied in the next section.

The derivations of the leading and next-to-leading soft terms are done by following both,

on-shell recurrence and gauge invariance approaches. Furthermore, we prove the equivalence of
the respective results.

2.2.1 Derivation from on-shell recursion

q Vs 7 q

Vs

Vs q q q
(a) (b) (c)

Figure 2.2: Soft-photon behaviour of quark-gluon amplitudes

We consider a colour-ordered amplitude A% (Ag, v, Ag g1, gn), where Ay and Ay denote
a quark and an antiquark, and v stands for a soft photon of helicity hs = +1, emitted from the
fermionic current. Under the BCFW deformation involving 74 and g, we define the shift [n, s),

8) = ls)+ 2 In) . (2.14)
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] = In] =z |s] , (2.15)

the amplitude factorises as,

A:Lr-?-% (A@'Y:quvgl?'” 7gn) = Z A%ee (’YS 7A Ph) P2 (_ﬁ_hmgla"'ag/;hAq)
h=+1

n Z Atree< q’,y;"p > P2 Atree (_ﬁ*h’Aq’gl...,g/;J

l\)\»—l

T yn D 1 T D— ~
+ Z A%ee (AQa’YSJraAq’gl""agj’Ph) ]327143{% (_P hagj+1,"'agn) ) (216)
h=4+1 (jwsyqylw"yj
as depicted in fig. 2.2.
In the first term, the on-shellness requires z = — (<erz>>7 and P stands for a fermion with an

opposite helicity with respect to A,. By taking the soft limit, |s) — €|s), this term reads

l% v ({Ja) 141}, .- {In). 1]}, (1) la]})

i_<nq> 1 1 s L S tree . N _ _
s 2 (slsan + slsonl)| A bl Al 1},{|q>,|q](}2>17)

with |¢] = | ]+e§nq§| s] and |n] = |”]+E<nq>>| J

In the second term of eq. (2.16), the on-shell condition implies z =

g:;) , and P stands for a
fermion with an opposite helicity with respect to Az. Under the soft limit, |s) — €[s), this term

becomes

- S B A (). (b - () )

—— | e+ 2 (ool + rogleo ) | A% (W lal. ok a ... (b )
(2.18)

with |g] = |q] + ef2=t|s] and 7] = |n] + e{2%|s].
The third term of eq. (2.16) is finite under the soft limit, hence does not contribute to any
soft operators [91, 92.

Adding the first and second term up, the amplitude in the soft regime reads,

ree 1 1 ree
A:H-?) (Alﬁf)/;_aAqagh e 7971) = <€_25(0))\ + ES(l)A> A%-{-Q (AQ7AQ7917 te 7gn) + 0(1) ) (219)

with
or_ {na)  {ng) _ (qq)
S (nsy(sq) (ns){sq) (gs)(sq)’ (2.20)
A S
> <sq>[ % <sq>[ 9ql; (2.21)

where Aﬁ{fQ is the non-radiative quark-gluon amplitude.
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2.2.2 Derivation from gauge invariance

tree

Within a diagrammatic approach, the amplitude A%¢% (Ag,v:, Ag, g1, -+ , gn) gets contributions
from the three diagrams in Fig. 2.2, and can be obtained by contracting the soft-photon polari-
sation £, (ks; ) and the current Af

n+3?
ARy = epulksrs) Al (2.22)
with
i i (kg + k)
Ag+3 (]Cs, kq, ]Cq, ]Cl, PN kn) = —% (kq)A(kq + ]Cs, ]Cq, kl, PN kn)m’yuv(kﬁq)
i i (kg + k) 5
+ Eu(kq)wmmkq’ kq+ ke, ki, kn)v(kg) + NI g(ki kg, kg ki, - oo kn) - (2.23)

The first term, corresponding to fig. 2.2 (a), represents the case of soft-photon emission from
an outgoing antiquark; the second term, corresponding to fig. 2.2 (b), represents the case of
soft-photon emission from an outgoing quark; while the third term N# 3 represents the case
of soft-photon emission from internal fermion lines, as shown in fig. 2.2 (c). A is the internal
part sandwiched by two free-particle states of fermions. By using the massless Dirac equation,
U(p)p = pv(p) = 0, the transversality conditions, ks - e*(ks;rs) = 0, and the relation Yy =
pu(M* + [y*,4"]/2) from the anti-commutation of y-matrix (for an arbitrary momentum p), the
current Az 43 can be cast as,

kg

AP (kgs kg kg ks oo kn) = —=———Ta(ky) Ak + ks, gy 1y .. s kn)v(kg)
n+3 Sy vy Vg ’ s v q q sy fvg, ) s v, q
V2kg - ks
iksy _, = » kb
+7\/§k— & U(kq)A(kgtks, kg, k1, ... kn) X0 v(kq)—i\/ik s U(kq)A(kg, kgtks, k,... kn)v(kg
q S q s
ikey _ -
+ mu(k‘q) E';v A(k‘q, kq + k‘s, kl,...,kn)v(kq) +Nﬁ+3(k‘s;k‘q,k‘q,k1,... ,kﬁn) s (224)
q s
where
v _ 1 v
X =7 0" (2.25)

is the spin operator in a 4-dimensional representation of the Lorentz algebra corresponding to
spin 1/2. Following [89, 116], we can determine N* by imposing gauge invariance. In fact, the
condition

ks Al o(ksi kg, kg, by, k) =0, (2.26)
together with the on-shell massless condition k2 = 0, implies

kNP (03 kg kg, Ky o)
Ko o - o -
= —%u(kq) aTA(kq, ]Cq, kl, PPN kn) — ak—A(kq, ]Cq, kl, ey kn) ’U(k’q) . (227)
qp ap

Consequently, we can write A 43 as,

kg K
V2kg ks 2k - ks

Al (ki kg kg ks k) = ( ) (k) Akg, kg, k1, .- ., kn)v(kq)
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! mmkq)f%a Ky R b D k)
q S

(k ) E“V A(kﬁa kq, kl, s ’kn)v(kQ)

k:
1ksy _ , 0 ~
\/_k k: [ < ; ko —ky quu> A(kg, kq, ki, .. ,kn)] v(kg)
0

1ksy _ , 0 ~
q " Ivs qv qp

Then, we contract back the polarisation vector of the soft-photon Ej(ks; 7s), obtaining the fol-
lowing expression of the amplitude,

reo et (kgirs) ke et (kgirs) -k
A£L+3(k3;k6’kQ’k1””’kn) = ( \(/Ek)ki 4 \(/ik‘ )]C q) An+2(k:5?kQ?kla"'akn)
q S q S

i€+(ks' Ts) ksy Ly L
veu Ksits) Ko [0 e “a I
+ \/5 {u( Q) (kq . ks k(j . ks) U( Q)

U(ky) Akg, kg, k1, - oo kn) 2 v(kg) +

_l’_

U(ky) X Akg, kg, ki, - .. ,k:n)v(kq)}

kq'ks kq'ks

+0 (k) , (2:29)
with
AT (kg kg K1y ooy k) = T(ky) Akg, kg, K1y ooy kn)o(kg) (2.30)

being the lower-point, non-radiative amplitude. In the above expression,

9 9
=i (L 2.31
fi ( ! O ’6kw> : (2:31)

is the orbital angular momentum of fermion i, which does not act on Dirac fields of incom-
ing/outgoing spin 1/2 particles, namely

L‘]ﬁlyui(kzl) = L‘]ﬁi’/vi(kzi) =0, (2.32a)

ﬂi(kzl)Lsﬁly = ﬁi(k:l-)Lﬁfzj =0. (2.32b)
On the other hand, the Lorentz generators ¥4 of spin 1/2 act only on the Dirac fields uy (k;)
or U:I:(ki) (ﬂi(kl) or E:I:(ki))-

2.2.3 Connection between the two derivations

In this section, we prove the equivalence of the limiting behaviour of quark-gluon amplitudes in
the soft-photon emission regime obtained in (2.19) from BCFW recurrence, and in (2.29) from
gauge invariance.

Leading soft singularity

The leading singularity factor of order 1/ks in (2.29) can be denoted as

50 _ e (ks;7s) - kg _ et (ksiTs) - kq.
V2kg - ks V2kg - ks
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In spinorial notations, we indeed find,

S0) _ et (ksirs) kg et (ksirs) kg e _ son ’ (2.34)

V2kg - kg V2kg - ks (q@s)(sq)

where SO* was defined in (2.20). This proves the equivalence of the leading soft term in the
two approaches (up to an overall sign)

Next-to-leading soft singularity

The action of the differential operator S, defined in (2.21), on the lower-point amplitude
AY(q, ¢, g1 -- -, gn) can be written as,

SO AL, a4, g1 -y gn) = SO [alke) Ak, Figs B ., K vlkg)]
= (k) Alkg, gy ks -y ) [SPolkg)| + [SOVahy)| Alhg, Kos by, o, Bn) v(kg)

+(ky) [s“)* Alkg, kg, by, ..., kn)] vlky). (2.35)

On the other hand, the next-to-leading soft singularity as derived in Sec. 2.2.2, is

ree i€+(k5; rs) ksu _ Lﬂy LAW
AR (ks kg, Kgs s ) | gy = “T{u(kq) (kq -qks B k:q-qks> otk

1 v 1 — v
U(ky) Akg, kg, k1, oo k) S 0(kg) + ———T(ky) 2 Alkg, kg, ki, - - kn)v(kq)}.

1
kq-ks(

kg - ks

+
(2.36)

We proceed by identifying (2.35) and (2.36) term by term.

Proposition 1:

SOA y(kg) = — | 22 v (kg | 2.37
(ko) S i) (2.37)
Proof.
Outgoing antiquark with different helicities in terms of spinor notations are
1 _
hg = +§7 vy (kg) = 1a], (2.38)
1 _

For hg = —i—% case, the action of the next-to-soft operator on field v, (kg), corresponding to the
first term in (2.35), is

1 1 ~i 1
SMA o (ks :<—88 ——_s@))\b:— —|s], 2.40
+( q) <Sq>[ q] <Sq>[ q] q <Sq>| ] ( )
and the counter-part from (2.36), in spinor notation, is
i) (ks;7s) ksy 1
R Sy (ky) = +——]s]. 2.41
\/ikq'ks F +( q) <Sq—>‘ ] ( )
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The results of (2.40) and (2.41) differ only for a minus sign, which is an overall phase factor at
the amplitude level and irrelevant for the physical content of cross-sections.
On the other side, for hg = —% case, one has

i€t (ks;7s) ksw

SWA Yy (kg) = Sy (kg) = 0. (2.42)

Proposition 2:

i e (ks;rs) ks

SWAG(ky) = — |a(k “ k. 2.43
(ha) = = [Ttk = e (2:43)
Proof.
Outgoing quark with different helicities in terms of spinor notations are
1
h=ty Tk =lal. (249
1
=g W (k)= d. (2.45)
With a similar procedure dealing with outgoing antiquark, we have
i el (ks;rs) ksy 1
— Ty (k) 2 | = + s|, 2.46
<+< D e = g (2.40)

and

e (kosrs) Ky
i ey (ksis) ksy S = 0. (2.47)
V2ky - ks

Also in this case, the two results differ by an overall sign.

SA U_(kq) =u_(kq)

Proposition 3:

~ e ks;rs)ksy LY Lt ~
SWAA(kg, kg ks ko) = —i i ( \/;) (kq?ks - kq?k)A(/gq,kq,kl,...,kn). (2.48)

Proof.

Since A is a function that depends on gluon polarisations and momenta, it can, therefore, be
expressed in terms of spinor chains.

Because tree-level amplitudes are rational functions of spinor pro%tgcts, we can focus on the
action of the operators S(W* and (—ig/v/2) b (ks;7s)ksy (qu—g:S — qus
separately.

The next-to-leading soft operator gives non-trivial result when acting on spinor products

> onto each ingredient

involving ¢, as

§N [oq) = -

50 [os] , (2.49a)

aor_ L1 [ps]
S T T hd e wa (2.49b)

On the other hand, the operator from gauge invariance acts on terms depending on the antiquark
momentum, like

1 {ah"]s]
(sq) 2

. . v i
Zeﬂ(ks7rs)kSV< Ly Lg > p (2.50)

— kP —
V2 [ R
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+ ks; s) ksu Hv LEY
zsﬂ( Ts) < Ly q > o 1 [p 5] (2.51)

\/5 kq'ks k(j'ks p'k(j p'klj<3(j>[p(ﬂ.
The coefficients are identical up to a physically irrelevant overall minus sign.
The same conclusion can be drawn from comparing the action of the subleading soft operators
on the variables associated to quarks,

MDA el — o+ L 1o ap L _ 1 [ps]
ST el =+ <SQ>[ ) 5 [pq] pql (sq) [pa]’ (2.52)
and
ieh (ks;rs)ksy (LAY Ly 1 {gh”ls]
— <kq-ks‘kq-k5) NS ho 2 (2:53)
ieh (ke;rs)ksy (LAY Ly I 1 [p 5]
- V2 (kq'ks_kq'ks> p-kq_+p-kq<SQ>[PQ]' (254)

This complete the proof that the (leading and subleading) soft operators derived from BCFW
recurrence and gauge invariance are indeed equivalent (up to a physically irrelevant overall minus

sign).
2.2.4 Examples
We consider amplitudes with one quark-antiquark pair and gluons, and a plus-helicity photon
emitted from the fermion line.
MHYV and MHV amplitudes
e The MHV amplitude is

. . {a)® (a1)
A‘g"ee AT’V;F’A ’g‘f"...’g 7...’9;{ = _Z((] — . 2.55
T5(A7 g9 I ) (Gs)(sq)---(nq) (255
By taking the holomorphic soft limit |s) — €|s), one gets,
_ 1 (¢ (g 1) (q1)
A:”Lree(A 7’}/37A 7g 0, g 779:) - 7= X = 7)
+3\%g a9 1 sy € (as)(sq)  (qa)(12)---(nq)

(2.56)

On the other hand, the action of the operators S(O* and SM* on the lower-point, non-
radiative amplitude, Aff_‘i%(AJr A LG .Gy, g reads,

1 1 _
(6_25(0))\+ES(1)>\> A:{—?—%(A—F Aq agl y sy agy—i—)

=2 (sq) G 0D g 20D

The two results are identical, and in particular, for the MHV amplitude, no next-to-soft
contribution arises, because S(l))‘Aﬁfj_GQ(AJF A 9T, gr L gh) = 0.

e The case of the MHV amplitude is trivial. Since the amplitude has an anti-holomorphic
expression,

ilgs]®lgs
AN (AF AT AL 97 0n) = G54 [[(é 1]] [qu]]. “Tndl’ (2.58)

the holomorphic soft limit, |s) — €|s), has no effect. On the other hand, the soft operators
SOX and SMA act on a vanishing amplitude, AgrjcreQ(AJr AJygrs 590 )

33



NMHYV 6—point amplitudes

The first non-trivial soft-behaviour can be found when considering next-to-MHV (NMHV) he-
licity configurations of six-point amplitudes.
Let us consider the amplitude A§* (Wj, 712934 ,43‘, 5;;) = Agee ( +, 1,,27,37 4T 5+)
Agree ( +’ 1;,2 3~ 4+ 5+)
N i(35) (3]4+ 5| s i(L]s+ 5[4 (5]s +1]4]
P,y (34) (45) (5 s+ 1|21 [12]  PRs (s1) (s5) (5]s + 1] 2] [32] [43]

(2.59)

with P;; = k; +k;j and Pjj; = k;+k;+k;. We construct the soft limit, first by rescaling |s) — €|s),

tree — ‘S>_>E‘ > ‘
Ag (+,1q,2 37,47 5+) ~€(5s]2] + (5]1]2]
(<e<5ysy4]+<5!114]><e<1rs!4]+<1\5\4])2 (35)(34 + 5|5 > (2.60)
€2[32][43](s1)(s5) (e(PZ, + PZ) + PZ)  [21](34)(45) (e(PE + P3,) + PL) )

and then, by expanding around ¢ — 0,

Agree( +71q_72 3~ 4+ 5+) 520 % + % +O(1) , (261)

with
i[41][54]*(15)
 [21][32][43][51](s1){s5)
1 < i[54]2 [4s] N i[41][54][2s] N i[41][54][55] )
a’l_(51> [21][32][43][51] = [21]2[32][43][51]  [21][32][43][51]?

1 i[54][41]*[5s] i[54][41][4s]
(s5) ( [21][32][43][51]>  [21][32][43] [51]) ' (2.63)

(2.62)

_l’_

Alternatively, the soft expansion can be obtained through the action of the differential soft
operators on the non-radiative five-point amplitude, according to,

a_y = SOAAFe(17,27,37,4% 55, (2.64)
asy = SWAAFe(1,27,37,4% 55, (2.65)

where, the operators S(O* and SMA| respectively defined in (2.20) and (2.21), read

GO _ o <;<535> , (2.66)
G _ <81> (s 0h] — <315> [ 3s] | (2.67)

while the five-point quark-gluon amplitude is,

tree — 2[14] [54]3
Agee (1,,27,37,47,50) = EEEGEIER (2.68)
In this case, the leading soft singularity is,
_ <15> tree — — — _ 2[41] [54]2<15>

-2 <31><s5>A5 (1g,27,37,47,57) = - [21][32][43][51](s1)(s5) (2.69)
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in full agreement with the result of (2.62).
To compute the next-to-leading soft term, we combine the derivatives,

o s <l (B B9
L/ i[42p4P[1s] | i[41][54)%[5s]
~ (s1) ([21]2[32][43][51] [21][32][43][51]2> . (2.70)
and
_ﬁ[s 05 AT (17,27,37,47,57) = <3—15> (% + EHEZD At (17,2737, 4+ 57)
_ i[54][41)* [5s] i[54][41][4]
~ (s5) <_[21][32][43][51]2 B [21][32][43”51]> , (2.71)
yielding,
1 i42][54]?[1s] i[41][54)2[5s]
T ([21]2[32][43][51] [21][32][43] [51]2> (2.72)
1 [ i[54][41]*[55] i[54][41][45]
~(s5) <[21][32][43][51]2 * [21][32][43][51]) ' (2.73)

After applying the Schouten identity, the result in (2.63) becomes identical to (2.73).

The agreement between the direct soft-limit expansion and the application of the soft opera-
tors can be analogously verified for the other NMHV helicity configurations, Afe (sJr 17,2%.37,47, 53‘)

) q7
and A§e (s*,1,,27,3%,47,5}).

2.3 Soft-limit of quark-gluon amplitudes

In this section, we discuss the low-energy behaviour of soft-gluon radiation from quark-gluon
tree-level amplitudes. Depending on the position of the soft-gluon, gs, in the colour-ordered
amplitude, we may have three situations [200],

AT (Agi g1, s Gnr 93 Ag) (2.74)
A:—?—% (Aq;gsagly"' agnqu) ’ (275)
A%ri% (Aq§91a s 9ms sy Gm+1s ?gn;Aq) : (276)

The second case is analogous to the first one, since they both describe the soft-gluon adjacent to
one fermion and one gluon, while the third case represents the soft-gluon adjacent to two gluons.
Therefore, we will consider as independent only the first and the third configurations, which are
discussed in the following. For both cases, by making use of the results in sections 2.1 and 2.2,
we will establish the equivalence of the soft operators derived wvia gauge invariance and on-shell
recurrence, representing the main result of this work.

2.3.1 Case 1: soft-gluon adjacent to the anti-quark and one gluon

The colour-ordered amplitude A';fi% (Ag; 915+, gn, gs; Ag) describes the radiation of a soft-gluon
emitted from either the external anti-quark g, the external gluon g, or, internal gluon lines
between g,, and . This amplitude receives contributions from three types of diagrams, as shown
in fig. 2.3.
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Figure 2.3: Soft-gluon behaviour of quark-gluon amplitudes: case 1

Following the procedure presented in sec. 2.2, from on-shell recursion relation, we can derive the
soft behaviour,

ree 1 )\ 1 >\ ree
ARSs (Mgi 915+ 1 9ns 953 Ag) = (6—258)();17 + _SS%’D> ARSS (Mgi g1, g3 Ag) +O(1) , (2.77)

with
gox __ (nag) (2.78)
QD (gs) (sm)
oy 1 so] — 1 .

and Aﬁfo the non-radiative quark-gluon amplitude.
Gauge invariance, on the other side, requires the amplitude to have the following expression,

T(ksyrs) kg et (ks
AT (kg B g ) = [ el Ta 2 T
n+3( q> "1 Q) ( \/Ek‘q-k:s \/ik‘n
iej(k:s;rs)ksy{ 1

V2 kq - ks

1 N
+ ﬁﬂ(kq)A(kq; ki, kns k) X v(kg)
7 ks

“kn ree
)k )Ag+2(kq;k1,...,kn;kq)

pv

—(ky) [kq ?kSA(kq; ki, ... kn; kq)} v(kq)} + O (ks), (2.80)

with the non-radiative amplitude being
AV (kg kg, 1y - ooy kn) = (kg) Akg, kgs Ky n)v(kg). (2.81)

In the above expression, Jg’; is the total angular momentum for gluon g, defined in (2.9), while
L§" and XY are respectively the orbital and spin angular momenta of anti-quark g, given in
(2.29).

The equivalence of the two derivations can be established as follows.

Leading soft singularity

The leading soft term coming from Sg)();b in (2.78) and (€+\(/’%s]:s]2-kq _ ﬁf/kﬁ:rs])g-kn) in (2.80) agree
q s nhs

with each other, once they are expressed in spinor variables, exactly as in (2.34).

Next-to-leading soft singularity

The expression (2.80), obtained from gauge invariance, contains two contributions:
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(.
%ng, related to the gluon g,, comes from fig. 2.3 (a) and (c¢). This

term is equivalent to —ﬁ[s Op] of SS();}) defined in (2.79). The proof comes from the
equivalence in the pure-gluon cases [116], whose result we recall in sec. 2.1, egs. (2.10)-

(2.13).

1. the operator

L (L
2. the operators —%L‘q—w and %E‘}V related to the anti-quark ¢ arise from
T ks aks

fig. 2.3 (b) and (c). According to discussions in sec 2.2.3, eqs.(2.40)-(2.42) and (2.49)-(2.51),
the combination of these two terms is equivalent to <Slq> [s Og] in SS)C)}) of (2.79).

Therefore we can consider the soft behaviour of (2.79) equivalent to (2.80).

2.3.2 Case 2: soft-gluon adjacent to two gluons

ree

In the colour-ordered amplitude A%+3 (Ag; 91,3 9m» Gs, Gm+t1s - - - Gn; Ag), the soft-gluon, g, can
be emitted from either external gluons, internal gluon or fermion lines, as shown in fig. 2.4.

m+1
m+l S, m+1 m+1
s s
s m m m

m

(a) (b) (c) (d)
Figure 2.4: Soft-gluon behaviour of quark-gluon amplitudes: case 2

The proof of the equivalence between the derivation from the on-shell formalism and gauge-
invariance is identical to the pure-gluon case [116]. The only difference is the term fixed by gauge
invariance, called N in [116] and coming from fig. 2.1 (c), it receives now contributions from two
pieces, corresponding to fig. 2.4 (¢) and (d).

2.3.3 Examples
t — 9= a- +
Agree (1q ’29 ’39 ’4;"9;’567)
We derive the soft behaviour for a colour-ordered six-point NMHV amplitude corresponding to
the case in Sec. 2.3.1.

Let us consider Agee (1;,2;,3;,4;,33,53') = Ayee (17,27,37,4%,s%,5F), where the ampli-

tude is written in [232],
Agee (1,,27,37,47,s%,57)
(51243141112 + 314> (3]s + 4[] (3]s + 4[5
P, [32][43](15)(s[3 + 4[2)(s5) P, [21][51](34)(s[3 + 4[2)(s4)

(2.82)

We first construct the soft limit by rescaling |s) — €|s)

Lol oo |s)—els)
Agee (1,,27,37,4%,s%,58) 7=

J <(6<1|8|4] + (1[5]4])* (e(5]s]4] + (5]1]4])
€2(s[3 +4[2] \ [32][43](15)(s5) (e(s|1 + 5|s] + Pfy)
(e(3]s[1] + (3]4[1])(e(3]s|5] + (3]4]5))*

_ [21][51](34)(s4) (€<8’3+4’8] i P324) > , (2.83)

and then by expanding around € — 0
a_o a_1

Agee (17,27,37,4%, s, 55) = 6;2 +—+ 0(1), (2.84)
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with

o PEAN sy s -
- [21][51](s|3 + 4]2](s|4|3] [32][43](s|3 4+ 4|2](s|5|1] ’ '
Lo i (Hﬂwm%]_bMBMH 41541 (s[3]5] 2uuwwm>
T RIBIEE A\ 3 GBS T (s
i[54] [54][4s] B [41][54](s|1]|s] B [41][54][5s] 2[4/1]s) [s4]
+B%£M%+Mﬂ<[&] B1J(sI5 /1 Bk (sI511 >'(2%)

On the other hand, we obtain the soft expansion by acting the differential operators on the
non-radiative five-point amplitude,

a_y =S5 (17,27,37,47,57) (2.87)
ay =S5 (17,27,37,47,57) (2.88)

where operators S(O* and SMA read

SO _ <s$25> 7 (2.89)
SWA — (Si@[s 5] — @[s AR (2.90)
The leading soft singularity is
o (45) e _i[41][54]>(45)
=2 = Ty (B 0 (1;.27,37.4%,57) = [21][32][43][51] (s4) (s5) (2.91)

and for the next-to-leading order soft terms,

E e L (HUBS B\, e o e gt et
<S5>[ ds)As (1,,27,37,47,5F) ) <[51][54] [54]>A5 (1,,27,37,47,57)
1 i[41][54][4s] i[41)%[54][5s]
‘@@(mmmmwu‘mmmmwm)’ (2.92)
and
—LS ***‘i’f:_i@_@ 2[55] - 9— a9— 4+ £+
<54>[ Oa)As (1,,27,37,47,5F) = <[14] [34]+ [54]>A5(1q,2 ,37,4%,51)
1 i[54)2[1s] i[41)[54)2[3s]  2i[41][54][5]
‘W%K‘pwmmmu+MWMM%u+mmmmmJ (2.93)
yielding
A 1 ( i[41][54][4s] i[41]*[54][5s] >
B (s5) \ [21][32][43][51] [21](32][43][51]?
1 i[54)2[1s] i[41)[5412[3s]  2i[41][54][5s]
*‘<s4><"[zln3zn4sn511 CERIGERE [21H32H43H51]> (2.94)

Eqgs. (2.85) and (2.86) agree numerically with (2.91) and (2.94) respectively.
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t — 90— 39— o+ 4+ Bt
A6ree(1qa2g,3gasg’4g75q)

We derive the soft behaviour for a colour-ordered six-point NMHV amplitude corresponding to

the case in Sec. 2.3.2.
Let us consider Af®° (1(;, 2,,34 53‘,4;', 5;) = Agee (1(;, 27,37,s57,47T, 53‘),
Agee (1,,27,37,s7,4%,57)
~i(1]2 4 3]s)%(5]2 + 3]s] (3]s + 4[1](3|s + 4/5)
P23[32](15)(45)[3s](4]s +3]2]  PZ,[21][51)(4]s + 3[2](s3)(s4)

(2.95)

Taking the soft limit, |s) — €]s),

A (123, 5t 45 12 i ( (1]2 + 3]s]2(5]2 + 3]s
q ) ) ) » Vg

€(4]s]2] + (4]3[2] \ [32](15)(45)[3s] (e(s[2 + 3|s] + P3;)
((3]s11] + (3[4/1]) ((3]s]5] + (3]4[5])°

_ e2[21][51](s3) (s4) (e(s|3 + 4[s] + p324)> , (2.96)

then, expanding around € — 0

A (17,27,37, 57,47, 51) = % + % +O() (2.97)
with
e
"2 = AR (s3) (5 (2.98)
1 <i[41][54]2[2s] i[41][54]* [4s] )
1= Ty \RUB2EMIBY] | RUB2A@3E6]
1 < iba20s]  BARBs] 21[41][54][54) 200
) \RUBAM3BY - RURAE3EEY | RURA@IB ) '

The soft expansion is obtained by the action of differential soft operators on the non-radiative
five-point amplitude as

a_y = SO (17,27,37,47 5F) (2.100)
a_y = SWAALe (1.,27,37,47 57) | (2.101)

where the operators SO* and SM? read

GO _ S (2.102)
SHA — (S%Q[S 4] — ﬁ[s Bs] . (2.103)

The leading soft singularity is

BY e 142 45)
2= e A (0?35 = Gty (10

which agrees with the result of (2.98).
As well, for the next-to-leading order soft terms

@[s da) A (1,,27,37,47,5}) = @ (% — % + 2[[55481]> Agee (1,,27,37,4%,57)
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. < i42[1s]  [UB4PBs] 22‘[41][54][58]) (2.105)

(s4) \ [21][32][43][51]  [21][32][43]2[51]  [21][32][43][51]
- (SL?»[S Bs] A (1,,27,37,4%,5}) = —ﬁ (-% - %) Agee (1,,27,37,4%,57)
1 i[41][54])%[2s] i[41][54])% [4s]
~ ) ([211 B2P 31 2132 [43]%51]) (2106)
yielding
o 1 <¢[41][54]2[25] i[41][54]*[4s] >
T (s3) \[21][32]2[43][51]  [21][32][43]2[51]
1 i[54]?[1s] i[41][54][3s] 2i[41][54][5s]
ey ([21] B2IEs]pY]  RUBAMIE | UB2E [511) (2.107)

in full agreement with (2.99).

2.4 Discussion

The study of the low-energy behaviour of radiative tree-level amplitudes in QCD has allowed to
see a factorisation between the non-radiative process and the quantum data of the emitter. Our
result, based on recursive relations and gauge invariance, points that the non-radiative process
is perturbed by the action of universal operators.

The low-energy expansion is captured by universal operators, whose form is dictated by gauge
invariance. While the leading soft term is expressed as an eikonal factor, the subleading soft term
is found to be proportional to the total angular momentum (orbital and spin). The latter is gauge
invariance by itself and requires conservation of angular momentum only.

Nevertheless, leading terms are often linked to infrared singularities, while subleading ones
can also arise from contributions not linked to infrared singularities.

We have shown that, within the spinor formalism, the subleading soft operator of single-
gluon emission from quark-gluon amplitudes appears as a differential operator. Its form does
not depend on the spin of the emitter. Our result, derived from gauge invariance and on-shell
recursive construction, is, therefore, in line with the results recently derived for pure gluon- and
graviton-scattering.

Besides the results presented in this chapter, there has been an enormous development on
this area. At tree-level, the behaviour of soft theorems in arbitrary dimensions and other theories
has been generalised in Ref.s [97-110]. In the same manner, a very formal approach, based on
gauge and Poincaré symmetry, has been considered in Ref.s [111-130]. The extension to double
and multiple soft theorem limits has been achieved in Ref.s [131-136]. Finally, a generalisation
to loop level [102, 137-142], has also been discussed.

Although the study of the new soft theorems is rather complete, this is not the end of the story.
More work on the extension to one-loop and multiple-soft-theorem is desired. Similarly, studies of
gravity from gauge theories are still in progress. We refer, for instance, to Ref.s [123, 233-235].
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Chapter 3

Off-shell Currents and
Colour-Kinematics Duality

In Sec. 1.1, we described the properties of the primitive amplitudes. In particular, we mentioned
that by making use of cyclic, the Kless-Kuijf and the Bern-Carrasco-Johansson relations the
number of independent primitive n-point amplitudes reduces to (n — 3)!.

In this chapter, we show that the kinematic terms of Feynman diagrams in QCD obey special
relations that looks like the Jacobi identities for the colour factors [236]. Bern, Carrasco and
Johansson have exploited these relations to establish a novel set of identities for the colour
stripped (primitive) amplitudes, establishing a duality between the colour and kinematics [143].

Indeed, tree-level amplitudes in gauge theories are found to admit a colour-kinematics (C/K)
dual representation in terms of diagrams involving only cubic vertices. The kinematic part of
the numerators obeys Jacobi identities and anti-symmetry relations similar to the ones holding
for the corresponding structure constants of the Lie algebra [143, 144], as depicted in Fig. 3.1.

1 2 1 2 1 2 1 2
SO = T+ oG+

Figure 3.1: The Jacobi combination: it can be applied both to Lie group structure constants and
to the kinematic part of numerators.

This chapter studies the role of colour-kinematics duality within off-shell currents. Off-shell
currents allow for constructing both higher-multiplicity tree and multi-loop level amplitudes.
We investigate, in a purely diagrammatic approach, the origin of possible deviations from the
C/K-dual behaviour, providing concrete evidence of their relation to contact interactions, which
was already pointed out in [143, 237].

First, we consider the tree-level diagrams for gg — X, for massless final state particles, with
X = ss,qq,99. We work in axial gauge, describing scalars, s, in the adjoint representation. We
deal with the Jacobi relation of the kinematic numerators keeping the partons off-shell. Due
to the off-shellness of the external particles, the C/K-duality is broken, and an anomalous term
emerges. This anomaly vanishes in the on-shell massless limit, as it should, recovering the exact

C/K-duality.

Figure 3.2: Embedding of the Jacobi combination into either higher-point or multi-loop diagrams.
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Later, we show that when the Jacobi combination of numerators is immersed into a richer
topology, as depicted in Fig. 3.2, the anomaly corresponds to the contribution of subdiagrams,
obtained by pinching the external lines of the Jacobi combination.

We discuss how our result, which provides a precise identification of the anomalies, can
be used, together with generalised gauge transformations [143, 144, 155, 237|, in order to re-
shuffle contact terms between diagrams and build on-shell C/K-dual representations for higher-
point tree-level amplitudes. We present the explicit calculation for the tree-level contribution to
99 — q4g.

As byproduct of this procedure, we obtain linear relations between primitive tree-level am-
plitudes with different ordering. These relations usually known as Bern-Carrasco-Johansson
relations, have coefficients that depend on Lorentz-invariant combination of the momenta of the
particles.

3.1 Review of Colour-Kinematics duality

3.1.1 General considerations

Consider an m-point tree-level amplitude, which, we write in terms of cubic vertices

N
Alree(1 9 m) zzcb”f, D; =[] sa: » (3.1)
i=1 v o;

where the sum runs over all diagrams ¢ with only three-point vertices, the ¢; are the colour factors,
the n; are the kinematic numerators, and D; collect the denominators of all internal propagators.
As we shall see in Sec.s 3.2.1 and 3.2.3, contact terms are absorbed once they are replaced with
numerator factors cancelling propagators, i.e., s, /s, and assigning the contribution to the proper
diagram according to the colour factor as done in Eq. (1.23).

The main property of the colour factors is that they satisfy the Jacobi identities, recalling
Eq.s (1.8,1.10),

_falagbfbagcm + fa4a1bfba2a3 + fa4a2bfba3a1 — 0, (32)
ST TR + AT = 0, 53)

where fo¢ = j\/2f%¢  The structure constant of Eq. (1.9) has been rescaled in order to avoid
prefactors in the next calculations.

Furthermore, for any m-point amplitude, we can always find three colours factors built from
Eq.s (3.2,3.3), say

G feebfes oo fuebfhes o e feser
where the ‘...’ state for common terms in the three colour factors. Therefore, the Jacobi identity
takes the form
—¢+c¢j+c =0, (3.4)

The Colour-Kinematics (C/K) duality states that the numerators n; can always be found in
such a way they satisfy Jacobi identities in the kinematical sector,

—¢+ci+eg=0 = -—n;+n;+n,=0. (3.5)

C/K-duality also requires that the n; have to satisfy the same anti-symmetry relations as the ¢;,
i.e. if a colour factor is anti-symmetric ander the change of two legs, the corresponding numerator
has to transform in the way,

C; — —C; = Nn; — —MNy.
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3.1.2 Bern-Carrasco-Johansson relations

According to Eq. (3.1), a four-point amplitude can be written as

Atee(1,9,3,4) — c1ny n c2 N2 n c3n3 7 (3.6)
514 512 513
the three colour factors are related by the Jacobi identity
—c1+c+c3=0. (3.7)
Firstly, we demand that the corresponding numerators n; fulfil the same identity
—ny1+n9e+n3=0, (38)
Secondly, we write the colour-ordered amplitudes
Atree(1,2,3,4) =L 4 "2 (3.92)
S14 812
Alree(1,2,4,3) = — —+ 13 (3.9b)
S14 513
Alree(1,4,2,3) = — —2 4 13 (3.9¢)
S12 513

We shall show in Sec. 3.3.2, by following an alternative procedure of the one describe in
Ref. [143], that Eq.s. (3.7-3.9) allow us to end up with relations between colour-ordered ampli-
tudes

594 AY(1,2,4,3) = s93 AT®°(1,2,3,4), (3.10)

These relations are usually called Bern-Carrasco-Johansson (BCJ) relations for four-point am-
plitudes. In the same manner, BCJ relations for five- and six-point turn out to be

594 AT(1,2,4,3,5) =(s14 + 545) AT(1,2,3,4,5) + s14 AF°(1,2,3,5,4), (3.11)
594 AF(1,2,4,3,5,6) =(s14 + 546 + 545) AF(1,2,3,4,5,6) + (s14 + s46) AF(1,2,3,5,4,6)
+ 514 AF%(1,2,3,5,6,4). (3.12)

Thus, the BCJ relations among n-point colour-ordered amplitudes, usually called fundamental
BClJ relations, can be written as [143]

n 7

ST soi | A1, ,0,2,i41,...,n) = 0. (3.13)
i=3 \j=3

3.2 Off-shell Colour-Kinematics Duality

In this section we study the C/K duality for off-shell diagrams in gauge theories coupled to matter.
By investigating the scattering process gg — ss,qq, gg, we show that the Jacobi relations for
the kinematic numerators of off-shell diagrams, built with Feynman rules in axial gauge, reduce
to an anomalous term. Such anomaly vanishes when the four particles connected by the Jacobi
relation are on their mass shell with vanishing squared momenta, being either external or cut
particles, where the validity of the colour-kinematics duality is recovered.
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3.2.1 Scalars

The process gg — ss gets contributions from four tree-level diagrams, three of which contain
cubic interactions, due to either ggg or gss couplings, while one is given by the quartic vertex
ggss. Their colour factors satisfy the Jacobi identity (3.2), where a similar relation can be
established for the kinematic part of the numerators of suitably defined graphs involving only
cubic vertices.

1 2 1% :
Figure 3.3: Jacobi combination for gg — ss.

The four-point vertex can be distributed to the numerators of the diagrams with cubic vertices
only, as done in Eq. (1.23), hence, yielding the identification of three colour-kinematics dual
diagrams [143]. The corresponding numerators, say ni, ny and ngs, can be combined in Jacobi-
like fashion,

Ny = —nq +no+nsg, (314)

as shown in Fig. 3.3.
In axial gauge - that we will consider throughout our calculations - the numerator of the
gluon propagator takes the form

1" (p, q) = Mg, + I (9, q) (3.15)

where H’Iﬁey corresponds to the numerator of the propagator in Feynman gauge and II}” (p, q)
labels the term depending on an arbitrary light-like reference momentum ¢*,

.pMq” + qt'p”

Mg, = —ig"”, I\ (p,q) = = (3.16)

Fey —

The explicit form of (3.14) is given by the contraction of an off-shell current with gluon polari-
sations as

Ny = (JUhs + T e (1) €y (Pa) = NoFey + Noax, (3.17)

where J!' if;;‘ is the sum of the Feynman gauge-like terms of the three numerators,

—i J ey (P1, D2, P3,pa) =P (D" + 2p5") — (2p5" +pi") P} (3.18)
and
1
— i JU (p1, p2, 3, pa) = m{ (P = P — (p} — p3) ") q - (2 — p3)

+ (p3 — p3) [(pa + 2p1)" ¢"* + q - (p1 — p1) 9" — (p1 + 2ps)™ q““]} (3.19)

is the contribution, depending on the reference momentum, which only originates from ns.
From this Jacobi-like tensor we see that the colour-kinematics duality on the kinematics side

holds, i.e. Ny = 0, once the four external particles are put on-shell, p? = 0, and, imposed
transversality condition for gluons, p; - €(p;) = 0. We want to remark that Ny.rey and Ny ax
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Figure 3.4: Off-shell colour-kinematics duality for gluons and scalars. The Jacobi combination
of tree-level numerators (L.h.s) is expressed in terms of subdiagrams only (r.h.s.).

vanish separately, so that the C/K duality is satisfied at tree-level also in ordinary Feynman
gauge.

A similar calculation was performed in [236], where tree-level numerators for gg — X were
studied as well. This result differs in the choice of axial gauge, which, as we are going to show,
plays an important role in the identification of the C/K-duality violating terms in the numerator
of higher-multiplicity graphs.

The expressions of the currents in Eqs. (3.18,3.19) are valid for off-shell kinematics. Therefore,

they can be exploited for providing a better understanding of C/K-duality within more complex
numerators obtained by embedding the Jacobi-like combination of tree-level numerators into a
generic diagram, as depicted in Fig. 3.2, where the double circle shall represent an arbitrary
number of loops and external legs.
In the most general case, the legs p1,p2, p3 and ps become internal lines and polarisations as-
sociated to the particles are replaced by the numerator of their propagators, which, for the
scalar case, simply corresponds to a factor i. Accordingly, Eq. (3.14) generalises to the following
contraction,

Ny = (Ns)aya, X4 (3.20)
between the tensor (Ng)a,a,, defined as,

(Ns)aras = _(J:irlel; + Jﬁ}{f)ﬂmal(m, @) Wuyai(pa, qa) - (3.21)

and the arbitrary tensor X1 standing for the residual kinematic dependence of the diagrams,
associated to either higher-point tree-level or to multi-loop topologies.

Using momentum conservation, we find that the r.h.s. of (3.21) can be cast in the following
form,

(NS)a1a4 = p%(A;)mm +p421(A;1)a1a4 +pg(33)a1a4 +p§(32)a1a4
+ p%p%(0;2)a1a4 + p%pg(csls)OCIOM + P3P3(034)a1a4 + pipg(cg4)a1a4 ) (3.22)

where A%, B! and C¥ are tensors depending both on the momenta p; of gluons and scalars,
eventually depending on the loop variables, and on the reference momenta ¢; of each gluon
propagators.

Remarkably, Eq.(3.22) shows the full decomposition of a generic numerator built from the
Jacobi relation in terms of squared momenta of the particles entering the Jacobi combination
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defined in Fig. 3.3. In particular, this result implies that the C/K duality is certainly satisfied
when imposing the on-shell cut-conditions p? = 0.

A diagrammatic representation of the consequences of the decomposition (3.22) in (3.20)
is given in Fig. 3.4, where the eight terms appearing in r.h.s. of (3.22) generate subdiagrams,
obtained by pinching one or two denominators. In these subdiagrams A%, B! and cy play the
role of effective vertices contracted with the tensor X144,

The existence of contact terms responsible for the violation of the C/K-duality was concep-
tually pointed out already in [143]. Here, we identified, by following a purely diagrammatic
approach, the source of such anomaly, exposed in the (single and double) momentum-square
dependance of formula (3.22).

The choice of axial gauge turned out to be crucial within our derivation, since the p*-terms
appear, besides from the trivial contraction p#p,, also from the contraction of II*”(p, ¢) with the
corresponding gluon momentum (Ward identity),

. (3.23)

. pq” + q"p¥ .9 q”
Pl (p,q) = ip, (— g+ ——— ) =ip?

q-p q-p

By inspection of (3.18) and (3.19), we observe that Jy ey only gives contribution to Al and
A2, while Js ax produces terms proportional to the momenta of all the four particles as well as
to all the possible pairs of gluon-scalar denominators, i.e. contributes to all the eight effective
vertices.

In addition, because of the explicit symmetries of Jy pey and Jsax under 1 <+ 4 and 2 < 3,
the two effective vertices associated to the pinch of one scalar propagator, namely Al and A%, are
related to each other by particle relabelling. The same happens for B2 and B3, which correspond
to the pinch of one gluon propagator. For the same reason, there is only one independent Cj
function, corresponding to the pinch of two denominators, say p?p?, which are originated from

terms proportional to pfp? in Eq.(3.19).

3.2.2 Quarks

For the tree-level scattering gg — ¢G there are three Feynman graphs contributing to it, each
one contains only cubic interactions due to ggg and gqq couplings. The corresponding colour
factors obey the Jacobi identity (3.3), which allows to build the combination of colour-kinematics
numerators for the tree-level graph (3.14), as shown in Fig. 3.5.

1 2 1 2 1 2 1 2
PG =l e
ni n2 ns
Figure 3.5: Jacobi combination for gg — qq.

Following the same derivation as for gluons and scalars, the Jacobi relation for gluons and
fermions can be built from the contraction of fermion currents and polarisations,

Nq = a(pS)(JilF}é; + Jéﬁ(‘i)v(m)m (P4)ep (p1) = No-Fey + Ne-ax- (3.24)

Using Dirac algebra and momentum conservation, J!'ji;i and J; s} can be organised into compact
forms as,

—i ‘]cit—lFi;(Phpz,psam) = =Py = A, + (P + 7’2)57“1“41)547“1 — P (3.25)
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Figure 3.6: Off-shell colour-kinematics duality for gluons and quarks.

and

— g J

e (p1,p2, p3,pa) = ){(1753 +p,)[9"4q - (pa — 1)

q-(ps+m
— " (p1 + 2pa)" + ¢ (pa + 2p1)M] + ¢ [P PN — PP + g4 (pf — pD)] ). (3.26)

We observe that (3.24) vanishes when the four external particles are on-shell, due to transver-
sality conditions and Dirac equation, u(p3)ps = phv(p2) = 0.

The C/K duality is satisfied at tree-level also in Feynman gauge, since on-shellness enforces
Ng-Fey and Ng.ax to vanish independently.

In order to study the Jacobi combination within higher-point numerators or multi-loop inte-
grands, we repeat the procedure adopted in Section 3.2.1. Accordingly, we promote the external
states of gluons and quarks to propagating particles, and define the off-shell tensor,

(Nq)a1a4 = Zpg(‘](illi‘!g/ + J(QL—IA“)?)Z.pQHﬂ4a4(p4a Q4) Hﬂlal(pla QI) ’ (3'27)

by replacing the polarisation vectors with the numerators of the gluon propagators, and the
spinors u(p3) and v(pz) with the numerators of fermionic propagators. As before, the full nu-
merator is obtained contracting (3.27) with a generic tensor X “1¢4.

Manipulating the r.h.s. of (3.27), we obtain an expression analogous to the decomposition
(3.22), where the denominators of the four particles are manifestly factored out,

(Nq)onoa; = p%(A;)oqom + Pi(Aé)am + p%(Bg)aum + pg(Bg)aum
+ p%pg(céz)am + P%pg(cf’)am + pip%(CqM)alm + PZP%(C§’4)a1a4 . (3.28)

In the above expression, Af] and Bé receive contribution both from Jy rey and Jq.ax while Céj 's are
determined only by Jy.ax. This can be understood by inspection of (3.25) and (3.26), observing
that denominators may appear because of (3.23), as well as because of the identity pp = p?. Also
in this case, we only have three independent functions: two for the effective vertices corresponding
to the pinch of one quark- or one gluon- propagator, namely Afl and Bé, and a single vertex Cj’
for the pinch of a quark-gluon pair. We remark that these functions contain non-trivial Dirac
structure. The interpretation of (3.28) is similar to the one of (3.22) and it is illustrated in
Fig. 3.6.

3.2.3 Gluons

Finally, we consider the C/K duality for the pure gauge interaction process gg — gg. As for
gg — ss, there are four diagrams to be considered, three involving the tri-gluon interaction, and
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one containing the four-gluon vertex. The colour factors obey the Jacobi identity (3.2). After
distributing the contribution of the four-gluon vertex into the three structures according to the
colour decomposition, we can define three graphs with cubic vertices only whose numerators
enter a Jacobi combination, as shown in Fig. 3.7.

1 2 1 2 1 2 1 2
( o =— + +
3
Figure 3.7: Jacobi combination for gluons.

With this prescription, the kinematic Jacobi identity takes the form

Ng = (Jét-lF'é;M + ‘]g-lA.;cM)‘gﬂl (P1)€pus (P2)€ 115 (P3)Eps (P4) = NegFey + Ne-ax, (3.29)

where

— i S (01, p2, 3, pa) = DY g (p1 + 2pa)? — g (p1 + 2pa)*S + g2 (p1 + 2p3)M]
— P52 (9" (p2 + 2pa)" — g (p2 + 2pa)"® + gMM 2 (p2 + 2p3)H]
+p53 [9H2H4 (p3 + 2294)#1 - gﬂllm (p3 + 2P4)H2 + QHIHQ (p3 + 2292)“4]
— Pyt ("3 (4 + 2p3)!"t — g"' 5 (pa + 2p3)H2 + g"'H (pa + 2p2)"] (3.30)

and

1
— i JEYRHH () by p3,pa) = 7{
g-Ax ( ) q- (p1+p2)
(PP — ph2ph* — (p — p3) ¢"'#2) [q - (P4 — p3) §"3"* — (p3 + 2p2)"® ¢"* + (ps + 2p3)"* ]
+ (PPt — PPt — (p3 — p3) ") [q - (p1 — p2) "7 + (p1 + 2p2)"* @M% — (p2 + 2p1)"2 q“l]}

—[(1234) — (4123)] — [(1234) — (4231)]. (3.31)

With the by-now usual arguments, we observe that the tree-level C/K duality, Ngpey =
Ngax = 0, holds when the external particles are on-shell, separately for the Feynman- and
axial-gauge contributions.

@_

Figure 3.8: Off-shell colour-kinematics duality for gluons.
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As in the previous Sections, we can build a generic off-shell tensor, to be embedded in a more
complex topology, either with more loops or more legs, by replacing polarisation vectors with
the numerator of the corresponding propagators,

(Ng)al o (ngl:‘el;4 + Jg_x;ﬂZI)H,ulal(pl? QI) Hpgaz(p2? Q2) Hpgag(pfia QB) Hu4a4(p4a C]4) ) (332)

and by contracting this expression with an appropriate tensor X ®14,
Because of the Ward identity (3.23), (Ng) turns out to be decomposed as

aq...04
4
(V) o= Zpg(A;)a au + Z P2H(C )y s (3.33)
i=1 i,j=1
i#j

We observe that, differently from the scalar and fermionic cases, Jgax produces all the possible
combinations of two different denominators. This is a consequence of the permutation symmetry
of the gauge-dependent part of the numerators, which is an exclusive feature of the Jacobi
identity for pure gauge interactions. The same symmetry reduces from three to two the number
of independent effective vertices, corresponding to the pinch of one or two gluon propagators.

The diagrammatic effect of (3.33) contracted with X1 ig depicted in Fig. 3.8, which shows
that, as it happened for the gg — ss, and gg — ¢q, the Jacobi combination of the kinematic
numerators for gg — gg with off-shell particles always reduces to subdiagrams.

Let us, finally, remark that the form factors A%, B’- and C%-type appearing in the decom-
positions (3.22), (3.28), and (3.33) still depend on the momenta p; and p;. Therefore, within
multiloop integrands, they can generate tensor integrals which can be subject to further integral
reductions.

3.3 Construction of dual numerators for higher-point amplitudes

In the previous sections, we saw that the Jacobi-like identity for kinematic numerators is satisfied
for all four-point tree amplitudes. Moreover, once the number of external legs start increasing
those numerators do not satisfy it anymore, giving rise to anomalous terms. Nevertheless, in
order to satisfy it we can always absorb that anomaly in the re-definition of the numerators.
This re-definition can be done as a consequence of the gauge invariance of the amplitude. The
non-uniqueness of the kinematic numerators is referred to as generalised gauge-invariance [143,
144, 155, 237].

In this Section we illustrate how the previous results can be used, together with generalised
gauge invariance in order to explicitly determine dual representation of higher-point amplitudes
starting from Feynman diagrams. In addition, we show that our construction allows a purely
diagrammatic derivation of monodromy relations for amplitudes, [157].

3.3.1 Algorithm

From Eq. (3.1) we can see that any amplitude can be written in terms of N colour factors, which,
satisfy a set of M, M < N, Jacobi identities, (3.4), whose solution allows us to express M colour
factors in terms of N — M independent ones {c,(1), .-, Co(N—nr) }, SO that (3.1) can be organised
as

N—M
A (p1, P2y s Pm) = Y oy Koy ({n}), (3.34)
=1
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where

N
Ay ()5
K, (n) =" %, Qi) € {0,£1}. (3.35)
j=1

The set of identities (3.4) is not, in general, trivially satisfied by the corresponding kinematic
numerators, whose Jacobi combinations produce non-vanishing anomalous terms,

=1+ nj +ng = G- (3.36)

We observe that the two sets of equations (3.35) and (3.36) can be conveniently organised into
the matrix equation,

An—K o, (3.37)
with
n = (ny,na, ...,nN)T,
K = ({K,1»}0,0,...,0)7,
¢ = (0,0,...,0, {¢pm})" (3.38)
and
A € {0,+1,+D;71}. (3.39)

As shown by the decompositions (3.22), (3.28) and (3.33), the anomalies are proportional to the
off-shell momenta of the particle entering the Jacobi combination itself. Therefore, the rise of
these anomalies seems to be related to the allocation of contact terms between cubic diagrams,
which naturally provides numerators satisfying C/K-duality in the four-point case only. As a
consequence, in order to obtain a dual representation of the amplitude, we need to re-shuffle
contact terms, leaving (3.1) unchanged. This can be achieved through a generalised gauge
transformation, which consists in a set of shifts of the kinematic numerators,

n; — n; =n; — Ai7 (3.40)
satisfying
tree & al Qg (i)j Aj
5-’4m (pl,an ---apm) = Co (i) Z T =0, (3.41)
i=1 j=1 J

in such a way that the amplitude can still be written as

N N-M
Atree — Gi n; — ~K . ! 3.42
m (p17p27"'7pm) - Z D - Z CU(Z) J(Z)({n }) ( : )
i=1 " ° i=1

By imposing the vanishing of the coefficient of each c,(;) in (3.41), the gauge invariance require-
ment is translated into a set equations for the shifts, which leaves M of them undetermined.
This means that, in principle, we have enough freedom to ask the shifts to be solution of M
additional equations,

A+ A+ Ay = ¢[i7j,k;]7 (3.43)
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which, inserted in (3.36), make the new set of numerators n; manifestly dual. Thus, the si-
multaneous imposition of (3.41) and (3.43) leads the determination of numerators satisfying the
C/K-duality back to the solution of the N x N linear system

AA= ¢, (3.44)
with
A= (A, Ay, AN)T, (3.45)

whereas the vector ¢ and the matrix A are the ones defined by (3.38) and (3.39).

By solving (3.44), we can determine the shifts to be performed on the numerators obtained
from Feynman diagrams ensuring C/K-duality as a function of anomalies ¢y; ; ;) and denominators
D;. We note that the existence of a dual representation of the amplitude is bound to the
consistency of the non-homogenous system (3.44), i.e. to the condition

rank(A|¢) = rank(A), (3.46)

where A|¢ is the augmented matrix associated to A.

In particular, if the system had maximum rank N, the expression of the numerators would
be completely fixed by C/K-duality. However, as we will show in an explicit example, the rank of
the system turns out to be smaller than NV, so that its solution will depend on a set of arbitrary
shifts, which are left completely undetermined by the imposition of C/K-duality. The existence
of a residual freedom in the choice of the dual representation was first observed in [143] and
more recently, in [238|, where the reduction of the tree-level C/K-duality to an underconstrained
linear problem is addressed in terms of a pseudo-inverse operation, it has been interpreted as
the hint of a possible analogous construction at loop-level.

Moreover, we observe that, because of (3.37) and (3.44), applying the matrix A to the new
set of numerators n}, we obtain

An' =K, (3.47)

with K given by (3.38).
Also, if rank(A) < N, the consistency condition

rank(A|K) = rank(A), (3.48)

implies the existence of N —rank(A) constraints between the kinematic factors K, ;), which are
in one-by-one correspondence with the relations between colour ordered amplitudes. Therefore,
this construction shows that all these non-trivial relations can be derived from the expansion of
the amplitudes in terms of Feynman graphs through purely algebraic manipulation on the matrix
A.

Summarising the diagrammatic approach to the construction of C/K-dual numerators for
higher-point amplitudes:

e given the decomposition of an amplitude in terms of Feynman diagrams, it is organised
into N cubic graphs, whose numerators satisfy the system of equations

An=K + ¢. (3.49)

e A generalised gauge transformation
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such that

AA= o, (3.51)
An' =K, (3.52)

is performed on the amplitude in order to obtain a new set of numerators satisfying the
C/K-duality. The solution of (3.51) determines the shifts linking the starting set of nu-
merators to the dual representation.

e The existence of solutions for the the systems (3.51) and (3.52) is related to the constraint
rank(A|¢) = rank(A|K) = rank(A). (3.53)

This consistency condition is able to detect all N — rank(A) non-trivial constraints both
between the C/K-violating terms @[i,j,,) and the kinematic factors Ky (;), the latter corre-
sponding to the well-known relations between colour ordered amplitudes which were first
observed, for gluon amplitudes, in [143].Note the N —rank(A) also determines the number
of completely free parameters the set of C/K-dual numerators will depend on.

In the following Section we give an example of this method, determining the C/K-dual represen-
tation for gg — ggg and showing that the knowledge of the matrix A can be used to determine
the constraints on kinematic factors K,(;) as well on the anomalies ¢y; ; 17, which rise as direct
consequence of the off-shell decompositions worked out in Sections 3.2.1-3.2.3.

3.3.2 Colour-kinematics duality for gg — gg

Starting from Eq. (3.6), we see that the colour factor ¢, can be eliminated because of the Jacobi
identity, Eq. (3.7). It allows us to rewrite the amplitude in terms of two colour factors only,

A4(p1,p2,p3,p1) = c1 K1 + c3K3, (3.54)
with
K=z Ky= 3 _ 12 (3.55)
S23  S12 So4 812

The kinematic numerators obey the same Jacobi identity as the colour factors, (3.8). The set of
equations (3.8,3.55) can be conveniently organised into a linear system An = K,

1 1
-1 1 1 n3 0

Due to momentum conservation, sio + Sa23 + s24 = 0, we can verify that the matrix A has
rank(A) = 2 (3.57)
or, equivalently, that a linear relation can be established between its rows,
S93 A1 — 594 As + Ag = 0. (3.58)
Therefore, because of the consistency condition of the inhomogeneous system (3.56),

rank(A) = rank(A|K) = 2, (3.59)
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Figure 3.9: Feynman diagrams for gg — qgg

a constraint analogous to (3.58) must hold between the elements of the vector K,
s24 K3 = s24 K. (3.60)

Starting from the Feynman diagram expansions (3.55), it can be checked that the kinematic
factors K; exactly correspond to two different colour-orderings of the amplitude,

K1 = A°¢(1,2,3,4), K3 = A*°(1,2,4,3), (3.61)
so that (3.60) can be rewritten as
594 AY(1,2,4,3) = s94 AT(1,2,3,4). (3.62)
With similar considerations we can verify that

594 ATC(1,3,2,4) = s12 AT°(1,2,3,4), 503 AT°(1,4,2,3) = 512 AT(1,2,4,3).  (3.63)

3.3.3 Colour-kinematics duality for gg — qqg

In this subsection we provide a further example of C/K-duality in QCD, by determining dual
numerators for gg — ggg. Analogous considerations of C/K duality in QCD amplitudes with
fundamental matter have been discussed in [145, 148|, where manifest duality has been verified
for several processes. The process under consideration contains a single external quark-antiquark
pair and, as a consequence, receives contribution from the four-gluon vertex. This allows us to
show, in a concrete case, how contact interactions can be treated. We go step by step through
the procedure outlined in Sec. 3.3, adopting notation and conventions similar to [143].

Fig. 3.9 shows the 16 Feynman diagrams for the process gg — ggg. The contribution of nig,
which, containing the four-gluon vertex, depends on three different colour structures,

C16M16 = C3N3;16 + C5M5:16 + C8N8;16 (3.64)
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can be split between ng, ns and ng, so that the new cubic numerators read

n3 + S12Nn3:16 — N3,

ns + S15M5:16 — N5,

Thus, the decomposition of the amplitude in terms of cubic graphs reads

AFe(g(1),9(2),4(3),4(4),9(5)) =

ng + $25N3;16 — Ns- (3.65)
ciny Can2 c3M3 CqTy Cs5M5 (3 66)
512845 532551 534512 545523 515534
CeNg crny cgng Cong €C10M10 (3 67)
514525 523514 525534 513525 5$24513
C11M11 C12M12 C13M13 C14M1 C15M15 (3 68)
, .
515524 512535 535524 514535 513545

where only ns, ns and ng differ for an additional contact term from the expression given by

Feynman rules.
The colour factors,

el = f~a1 a2 bbe a5

3k k4
c3 = _T?E)Zlfba5cfca1a2’ cq =
o5 = _fa5a1bfba2cT§Zl, 6 =
o= TRTETY, o =
co = TLTP; f*42,
ey = fobTy T,
as =TTy Tir'
cis = TUTETS.

satisfy a set of 10 Jacobi identities,

__mazmb_ fFbasai
Co = T3l;‘ Tk4f s

€10 =
C12 =

Cl4 =

—c1+c3+ci2=0,
—c1+cy+e5 =0,
—catcegteor =0,
—ca+c5+c1 =0,
—cs+cr+c1a =0,
—cg+cg+cg =0,
—¢9 +c10 + 15 =0,
—cnnt+ceptes=0,
—ci2+ 3+ e =0,
(—c5 + ¢34+ cs =0).

_ Tag Ta1 Ta5

3k Tkl T4

be Ta1 fba2a5 ,

3k~ k4

r b rb
_fa2a5 f alchpr

a1 asmas
Ty T T
T;]f T]?Zl,fbalcu ,
asmas mal
Ty T Tig
(3.69)

(3.70)

The system is redundant, since any of the above equations, for instance the last one, can be
expressed as a linear combination of the others 9. Therefore, it can be freely dropped.
We solve (3.70), choosing {c1, co, c3, ¢4, ¢5, ¢6 } as independent colour factor, and we re-express

the amplitude as

6
A‘gree (9(1)’ 9(2)a Q(3)’ (1_(4)a 9(5)) = Z ¢ K;
i=1

o4

(3.71)



with

ni ni2 nis nio nis
K= + + - + ,
512545 512535 524535 513542 513545
ng ny niq ni3 ni1
Ky = + — + )
523551 514532 514535 524535 542551
ns3 ng ni2 ni3 nio ng
K3 = + — - + - ,
512534 513525 512835 524535 513542 525543
Uz nr ni4 nis nio nis
Ky = - + - + - ,
523545 514532 514535 524535 513542 513545
ns g n1o ng ni
K5 = — — _ ’
534851 513525 513542 525543 542551
g g ni4 nis nio
Kg = + + — . (3.72)
514525 513525 514535 524535 513542

We remark that this choice is by no means unique and other admissible sets of independent
colour factors lead to different but equivalent decompositions.

Now we introduce the shifts (3.40) and, by imposing generalised gauge invariance on (3.71),
d AL = 0, we obtain a set of 6 homogenous equations. Furthermore, in order to establish C/K-
duality for the new numerators n}, we require the shifts to absorb the anomalous terms, i.e. to
be solution of an additional set of 9 non-homogeneous equations, that are obtained from (3.70)
by replacing each colour factors ¢; with the corresponding shift A; and the r.h.s. with the proper
anomaly. Thus, dual numerators are determined from the solution of the linear system (3.44),
where A is the 15 x 15 matrix

A=
0 0 0 0 L 0 0 L e S — 0 0 0 0
1 534515 525534 5115825 5115824 §24515 1 1
0 0 ‘ 0 0 0 0 - L 0 -1 1 0 0
512534 825834 513825 S13S824 812835 52145.35 1
0 1 0 0 0 0 L 0 L 0 , ——L 0
$23815 8§14 523 8§24 815 §24835 S114335
0 0 0 0 0 5141525 0 5131525 8131824 0 0 - 5241535 5141535 0
0 O 0 S 15 5 0 0 - S 18‘ 0 0 S 18 0 0 - S S35 S S35 - S 15 5
1 O 0 23040 0 O 10/1 23 0 0 _13 f4 0 1 214 35 1/1030 13545
512545 513524 512535 $24535 513545
-1 0 1 0 0 0 0 0 0 0 0 1 0 0 0
-1 0 0 1 0 0 0 0 0 0 0 0 0 0 1
0 -1 0 1 0 0 1 0 0 0 0 0 0 0 0
0 -1 0 0 1 0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 -1 1 0 0 0 0 0 0 1 0
0 0 0 0 0 -1 0 1 1 0 0 0 0 0 0
0 0 0 0 0 0 0 0 -1 1 0 0 0 0 1
0 0 0 0 0 0 0 0 0 1 -1 0 1 0 0
0 0 0 0 0 0 0 0 0 0 0 -1 1 1 0
(3.73)

and the vector ¢ is given by
¢ = (0,0,0,0,0,0, 01,312, P[1,4,15)> P[2,4,7)> P[2,5,11]> P[6,7,14]» P[6,8,9] P[9,10,15]> P[11,10,13]> ¢[12,13,14])T
(3.74)

The anomalies ¢y; ; 1) can be directly obtained from our off-shell decompositions. We observe that,
since we decided to drop, without loss of generality, the last of equations (3.70), which involves
a Jacobi identities for gluons, we can express all anomalies in terms of the fermionic current
Jq = Jg-Feyn + Jo-ax, Whose explicit expression is given by equations (3.25) and (3.26). Likewise,
the three anomalies involving the numerators ns3, ns and ng receive an additional contribution
from the four-gluon interaction, since no contact term was considered in the definition of Jg,

a1 2 Q05

O11.3.12] = Us[Jq(P1 + D2, P4, D3, D5 )aasJ0a I (D1 + P2, ) Vaayas (—P1 — D2, 1, p2)e] €528

+ n3;16 = S120[1,3,12)
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) a2

P1,4,15) = Us[Jq(P2, P4 + P5,P3:P1)asas (P, + Ps)5lva €17 €5° = Sa59001,4,15)
P4, = Us[to(Py + Po)Ja(P1, P4, P3 + D2, D5 )aras V4 €71 E5° = S2302.4.7)
G511 = Us[Jq(P1 + D5, 4, D3, D2)ace)0a 1P (D1 + P5, @) Viasas (—P1 — 5, p1, ps )€l a5 e 0
+ N5516 = S15¥[2,5,11)
Pl6,7,14) = U3[Jq(P5, P4 + P1, 3, P2)asas (P, + Py)E11v2€5°5° = S149(6,7,14)
D689 = Us[Jq(P2 + P5, P41, D3, P1)aay J0a TP (D2 + D5, @) Viagas (—p2 — D5, D2, D5 )] 525

+ Ng;16 = 525%[6,8,9]

blo,10,15) = Ul (Py + P,)Ja(P5, P4, P3 + D1, P2)asas V4 €5°€5° = 813(9,10,15)
¢[11,10,13} = U3[Jq(p1, P4 + P2, P3,P5)aras (P, + Py)Ealvael  €5” = s24011,10,13)
P12,13,14) = Us[¢s (P + P5)Ja(P2: P4, D3 + P5,P1)asarJV1 €71 €5° = S350(12,13,14) (3.75)

where Vo5 (D1, P2, p3) stands for the kinematic part of three-gluon vertex.

We remark that in (3.75) the factorisation of Mandelstam invariants s;; follows from the decom-
position (3.28) and that, for the anomalies with an internal gluon propagator, namely ¢y 3 19,
P(2,5,11] and P g 9], it can be achieved in a straightforward way thanks to the choice of axial gauge.

As we have already anticipated, the system of equations is redundant. In fact, by using
momentum conservation to express all the invariants s;; in terms of 5 independent ones, for
instance {si2, S23, S34, S45, S51}, we obtain

rank(A) = 11. (3.76)

Therefore, if a solution exists, there must be constraints between the non-zero elements of ¢ able
to lower the rank of the adjoint matrix. In particular, we expect these relations to correspond
to four independent vanishing linear combinations of rows of the matrix A. This observation
provides a constructive criterion to find out the constraints between anomalous terms.

First, we build the most general linear combination of rows of the matrix A and we fix the
coefficients by requiring

15
> Bihi =0. (3.77)
i=1

According to (3.76), one can find at most four linear 1ndependent solutions {B } to (3.77).

Secondly, after selecting an arbitrary complete set of solutions {Bl-j )}, j=1,2,3,4, we can verify
that

15
SV, =0, ¥j=1,234, (3.78)
=1

that gives the desired constraints between the C/K-violating terms.
For this specific case we find,

P6,7,14] n Po,1015  Pn2is14  Piais) _

S14 513 535 545 0
P6,8,9) n ®9,10,15] _ P[12,13,14] _ Pusi2 0

525 513 535 S12 -
Pl6,7,14] n P05 Pui013 P4t 0

S14 513 524 523
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®[6,8,9
[6,8,9] +
525 524 515 514

é[11,10,13] n Pl2511  Pl6,7,14]

=0,
(3.79)
which, thanks to (3.75), can be written as

3.80
3.81
3.82
3.83

©[6,7,14] T L[9,10,15] — P[12,13,14] — L[1,4,15] = 0,
©[6,8,9] T ¥[9,10,15] — ¥P[12,13,14] — ¥P[1,3,12] = 0,

(3.80)
(3.81)
©l6,7,14] T ¥[9,10,15] — ¥[11,10,13] — P2.4,7] = 0, (3.82)
(3.83)

©l6,8,9] T P11,10,13) T @p2,5,11] — ¥l6,7,14] = 0

These relations follow as a direct consequence of the off-shell decomposition (3.28). For instance,
if we specify it for the anomalies appearing in (3.80) by using the explicit form of J,, we obtain

_ 9“2 - (p1 — p2) — 2(¢*' pi* — ¢*?p5"
Q14,15 = Ug |32y YN — gM1 2y — ( ) — 2a™ 7y 2 )7“5 Vs EanCas s
I q- (p1+p2)
[ 9°2%°q - (p2 — ps) — 2(¢**p3° — ¢*°p5”
@[6,7,14] = Ts ,yas,ya27a1 _ g(mozs,yoq _ ( ) ( 2 5 ),yoq Vi€ EanEars s
L q- (p2 +ps)
| 9°1*%q - (p1r — p2) — 2(¢™*pi* — ¢**p5"
P12,13,14] = U3 | — Yy Hy? 4 gM W2y 4 ( ) — 2¢" P} 2 )7% V4€a; Easass
L q- (p1+p2)
| 9°2*°q - (p2 — ps) — 2(¢*2p5° — ¢*°p5°
Plo,10,15) = Uz | — Y*YPYE 4 gy + ( ) = 2(g™ph 5 )*y‘“ Vi€ EanEars -
L q- (p2 +ps)

(3.84)

By using Clifford algebra we can verify that

P1,4,15 + P[12,13,14] — P[6,7,14] — ¥[9,10,15] = 2€a;1EazCas U3 [901&2’)’% - ga1a27a5]v4 =0. (3.85)
Similar cancellation are encountered in all other cases.
The constraints (3.79) make the consistency relation satisfied,
rank(A|¢) = rank(A) = 11. (3.86)

As a consequence, the system admits a solution which leaves four shifts completely undetermined
and the amplitude has a C/K-dual representation, consistent with generalised gauge invariance,
whose numerators depend of four free parameters. This number agrees with the (n—2)!—(n—3)!
degrees of freedom found in [143] for the pure Yang-Mills case.

In order to find an explicit expressions for the shifts, we build a maximum-rank system
by selecting a subset of 11 independent equations and proceed by Gaussian elimination. We
observe that, as for the solution of the Jacobi identities for colour factors, also in this case
there is a remarkably large freedom in the choice of the independent equations to be solved and,
furthermore, in the set of four arbitrary shifts to appear in the solution.

In our case, by selecting equations corresponding to rows 1-2 and 9-15 of (3.73), we express

A;, 1 =5,6,...,15 as linear combination of the anomalies ¢j; ; x) and of the four arbitrary shifts
{A1, Ag, Az, Ay},

4
A; = ZRij(Skl)Aj+ Z Ri[m,n,p}(skl)gb[m,n,p]’ for ¢ = 5,...15, (3.87)

j=1 [m.m,p]

where R;j and R;j;,np) are dimensionless rational functions of the invariants sy;.
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The analytic expression of (3.87), which is not provided here for sake of simplicity, has been
obtained for arbitrary polarisations and has been numerically checked for all helicity configura-
tions. In particular, the complete independence on the actual values of the four independent
shifts has been verified for the full colour-dressed amplitude as well as for each ordering appear-
ing in (3.71). We observe that the choice A; = 0, i = 1,...,4 leads to a dual representation
where four numerators correspond exactly to the starting ones and three anomalous terms are
attributed to single diagrams

A7 = dpas A2 = 1 3.19) A1 = d[1,4,15)- (3.88)

In addition, for any choice of the free parameters, the set of new numerators n}, satisfies the
system of equations (3.47), where

K = (K1, K>, ..., K¢,0,0,...,0)T. (3.89)
Therefore, the consistency requirement

rank(A|K) = rank(A) = 11 (3.90)

allow us to use the exactly the same solutions {@(j )} of (3.77), to establish relations between the
kinematic factors,

15

S AVK =0, Vi=12,...4, (3.91)
=1

which, in this case, read

S45K1 — s34 K3 — 514K = 0,
512K — 23Ky — s95 K6 = 0,
s15K2 — s45 K4 — s25 K6 = 0,
93 Ko — 834 K5 + (8523 + 835) K¢ = 0. (3.92)

This set of constraints reduces from 6 to 2 the number of independent kinematic factors.

Therefore, as we have already pointed out, (3.92) can be considered as equivalent to the
well-known monodromy relations which have been shown, for the pure-gluon case, to reduce to
(n — 3)! the number of independent colour ordered amplitudes.

Nevertheless, we want to remark that, in the approach we have presented, the origin of (3.92),
as well as the one of (3.79), is shown to be purely diagrammatic. In particular, whereas in [157]
monodromy relations analogous to (3.92) are derived from the field-limit of string theory and
a set of relations equivalent to (3.79) is presented as a parametrisation of their solution, here
both are derived as a necessary consequence of the redundancy of kinematic matrix A and they
have be shown to naturally emerge from the off-shell decomposition of the Jacobi-combination
of kinematic numerators in axial gauge.

3.4 Discussion

In this chapter we have studied the colour-kinematics (C/K) duality by following a diagrammatic
approach. We reviewed the main features, known in the literature, of this duality. Firstly, the
relation between kinematic terms of Feynman diagrams and their colour factors. Secondly, the
fundamental Bern-Carrasco-Johansson (BCJ) relations, which turned to be a consequence of an
elaborated study of the C/K-duality.
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The diagrammatic approach has allowed to investigate the off-shell C/K duality for ampli-
tudes in gauge theories. This duality, first observed at tree-level for on-shell four-point ampli-
tudes, is non-trivially satisfied within higher-multiplicity tree-level or multi-loop graphs, due to
presence of contact terms which violate the Jacobi identity for numerators. We studied the source
of such anomalous terms in gg — ss, qq, gg scattering processes. Working in axial gauge, we have
explicitly shown that, whenever the Lie structure constants obey a Jacobi identity, the analo-
gous combination of their kinematic numerators can always be reduced to a sum of numerators
of sub-diagrams, with one or two denominators less.

Furthermore, we want to remark that, whereas in the usual top-down approach [143, 144, 155,
237], the numerators appearing in the r.h.s. of (3.1) are interpreted as abstract re-organisation of
Feynman rules-numerators on which, by assumptions, the C/K-duality is imposed. Instead, our
approach provides a systematic way to identify the link between dual numerators and Feynman
diagrams. Starting from the set of explicitly C/K-violating but well-defined Feynman rule-
numerators we determine, by mean of generalised gauge transformations, the actual redistribution
of contact terms which has to be performed in order to establish the duality.

We have focused on the C/K-duality for tree-level amplitudes, nevertheless, the construction
of dual numerators for multi-loop amplitude follows the very same algorithm presented in Sec. 3.3.
Moreover, for non-supersymmetric theories, say QCD, we need to provide dimensionally regulated
amplitudes. This extension is presented in chapter 7. In the same manner, the structure of the
BCJ identities in d-dimensions.
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Chapter 4

One-loop amplitudes

Tree-level or Leading-Order (LO) computations provide a qualitative information, affected by
large uncertainties due to the poor convergence of the coupling constant. Therefore, to establish a
proper comparison between theory and data, Next-to-Leading-Order (NLO) is needed. As a main
ingredient of the NLO contributions we consider one-loop corrections, in which, any amplitude
can be decomposed in a explicit set of Master Integrals (MIs), where the coefficients appearing in
this combination are rational functions of the kinematic variables, known as Passarino Veltman
tensor reduction [42]. It is possible to recover the structure of scattering amplitudes at integral
level by constructing the integrands through the multi-particle pole expansion rising from the
analyticity and unitarity properties of the S-matrix [239]. In fact, scattering amplitudes analyt-
ically continued to complex momenta, reveal their singularity structures in terms of poles and
branch cuts. The unitarity based methods [240-247] allow to determine the coefficients of the
MIs by expanding the integrand of tree level cut amplitudes into an expression that resembles
the cut of the basis integrals.

Integrand-reduction methods [46, 248|, instead, allow one to decompose the integrands of
scattering amplitudes into multi-particle poles, and the multi-particle residues are expressed in
terms of irreducible scalar products (ISPs) formed by the loop momenta and either external
momenta or polarisation vectors constructed out of them. The polynomial structure of the
multi-particle residues is a qualitative information that turns into a quantitative algorithm for
decomposing arbitrary amplitudes in terms of Master Integrals (MIs) by polynomial fitting at
the integrand level. In this context, the on-shell conditions have been used as a computational
tool reducing the complexity of the algorithm. A more intimate connection among the idea of
reduction under the integral sign and analyticity and unitarity has been pointed out recently.
Using basic principles of algebraic geometry, Ref.s [85, 86, 249-251] have shown that the struc-
ture of the multi-particle poles is determined by the zeros of the denominators involved in the
corresponding multiple cut. This new approach to integrand reduction methods allows for their
systematisation and for their all-loop extension.

This chapter is organised as follows: Sec. 4.1 is devoted to the description of the tensor de-
composition. Sec. 4.2 reviews the main features of the unitarity based methods, while Sec.s 4.3
and 4.4 describe the Ossola-Papadopoulos-Pittau method and the Laurent series expansion re-
spectively.

4.1 Tensor reduction

The Passarino-Veltman [42] tensor reduction (PV) has become an important tool in the compu-
tation of one-loop integrals. This algorithm has the advantage of expressing any tensor integral
as the sum of scalar integrals only, each one multiplied by some coefficients depending on the
external kinematics.
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In order to compute any process at one-loop level, one has to deal with integrals of the form

Ly i, [ND)] = h(i%, d) / iy i)

K

(4.1)

il

where 41 - - - i, are indices labeling loop propagators. The numerator N and denominators D;’s
are polynomials of the loop momentum [. The function h is a conventional normalisation factor
given by [252]

ppX T (1—2€)
im2 €2 (1—e)T(1+¢)’

h(ug,d) = h(ph.4 —2¢) = (4.2)
as a function of the renormalisation scale ,u?% and the dimension d = 4 — 2e.

In general, the loop denominators are quadratic polynomials, D; = (ZZ + qi) m , Where ¢;
is a linear combination of external momenta, ¢; = ps + p2 + ... + p;, and m;’s are the masses of
the particles running in the loop.

The scalar master integrals are obtained by setting N' =1,

Tiyiy (1] = Ty, (4.3)

Integral reduction [42, 253] has allowed to express any one-loop Feynman integral as a linear
combination of scalar pentagons, boxes, triangles, bubbles and, tadpoles

7 1112131415) 11121314) 111213)
Iil---ik [N( )] = Z ( Ii1i2i3i4i5 + Z C(() 121221324 + Z ( 211223

{i1,12,13,i4,i5 {i1,42,i3,44} {i1,i2,i3}
z : Zl 12 z (Zl
_|_ ll 22 Zl b (4'4)
{i1,i2}

where the coefficients are rational functions that depend on the dimensional regulator, d — 4.
Additionally, tadpole contributions arise with internal masses. Pentagon scalar integrals appear
if we keep higher order contributions in the dimensional regulator.
In order to see how the tensor decomposition works, we consider ' = [*, one power of loop
momentum in the numerator
“w
TP} = W) [ 15—

i

(4.5)

the value of this integral must be a function of external momenta py,ps,...,Pn_1,

Zl Zk chpk7 (46)

contracting both sides with pé.t ,

n—1
L 0] = > Cr A, (4.7)
k=1

here Aji = pj - pi is the “Gram” matrix. Since p; = ¢j — ¢j—1 (with ¢o = 0) we can write the
numerator of the integral as

l-pj==(Dj—Dj_1+ m - m2 q] + q] 1) 5 (4.8)

l\.')lr—l
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this is the PV reduction formula, which allows us to write a system of n — 1 linear equations for
the coefficients C,

n—1

1 . i1
Z Ck Ajk = ) <Iz(1j)zk - Iz(ljzk) + (m? - m?—l - qu‘ + q?*l)lil'“ik) ) (4.9)
k=1

where T stands for MIs where the propagator D; has been canceled. Therefore, the set of

ieein
coefficients is given by

1 n—1 ) ] -
Ci=3 > oA (Iz(f)zk - fff...ik’ +(mf—mj_ — g+ qufl)lil"'i’f) ' (4.10)
k=1

As a second example, we consider N' = [*[”. Since the integral is a rank two tensor it can be
formed out of the outer products of external momenta p? py, and the metric tensor gh,

Ly, [IM1] = Coog™ + > Ci i, (4.11)
jk=1

The first set of equation can be derived by contracting both sides with g,

Tiyin [P] = Cood + > Cj Ay, (4.12)
7,k=1

the other set of equations is obtained by contracting both sides with pg Py and using (4.8).

4.2 Unitarity based methods

As saw in Sec. 1.3, the S-matrix has a lot of properties that can be exploited to compute efficiently
scattering amplitudes in perturbation theory. Besides its analyticity, it is also unitarity, S5t = 1.
This fact has allowed to compute the imaginary (absorptive) part of one-loop amplitudes by
taking products of (or sewing) on-shell tree amplitudes, where the full loop amplitude can be
reconstructed using dispersion relations. Moreover, it has been show that the unitarity method,
allows to compute the full amplitude, not only the imaginary parts, by simply considering the
discontinuities across the branch cuts in different channels.

4.2.1 Optical theorem

The optical theorem is a consequence of the unitarity of the S-matrix, given by SST = 1. Inserting
S =1+ 4T, where T is the interaction matrix, it translates into a condition for the T-matrix

—i(T—T") =T'T. (4.13)
We now consider the matrix element of this equation between two particle states |a) and |b). In

order to evaluate the r.h.s of this equation we insert a complete set of final states (1 =2 IIf ])

between T and T to obtain

OITTa) = S UTINGIT o) = Y [ dily 4 @ H A 1) n)'oa D), (114)
f f

where dIl; = H?:ufo)isﬁ and the sum runs over all possible sets f of final-state particles. This

term is related to the sum of all possible cuts where the final states f are on-shell and have
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Figure 4.1: The optical theorem: the imaginary part of a forward scattering amplitudes arises
from a sum of contributions from all possible intermediate state particles

positive energy.
While for the 1.h.s.

—i((b|T]a) — (B|T|Ta)) = —i [A(a — b) — A* (a — b)], (4.15)

is clearly related to the discontinuity or imaginary part of a diagram in a given channel:

—i[A(a = b) — A% (a = b)] = Z/dnf A*(a— f)A(b— f)(2m)16*(a — D). (4.16)
f
Finally, for the important case of forward scattering, we set a = b to obtain the optical theorem,
—i[A(a—a) — A" (a —a)] = Z/dan* (a— f)A(a— f),
f

2ImATP (¢ — ) = Z / dllp A™* (a — f) A" (a — f), (4.17)
f

shows pictorical in fig. 4.2. Where the imaginary part of the amplitude is related to a product
of two tree amplitudes. Effectively, two loop propagators are put on-shell. This imaginary part
can be understood as a discontinuity across a branch cut singularity of the amplitude.

We can use perturbation theory to build an one-loop amplitude A1‘1°°p(s) as analytic function
of the complex variable s = E2_ . We consider sq to be threshold energy for production of the
lightest multi-particle states. For real s < sg the intermediate states cannot go on-shell, so
A'1o9P(5) is real and we have the Schwartz reflection principle

Al—loop(s) _ Al—loop(s*)*. (4.18)

Being A'"1°°P(s) an analytic function it can be analytically continued to the entire complex s
plane. In particular, near the real axis for s < s,

Re AT1P (5 4 je) = Re A¥1P(s —ije),  Im AY1P(s + je) = —Im AP (5 — ie), (4.19)
there is a branch cut across the real axis, starting at the threshold energy sy,
Disc AP (5) = 2 Tm AY1P (5 — je),

which, allow to state that physical scattering amplitudes have to be evaluated above the cut, at
s+ te.

In order to calculate the discontinuity in the s-channel, we need to consider the sum of all
Feynman diagrams and then the optical theorem dictates the diagrams we have to cut in tree
diagrams (see fig. 4.2). This procedure for computing the physical discontinuity is specified by
a set of rules, usually, called “Cutkosky rules” and are based on the following algorithm [254]:

1. We cut the diagram so that the two propagators can simultaneously be put on-shell.
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Figure 4.2: Unitarity: The two propagators are put on-shell. The disks represent the sum of all
Feynman diagrams linking the fixed external lines and the two cut propagators.

2. For each propagator, we replace

5 2mid (2 —m?), 4.20
here, the superscript “+” on the delta functions of the cut propagators denotes the choice
of a positive-energy solution.

3. Perform the loop integrals
4. Sum the contributions over all cuts.

By using this set of rules the optical theorem can be proven at all orders in perturbation theory.

Moreover, we can apply the Cutkosky rules at the amplitude level, rather than at the diagram
level [30, 32, 255]. This is advantageous because amplitudes are generally more compact than
diagrams. Therefore, in order to compute the amplitude we study its discontinuity in various
momentum channels,

: 1-loop d4ll d4l2 - o(4+) (72 2 () (12 2
Disc An ‘i—cut = szﬂ'lé (ll — m1)2m5 (l2 — m2)

XAtree(—ll,l,Q,...,k,lg)Atree(_ZQ’k+1""’n’ll)’ (421)

where, because of the tensor reduction, we get information about the coefficient of the MIs, since,
the branch cuts are located only in the MIs. Thus eq.(4.4) becomes

Disc AP ="l Disc Iy ., (4.22)
k

This result has two important features i) we see from eq.(4.21) that it is a relation involving
tree-level quantities and i) many of the terms of the r.h.s vanish, because only a subset of MIs
have a cut involving the given i-cut.

4.2.2 Generalised Unitarity

As studied in Sec. 4.1 any tensor integral can be written as a linear combination of scalar MIs
with coefficients that are rational functions. Each coefficient can be independently computed
by “generalising” the unitarity cuts in the sense of putting a different number of propagators
on-shell. This procedure distinguishes different kind of singularities of the amplitude and allows
us to isolate the coefficient of each MI.
These generalised unitarity techniques for quadruple-[31, 62|, triple-[38, 39, 62|, double-|34, 36]
and single-[256-258] cut allowed tremendous simplifications in one-loop calculations by simply
recycling the knowledge of tree amplitudes.

In the following, we show how we can extract the box contribution to the amplitude by
performing a quadruple-cut. While, in the next sections we will describe the contribution of
lower topologies.
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Quadruple-cut The direct application of generalised unitarity is to use a 4-cut to find any box
coefficient. If we cut or put on-shell four propagators according to Eq. (4.20) the four dimensional
integral becomes trivial

Discy ALloop — / AT, (27) 160D (12 — m2)5H) (12 — m2)6H) (2 — m2)6H (12 — m2)
% A‘ireeAgreeAgreeAZree, (423)

with dIly = H?Zl (57134' This 4-cut selects the contribution from one box integral, namely with

momenta (K1, Ky, K3, K) at the corners. Therefore, the cut expansion collapses to a single term

Discy Alloor — (()“221314)])180 Liyigisiy- (4.24)

The value of the coefficient is simply

(21222314 _ ZAtree (1) Alree (1) Agree (1) Afee (1), (4.25)
lES

where § is the solution set for the four delta functions of the cut propagators,
S={r=mi, (-K\)*=m3 (I-K —K)?>=mj, (I+Ks)>=mi}. (4.26)

There are exactly two solutions, provided that momenta are allowed to take complex values.

4.3 Ossola-Papadoupulos-Pittau decomposition

An arbitrary one-loop amplitude in d-dimensions is a sum of contributions M of the form

Ny,
D. -..D.

11 in

M = h (g, d) /ddzzil...in, Tiyoiy, = (4.27)
where 47 - - - i, are indices labeling loop propagators. The numerator N and denominators D;’s
of the integrand Z;,..;, are polynomials of the loop momentum /.

Since now on, d-dimensional quantities are denoted by a bar, whereas objects living in —2e-
dimensions by a tilde. The d-dimensional loop momentum is split as follows,

I=1+1, P =12 (4.28)

being 42 the scalar product of the extra dimensional component, i.e. u? = —1[-1. Therefore, the
integrand will be a rational function of five loop coordinates, namely the components of the four
dimensional vectors I; and the extra-dimensional coordinate 1.

Since we are working with five loop coordinates, every loop integrand in dimensional regu-
larisation can be decomposed as a sum of integrands with five or less denominators

renien Y X nth (29

k=1 {i1, -

where the residues A;,...;, s are irreducible polynomials, which means they cannot be expressed
in terms of the set of propagators. The second sum on the r.h.s. runs over all the denominator
indices {0,...,n — 1} containing k elements.

In order to find their parametric structure according to the cut (D;, Dj, ..., D) under consid-
eration, the loop momentum is parametrised with respect to a suitable basis of four-dimensional
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massless momenta, [39, 46, 47] £01+%) = {e1, e5, e3,e4}. The first two elements of this basis are
the massless projections of two external momenta K7 and K5 of the subdiagrams represented by
the loop denominators presented in the cut.

More explicitly, we define

1

6‘1" 1 _ 7,17,2 (] {L - Tl 5) ) eg 1 _ 7,,17,,2 (‘l 5 - T2 {II) (430)
with
Klz K22 K12K22
r=—-, ro = —=, =(Ki-K 14+4/14+ —= | . 4.31
1 ~ 2 ~ Y ( 1 2) ( & F,Q)Q ( )

It turns out that when K7 and K5 are massive momenta spurious squared roots arise. In this
context, spurious terms are referred to terms that drop when all contributions are added up.
This cancellation is not evident and becomes problematic for analytic computations. Moreover,
we can make use of the relation that v obeys in order to cancel its dependence,

v —2yK, - Ko+ KiK3 =0. (4.32)
A detailed explanation of the cancelation of spurious terms is addressed in chapter 6.

For subdiagrams that have less than two independent external momenta, the remaining ones
are replaced by arbitrary massless vectors in the definition of e; and e2. On the other hand, the
momenta ez and ey are chosen to be orthogonal to e; 2 and can be written, in terms of spinor
products, as

1 1
ey = 5@1\’7“\62], ey = 5@2\7“\61], (4.33)
satisfying the property es - e4 = —eq - es. For box diagrams we define the massive vectors v and
vy,
v = (eq - K3) e + (e3 - K3) €l v = (es- K3)eh — (e3- K3) el (4.34)

being v/ an orthogonal vector to all the external legs of the box diagram.
With a suitable choice of the basis £(1-%) | the loop momentum I can be written as [57, 259)

[* = —p¥ + (x1€f + xoey — x3e§ — z4ey), (4.35)

€1 * €9
being the coordinates x}s written as scalar products
r1 = (L1 . 62), Tro = (L1 . 61), xr3 = (Ll . 64), T4 = (Ll . 63), (436)

with L1 =1 +pi.
For diagrams of & = 4 loop denominators, the loop momentum takes the form,

1
1“=—p + (z1ef + w2€f) + ) (23,0 — x4 ,07), (4.37)

€1 €9

with

1‘370 = (L1 . U) s .%'471) = (Ll . UJ_) s (4.38)
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According to this parameterisation, the numerator N becomes a polynomial in the coordi-
nates x;,

N(Q) :N(q7:u’2) :N($1,$2,5E3,$4,M2) ) (439)
therefore, it admits the universal parametric form
Niin = Nujaaiais TP R eP ol 1™, 1+ o + s + s+ 25 < Tmaxs (4.40)

J1.32,73,34.35
here rpa.x is the number of loop denominators presented in the diagram under consideration.
Given such decomposition of the loop momentum, (4.35) and (4.37), the parametric ex-
pression of A; .; is process independent and, for renormalisable theories, it turns out to
be [41, 46, 249, 251]

Ao = co 12,

11121317415
A= 2 2
i142i354 — €O + T4 v + p” (c2 +c3 T4v +uscq),
Ajjigia = Co+ €124 —i—chZ —i—c;;xi + ca 3 +C5m§ —i—cﬁxg + 4 (c7+cgxy +cgx3),
2 2 2 2
Ajji, =cot+cr1ax1+caxi +c3xg+caxi+ 523+ cer5 + cr 124 + g T123 + C9 117,
Ail =Ccy+C1T1+Coxy+ C3T3+ C4Ty, (4.41)

where, for each coefficient, a superscript labelling the specific cut is understood, ¢, = c,(n k),

Althought the residue of the pentagon is just a constant, it is useful to use a dlfferent
parametrisation in which the p?-dependence is explicit [67]. The advantage of this choice is
that this residue vanishes upon integration. In addition, this parametrisation recovers the four-
dimensional part of the lower residues in the reduction, i.e. § = g, u? = 0.

As a consequence of the (4.41), by neglecting all spurious terms which vanish upon integration,
the contribution M can be written in terms of MI’s,

- o
Dy, - Dy,
and of the coefficients of the residues as

M= Z {C(()iliﬂgu)liliﬂsu + Cii1i2i3i4)li1i2i3i4 [:u4]}

{11,i2,i3,34}

+ Z { (2”223 111223 +C;ili2i3)1i1i2i3 [MQ]}

{i1,42,i3}

30 {6 T + P i [0 1) - o)+ S T (0 pi) - e2)?) + 66 T 0] |
{irsin}

n Z Céil)Iil . (4.43)
1

The relations between two-point tensor and scalar integrals are presented in App. A.

4.3.1 Fit on the cut at one loop

The fitting of the coefficients of eq.(4.43) is obtained by evaluating the numerator of the integrand
on multiple cuts, i.e. values of the loop momentum where the loop denominators of an specific
subset (cut) vanish. In the same manner, residues are computed by sampling the numerator of the
integrand, after all non-vanishing contributions to higher-point residues have been subtracted on
a finite set of on-shell solution of the multiple cuts. This algorithm based on a top-down approach
have been automated in several codes, some of which are public CutTools [260] and Samurai [47].

In the following we briefly review this method, as proposed in Ref.s [41, 46, 47], studying in
details the computation of 5-, 4-, 3- 2- and 1-point residues.
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5-point residues The maximal cut in d = 4 — 2¢ of any one-loop amplitude is a 5-ple cut,
which, corresponds to putting five propagators on-shell. This on-shellness allows us to write the

cut solution, eq.(4.35), by solving the system of equations of D;, = --- = D, = 0, where all
coordinates x; and p? are fixed. Hence, the coefficient cq of the pentagon is found as
1 N (ls, 12
o= L Nlps) (4.44)

2 Hh;éil,...,i5 Dy,
where I and p2 are the 5-ple cut solution and value of y? at the cut, respectively.

4-point residues The 4-ple cut solution is obtained by solving the on-shell conditions D;, =
-+ =D;, = 0. This cut has two solutions /4 and [_ which are used to fix the residue A;,...;,,

L N(l71u’2) _ Aiigigigis (4.45)
1192%3%4 Hh;ﬁil D Dh 5 .

D,
Coefficients c¢g,co and ¢4 are fitted from the average of the integrand evaluated on the two

A

i5

solutions,
1 N(l, MQ) _ Z Ai1i2i3i4i5 + N(l’ ,u2) _ Z Ai1i2i3i4i5 (4 46)
2\ Ihsiy.. iy Dn D , .

is G

Dis |, Tlagirin Dn
=4

15

while ¢ and c3 from the difference.

3-point residues For the 3-ple cut solution there are three on-shell conditions D;, = D;, =
D3 = 0. On the solutions, the integrand decomposition reads,
N(l’ :u2) Ai1i2i3i4 A2‘12‘21'32‘42‘5

Aiigis = - - : 4.47
111213 Hh;éihiQ’iS Dh Di4 Di4Di5 ( )

i4 14,15
where the coefficients of the residue are computed by sampling the integrand at ten different
values of [. These solutions, parametrised, according to Eq. (4.35) have two fulfil the on-shell

conditions.

2-point residues In order to compute the 2-ple cut solution, [ is parametrised by solving the
on-shell conditions D;; = D;, = 0. For this cut there is only one solution and the integrand
decomposition reads

N o Diisis X Divigigia Ay igigigis (4.48)
1112 — .

102 Hh;ﬁil,iz Dy, A D, D;,D;, D;,D;,D;, )

13 i37i4

A

13,14,15
As for the 2-point residues, the coefficients of the residue are fitted by sampling the integrand at
ten different values of I.

1-point residues Finally, the single cut solution is obtained by solving the on-shell condition
D;, = 0. The integrand decomposition becomes,

2
N(lvu ) Aiyiy _ Aiyigiy Aiyigigiy Aiyigigiais

D;, D;, B ; Di, Di; D;, D ’

A. _
" D;,D;, D;,
(4.49)

- D, D,
. 1 . . . . . . . . .
Hh#“ i2 2 12,13 12,13,14 12,13,14,15

the coefficients of the residue are fitted by sampling the integrand at five different values of [.

68



4.4 One-loop amplitudes via Laurent series expansion

In the previous section, we saw how any numerator can be decomposed in terms of irreducible
polynomials, called residues, which admit a parametric form independent of the process. In
addition, we can promote them to be the full integrand of an amplitude, which, depending on
the cut under consideration, can be extracted from the product of tree amplitudes. In this
section, we review the integrand reduction of one-loop scattering amplitudes through Laurent
series expansion, proposed by Mastrolia, Mirabella and Peraro [61].

This approach elaborates on the techniques proposed to compute triangle and bubbles co-
efficients developed by Forde [39] for massless theories, then generalised to massive cases by
Kilgore [256] and, later extended to the calculation of finite parts of the amplitude by Bad-
ger [62]. The series expansion is applied systematically to the integrand decomposition formula
of OPP/EGKM.

The main features of this algorithm are the following

e The coefficients of the 5-point functions are never needed and do not have to be computed.

e The spurious coefficients of the 4-point functions do not enter into the reduction and are
not computed. Hence, the computation of 3-,2- and 1-point coefficients is independent of
the 4-point ones.

e The subtraction at integrand level is replaced by the subtraction at the coefficient level.

e The correction terms of 2- and 1-point functions are parametrised by universal functions
in terms of the higher point coefficients.

e The application of the Laurent expansion for the determination of 3-, 2- and 1-point co-
efficients is implemented via polynomial division. The Laurent series is obtained as the
quotient of the division between the numerator and the product of the uncut denominators,
neglecting the remainder.

In the following, we briefly review the extraction of coefficients by performing a suitable Laurent
expansion of the cut integrand with respect to one of the components of the loop momenta which
are left unconstrained by the on-shell conditions.

4.4.1 Reduction algorithm

In this subsection, we show how to get the coefficients ¢ of each polynomial A of (4.41)

5-ple cut The coefficient ¢g of eq. (4.41) can be computed as explained in Sec. 4.3. Moreover,
this cut is not needed in the reduction, therefore, its computation is omitted.

4-ple cut The cut solution can be expressed, according to (4.37), as

2
“ = _p? + xle(lx + 1’265 + xnga + “OCJ_ + 5—21)(}_, (4'50)
1

where the coefficients x1, x2, x3, and « | are frozen by the on-shell conditions, D;, = --- = D;, =
0. The only two coefficients that are needed are obtained from [31, 61, 62]

1 N@w?) LN
2\ hsiria On =t Tlnziyis Pnfi=ie

u2—0 u2—0

= ¢, (4.51)
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N, p?)

4 3
_ =cqp” + O(p?). (4.52)
Hh;éil,...,u Dy,

u2—o00

3-ple cut The solutions of the 3-cut can be parametrised, according to (4.35), as

g + 4
I = —pi" + @1ef + waey +teg + 2i(es 1) eq; (4.532)
«a « « a a oo + :U’2 «
12 = —pi' + z1€] + m2ey +tef + (4.53b)

2t(es - 64)63

where 1, z9 and g are frozen by the three cut conditions, D;, = D;, = D;, = 0. The coefficients
of the residue A; ;,i, can be obtained in the large-¢ limit according to

N, 2
N |t a2 (g 4 mop)t 4+ nst? + nt® + O(1/2), (4.54a)
Hh;ﬁil,...,m Dy, I=ly
t—o00
N, 12 L
_NEED) | e a4 (1 4 nsp)t 4+ nat? + gt + O(12), (4.54b)
Hh;ﬁil,...,m Dy, I=l_
t—o0

where the relations between ns and ¢;’s of (4.41) for the A;,;,, are given by,

71,4,8,9 . n2 s . n3e6

1 _
07 = (i +mo7) euaso = (e3-eq)’ @57 (e3-e4)?’ a6 = (e3-eq)?

5 (4.55)

The Laurent expansion allows to determine the 3-point residues without any subtraction of
higher-point terms. The average of the two solutions cancels the spurious coefficients coming
from boxes. In addition, pentagon contributions behaves as O(1/t).

2-ple cut The solutions of the double cut D; = D; = 0 are parametrised as follows

Bo + Brz1 + Boxt + p oo

1¢ = —pf + x1el + (oo + z1 1)y + tes + 2(es - ea) 45 (4.56a)
+ Brxy + Boat +
12 = —pi + zief + (a0 + z1 00 )€y + tef + i ﬁ;t(leg ,ii)l Eeg, (4.56b)

in terms of three free parameters x,t and u?, while the constants a; and §; are determined by
on-shell conditions, D;; = D;, = 0. The coeflicients of the residue A; ;,;, can be extracted from
the large-t expansion,

N1, 2 A
M — —— L = ng 4 ngp’ + nix1 + noxs + nst + net? + ngrit + O(1/t),
Hh;éil,ig Dy, is D;, =l
t—o00
(4.57a)
1, 12 AV
M — ——L = ng 4 nop’ + nix1 + nox? + nat 4+ ngt? + nyrit + O(1/t).
Ihziv i Dr i Di, I=ly
t—o00

(4.57b)

It turns out that the individual expansion of

N(l, M2) and A
[Tntiy i, Dn =l D, =1,
t—o0 t—o00

13
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have the same polynomial structure of the r.h.s of eq. (4.57). For the “+” case we have

l 2
NG = ag + agp”® + arx1 + agaf + ast + agt” + agzit + O(1/1), (4.582)
Hh;ﬁil,z‘g Dy, I=l4
t—00
51213 L= b(lg) n b(ZS)/Lz + bgz:’))xl + b;w)x% + bé@s)t + bé@s)tQ + ng)xlt + O(1/t).
13 =i+
t—00

(4.58D)

The “—" case is obtained by replacing (5,6,8) — (3,4,7). Therefore, the coefficients a and b can
be computed separately, obtaining the coefficients n by their difference,

g =ap— by, (4.59)
j

As done for the 3-cut, the coefficients of the residue A;,;,, after normalisation, are given by

n1,3,5 12,4,6,7,8

0,9 = No.9, C1,35 = (c5-€1)’ €2,4,6,7,8 = (cs-c1 (4.60)
Single cut We consider the following solutions of the single cut D;, = 0,
I s
1% = —p% & e n 1 = —pf + te§ 3 4.61
+ pz+ 63+2t(63-64)e4’ — pz+ e4+2t(€3-€4)63, ( )
The non-spurious term ¢y of eq. (4.41) is extracted from the large-¢ limit
N(1, 1?) Ay Aijigi
P — =ng+nst+ O (1/t),
Hh#il D i2 DiQ 2,1 D D =14
t—o0
where bubble and triangle subtraction terms are non-vanishing.
Similarly to the 2-cut, the expansion of
N 2 : —Al;”'? and, > 73“22;3 (4.62)
IThziy Dn iz, . i =, iz 2y,
t—o0 t—o0 t—o0
have the same polynomial behaviour as the residue, i.e.
N1, p?
NEE) | a0, (4.63)
Hh;éil Dy, =14
t—o0
Aiyiy b(m) pliz)
D—' + 0y t—i—O(l/t) (4.64)
io 2 | =l
t—o0
Ai1i2i3 1 (i213) (i213)
= = by + 0yt + O(1)1), (4.65)
~ Dj, D,
12,13 l=l+
t—o0

The coefficients a, b(2) and b(2%3) give the 1-point coefficient, according to

J

j<k
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4.5 Discussion

The methods studied in this chapter, used to compute one-loop amplitudes, are part of an arsenal
of tools for physicists to make physical predictions to the phenomenology of high energy physics.
Because of their analytical construction and the stablished algorithm, the automation of the
calculation of one-loop amplitudes could be carried out. Several numerical and semi-numerical
codes, capable of computing observables of the theory, were produced [49-60]. This dramatic
development allowed the scientific community to understand, with more accuracy, the behaviour
of the so-called interacting particles. In particular, processes given by QCD allow for reducing
the background of collisions produced by hadrons, giving, eventually, raise to new physics. In
the next chapters, we will make use of these modern methods to give phenomenological and
mathematical approaches to the computation of scattering amplitudes.

In chapter 5, we provide a new regularisation scheme which allows us to compute any one-loop
scattering amplitude. Within our regularisation scheme, this computation can be carried out by
using traditional and modern methods such a computation of Feynman diagrams or unitarity
based methods in d dimensions, respectively. For the latter, explicit representation of particles
circulating in the loop are given. Simple applications of 2 — 2 processes are addressed. In the
same manner, within our scheme, we provide renormalisation at one-loop of QED and QCD.

In chapter 6, we stress on the analytical computation of one-loop scattering amplitudes with
high multiplicity (up six external legs). Its procedure takes advantage of fundamental pieces, tree-
level amplitudes, as input. It also combines generalised unitarity in d-dimensions and Laurent
series expansion. In particular, the processes gg — ng H (n = 1,2,3), in the heavy top mass limit,
show how our regularisation scheme is suitable for effective theories. These analytical results,
besides contributing to the NLO, are also part of the ingredients for the NNLO prediction.

On the other side, chapter 7 studies the relations that the colour-kinematics (C/K) duality
can generate for the computation of d-dimensionally regulated amplitudes and integrands from
generalised unitarity. In general, both relations require as input a regularisation scheme, which,
in our case turns out to be the one proposed in chapter 5. It shall be shown that, because of
the C/K-duality and the integrand reduction methods via Laurent series expansion, relations
between integrands reduce the amount of needed coefficients to recover any one-loop amplitude.

Chapter 8 addresses the algorithms to compute multi-loop scattering amplitudes. Without
loose of generality, we consider the computation of two-loop scattering amplitudes. Firstly, we
present the integrand reduction methods via polynomial division module Grébner basis. The all
plus four-gluon amplitude is studied in details by following this method. Secondly, we briefly
describe the adaptive integrand decomposition method, which relies on the decomposition of
the space-time, d = d|| + d_, in parallel and perpendicular subspaces. The all plus five-gluon
amplitude is studied by following this algorithm, numerical results are presented.
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Chapter 5

Four-Dimensional-Formulation

In this chapter, we study the four dimensional formulation (FDF) regularisation scheme. This
scheme, at one-loop, is equivalent to the four-dimensional helicity (FDH) scheme [32, 198, 199],
and allows for a purely four-dimensional regularisation of the amplitudes. Within FDF, the
states in the loop are described as four dimensional massive particles. The four-dimensional
degrees of freedom of the gauge bosons are carried by massive vector bosons of mass u and their
(d—4)-dimensional ones by real scalar particles obeying a simple set of four-dimensional Feynman
rules. A d-dimensional fermion of mass m is instead traded for a tachyonic Dirac field with mass
m + iuy®. The d dimensional algebraic manipulations are replaced by four-dimensional ones
complemented by a set of multiplicative selection rules. The latter are treated as an algebra
describing internal symmetries.

Within integrand reduction methods, FDF allows for the simultaneous computation of both
the cut-constructible and the rational terms by employing a purely four-dimensional formulation
of the integrands. As a consequence, an explicit four-dimensional representation of generalised
states propagating around the loop can be formulated. Therefore, a straightforward implemen-
tation of d-dimensional generalised unitarity within exactly four space-time dimensions can be
realised, avoiding any higher-dimensional extension of either the Dirac [65, 66] or the spinor
algebra [68].

This chapter is organised as follows. Sec. 5.1 is devoted to the description of FDF, while
Sec. 5.2 describes how generalised unitarity method can be applied in presence of a FDF of
one-loop amplitudes. Sec. 5.3 shows the decomposition in terms of MIs of certain classes of
2 — 2 one-loop amplitudes. It is preliminary to Sec.s 5.3.1, 5.3.2 and 5.3.3, which collect the
applications of generalised unitarity methods within the FDF. In particular they present results
for representative helicity amplitudes of gg — gg, q¢ — gg with massless quarks, and gg — Hg
in the heavy-top limit. In Sec. 5.4 we discuss the renormalisation at one-loop within FDF for
QED and QCD using on-shell and minimal subtraction scheme, respectively.

5.1 Four-dimensional Feynman rules

The FDH scheme [32, 198, 199] defines a d-dimensional vector space embedded in a larger ds-
dimensional space, ds = (4 — 2¢) > d > 4. The scheme is determined by the following rules

e The loop momenta are considered to be d-dimensional. All observed external states are
considered as four-dimensional. All unobserved internal states, i.e. virtual states in loops
and intermediate states in trees, are treated as ds-dimensional.

e Since d; > d > 4, the scalar product of any d- or ds-dimensional vector with a four-
dimensional vector is a four-dimensional scalar product. Moreover, any dot product be-
tween a dg-dimensional tensor and a d-dimensional one is a d-dimensional dot product.

73



e The Lorentz and the Clifford algebra are performed in ds dimensions, which has to be kept
distinct from d. The matrix 7° is treated using the 't Hooft-Veltman prescription, i.e. v°
commutes with the Dirac matrices carrying —2e indices.

o After the v-matrix algebra has been performed, the limit ds — 4 has to be performed,
keeping d fixed. The limit d — 4 is taken at the very end.

Starting with the ds-dimensional metric tensor, we split it as
g =g"+g", (5.1)
in terms of a four-dimensional tensor g and a —2e-dimensional one, g, such that

gﬂp ng = 07 guu = _26 d5j>4 07 guu = 47 (52)

The tensors g and § project a d,-dimensional vector [ into the four-dimensional and the —2e-
dimensional subspaces respectively,

=gt 1V, =g, 1. (5.3)

At one loop, the only d-dimensional object is the loop momentum . The square of its —2e
dimensional component is defined as:

P=g"i,l,=—u’. (5.4)
The properties of the matrices ¥ = g/, 4 can be obtained from Eq. (5.2)

Haalyf)] =0, {,3/0!,,}/#} =0, (5.5&)
{7*,7°} =247 . (5.5b)

We remark that the —2¢ tensors can not have a four-dimensional representation. Indeed, its
square is traceless

Spups
"G =7 “ds——>>40' (5.6)

Moreover, the component [ of the loop momentum vanishes when contracted with the metric
tensor g,

I+ G = l_p 7" g =0, (5.7)

and in four dimensions the only four vector fulfilling (5.7) is the null one. Finally, in four
dimensions the only non-null matrices fulfilling the conditions (5.5a) are proportional to ~°,
hence 7 ~ 7°. However, the matrices 7 fulfil the Clifford algebra (5.5b), thus

A Ay d—>4 0, while 7575 =1. (5.8)
s>

These arguments exclude any four-dimensional representation of the —2e subspace. It is
possible, however, to find such a representation by introducing additional rules, called in the
following —2e selection rules, (—2¢)-SRs. Indeed, as shown in App. B.1, the Clifford algebra (5.5b)
is equivalent to

A Fo =0, 1] = 12, (5.9)
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Therefore, any regularisation scheme which is equivalent of FDH has to fulfil the conditions (5.2)
— (5.5a), and (5.9). The orthogonality conditions (5.2) and (5.3) are fulfilled by splitting a
ds-dimensional gluon onto a four-dimensional one and a coloured scalar, s;, while the other
conditions are fulfilled by performing the substitutions:

g’ — GAB, [ SipQd, 3474, (5.10)
The —2e-dimensional vectorial indices are thus traded for (—2¢)-SRs such that

GABGBC _ GAC, GAA _ 0, GAB _ GBA, QAGAB — QB,
r4GgA% =B, r4r4 = o, QAT =1, QQAQ4 =1. (5.11)

The exclusion of the terms containing odd powers of p completely defines the FDF, and allows
one to build integrands which, upon integration, yield the same result as in the FDH scheme.

The rules (5.11) constitute an abstract algebra which is similar to the algebras implementing
internal symmetries. For instance, in a Feynman diagrammatic approach the (—2¢)-SRs can be
handled as the colour algebra and performed for each diagram once and for all. In each diagram,
the indices of the (—2¢)-SRs are fully contracted and the outcome of their manipulation is either
0 or 1. It is worth to remark that the replacement of 3 with v° takes care of the d,-dimensional
Clifford algebra automatically, thus we do not need to introduce any additional scalar particle
for each fermion flavour. These particles and their interactions have been instead introduced in
Ref. [261], where a method for the reconstruction of the u2-dependent part of the numerator has
been proposed.

To summarise, the QCD colour-ordered d-dimensional Feynman rules in the 't Hooft-Feynman
gauge may have the following four-dimensional formulation:

k - cab gaﬁ
W{; = —10 m (gluon), (512&)
k - cab 1
‘d' e b" =1 (S 7k2 — M2 + 7/0 (ghOSt), (512b)
AB
k . cab G
caTwn =i o FER i (scalar), (5.12¢)
y i 1y°
i K - =id ka_‘i‘njéW_ ,:; 7—7:2'0 ,  (fermion), (5.12d)

2,b,8
w{: = —g f [(k1 — k2)g" + (ko — k3)*¢"" + (ks — k1)Pg7*] (5.12¢)

3,¢c,
1l,a,a : = _g fabc kéx’ (512f)

2,6,B -
= =g [ (ke — ky)* GO, (5.12g)
3,¢,C AN
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2,b,B -

1% = Fg [ (in) 9" Q7 (k1 =0, ks==+l), (5.12h)

3,¢,v

2,b, 8
iz% _ _2.92 |:fmad f:vbc <gaﬁg57 ga“/g ) f:mc f:vbd ( af 5’Y ga595’7>
4 frab pude ( ad 67 gavgw” (5.12i)

1‘;%/ _ 2292 ad (fa:ab fa:cd + fa:ac fxbd) GBC (512_])

2,b,8
7{ = —ig (tb) 7, (5.12k)
’ ) Jt
3,7

1+\ = —ig (") 27T (5.121)
, P
3,7

In the Feynman rules (5.12) all the momenta are incoming and the scalar particle s, can circulate
in the loop only. The terms u? appearing in the the propagators (5.12a)(5.12d) enter only if the
corresponding momentum k is d-dimensional, i.e. only if the corresponding particle circulates
in the loop. In the vertex (5.12h) the momentum k; is four-dimensional while the other two are
d-dimensional. The possible combinations of the —2¢ components of the momenta involved are

{/;?1,/;?2,];3}2{0,:Fl~,il~}. (5.13)

The overall sign of the Feynman rule (5.12h) depends on which of the combinations (5.13) is
present in the vertex.

As already pointed out, the (—2¢)-SRs constitute a formal algebra, thus they cannot have a
purely numerical matrix implementation. Therefore the manipulations related to the (—2¢)-SRs
have to be performed algebraically by using algebraic manipulations programs such as MATHE-
MATICA [262] or FORM [263]. It is worth to mention that the manipulations are extremely simple
and have to be performed once and for all. In particular they can be performed before any other
manipulation or any recursive construction and would allow us to know in advance whether the
diagram or the cut vanishes. The selection rules (5.11) are more trivial than the colour algebra,

since no interference with tree-level is needed.

Our prescriptions, Eq. (5.10), can be related to a five-dimensional theory characterised by
g° = —1, 1> = p and a 4 x 4 representation of the Clifford algebra, {7°,...,73,i7°}. Regu-
larisation methods in five dimensions have been proposed as an alternative formulation of the
Pauli-Villars regularisation [264] or as regulators of massless pure Yang Mills theories at one
loop [265]. Our method distinguishes itself by the presence of the (—2¢)-SRs, a crucial ingredient
for the correct reconstruction of dimensionally-regularised amplitudes.

5.2 Fermion and Boson wave functions within FDF

Generalised-unitarity methods in d dimensions require an explicit representation of the polarisa-
tion vectors and the spinors of d-dimensional particles. The latter ones are essential ingredients
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for the construction of the tree-level amplitudes that are sewn along the generalised cuts. In this
respect, the FDF scheme is suitable for the four-dimensional formulation of d-dimensional gener-
alised unitarity. The main advantage of the FDF is that the four-dimensional expression of the
propagators of the particles in the loop admits an explicit representation in terms of generalised
spinors and polarisation expressions, whose expression is collected below.

In the following discussion the d-dimensional momentum, [, will be put on-shell and decom-
posed according to Eq. (4.28). Its four-dimensional component, [, will be expressed as

2 2
X o m°+
=10 , =—"q, 5.14
+ W= (5.14)
in terms of the two massless momenta [” and ¢;.
Spinors — The spinors of a d-dimensional fermion have to fulfil a completeness relation which
reconstructs the numerator of the cut propagator,
o(ds—2)/2 ) o(ds—2)/2 )
> @D ) =1+m, Y. nwOong®=I-m.  (515)
A=1 A=1

The substitutions (5.10) allow one to express Eq. (5.15) as follows:

S ux(Oun () =1 +ipy® +m, oo ) =1 +ipy® —m. (5.16)
A==+ A==+

As shown in the App. B.2, the generalised massive spinors

w0 =)+ T w =]+ S ),
=) - % al | o ) =|r] - “Z%ql;‘) @), (5.17a)
e )= [P+ e al. o= (P + Tl
=[r|- % (@l | o )= (7] - % @, (517b)

fulfil the completeness relation (5.16). The spinors (5.17a) are solutions of the tachyonic Dirac
equations [264, 266-268|

(1 +ipy® +m) uy (1) =0, (1 +ipy® —m) vy (1) =0, (5.18)

which leads to a Hermitian Hamiltonian. It is worth to notice that the spinors (5.17) fulfil the
Gordon’s identities

W) " ua @) _ o) o) _

= 5.19
5 5 (5.19)
Polarisation vectors — The d-dimensional polarisation vectors of a spin-1 particle fulfil the
following relation
ds—2 _ —
s _ _ ~ M 771/ + v ﬁu
) et (L7) elly (1L7) = =g + B (5.20)
i=1
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Abusing a bit of the notation, the ds;-metric tensor can be decomposed as
gy =35 _q+3y- (5.21)

In Eq. (5.20) we have set ds = d. 7 is an arbitrary d-dimensional massless momentum such that
l-7 # 0. Gauge invariance in d dimensions guarantees that the cut is independent of 7. In
particular the choice

=1 = (5.22)

with [, [ defined in Eq. (4.28), allows one to disentangle the four-dimensional contribution form
the d-dimensional one:

d—2

M l__ *U l_— _ nv mv ~ Ly [#ZNU 5.23
Z;Ei(d)(7n)€i(d)(777)* -9 +M2 —1g +M2 . (5.23)

The first term is related to the cut propagator of a massive gluon and can be expressed as follows

v lﬂlu *xUV
—g" + 2 = E eh()exr (1), (5.24)
A=%,0

in terms of the polarisation vectors of a vector boson of mass p [269],

[ 1y i) (] P

b () = ——T7L, ()= ———, ()= — (5.25)
+ ( ) \/§M \/iu 0 L
The latter fulfil the well-known relations
E?I:(l) = 0, gzl:(l) : E:F(l) =-1, 8(2)(1) =-1,
ex(l)-eo(l)= 0, ex(l)- 1= 0. (5.26)

The second term of the r.h.s. of Eq. (5.23) is related to the numerator of cut propagator of the
scalar s, and can be expressed in terms of the (—2¢)-SRs as:

R A
A GAP =GP - Q1QP. (5.27)

The factor GAB can be easily accounted by defining the cut propagator as

e = GAB g0, (5.28)

The generalised four-dimensional spinors and polarisation vectors defined above can be used
for constructing tree-level amplitudes with full y-dependence.

5.3 One-loop four-point amplitudes

In this section we apply generalised-unitarity methods within FDF to some examples of one-loop
2 — 2 scattering amplitudes.
First, we consider one-loop four-point amplitudes with four outgoing massless particles

0 = 1(p1) 2(p2) 3(p3) 4(p4) , (5.29)
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As saw in Sec. 4.1, a massless four-point one-loop amplitude can be decomposed in terms MIs,
as follows

1

Ay = (am)— [012|34;0 Iijg314 + (012|3\4;0 T19314 + c1)2i34;0 L1)2134 + C1j23)4;0 L1)23)2 + C2j3)41;0 12\3|41)

+ (012|34; 011234 + 23)41;0 123\41) +R, (5.30a)
1
R = am)ee [C1z|34;4 Lygaali’] + (crogzia2 Tiopspal®] + crjoiza 2 Tujpsali®] + crposjas 2 Tijozjalie’]

+ copapan; 2 Loy (7)) (crzpa: 2 Trajaalte®] + cosjans 2 Loz [16°]) | - (5.30b)
Also, we consider the process involving three gluons, 1,2, 3, and a Higgs boson, H,

0 = 1(p1) 2(p2) 3(p3) H(pu) , (5.31)

in the large top-mass limit [270, 271]. The one-loop amplitude for this process is decomposed as
follows,

1
Ay = W (01|2\3|H;0 Loi3ia + cr2im13;0 L1j21H13 + C11H1213;0 I1|H\2|3) + (012\3|H;0 L3
7
+ c191m13;0 L1213 + C1j231m;0 L1)2315 + C1ym23;0 L1)H(23 + C2o1m31;0 L2)H|31

+ cj2i31;0 LH|2i31 + C1p2i3m;0 L1230 + 12130 L12m13 + C1m12i3;0 IlH|2\3)

+ (012|3H;0 Dioism + c231m1;0 L23jH1 + CH2j3150 IH2|31) + cio3m;0 Liosjg | +Ru, (5.32a)
1
Rit = Gy { (exjaimsa Tupppsimr [0°] + xpymisia Tupzims [1°] + eajmizisa Tympars (1))
+ (cra31m52 gy [MZ] + 191113, 2 L12H)3 [MZ] + c1j2311;2 111231 [MZ] + c1yH|23;2 111123 [MZ]
1+ cH|2(31;2 LH|2131 [MZ] + c1j213m;2 L1238 [MZ] + c1j2m(3;2 L1203 [MZ]

) + (012\3H;2 Io3m [MQ] + co3i1;2 o311 [MQ]
)

+ C2|H|31;2 12|H\31 [M ]
+ cim2i3;2 L1m)2)3 ['“2]

+ 2312 L2js (7] + c123)m;2 D123 12]) | (5.32b)

In Eq. (5.30) and (5.32), the contribution generating the rational terms have been collected
in R and Ry, respectively, hence distinguished by the so-called cut-constructible terms. We
remark that within the FDF this distinction is pointless and has been performed only to improve
the readability of the formulas. Indeed, within the FDF the two contributions are computed
simultaneously from the same cuts.

5.3.1 The gggg amplitude

As a first example we consider the all plus four-gluon colour-ordered helicity amplitude Ay (1;, 2;‘, 33‘, 4;).
which, at tree-level vanished, while at one-loop its contribution is finite, rational and can be ob-

tained from the quadruple cut Cyjg34 [32, 198, 272-274]. Therefore, the relevant tree-level
three-point amplitudes are the ones involving either three gluons or two scalars and one gluon.

The tree-level amplitudes with two gluons and one scalar should be included as well but they are

not needed since their cut diagrams vanish because of the (—2¢)-SRs, see the discussion below.

The tree-level are computed by using the colour-ordered Feynman rules collected in App. B.3.

The general expression of the three-point all-gluon amplitude is given by

79



_ % [gﬂu (1-2)7+¢"7 (2= 3)" +¢°"(3—1)" |e) (1)) (2,72) )* (3) .

(5.33)

Generalised massive momenta, carrying dependence on u, are denoted by a bold font, and the
polarisation of the particle will be the superscript of the corresponding momentum. The momenta
are outgoing,

1+2+3=0, (5.34)

and in general ¢; and ¢s can be chosen to be proportional,
s =£&q1 . (5.35)

Moreover, the spinors associated to the momenta j° and gj are such that

@) =Gl =p, j=1,3. (5.36)

The explicit expressions of the polarised amplitudes in the FDF are:

22 | (a1l
TR ) |

[\

+
w’fii
I
~.

Na)
N
=

3
0 . ~
! _ V2ig[@|2]?
2t 4 I ’

e il 00))
2+ . M2 ’

M — - - ow rc@pa)| . 6

_ o (raf1]2]
(3—1)"ef (2,12) G*P = —ig ﬁaw. (5.38)

SlE
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The tree-level amplitudes computed above can be used in the cut construction of the one-loop
amplitude.
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In the FDF, the quadruple-cut Cyjpj34 and the coefficients c¢y|g3)4, , can be decomposed into
a sum of five contributions,

4

4
_ [] - [4]
Criapapa = 3 Cliapaja Cljalgian = ) C1j213/4;n (5.39)
=0 i=0

where Cl! (¢ll) is the contribution to the cut (coefficient) involving i internal scalars. In the
picture below, internal lines are understood to be on-shell. The quadruple cuts read as follows

+ 0 o (5.40a)

+cp., (5.40b)

+T2 i +c.p., (5.40¢)

+ c.p., (5.40d)

(5.40e)

where the abbreviation “c.p." means “cyclic permutations of the external particles”. In Egs. (5.40),
the (—2¢)-SR have been stripped off and collected in the prefactors 7;,

Ti = Q1GYPQ% = 0,

7-2 _ QAGABGBCGCDQD - 0

73 _ QAGABGBCGCDGDEGEFQF = 0

Ta=tr (GGGGGGGG) - 1. (5.41)

The prefactors 7,...,7s force the cuts (5.40b) - (5.40d) to vanish identically. The only cuts
contributing, Egs. (5.40a) and (5.40e), lead to the following coefficients

o o] _ o [12][34]
1231450 = 0> 121314, 4 = 3Z<12> (34)
W o [12][34]
cl|2‘3|4§ 0 0, Cl\2|3\4; 4=t <12> <34> : (542)
Therefore, the only non-vanishing coefficient, cy|g34; 4, 18
_ o W [12][34]
C1[20314; 4 = Cypoi314;4 T Clp2i3)4;4 = 22<12> (34) " (5.43)
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The colour-ordered one-loop amplitude can be obtained from Eq. (5.30), which in this simple
case reduces to
i [12][34]
482 (12) (34)

Ay (L), 20,85 ,45) = crjozia; 4 Trygaaln’] = (5.44)

9199999
and is in agreement with the literature [272]. This example clearly shows the difference between
our computation and the one based on the supersymmetric decomposition [274]. In the latter one,
the result is uniquely originated by the complex scalar contribution. Instead, in this procedure
the result arises from both the massive gluons and the massive scalars s,.

For clarity reasons, in this example we have computed the (—2¢)-SRs factors, 7;, explicitly. It
is worth to notice that in practice the (—2¢)-SRs can be easily automated and can be performed
cut-by-cut once and for all, even before the tree-level amplitudes are computed. Therefore the
cut topologies which vanish because of the (—2¢)-SRs can be discarded at the beginning of the
computation without affecting its complexity.

5.3.2 The ggqq amplitude

In this section we apply generalised-unitarity methods within the FDF scheme to a more involved

2 — 2 process. In particular we show the calculation of the leading colour one-loop contribution

to the helicity amplitude A4 (1;, 2;, 35 4(‘;), which at tree-level reads,
(13)° (14)

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

Al = (5.45)
The leading-colour contribution to a one-loop amplitude with n particles and two external

fermions can be decomposed in terms of primitive amplitudes [275]. Following the notation
of Ref. [69], we have

1
N

N N,
AR LAt A, (5.46)

1 loo L
A, %P =A
4 4 Nc

where N, is the number of colours while Ny (Ny) the number of fermions (scalars). For the
helicity configuration we consider both Ai’[l/ 2 and Af;’[o] vanish, thus we will only focus on the
contributions of the left-turning amplitude AY and on the right-turning one, A¥. The Feynman
diagrams leading to the relevant tree-level amplitudes are computed by using the colour-ordered

Feynman rules collected in App. B.3.

Left-turning amplitude — The quadruple cut is given by

2, 4_ 3 2, _4 3 2, 00 L3 2% 3
w - + + + 0 +
Ol = ﬂ + m TEE] Nt [ ,

17 -+ 4 17 += 4 1 00 "4 139’ 4

1 s3
[L] _ _ Atree 214
“112314,0 = 2A4 <1 53 ) 512514,

13

[L] _
Ciggpa;4 = 0~ (5.47)

The first two cut diagrams contribute to both the cut-constructible and to the rational part,
while the last two cut diagrams cancel against each other.
The triple cuts are given by
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+ - - 0 0
L] 2.0, 4 2, t + 2,, t + 2, 0 4 2., 0 4 2 Pl
012|3\4 1+:F+1_:F+10:F+1—:F+10:F+1£€‘\\:F
= + 0 + 0
4 4
1 ( s3
o — Z Atree (1 _ 214 s
Clo314;0 = 54N 3 ] °12
13| 2 s34
1 52
[L] __ ~ Atree 212 .
Clojsia 2 = 2A4 (2 2 ) (5.48a)
13
2 2 2 2
+ - 0 %,
L] . _ B L3 LBt L3 o 0 3 RN
C11\2|34 - T Ny + - YNy + 0 0 4 + 1,/’/‘<4 ’
- + 0 o
1 1 1 1
1 S14°
[L] tree 14
c = ——A 14+ — | s19
1/2|34; 0 94 ( 5133 )
[L] 1Atree 8%2 . 48b
Cl232 = T 2 (5.48b)
13
2 3 2 3 2 3
— + O —_ ’ —_
C{L‘;gM = +§ i + oS \+  + SN
17—t 4 17 00 4 139’ 4
L] 1Atree 8%4
1123140 = T M L+ 3. ) o1
13
1 5148
[L] _ - tree ©14912 .
Cll23j4; 2 = 2’44 $2. (5.48¢)
13
2, 4 3 2, 00 L3 2%”” 3
(L] _ _ N/
02\3|41 =  test+ OO -t WA
1 1 4
e _ tree _4
31410 = A (1 + 53 ) S145
1 5148
[L] _ 1 ptree©14°12
Co3ja1;2 = 94 2. (5.48d)
13
In all the triple cuts the last two cut diagrams cancel against each other. In the cut Cl2\3l 4 The
double cuts read as follows
+— +- 00 00
L] o 2 3 2 3 2 3 2 3 PN |
012\34 - 1%4 + 1%4 + 1%4 + 1%4 + 1%\\_,’<4 ’
-+ 00 -+ 00
AU geeeS1a (514 1
12|34; 0 4 s13 \s13 2/
[L] —_0N-
Cloz 2 = 0; (5.49a)
3
L _ -

2 1
[L] 4tree 814 S14 )
C A= - — =4+ = s
23]41; 0 <2 513 2513
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[L]
€341, 2 =

In both cases the last two diagrams cancel against each other.

Right-turning amplitude —

The first helicity configuration contributes only to the cut-constructible part while the

C

17 -
[R] _ tree 12
11213140 = 2’4 3.
[R] _
Cijg3ja;4 = 0-

[R]

@ —+
_ + -
1234 = 7 §+ +
P

one cancels against the box with internal scalars.
The triple cuts are given by

C

3

S
tree 212
A -3 512,

1
2 873
1
2

17 += 4 1

3
Atree 512

1

514,
2 35153
1

3

S
tree 212
A 3 514,

1
2 513
1
2
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The quadruple cut is given by

(5.49D)

(5.50)

second

(5.51a)

(5.51D)

(5.51c)

(5.51d)



In the case of the cuts Cg]\?’l 4 and C’ﬁ‘é‘g 4 the first diagram gives contributions to the both cut-
constructible and the rational part, while the second one contributes to the rational part only.
In the cuts Cg]|3\4’ C’{T‘%?’M and Cg\{?]’lﬁll the last two diagrams cancel against each other, i.e. the
scalar contribution exactly compensates the contribution of the longitudinal polarisation of the

gluon. The double cuts are

[R] _ 2 3
Clojs = 1£€‘C>‘<4 ’
+_
R] tree | S12 [ S14 | 3 3
o= AT | =2 () o
12|34; 0 4 [513 <513 92 21
[R] —_0N-
Clajsa; 2 = U3 (5.52a)
2 3 2 3 2 3
R] - - Y
023|41 B +§+ + +§8 + +§’ ’
1 4 1 4 1 4
R] tree S12 ( S14 3
A greef12 (514 0
23|41; 0 4 13 <513 92/
R] _
Cosja1;2 = V- (5.52b)

Leading-colour amplitude — The leading colour amplitude can be obtained from the decom-
position (5.30) by using the coefficients

1
Ciyervigim = ! i (5.53)

i n T N2 i n)
(&)
The result agrees with the one presented in Ref. [272].

5.3.3 The gggH amplitude

In this section, we show the calculation of the leading colour one-loop contribution to the helicity
amplitude Ay (1;, 2;, 3;‘, H ) in the heavy top-mass limit. This example allows us to show how
the FDF scheme can be applied in the context of an effective theory, where the Higgs boson
couples directly to the gluon. The Feynman rules for the Higgs-gluon and Higgs-scalar couplings
in the FDF are given in App. B.3. They are used to compute the tree-level amplitudes sewn
along the cuts. In the following, we present directly the determination of the coeflicients by
means of generalised unitarity methods.

The leading-order contribution reads as follows

e - [23]
Al = IR (5.54)

The quadruple cuts are given by:

ot + 2+‘90,‘,,,,,‘§3+
Crippia = + Do ,
“ B

1
_ t
C1)23|H;0 = —§A4t,33512823,
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c112i3/H;4 = 05 (5.55a)

S e
Crioimiz = +
1~ 3t 1*39’ ’%34r
t
Cij2|H[30 = 75 4 513512 5
C1i21H(3;4 = 05 (5.55b)
H + H +
Crmpz = + Do ,
S
1~ 3t 1- %:#
_ ]'14}tee
C1|H|2|3;0 = ) 4,H 523513,
c1im23,4 = 0. (5.55¢)

The triple cuts with two massive channels are

+ +
C 2% ot ‘1663
1213H = . LA S

H H

tree

1
C1213|H;0 = §A4,H (s13 + s23) ,

c1o3/;2 = 0; (5.56a)
H H
2k 3 2% 7
Crop = . + o
3+ %%é+
1 tree
C12|H|3;0 = §A4,H (513 + s23) ,
C121H(3;2 = 0 (5.56b)
ot + 241Qk§?+
C1\23\H = ﬁ +
. - s
1 H 1 H
1 tree
C1)23|H;0 = §A4,H (s12 + s13) ,
C1je3j;2 = 0; (5.56¢)
ot 3t 2+‘Q@;s§’+
Cl\H|23 = égg% + ,
H 1- I’ %17

tree

1
C1|H|23;0 = §A4,H (512 + 513) ,
c1jH|23;2 = 03 (5.56d)

L *@,\,,,,/,/
Cojmz = + % )

1= 3%t 1— 3t

tree

1
Co|H|310 = §A4,H (s12 + s23)
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Com312 = 03

H_ + H_ 4662+
. .
Chpg31 = gg + % )

1= 3t

1~ 3t

1
t
cH|231:0 = 5 ALH (812 + 523)

2
cho31;2 = 0;

ot
N
Cl\2|3H = :%%%H
.
c1j2i3m;0 = 0,

c1j213m;0 = 03

-
n
Cl\2H\3 = :E?,?Mi
3+
c1jzm(3;0 = 0,

c1j2m(3;0 = 03

3+

Cimps = :@3’@;

ot

c1m|2)3;0 = 0,

_l’_

tree 512513

C1H|23:2 = —2A5H—>

Sa3

Finally the double cuts are given by:

2K 3t

Cloisn = I,WH
1213150 = 0,
c1o)3m;2 = 0;

ot 3t
Co3jg1 = % +

ca31H1;0 = 0,

tree 912513

Cosimn2 = AL —
$23

)

3ty 1~
Choz1 = % +

2t H
cho|31;0 = 0,

chol31;2 = 0.

87

while the ones with one massive channel only read as follows:

ot
RS +
D e
PR S I
e
=
-
RS +
A
P e
3+
3+
. _
N
PR * I
2*99’
t, o7 g+
2ﬁg¢ o«
1 “H b
2+~24>‘§63+
//, \\
L )
[N
1~ H
3t, 1™
//, \\
\\ /’ ?
2*99'\H

(5.56¢e)

(5.56¢)

(5.57a)

(5.57Db)

(5.57c)

(5.584)

(5.58b)

(5.58¢)



The cut Cja35 does not give any contribution.

Finally, the one-loop amplitude can be obtained by using the coefficients collected in Egs. (5.55-
5.58) and the decomposition (5.32). The result agrees with the literature [276].

5.4 UV renormalisation at one-loop

In this section we study the renormalisation at one-loop. In order to do so, we firstly study the
known results that the conventional dimensional reduction (CDR) deliver. For this regularisation
scheme we set d; = d since the very begin of the calculation. The second one is FDF, we see
how the renormalisation at one-loop turns to be equivalent to what is expected from FDH. We
work out QED and QCD theories.

5.4.1 Renormalised QED Lagrangian

We start considering the renormalised QED Lagrangian
Lqep =L, + Lo, (5.59)
where
L= — %FWFW +(id — e —m)p, (5.60)
Lor = — (Z3— 1)%F‘“’FW + (Zy — )ity — (ZoZpy — 1)mapa)
+ (222N Z3 — Ve A (5.61)

The bare fields v, A, and bare parameters e,m have been redefined in terms of renormalised
quantities,

Uy = 2oy At = \/Z3A¢,

eo = Ze, mo = Zmm, (5.62)
The counter-terms (CT), d’s, are obtained by expanding the field strengths around 1,

Zy=14+96,, r=2,3,e,m. (5.63)

Counter-terms

The set of CTs is, in principle, obtained in the on-shell scheme. Moreover, the minimal sub-
traction (MS) or modified minimal subtraction (MS) schemes are easily recovered by taking the
divergent part plus an universal constant that arises along with the divergencies in Feynman
diagram calculations.

For the listed results, we write, with the help of integration by parts identities [70, 71], the
CTs in terms of one-point scalar integrals Ag (mg) This MI is chosen to be normalised as follows

m? 2 1
Ay (mz) T (A + log <%> + 1> , A= Pt/ + log 4. (5.64)

e
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Figure 5.1: Diagrams contributing to a) electron self energy, b) photon self energy, and c¢) vertex
correction at one-loop in CDR. The cross denotes the insertion of a coupling counter-term.

CDR — In CDR, the needed diagrams to compute the counter-terms are depicted in Fig. 5.1.
By setting ds = d, the counter-terms of (5.63), in the on-shell scheme, take the form

5y = —%3@((5—_32))1% ~Va, (m2) = _% <3A +3log <:L_22> + 4>

L -2 (108 )

5, = %AO (m2) 421 % <A +log <TZ_22>>

S = _2”30‘((5__32))7%_ YA, (m2) = —% <3A +3log (%) + 4) (5.65)
FDF — The needed diagrams to compute the counter-terms, within FDF, are collected in
Fig. 5.2.

R
IR
T T

Figure 5.2: Diagrams contributing to a) electron self energy, b) photon self energy, and c) vertex
correction at one-loop in FDF. The cross denotes the insertion of a coupling counter-term. Dash
lines represents —2e-scalars.

The diagrams with an internal —2e-scalar vanish because of the (—2¢)-SRs.

In the on-shell scheme, the counter-terms of (5.63) take the form

47T3a(2d —5) 9y d—4 o ,uQ
(52 = —WAO (me) = —E <3A + 310g <m—g> + 5) s
4r3a(d — 2)((d — 2)d + 10) 9\ d—d e! 2
= — A = —— (A +]1 —
03 9(d — 1)m2 o (me) + log 7))
2m3a(d — 2)((d — 2)d + 10) o\ d—d oY u?
de 9(d — 1)m? o (me) 6 g m2 ’
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Ar3a(2d — 5 §
5 — Aol 5) o (m2) 2t -2 <3A+310g <“—>+5>. (5.66)

(d—3)m? mg

5.4.2 Renormalised QCD Lagrangian
Consider the QCD Lagrangian

Lqcp = Ly + Lo (5.67)
with
T ij 1 j 1 a prauyv ax ab.. b
Ly =¢' (i Dy} — mé" )7 — ZFMVF M+ (0"X™) D x (5.68)
Lor =(Zy — VP int 00" — (ZoZm — 1)myp'y’
1 -
+ (Z3 - 1)§Aau(5ab(guum - auau)Aby + (Z3 - 1)Xa5ab(_|:|)xb
Jia i Aaq, 9s rabe a a cv
+ (Zip = D)o TN A — (2 — 1)5f (0, Af — 9, A%) AP A
2
s rabe pede qa c v 7 abc a\* c
— (Za = )T [ [EAGAGATAY — (Z) = D)ga f(0"x) X AL, (5.69)
where
Dl =699, —igs(T)7 A5, DY = 570, — g [ AL,
Z\p = LgZo\ Z3 , Z1 =4, Zg’,
Zy =773, 7y = ZyZ3\/ Z3. (5.70)

We redefine bare fields 1, A}, x* and bare parameters g5, m in terms of renormalised quan-
tities as follows

o =\ Zat', AN =/ Z3 A X =1/ Zsx“,
9s,0 = Zg9s ; mo = Zym, (5.71)

Counter-terms

For the QCD renormalisation we compute the counter-terms in the MS scheme. We find agree-
ment between the CDR (Fig. 5.3) and FDF (Fig. 5.4) schemes.
We summarise the results for all the counter-terms in QCD at 1-loop in Feynman gauge:

QS«QA——QAU)
67T€UV
OCS(CA + CF)
B 47T€Uv
N CVscfA

5y =

hr =

87T€UV ’
aCr

_47T€UV ’

s (5CA — 4Ny)
127meyv

N asCA

87T€Uv ’
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Figure 5.3: Diagrams contributing to a) gluon self energy, b) quark self energy, c) ghost self
energy, d) ghost-gluon vertex, e) quark-gluon vertex, f) three-gluon vertex and g) four-gluon
vertex at one-loop in CDR. The cross denotes the insertion of a coupling counter-term.

as(Ca + 4Ny)

04 = —
127meyv
3a,Cr
Om = — . 5.72
m 47T€UV ( )

We remark that out results are normalised according to Eq. (1.7). Moreover, a general result is
easily recovered by shifting Ny — T Ny, being Tr(t?t) = T 6.

It is clear that the amount of terms to be computed within FDF increases with respect to
traditional computations, e.g. CDR. Nevertheless, the fact of using four-dimensional ingredients
allows to use exiting codes. In particular, we use FEYNARTS together with FEYNCALC.

Additionally, according to the gauge we use, further simplifications can arise. In Feynman
gauge, used in these calculations, there are no contributions coming from scalar loops. This is
due to the (—2¢)-SRs,

ghrghds  ghdl = ghidr — 0, (5.73)
Similarly, for diagrams with internal scalars and fermions we get the same cancellation,
rigidz - g AepAr — pAipAr — (5.74)

With the use of axial gauge, we obtain the opposite behaviour. The contributions from
internal scalars have to be taken in account and the diagrams that contain interactions between
generalised gluons and scalars are dropped because of the (—2¢)-SRs. This subtlety was discussed
in Sec. 5.3.1 for the non-vanishing contribution of the four-gluon amplitudes (5.40e).
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Figure 5.4: Diagrams contributing to a) gluon self energy, b) quark self energy, c¢) ghost self
energy, d) ghost-gluon vertex, e) quark-gluon vertex, f) three-gluon vertex and g) four-gluon
vertex at one-loop in CDR. The cross denotes the insertion of a coupling counter-term.
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5.5 Discussion

Within the Four dimensional formulation (FDF), particles that propagate inside the loop are
represented by massive particles regularising the divergences. Their interactions are described
by generalised four-dimensional Feynman rules. They include selection rules accounting for
the regularisation of the amplitudes. In particular, massless spin-1 particles in d-dimensions
were represented in four-dimensions by a combination of massive spin-one particle and a scalar
particle. Fermions in d-dimensions were represented by four-dimensional fermions obeying the
Dirac equation for tachyonic particles. The integrands of one-loop amplitudes in the FDF and in
the FDH scheme differ by spurious terms which vanish upon integration over the loop momentum.
Therefore, the two schemes are equivalent.

FDF, in the context of generalised unitarity, may be seen as a massive implementation of
d-dimensional regularisation. However, FDF is different from the most commonly used mas-
sive regularisation prescriptions, i.e. the one introducing a massive scalar particle [274] and the
six-dimensional helicity method [69]. The original amplitude is computed in two steps. The cut
constructible part is obtained by using four-dimensional unitarity while the rational one by using
the amplitude involving a d-dimensional scalar, which is traded with a massive four-dimensional
one. FDF does not rely on the existence of the supersymmetric decomposition and computes
the full amplitude without splitting it. The six-dimensional helicity method casts d-dimensional
on-shell momenta into a six-dimensional massless spinor and, on the cuts, uses six-dimensional
helicity spinors to compute efficiently the relevant tree-level amplitudes. However, since di-
mensional regularisation cannot be achieved in finite dimensions, the six-dimensional helicity
method delivers a result that has to be corrected by hand with the help of topologies involv-
ing six-dimensional scalars along the lines of Ref. [65]. FDF, instead, splits the d-dimensional
objects into their four-dimensional and (d — 4)-dimensional parts and finds a four-dimensional
representation for both of them. Moreover, it introduces the (—2¢)-SRs to account for the or-
thogonality of the subspaces and for the effects of the (ds —4) — 0 limit. No further corrections
are needed since FDF properly takes care of the peculiar features of d-dimensional regularisation.
Therefore, in the context of on-shell and unitarity-based methods, they are a simple alternative
to approaches introducing explicit higher-dimensional extension of either the Dirac |65, 66] or
the spinor [68, 69] algebra.

Within FDF, we have also seen how renormalisation can be done. At the beginning of the
chapter, we saw that the difference between FDH and FDF lies at integrand level, since spurious
terms vanish after integration. Nevertheless, the computation of the counter-terms within FDF
produces the very same results as the ones from the FDH.

The approach of FDF is suitable for analytic as well as numerical implementation. Its
main asset is the use of purely four-dimensional ingredients for the complete reconstruction
of dimensionally-regulated one-loop amplitudes.
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Chapter 6

Multi-gluon and Higgs scattering
amplitudes

The calculation of multi-gluon scattering amplitudes at one-loop has been a very important test
to develop analytic techniques in perturbative gauge theories. The complete calculation of gluon
amplitudes took about 25 years, which started in the early 90’s with the computation of four-
gluon amplitudes [198, 277], whose methods were based on a string theory approach and, on
the standard unitarity in four-dimensions. By following the same approach, the calculation of
five-gluon amplitudes was done [32, 273|. Nevertheless, the computation of six-gluon scattering
amplitudes for all helicity configurations was not done in a straightforward way. In fact, many
techniques, based on unitarity and analyticity of the S-matrix, were invented to find the analytic
structure of the amplitude [30, 33, 34, 273, 278-285].

These techniques made use of the relation that exists between QCD and supersymmetric
amplitudes, where, the supersymmetric decomposition [274] allowed to decomposed any one-
loop amplitude into two types of amplitudes. The first one determined by the singularities or
branch cuts in the complex plane, called cut constructible and, the second one, called rational
part, being just a finite contribution with no singularities.

On the other hand, the calculation of one-loop Higgs associated with gluon amplitudes, in the
large my limit, started with the production of the Higgs associated with 1 gluon [276], then, after
about a decade, the calculation of a Higgs associated with 2 gluons was done in Ref. [286, 287],
in which the Higgs field is decomposed in terms of self-dual and anti-self-dual fields [288-291].
This decomposition allows to write compact building blocks, since their structure is the same
structure as for the MHV case.

Despite of this, the calculation of the analytic amplitude of Higgs associated with 3 gluons is
still missing, moreover, there is its numerical computation, done in Ref. [292], which was obtained
with the combined use of GOSAM, SHERPA, and the MADDIPOLE/MADEVENT framework.

In this chapter, we show how FDF is suitable for the computation of higher point amplitudes
in a straightforward way. Within FDF, there is no need of splitting the amplitude between cut
constructible and rational parts, as discussed in Chap. 5. Indeed, the fact of having d-dimensional
regulated amplitudes allows us to use knowledge of the d-dimensional unitarity.

This chapter is organised as follows. Sec. 6.1 is devoted to the calculation of one-loop gluon
amplitudes, whereas Sec. 6.2 collects all results regarding the calculation of one-loop Higgs as-
sociated with gluon amplitudes.
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6.1 Multi-gluon scattering amplitudes

We present the full analytic contributions of finite helicity configurations up to six gluons. How-
ever, since the expression for the remaining amplitudes could, eventually, be quite lengthy, we
include a MATHEMATICA [262] notebook file for each helicity configuration!, which notation
is explained below, with the set of coeflicients of MIs written in terms of momentum twistors
variables. We remark that all coefficients has been checked numerically against NJET [56].

6.1.1 Five-gluon amplitudes

ST sl P 3K

Figure 6.1: Box, triangle and bubble topologies for the five-gluon amplitude. Solid lines can refer
either to generalised gluons or scalars.

As discussed in Sec. 1.5.2, we parametrise the five-point kinematics in terms of five indepen-
dent variables, defined in Eq. (1.90). All the results presented in this subsection are in agreement
with [273].

AXOoP (14 ot 3+ 4+ 5t)

The all plus helicity amplitude is a particularly simple example, since there are no triangle or
bubble type contributions. In such a way that the full finite contribution can be obtained from
the parametric form of the quadruple cut Cigj3)45,

2i[21] [43] [53] [54]

C12)3]4|5;4 = (12 trs (4,1,5,3) (6.1)
where the finite colour-ordered one-loop amplitude reduces to
Aé_IOOp (1+, 2+, 3+, 4+, 5+) = 012|3‘4|5;4 _[12|3‘4|5 [/L4:| + CYCliC perms. (62)

By adding all the box contributions up, and then writing the spinor product in terms of momen-
tum twistor variables, we find

1
A%'IOOP (1%,2%,3%,47 5%) = —gi 2203 (2325 + 23 (28 — 224) 20 + (23 + 1) 27) x @FTHHH.

(6.3)

AY1P (17 2% 3+ 47 5F)

The single minus amplitude, not as the previous amplitude, gets contribution from all topologies
and can be casted in this form

Aé—loop (1—’ 2-{-7 3—1—’ 44-7 5+) — Z 05121122324)111122314 [M4] + Z c$l1z223)111z2z3 [/LQ]

{i1,i2,i3,i4} {i1,i2,33}

+ 3 7, (6.4)
{1132}

!They can be obtained from this http URL.
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1 i14nisi 1 i140i 1 i14
X el S e g o

{i1,i2,i3,04} {i1,i2,i3} {i1,i2}

Plugging the coefficients of the MIs of the notebook coe.mpppp.m into Eq. (6.5), we get

) B 1 zZ3\ 29 — Z 3 _
Aé loop (1 72+73+74+75+) — _gz 3?2323 <(22 + 1)2;4 —+ 2323(23 + 1)25 — %) X CI)5 ++++.
(6.6)

All helicity configurations

Helicity‘ Amplitude ‘ Notebook ‘
1 ALlooP (1 9t 3+ 4+ 5 | coe.ppppp.
2 , 27,31, 4% 51

( ) m
Aé’loor’ (1 ) | coe.mpppp.m
3 Aé_bOp (17,27,3%,4%,57) | coe.mmppp.m
4 AP (1= 9+ 3= 4+ 5T) m

coe.mpmpp.

Table 6.1: Summary of the results for the one-loop five gluon amplitudes. For each helicity
configuration we list its MATHEMATICA notebook.

As seen in Fig. 6.1 there are four independent topologies, where each coefficient, in the
MATHEMATICA notebook, is written as follows

coe[helicity,cut,ordering] = {cO0 -> F[{x’s}],c2(4) -> G[{x’s}]}

where helicity is the number shown in the Table 6.1. cut and ordering correspond to
the cut under consideration and the ordering of the external particles, which always be a cyclic
permutation of {1,2,3,4,5}. In the r.h.s., cO and c2(4) state for the coefficients of the MIs I.,;

and Iout [,u2(4)], respectively. For instance, Ca3)4p5 (17, 27,3747 57) we have

coe[3,{1,4,5},{sp[4],sp[5],8p[1],Sp[2],8p[3]1}] = {cO -> O,
c2 -> (I*xz[1]-3%z[2]"3%xz[3]"2*(z[2]-2z[4])~2*((1+z[3])*z[4]+
z[2]*z[3]*(-1+z[56]))*z[5])/((z[2]*=z[3] -
(1+z[3]1)*z[4])~2*(z[2]-2z[4]+=z[5])) }

that means

gm0 (17,27,3%,47,5%) =0, (6.7a)
232523 (2 —24) 2 (25 — D 2oz + (23 + 1) 24) 25

o (17,27,3F 4% 51) =
C123|4\5.2( 14 99 ) (2023 — (23 + 1) 24) 2 (22 — 24 + 25)

(6.7b)

On the other hand, each notebook contains the physical phase ®"1-"5_that is called by simply
typing
\[Phi] [helicity]

and follows the notation of the sam package, e.g. for @~ F—F

\[Phi] [4] =-(SpaalSp[1],Sp[3]1]1-5/(SpaalSp[1],Sp[2]1]1-2
*Spaa[Sp[1],Sp[4]]~2xSpaal[Sp[1],Sp[5]1]1-2
*Spab [Sp[3],Sp[2],Sp[111-3))
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Figure 6.2: Box, triangle and bubble topologies for the six-gluon amplitude. Solid lines can refer
either to generalised gluons or scalars.

6.1.2 Six-gluon amplitudes

We parametrise the six-point kinematics in terms of eight independent variables, defined in
Eq. (1.93), which take the form

_ ~ (14)(23) ~ (15)(34) _ (16)(45)
S A CDITEY I T 13y (4s5) T 14y (56)
" L _ BlB+42) L _ (1e+3)@+3+4)5) L s

> 5192 ’ 6= [21]<51> ’ [ 823<15> ’ 8~ 5192 ’

All the results presented in this subsection are in agreement with [30, 33, 34, 273, 278-285].

A0 (11,2, 3% 4T 5T 67)

This amplitude gets contribution from boxes only, which, can be obtained from the parametric
form of C123\4|5\67 012|34|5\6 and 012|3\45\67

24 [56] 2 2
= 6|1+ 2| 3] [51] [64]° — 5|1 + 2| 3] [54]° [61
(6.8)
2i (51 4 2/ 6] (6|1 4 2| 5] [12] [43] [65]
C12|34|5|6;4 — ) (6.9)
(12) (23) tr5 (5,2, 6, 1) trs (5,4, 6, 3)
2i [12] [54] [63]*
oy = 3|1+2|3](6|14+2|6]— 6.10
The finite colour-ordered amplitude takes the form
1-1
Ag %% (1%,27,3% 4% 5% ,6™) =c123)415/6,4 L123/4/5/6 [Mﬂ + ¢12/34)5/6; 4 L1234/5/6 [Mﬂ
1 .
+ 5 C1213j4506;4 L12/3)456 [1*] + cyclic perms. (6.11)

Writing the coefficient in terms of momentum twistor variables, we get

z02324((27 — 1) (22 — 25)25 + (2226 — 25)28)*

11 £ 6,22 2
AP (1+,2+,3+,4+,5+,6+) = 2zz?22z324 25+ .
5
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+ 23 <z§ + 29(22 + (25(27 — 2)27 — 226) 25

+ 24((z7 — D) z5 + 28)2 + z0(24(25 — 1)* + zé)))} x ST (6.12)

AGTIOP (17,2, 3% 4% 5T 67)

The analytic structure of the single minus amplitude is recovered by plugging the coeflicients of
the MIs of the notebook coe.mppppp.m into Eq. (6.5),

Aé-loop (17, ot 3t 4t 5t 6*)

29232425 (27 — 1) 25 + 25) 3
zg ((27 — 1) 25 + 2628)

1
= 52’172%232)24{ — (29 4+ 1) 25+ (27 — 1) (23 + 1) 252325 +

2324 (a4 1) (22 (27 — 1) 25 + 2628) — 25 (27 — 1) 25 + 28)) 25 23 (2226 — 25) 3
25 26 (2226 — 2527)
1

26(25(2’6 — 27) — 2628)((2’7 — 1)2’5 + 2628)(2526 + 2’4((((2’7 — 1)2’2 + 26 — 1)2’3 + 26 — 1)25 + 2’22’32’62’8))
X [(2425(26 —1)3((27 = 1)((27 — 1) 22242625 + (((24 + 1) 26 — 1)(27 — 1)22 + 1)23 + 1)23

+ 26(—22324 (27 — 1)222 4+ 2(27 — 1)((23 + 1) 2428 — 1)2023 + (23 + 1)25) 22
+ 292326((27 — 1)% 232425 — (24((22328 — 1)26 + 22328 + 1) — 26) (27 — 1) 22
4+ ((23 + 1) 2428 — 226)28) 28 + ((2(27 — 1)2223 — 22823 + 26 — 1)24

+ 26) 72 2328 2825 + zgzgzﬂg’zg)zg)] } x ® T (6.13)

All helicity configurations

‘ Helicity ‘ Amplitude ‘ Notebook ‘
1 Aé'bOp( , 2137 ,4% 57 67) | coe.pppppp.m
2 Aé'bOp(l 2+ 37,41 57 67) | coe.mppppp.m
3 Aé_loolo(1_,2_,3+ 4% 57 67) | coe.mmpppp.m
4 Aé’lOOP(li 2+.37,4%,57,6") | coe.mpmppp.m
5 Aé'bOp(l_ 27,37,4% 57 67) | coe.mmmppp.m
6 Aé'b(’p(l ,21.37,4%7,57,6") | coe.mpmpmp.m

Table 6.2: Summary of the results for the one-loop six-gluon amplitudes. For each helicity
configuration we list its MATHEMATICA notebook.

The coeflicients of the MIs are collected in Table 6.1.

Three-mass-triangle coefficients

In Sec. 4.3 we saw that the parametrisation of the cut solution when particles are massive becomes
problematic. Hence, spurious terms have to be efficiently canceled out. In the following, we show
how to get rid of spurious terms, by using simple concepts of polynomial division.

Since the computation of three-mass-triangle coefficients is a bit cumbersome, we decide to
write these coefficients in terms of one variable more, v, defined in Eq. (4.31).
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Let us recall the relation (4.32) satisfied by ~y
v —2yK, - Ko+ KiK3 =0. (6.14)

Hence, when dividing our coefficients by Eq. (6.14) we just need to take the remainder of the
division, where the dependence on « has dropped. This division can be easily performed in
MATHEMATICA with the function PolynomialRemainder. This operation would look like

(* Ezpr states for the three-mass-triangle coefficient *)
rel = \[Gamma]~2 - 2 \[Gamma] MP[K1, K2] + MP2[K1] MP2[K2];
PolynomialRemainder [Expr, rel, \[Gammal]

We remark that this operation can be done either for the analytic or numerical expression.
Moreover, efficiency of evaluation is achieved for the numerical one by considering different
phase-space-points.

6.2 Higgs plus gluon amplitudes

We present the full analytic contributions of Higgs plus four gluons for all helicity configurations.
Due to the symmetry of the all plus amplitude we show its structure. As in the previous
section, the remaining helicity amplitudes are recovered from the set of coefficients collected in
the MATHEMATICA notebook files?.

On the other hand, we show preliminary results of analytic contributions of Higgs plus five
gluons amplitude.?

6.2.1 Higgs plus four gluon amplitudes

g e egg g
e

Figure 6.3: Box, triangle and bubble topologies for the Higgs plus four gluon amplitude. Solid
lines can refer either to generalised gluons or scalars.

In order to compute this amplitude, we parametrise all the Lorentz invariants in terms of six
variables. Differently from the five-gluon case, we need one variable more, which is chosen to be
the Higgs mass. Expressing all spinor products in terms of momentum twistor variables

(14)(23) (15)(34) s sum

2
it = = . 6.15
zZ1 = S12, 2= <12><34> , <3 <13><45> y <5 512 y <8 519 , Mg = 51234 ( )

All the results presented in this subsection are in agreement with [286, 287].

2They can be obtained from this http URL.
3We are grateful to Simon Badger and Francesco Buciuni for providing their set of coefficients for various
phase-space-points.
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AFeoP (11 2t 3+ 4t H)

First we show the explicit structure of the analytic contribution of the one-loop Higgs plus four
gluon amplitude, originally computed in [286]. For sake of simplicity we do not write the explicit
form of the finite part of the amplitude.
The leading-order contribution of the five-point can be written as,
Atree (1+ ot g+ 4t H) _ _imjrl{ (6 16)
b PO T T T (12)(23)(34) (41) '

Furthermore, the amplitude (6.16), in momentum twistor variables, takes the form

Afee (14,24 3% 4% H) "Eimd 2tz (6.17)
The all plus one-loop amplitude becomes
- 1 I
AF1OP (1F,2%, 3% 4% H) :§Ag ee {512523 Lgyajam + (s1235231 — s23my) Tiopsjam

— (s123 — m) Lagjajr — (S234 — M) Il|234\H]
+ c1j213/am; 4 L2314 [Mﬂ + c1j2134m; 2 T1)2)34H [MQ]
+ C123)4H; 2 —712|3\4H [MQ] + C1)23)4H; 2 —71\23\411 [,Uz]

+ Cr23)4H; 2 I123\4H [,UQ] + C12|34H; 2 112\341{ [MQ]
+ cyclic perm.(1234), (6.18)

with ¢ non-vanishing coefficients, collected in the MATHEMATICA notebook coe.Hpppp.m.

All helicity configurations

‘ Helicity ‘ Amplitude ‘ Notebook ‘
1 AHOOlD (17,2%,37,4% H) | coe.Hpppp.m
2 A1 100p (1= 9+ 3+ 4% H) | coe.Hmppp.m
3 UOOP (17,27,3%,4% H) | coe.Hmmpp.m
4 A1 loop (1= ‘ot 3~ 4+ H) m

coe . Hmpmp.

Table 6.3: Summary of the results for the one-loop six-gluon amplitudes. For each helicity
configuration we list its MATHEMATICA notebook.

6.2.2 Higgs plus five gluon amplitudes

In this section we collect the results of the one-loop Higgs plus five gluon amplitude. We
parametrise the kinematics of this process in terms of nine independent variables,

o L_0es e
’ )l T (1B))
. () L = I+ +3+a))
<14><5’H’2] ’ 512 ’ 823<15> ’
_ <1‘(2+3)(2—|—3—|—4+5)H’2] 5123 2 6.19
210 = 523 (LH2 A= My = 512345 - (6.19)

The one-loop correction to this amplitude is obtained by considering the independent topologies
depicted in fig. 6.4.
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Figure 6.4: Box, triangle and bubble topologies for the Higgs plus five gluon amplitude. Solid
lines can refer either to generalised gluons or scalars.

AGTIOP (11, 2% 3% 4% 5% H)
The leading-order contribution of the six-point can be written as,
4

Atree (1F 9+ 3+ 4+ 5+ H) — —imyy mb ot 23220, 6.20
8% (17, 27,37, 47, 5%, H) (12)(23)(34)(45) (51) ' HHA172%8 (6.20)

The all plus one-loop amplitude becomes

1—loo, 1 t
Ag P (11,27,37 4% 5% H) = §A6ree {812823 Ljoj3jasm + (81235234 — S2351234) L1)23)4)5H

2 2 2
+ (5123452345 — S234M7y) Ij23450 — (52345 — m3y) Ij234511 — (81234 — M) Il234|5\H}

+ crgaiasm; 4 Lizapase [100] + sz a ypsjsn (1]
+ C12i34|5H; 4 112\3|4\5H [Mﬂ + C1)2i34|5H; 4 11|2\34\5H [Mﬂ
+ c1934j51; 2 1123451 [MQ] + c1jo3ap51; 2 L1j234)5H [,Uz]
+ C1|23)45H; 2 Il|23|45H [,Uz] + C12/3)45H; 2 Il2|3\45H [MQ] + C12i345H; 2 Il|2\345H [,Uz]
+ C12(345H; 2 I12|345H [MQ] + C123]45H; 2 I123\45H [MQ] + C1234)5H; 2 I1234|5H [MQ]
+ cyclic perm.(1235), (6.21)

with ¢ non-vanishing coefficients, collected in the MATHEMATICA notebook coe.Hppppp.m.

6.3 Discussion

In this chapter, we have presented how the four dimensional formulation (FDF) regularisation
scheme allows for the computation of analytical expressions of one-loop amplitudes with high
multiplicity. This has been tested by re-computing the gluon helicity amplitudes with up to six
external legs and the production of Higgs, via gluon fusion, in association with up to two gluons.
As a preliminary result of the one-loop Higgs plus five gluon amplitudes, we have shown the
amplitude in which all gluons have the same helicity.

The one-loop amplitudes presented in this chapter have been reconstructed as a combina-
tion of box-, triangle- and bubble-scalar integrals. The coefficients of each master integral were
obtained using the integrand reduction method through Laurent series expansion [61]. For five-
and six- gluon amplitudes, we evaluated our analytic expression on several phase space points
getting agreement with NJET [56]. For the Higgs plus four gluons amplitudes, we compared our
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analytical results with the ones of Ref.s [286, 287|. Differently from the gluon amplitudes, a nu-
merical check was not performed, since these codes work with the structure of full colour-dressed
amplitudes. Hence, in order to extract what we need, which is the colour-ordered amplitude, a
non trivial modification on the codes has to be done.

In order to show the results for gluon and Higgs amplitudes, we provide ancillary files with the
set of coefficients of each MIs for all helicity configurations. These coefficients are written in terms
of momentum twistor variables, whose parametrisation follows the one presented in Sec. 1.5.2.
Despite of their lengthy expression, we can highlight a very important aspect regarding their
numerical evaluation. In fact, writing Lorentz products in terms of a minimal set of independent
variables produces a much faster evaluation.

The computation of the three-mass-triangle coefficients has been addressed in a particular
way. In our analytic expressions we have added an additional variable, «, which turns out to be
spurious. We emphasise that 7 does not have to be fit when evaluating our analytic expressions.
In fact, its cancelation is easily achieved by performing a polynomial division.

The idea of leaving all coefficients in terms of a minimal set of independent variables allows
for a much faster evaluation than existing numerical implementations. The advantage of having
analytic expressions for our amplitudes grants, indeed, to recycle these results in the NNLO
contribution.

Although the results presented in this chapter concentrate on applications to amplitudes with
massless internal particles, the main part of the procedure applies equally to the case of massive
ones.
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Chapter 7

Colour-Kinematics duality in
d-dimensions

In Chap. 3, we studied the C/K-duality for four-dimensional gauge theories. We showed how the
off-shell Jacobi-like combination of the kinematic numerators produces an anomalous term that
vanishes when the four particles are in their mass-shell. Additionally, we develop a new procedure
to generate dual numerators. This procedure, based on the generalised gauge transformation,
follows a pure diagrammatic approach.

This chapter extends the results of C/K-duality for four-dimensional theories to dimensional
regularisation. In order to study the C/K-duality in dimensional regularisation, we apply the
technology developed for the FDF scheme in Chap. 5. We anticipate that the C/K duality
obeyed by the numerators of tree-level amplitudes within the FDF scheme are non-trivial re-
lations involving the interplay of massless and massive particles. A set of BCJ identities for
d-dimensionally regulated amplitudes is found, which explicitly shows the dependence on the
(d — 4)-components.

Furthermore, we combine BCJ identities with integrand reduction methods to establish rela-
tions between one-loop integral coefficients for dimensionally regulated QCD amplitudes. These
relations can be established for the cut-constructible contributions as well as the ones respon-
sible for rational terms. We provide explicit examples for multi-gluon scattering amplitudes at
one-loop.

7.1 Tree-level identities in d-dimensions

As a starting point, we focus on four-point tree-level amplitudes, showing that C/K-duality can
be established for all interactions involving particles propagating within the FDF framework.
Envisaging one-loop applications of these results, we consider amplitudes with two d-dimensional
external particles and two four-dimensional ones. Following the by now familiar procedure of
Sec.s 3.2.1, 3.2.2 and 3.2.3, we build an off-shell Jacobi-like combination of kinematics numerators
for each of the seven processes involving, according to the Feynman rules of (5.12), two external
massive particles. We show that, in every case, C/K-duality holds after physical constraints are
imposed.

a) We start from the scattering of two generalised gluons producing two massless ones, ¢*¢® —
gg, with on-shell conditions p3 = p% =0 and p3 = p% = 42. The amplitude receives contri-
bution from the four diagrams shown in Fig. 7.1. Exactly as in the massless case discussed
in Sec. 3.2.3, the four-point vertex contributes to the same colour structures as the trivalent
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Figure 7.1: Feynman diagrams for ¢*¢®* — gg.

diagrams. Hence it can be decomposed as
C4Ng = C1N14 + C2N2y4 + C3C3:4, (7.1)

so that, by absorbing its kinematic part into the numerators of the first three diagrams, the
amplitude can be expressed in terms of cubic graphs only.

I 2 1o 2 L. 2
JROSE S 4?}43 - 4;%:2{3 Tt

Figure 7.2: Jacobi combination for ¢°¢®* — gg.

Note that ns is associated to the massless denominator (p; +p4)? while n; and n3 sit, respec-
tively, on the massive propagators ((p1 +p2)? — /ﬂ) and ((p1 +p3)? — ,u2).
Therefore, the proper definition of the cubic numerators absorbing the contact interaction is

n1 + ((p1 + p2)® — p?)n1a — na,

na + (p1 + pa)*naq — na,
3 + (01 +p3)® — u?)nga — na. (7.2)

With this prescription, the Jacobi-combination of the kinematic numerators depicted in
Fig. 7.2 can be written as

Ngegoge = Jhegena € (D1)€ s (P2)€ 15 (P3) s (P4), (7.3)
with
H1M213 04 TH1H2 U314 12 3 4 1 2 13 fha
Jg.g'gg _Jg—Fey + Jg‘g‘gg-AX + Jg'g‘gg—;ﬁ . (74)

In Eq. (7.4) JgFey is the same as in (3.30); Jgegege-ax is given by

. 1
— i JgegegrAx = m{ (A Ph" — A ph" + (91— p3) ) [a - (P2 — ps) g1

+ (2p3 + p2)"** ¢"* — (2p2 + p3)"® ¢M*?]
+ (ph2p4* — ph2ph® + (p3 — p3) 9"2#%) [q - (pa — p1) g"*H
+ (2p1 + pa)"™ ¢" — (2ps + p1)™" q‘“]}, (7.5)

whereas the p-dependent term reads

, 1
—i J R = " {9“1“39“2“4 (7 — p3) (p§ — p3) — u*)—g"+2 g+ ((pT — p3) (pf — p3) — 1)

— (pi — p3) 9" (P pi® — P P5?) + (pT — p3) g"H (ph2ph* — ph2ph*)
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— (pf — p3) g"* (P34 — PPPi*) + (p3 — p3) g+ (PPl — ph'ph?)

(P50 — ) (PPt — PR + (0 — ) (B — ) b (7.6)

We see that C/K duality, which corresponds to Ngegege = 0, is recovered because of transver-
sality, ; - p; = 0, and on-shellness conditions.

Now we consider gg — s°s* (p? = p2 = 0, p3 = p% = 1?) amplitude, whose diagrams are
shown in Fig. 7.3.

Figure 7.3: Feynman diagrams for gg — s°s°.

In this case, since the four-point interaction only contributes to two colour structures,
C4Ny = C1N1;4 + C3C3,4, (7.7)

we can absorb its kinematic part in the two diagrams involving a massive scalar propagator,
through the substitutions,

n1+ ((p1 + p2)® — p?)n1a — na,
ng + ((p1 + p3)? = p?)naa — na, (7.8)

whereas ng stays the same as defined by Feynman rules. In this way, the Jacobi combination
of the cubic numerators, depicted in Fig. 7.4, becomes

Nagsese = Jggenioun (P1)€04 (1), (7.9)
where the off-shell current is
Thate = (i + Tl GAP. (7.10)

We observe that, although n; and ns depend on the mass of the scalar particle, the u-
dependence cancels in their combination. Therefore, C/K-duality, i.e Ngggese = 0, holds in
this case as well as in the massless one, according to Eqgs. (3.18) and (3.19).

Ley~2 Lo 2 Ly 02 L2
b | T =— + 0 e T 4
) 4:@“*3 g3 4 03 4%;‘“3
Figure 7.4: Jacobi combination for gg — s°®s°®.

The remaining processes, whose tree-level identities are depicted in Fig.7.5.(c)-(g) do not

involve contact interactions, so that the construction of their Jacobi-combinations directly follows
from the Feynman rules of (5.12). In order to avoid repetitive discussion, we simply list the
results giving, for each process, the corresponding on-shell conditions and the expression of the
Jacobi-combination in terms of off-shell currents.

According to the case, C/K-duality is recovered once transversality of the gluon polarisations and
Dirac equation are taken into account. We recall that, for a generalised gluon ¢g* of momentum
p;, one has af‘ -pi = 0 (A = £,0), while for generalised quarks ¢* of momentum p;, one has

a(ps) (s — iny®) = 0 and (g + ipy®)o(p:) = 0.
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Figure 7.5: Jacobi combinations for FDF particles.

c) 9°9° = aq (pi = pi = p*, p3 =p3 =0)
Ng'g'(jq = a(p?’)‘]g'l;'%qv(pZ)gul (P1)5u4 (p4)7 (711)
with
Hipa  _ JH1M4 41 pha
—Jgrgeaq = JoTey + o Ax (7.12)

where the terms in the r.h.s. are defined by Eq. (3.25) and (3.26).

d) s°s* — qq (p? = p3 = p% p3 =p3 =0)
NS'S'Qq = ﬂ(pg)Js-s-qu(pg), (7.13)
with
1
i Jese :7{(]-]9—]9 < + >+ P2 —p? } 7.14
5787qq (p2+p3)q (4 1) pg pg (4 1)54 ( )
e) g9 — ¢°¢° (p? =p7 =0, p3 = p} = %)
Negqrqs = a(pS)Jgglq’?q-U(pQ)’ (7.15)
with

— i Jhakite = —(py — i)V — APy + i) + (P + P, + i) g

Py =M IS (T16)

Ngsgarq = Up3) Jgagqeqt (P2)ep (P1)pws (Pa) (7.17)
with
— i Jeageq = —P7A = Ay + i) + (P Py iy )g Pl = pt

1 )
+ F(ﬂg +p, + i) () — PPt . (7.18)
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g) s°9 — ¢°q (pT =p3 = p? p3 =pi=0)
Niegqeq = U(p3) Jlayqeqv(P2)€ps (Pa), (7.19)
with
—i Jhbgeq = (= P = APy +inn°) + P47 T, (7.20)

7.2 Colour-kinematics duality for ¢°¢*(s°s*) — qqg

As a non-trivial example of C/K-duality for dimensionally regulated amplitudes, we consider
again the process gg — qqg, already discussed in Section 3.3.3, but now regarding the initial
state gluons as d-dimensional particles (whereas the final state remains fully four-dimensional).
This amplitude would contribute to a d-dimensional unitarity cut of a loop-level amplitude where
the gluons p; and py appear as virtual states.

Within FDF, the full amplitude is obtained by combining the contributions of three different
processes involving generalised four-dimensional initial particles,

9°9® — qqy, 5°s* = qqg . g°s® — qqg . (7.21)

However, because of the (—2¢)-SRs, Eq. (5.11), ¢*s® — ¢Gg vanishes and the problem decouples in
the determination of the C/K-dual representation of two individually gauge invariant amplitudes,
g°9® — qqg and s°s® — qqg. The tree-level contributions to ¢*¢®* — qqg are shown in Fig. 7.6.
The Feynman diagrams for s®s® — ¢qg can be easily obtained by replacing all generalised gluons
lines g* with scalars s°.

ni2

niz nia nis nie

Figure 7.6: Feynman diagrams for ¢®*¢®* — ¢ggg. The contributions to s*s®* — ¢gg are obtained
by replacing all generalised gluons g® with s® lines.

Since in both cases the number of graphs, the relations among their colour factors and, as con-
sequence, the set of constraints to be imposed on the shifted numerators (3.40) are exactly the
same as in the example of Sec. 3.3.3, we will simply discuss the relevant modifications to be
taken into account in order to adapt the calculation to generalised fields.
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We notice that, while for g®°¢® the redistribution of numerator nig among cubic diagrams is
still given by Eq. (3.64), for the s®s® case we have, as discussed in Section 7.1(b),

C16M16 = C5M5:16 + C8MN8:16 - (7.22)

Nevertheless, for both processes the diagrammatic expansion of the amplitude can be still read
from the r.h.s. of Eq. (3.68), provided the replacement

S1 — (Sli — /1,2) for ¢ 7é 2,

S9; — (505 — p?) fori #1, (7.23)
which account for internal massive propagators. These modifications affect the kinematic terms

of the decomposition (3.71), as well as the entries of the matrix (3.73). Finally, the anomalous
terms that enter the definition of the vector (3.74) are given, for ¢*¢®* — qgg, by

102 Q5

P[1,3,12] = UslJq(P1 +p2,p4,P37p5)aa5]v4H%5yV5a1a2( D1 — D2, D1, D2)e] €57 Ex
+ n3;16 = S120[1,3,12)
P1,4,15) = Us[Jgegeqa(P2, P4 + P55 P35 P1)asan (P + Ps)Eslva el €% = Sa5001,4,15)
b7 = Usldy(By + P, + 117 ) Jgrgaea(P1: Pas D3 + P2, P5)aras 04 €7 €57 = $23012,4.7),
¢[2,5,11} = U3[Jgegeqq(P1 + P5, P4 P3,P2) ac V4 Hgfn(]?l + Ds, ,UQ)

X Viayas (—P1 = P5,P1,P5)€7" €5°€5° + 15116 = S15902,5,11)»
D16,7,14) = U3[Jgogqeq(Ps: Pa + D1, D3, P2)asas (P, + Py +ipy )?f Jug€5°e5® = s14006,7,14]
D689 = Us[Jgegoca(P2 + P5, P4, D3, P1)aay J0a IS0 (p2 + ps, 117)
X Viagas (—P2 — D5, P2, P5)e] " €5°€5° + ng,16 = 525%¥(6,8,9]
Plo,10,15) = Uslf, (Py + P, +iny %) Jgegaeq(D5: Pas D3 + D1, P2)asas V4 €52E5° = $139[9.10,15]
P11,10,13) = 3[Jg'g61'q(]91,p4 + P2, 03, D5)asas (P, + Py + 117 )Eolva €87 €5° = 5240011,10,13)»
Pn12,13,14) = Us[fs (P + Ps) Jeegraq (P2, Pas 3 + P5, P1)asas V4 €77 €57 = S3590(12,13,14] (7.24)

and, for s*s®* — qqg,

¢ 1,3,12] = us[Jq(p1 + pz,P4,P3,P5)aa5]U4H§eﬁy (p1 — P2)56?5 = S12¥[1,3,12]»

P1,4,15) = Us[Jseseqq(P2, P4 + 5,03, P1) (P, + Ps)#5lva = S45001,4,15,

P47 = Usly (2153 +p, +ipy %) Jsegara(P1, P4, D3 + P2, D5 )as Vs €5° = 52390[2,4,7)
P2,5,11) = UslJseseqq(P1 + D5, P4, P3, p2)|va(2p1 + ps5) - €5 + N5116 = S150[2,5,11)>
Pl6,7,14) = ug[Jsegqeq (D5, P4 + P1,P3,P2)as (Z/j4 +p, iy )¢ Jugeg® = 5149[6,7,14]»

Pr6,8,9) = Us[Jseseqq(P2 + D5, Pa, D3, P1)]v4(2p2 + p5) - €5 + N8.16 = S250[6,8,9)>

Do,10,15) = Us[y’ (P + Py + 117" ) Jsegaeq (D5, Pas D3 + D1, D2)as |04 €5° = 5130(9,10,15]

P11,10,13) = u3[Jsegqeq(P1, P4 + P2, P3,D5)as (,3154 + Py iy )’Y Juges® = 524¥[11,10,13]»
D112,13,14) = U3[¢5 (P, + Ps) Jseseqa(P2, P1:P3 + P5.P1)]va = S35912,13,14)- (7.25)

The systems AA = ¢ associated to both amplitudes still satisfy the condition (3.76), which
ensures the existence of a C/K-dual representation, depending on four arbitrary parameters,
whose expression follows the structure of (3.87).

As for the pure four-dimensional case, the analytic expressions of the dual numerators have been
obtained for generic polarisations and numerical checks of the result have been performed for
different helicity configurations, including longitudinal polarisations of generalised gluons.
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7.3 Bern-Carrasco-Johansson relations in d-dimensions

Since the rank of the matrix A turns out to be non-maximal and the consistency relation,
rank(A|K) = rank(A) = 11, implies the existence of four linear relations between the kine-
matic factors K;’s, which can be simply found by determining a complete set of vanishing linear
combinations of the rows of A. In this way, we obtain the set of identities

s45 K1 — s34 K3 — (s14 — pi*)Kg = 0,

s12 K1 — (s23 — p?) Ky — (825 — pi*) K = 0,

(s15 — p*) Ko — s45 Ky — (595 — p*)Ke = 0,

(823 — MQ)KQ — s34 K5 + (823 + S35 — MQ)KG =0, (7.26)
which reduce to two the numbers of independent K;’s. At higher multiplicities, rather than
corresponding to a single partial amplitude, each kinematic factor can be expressed as a linear
combination of colour-ordered amplitudes. The relations between the K;’s and colour-ordered
amplitudes can be found either by comparing their expansions in terms of Feynman diagrams
or, more conveniently, by first performing the usual colour algebra on (3.71), in order to express
all ¢s in terms of traces of generators 7%, and then by identifying the combinations of K;’s that

multiply each single trace with the corresponding colour-ordered amplitude. In this case, it can
be shown that

K1 = A5(1,2,3,4,5) + A5(1,2,4,3,5) + A5(1,3,2,4,5),

Ky = —As5(1,4,2,3,5),

K3 = A5(1,3,4,2,5) — A5(1,2,4,3,5),

Ky = A5(1,4,2,3,5) — A5(1,3,2,4,5),

K5 = —A45(1,3,4,2,5),

Ko = A5(1,3,4,2,5) + A5(1,4,2,3,5) + A5(1,4,3,2,5). (7.27)

Therefore, by substituting (7.27) in (7.26), we can reduce from six to two the number of inde-
pendent colour-ordered amplitudes and express all the others through the set of relations

—P%4PEA5(1,2,3,4,5) + (P34 — 1?)(P3, + Pk — 2u2)A5(1,4,3,2,5)

As(l5.4,2:5) = (P123 - MQ)(P224 - u?) ’
A5(1,2,4.3.5) — —(Pfy — p?) (P — u2)A5(1,4,3,22, 5) + PL(P% + P2, — u2)As5(1,2,3,4,5) |
P35(P224 — p?)
As5(1,4,2,3,5) = — P} P A5(1,2,3,4,5) + (P% — p?) (P2, + P% —2p2) A5(1,4,3,2,5) ’
P (P, — 11?)
A5(1,3,2,4,5) —(PYy = 1) (P — w?)As5(1,4,3,2,5) + PH(P3, + P — p?)A45(1,2,3,4,5)

(P123 - MZ)(P224 - u?)
(7.28)

Identities involving other colour-ordered amplitudes can be obtained by making use of Kleiss-
Kuijf identities such as

As5(1,2,3,4,5) + A5(1,2,3,5,4) + A5(1,2,4,3,5) + A5(1,4,2,3,5) =0,
(7.29)

which, substituted in (7.28), gives

(P124 + P425 — MQ)A5(1’ 2, 3’4’ 5) + (P124 - MQ)A5(1’ 2,3, 554)

A5(152,45 37 5) = (P224 _Iug)

. (7.30)
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The same identities are satisfied by the colour-ordered amplitudes where the generalised gluons
in the initial state are replaced by massive scalars (s*s® — ggg).

Similar consideration can be made for the four-point BCJ relations, where, by following the
prescription (7.23) in the system (3.56), it becomes,

(594 — %) A(1,2,4,3) = (503 — u?)A(1,2,3,4). (7.31)
With similar considerations we can verify that
(504 — p2)A(1,3,2,4) = 512 A(1,2,3,4),  (s23 — u?)A(1,4,2,3) = s12 A(1,2,4,3).  (7.32)

The BCJ relations of Eq. (3.13), by following a pure diagrammatic approach, can be gener-
alised to

n 7
DD Dsoy = uPm | A(1,3,..,4,2,i+1,...,n) =0, (7.33)
=3 \j=3

The structure of the identity (7.33) involving two generalised particles is analogous to the one of
the BCJ identities for QCD amplitudes with massive quarks [148, 149].

7.4 Coefficient relations for one-loop amplitudes in d dimensions

7.4.1 Relations for pentagon coefficients

Figure 7.7 Pentagon topologies for the cuts Cig3. k|(k+1)..0|(1+1)..m|(m+1)..n. and
Co1)3.. k| (k+1)..0| (141)...cm| (m+1)..n-

We recall the extraction of the pentagon coefficient,

£ 2
053 :M = cligklm)® 2 (7.34)
Halkltm =TT, i D

In order to see how the BCJ identities for tree-level amplitudes can be used to relate different
pentagon coeflicients, let us consider the contributions shown in Fig. 7.7, which share the same
cut solutions. In addition, since these two pentagons differ in the ordering of the external particles
p1 and po only, they can be obtained as the product of the same tree-level amplitudes, with the
only exception of the colour-ordering of the four-point amplitude involving p; and ps. More
precisely, for the ordering {1,2, ...,n} we have

+
O3 k| (ot 1), | (14+1) .| (1)

:Aflree (_lfzv 1,2, lgz) A}cree (_l{:it7 Ps..k, llitl) A?EEEJ& (_ll:ctJrl’ PkJrl...,lia ll:t)

tree + + tree + +
X Amfl+2 (_ll+17 Pli+1...,m7 lm) An—m+2 (_lm+1a Pm+1...,n, ll )

(7.35)
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+
and 021|3...k\(k+1)...u(z+1)...m|(m+1)...n

Alree (—lf, 1,2, l3i) and Afee (—lf, 2,1, l3i) are related by the d-dimensional BCJ identity (7.32),

is obtained just by changing 1 <+ 2. The tree-level amplitudes

P2 2
At (g 0,1 1) — 52 e g g o g 7.36
4( 17773)_P2 —M24( 17773)7 ( )
—lF2

which, substituted into the expression of C& , allow us to identify

21(3...k|(k+1)...0| (+1)...m| (m+1)..n
2

+ Pl?i? IEalpn
C =—=—C . (7.37)
21[3...k| (k+1)...4| (14 1) (me1).on = P2 21213 K| (k1) (1) | (me1).n
—iE2

The ratio of the two propagators appearing in (7.37) evaluates to same constant value for both
cut solutions,

Plziz —p
el (7.38)
so that, by making use of (7.34), (7.37) becomes
cCU)E = (12))% (7.39)

Therefore, as simple byproduct of the BCJ identities at tree-level, the knowledge of a single
pentagon coeflicient completely determines the other one.

7.4.2 Relations for box coefficients

Figure 7.8: Box topologies for the cuts Cio3. gk+1. 0ji+1..n a0d Co1j3. kjkt1..0141..n-

Next we consider the box contribution to the amplitude. We recall the extraction of two

. . ijkl ijkl
non-spurious coefficients cg” ) and Cffj ),

Ny (ijkl)+ Gkl) L1, GjkD)+ | (ijkl)—
ct === =c,’ , g™ == (! + ¢! , (7.40a
il7 k|l Hh#j’kvl Dht |20 0 0 2( 0 0 ). ( )
Ny (ijkl)£ 4 (ikl) _  (ijkl)+ _  (ijkl)—
ct == ="t 0 (), T =6y’ =7 (7.40b)
W Tz jges Dht L2y (W) i 4 4

Analogously to the pentagon case, we consider two box topologies differing just from the ordering
of the external particles p; and po, as depicted in Fig. 7.8. When the integrand associated to the

ordering {1,2, ...,n} is evaluated on the on-shell solutions it factorises into
+ _ 7t + + t + + t + +
Cral3. k(b 1), (1) = AL (=05, 1,2,05) AP (=15, Paes Ui y) A% (< licen Perts li50)

x AN o (=l Pt 1T) (7.41)
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and the expression of 021|3 K| (R41). | (141)... ,, in terms of tree-level amplitudes can be obtained by

exchanging 1 <> 2. Therefore, thanks to the BCJ identity between tree-level amplitudes (7.36),
we can write

C:l:

+
C. 1203..k|(k4+1)...0|(141)..n"

= 7.42
213 Kl ()11 1)ecn P2 (7.42)

_M2

It can be verified that the ratio of propagators sampled on the cut solutions converges to a
constant both for g2 — 0 and p? — oo limits,

Pi -
l 2 +
i LIRS = o, (7.43)
leiz ,u2 "
u2—0
P2Z 1
% =af 40 (—) , (7.44)
12 H . H

so that, by evaluating both sides of (7.42) in the two limits, we can trivially obtain the contri-
butions from Coy|3. k|(k+1)...0(1+1)...ns ONC€ C12[3. k|(k+1)...1|(1+1)...n has been calculated,

02(21|...):|: _ aic(-m”')i, i = 0’4 (745)

(2

7.4.3 Relations for triangle coefficients

Jk+1 “k+1

n

Figure 7.9: Triangle topologies for the cuts Cia3. k|(k+1)..n a0d Co1j3. k|(k+1)...n-

As discussed in Sec. 7.4.3, by considering the expansion of the integrand in the large-t limit,

Ny
o _
Iz g D

1
ik (t,,uQ) = = g (] £y + 12 an]z) . (7.46)

t—o0 m=0

The C/K-duality for tree-level amplitudes can be used to relate all coefficients of the expansions
(7.46) for different triangles. As an example, we consider the two triangle contributions de-
picted in Fig. 7.9. When evaluated on the on-shell solutions, the triangle with external ordering
{1,2, ...,n} factorises into

C:I:

tr + + tr + + tr + +
12]3..k|(k+1)..n A4 “ (_ll 1,2, l3 ) Ak ee (_l3 s Pk, lk+1) Ansekw (_lk+1’Pk+1---,m l1 )

(7.47a)

and the analogous expression for 021|3 K|(k+1)... is obtained by changing 1 <> 2. As for the
previous cases, we can make use of the BCJ 1dentity (7.36) in order to establish a relation

between 6’21‘3 K| (k+1)... and 012\3 K| (k+1)...
o Fpa =¥ C (7.48)
52 9 V1213, k|(k+1)..n- 48
21|3..K|(k+1)... leiQ 112 |3...k](k+1)..n
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According to the expansion (7.46), both 02i1|3 K|(k41)..m and C12‘3 K|(k41)...n €A1 be parametrised
as
- 2l - A
+ . 12 2 12
a3 k| (bt1)eom = Cmo " Cg ",
m=0 m=0
- (21]...) - 2
+ 21|...)+ 2 21
o3 k| (kt1)om = Cmo " Cmo (7.49)
m=0 m=0

There, if we consider the large-t limit of the ratio of the two propagators evaluated on the cut
solution, which is found in the form

2 2

Pi,—p 0 =

132 1

| = D Gt D apst™ + 0 (t—4> 7 (7.50)
) H ey =3 m=-3

we can insert the expansions (7.49) and (7.50) into (7.48) and, by matching each monomial
between the two sides, obtain the set of relations

1-m

(21| (12]. (21| (12]..)% o12)%
ZO‘—IOCHmO ’ <0‘ 12,2 Climia0 T 010 Gy ) (7.51)
1=0

Eqs. (7.51) show that C

21[3.. k| (k1) AL be fully reconstructed from the knowledge of CE

12]3..k|(k+1)..n"

7.4.4 Relations for bubble coefficients

Figure 7.10: Bubble topologies for the cuts Cyyj3. ., and Coy3_p-

Finally, the bubble contribution is obtained by extracting the coefficients from the large-t
expansion,

2 2-1

Ny Aiji,+ I 2 (ij)+
CZU(ty,,u):H 5 —Z' D, Zchmoty +pcgya - (7.52)
h#i,j ktig ot | L 1=0m=0

As usual, in order to show the role of the C/K-duality in the reduction of the number of coeffi-
cients to be actually computed, we consider two bubble contributions differing by the ordering
of the external particles p; and ps, as illustrated in Fig. 7.10. The two coefficients are given by

01:5|3 n Aflree (_lit7 17 27 l::gt) Ag.ee (_li:}ta P3"'7L7 lit) bl
Corppn = AT (HI5, 2,1, 157) AT (=15, Poon, 1) (7.53)

and, using (7.36) to relate AYe® (—lfc, 1,2, lg—L) and Afree (—lli, 2, l,lgc), we obtain

P2
C:I: — liQ C:l:

(7.54)
2113..n leig _M 12[3..n°
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The ratio of the two propagators in the large-t limit is parametrised as

Pl2i2_/“‘2 U 12
PQ:E — p? Z Zalmotlym—i‘—a 202+O<t3> (7.55)
=72 oo E=—2m=0

so that, by plugging in (7.54) the expansions

2
12| l 2 (12]..)%
12\3 n chlmo Cy" e

=0 m=0
- ... (21]...)
(21 I 2 (21]..)%
21\3 n chl Sty 0,02 (7.56)
=0 m=0
one can verify that the coeflicients of 021|3 are completely determined by
2 min[m,2—r]
(1.0 + (12]..)%
Cl,m,O - Z Z Oélfr,mfs,o Cr,s,O ’
r=l \ s=max[0,l+m—r]
(1) _ & 2l-) + (12].)*
€02 T 202000 T 0002 - (7.57)

7.4.5 Examples

We hereby verify on some explicit examples the coefficient relations we have derived in the pre-
vious section. In order to obtain compact expressions and keep the discussion as simple possible,
we consider scalar loop contributions to gluon amplitudes only and we present analytic results
for convenient helicity configurations. Nevertheless, numerical checks of the coefficient relations
have been performed for all helicity configurations and gluon loop contributions have been in-
cluded as well. All results presented in this section have been numerically validated against the
ones provided by the C++ library NJET [56].

In addition, we would like to mention that, besides constituting one of the FDF ingredients
needed for the computation of the full amplitude, the scalar contributions presented in this sec-
tion can been thought as the generators of rational terms in alternative frameworks, such as
supersymmetric decomposition [255, 293].

Pentagons

3‘*‘%%_ Méﬁ' 3"‘%' M4+
2+ | m5+ 1+ | m5+
e Gt o+ e, 6T

Figure 7.11: Pentagon topologies for the cuts Cyyj3145/6 and Cayj3/4/5/6-

To begin with, we consider the six-gluon hehclty amplitude ./41 loop (17,2%,37,4% 57 6%)
and we compute the quintuple cuts C and C of Fig. 7.11, with the use the basis

12|3]4/5/6 21/3|4/5/6
EW012) — o) ey e3,e4}, where

1 1
el =Pl €5 = s, e5 = 5 (417"]5], ey = 5 (51"[4], (7.58)
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The solutions of the quintuple cut are

M 14 et 4 14 /’L 14

=cef — — e}, IV =ce] — —e5, 7.59
5 57 s 5 175 (7.59)
where the parameters ¢ and p? are fixed by the on-shell conditions. From the product of tree-level
amplitudes we obtain

Clagaps = AT (HI5 15,27, 057) AF™ (=15, 3%,17) AF® (=157, 47,15) AT (=15, 5%, I ) A5 (=15, 67.055)
_ i [2[1](3]15]4] (414 3] (5]11]6] 6|6 |5] (7.60)
(1]2)(3]4)>(5(6) (1]11[1] '
and

Cotfajajs = AT (=05, 27, 15, 157) A5 (=1, 37, 13) Ay (=13, 4%, 15) A5 (15,57, 15) Ay (<1,6%, 1),
_ ip®[2(1](3]15 141 (4|1 |3] {511 |6] (6 Ls | 5]

(7.61)
(112)(3[4)(516)> (2|11 [2]
The two cuts are related by the BCJ identity (7.37),
IF +p2)” — 2
C2i1|3\4|5 = (i )2 5 CE1203)a5/6- (7.62)
(f —p2)” —
: : + . + ;+ ;£
By using momentum conservation to express Iz in terms of I7-, 15,17,
W=lz—ps—ps, Iy =1I+ps+ps, =I5 +ps, lg=I5—ps, (763

+

12/3/4/56 takes the form

one can verify that C

o= _ ip*s34° 545”5567 (2| 1][4[3][6]5](3]1 + 2]6]*(6]1 + 2[3]?
1213141516 tr5(6, 3,5, 4)3 (1]2) (3]4) (5]6) (sa5tr5(1,5,2,6) + sgastrs(1,5,4,6) — sietrs(3,4,5,6
(

where s;; = (ij)[ji] and trs5(1,2,3,4) = (1]234| 1] — (1|432] 1].
In a similar way, according to (7.38), we find

(lét + p2)2 — Mz . 845'61‘5(1, 5, 2, 6) + 8345tr5(1, 9, 4, 6) — 816t1"5(3, 4, 5, 6)
(lit . p2)2 _ MQ 545tr5(2, 9,1, 6) + 8345tr5(2, 5,4, 6) — 826t1"5(3, 4,5, 6) ’

(7.65)

Hence, substituting (7.64) and (7.65) in (7.62), we obtain

o in2s34s5%56[2[1)[413][6]5) (3]1 + 2/6]2(6]1 + 2[3]2
21341516 = t1,(6, 3, 5, 4)3 (1]2) (3]4) (5]6) (545t15(2, 5, L, 6) + s345tr5(2, 5, 4, 6) — 526tr5(3,4,5,6))
(7.66)

which reproduces the same result one could obtain from similar algebraic manipulations on (7.61).
The analytic expressions for the two cuts find numerical agreement with NJET.
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3+%7777W4+ 3+%"”M4+

2t | 17 |
g 1 g
Figure 7.12: Box topologies for the cuts Cygj345 and Coyj3)4/5-

Boxes

As an example of identities between box coefficients, we consider the quadruple cuts CF

12(3]4/5
and C’Zil‘3|4‘5 for the helicity amplitude Aé’looP (17,2%,3%,4%,57), depicted in Fig. 7.12. For this

configuration we use the basis £ (40123) f oq. (7.58), where the cut solutions can be parametrised
as
2 2
M 14 bt 4 v l’L v
e, IV =c_é€] — es, 7.67
S15Ch 4 5 47 e ( )

I3V =cief —

being ¢, and c_ coefficients determined by behaviour of the on-shell solutions for y? — 0 and
u? — 0o. By combining tree-level amplitudes we can write

Clapgaps = A5 (FIF5, 17,27, 057) AF® (=15, 8%, 17) A5 (=15, 47, 15) AT (15,57, 1))
(U 23l 414104 13) 5l 1] _—
s12[5(1](3]4)2 (1]11[1]
and
O = AT (1,24, 17, 12) Y™ (<1537 1) A (—1,4%, ) A (~12,57, 1)
(U2 0l (41 3510 1] -
s12(5[1](3]4)%(2(11]2]
and then relate two cuts through (7.42),
+ 2
+ 5 +p) - (7.70)
2113145 — & 2 o ~21(3]4/5° :
(5 —p2)” —n
Momentum conservation allows us to write
IF =1F - ps, 1T =1F +pa, I3 =15 +p3+ps (7.71)
and, consequently, to express Cli2\3| 45 33
4 [4)3]t 4,3,5)?
C:I: Z/’[/ [ ’ ] r5(771,27 b ) ) (772)

12031405 = 7 5 ot15(3, 4, 1, 5)[5|3][5]4] (3[4)2

where we have introduced the complex momenta 7;’; = (i |7”| ). We have verified that, for this
particular helicity configuration, the box coefficient is given by the ~ u* term only. Therefore,
we just need to compute the ratio of the propagators in the large-u? limit,

2
(IF +p2)” — 1i?
2
(5 =p2)” = p
Thanks to this result, the expression for Cy|3)45 obtained from (7.72) is

C:l: — ’L,LL4 [4’3]t1‘5 (771,27 47 37 5)2
2U31415 ™ s15tr5(3, 4, 1, 5)[5|3][5]4](3]4)2

which finds again agreement with NJET.

— 140 <i> . (7.73)

u2—00

(7.74)
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Triangles

2+
3-

3-
2+
1+

esdT

T
= o

g

Figure 7.13: Triangle topologies for the cuts Cia3)4)5, C132j45 and Co3)4/5-

For triple cuts we give an example of the coefficient relations obtained through identi-
ties between five-point tree-level amplitudes, which are discussed in App. C. Let us consider

Aé'IOOp (1F,2%,37,47,57) and the three cuts of Fig. 7.13, C5 c* and C

213]4|57 ~'1234/5
tively. We use the basis £(40123) of eq. (7.58), where the cut solutions are given by

2 2

/J’ 1% —UV 1%
=tes ——e IV =te] — —e
5 37 gt 5 4T et e

and from the product of tree-level amplitudes we obtain

Ol = AF® (—1F, 17,2737 0F) AY™ (<047, 1) A5 (—1F,57,1f)
Bl A BB+ 200713) ipPR(1 (3 12125 [4]1515)
~ s193[B1412(12) 2I3) (LI [1 + 2[3)  [5]4]2[3]15[3[2)(L15[1](1]2 + 3|15 [3)
Ol = AT (<1, 17,37, 27 15) AY™ (<05, 47, 1) Ay (~1F,57,15)
LG R el T e ip?[201)4 (5|15 4115 |5)
C [BIA2[201E 12 + 3|1 13)(21iE|2I3)  s123[3]1][312][5]4]2 [2]1a]2 + 3[1]
Coaap = A5 (=15, 2%, 17,37 ,17) A5 (137,47, 15) A5 (15,57, 17)

I ANE5)(3]1 + 2115]3) ie? [2(1]) (3113 [1] (5[ 17415 15)
51235412 (112) (LI3) (2015 11+ 213)  [5[412[3]257|3[1] 21157 2)(211 + 315°(3)

The three cuts are related by the BCJ identity (7.30),

(Plii2 —p?+ P223)

2 2
<3ﬁ‘“>

02i13\4|5 = <P3l1i2 - M2> C§3\4|5 + (1321;:2—_2)0%245.
By using momentum conservation,
If =1 — ps, Iy =15 +pa,
and expanding Cli23‘4|5 and Clj§52\4|5 for ¢ — oo, we obtain
Chone (6122) = i (314) ((114) (315) + (113)(4[5)) i (3]4)° .
12345 " H [5]4](1]2)(1]4)2(2[3) [5]4](1[2)(1]4)(2(3)
- _ i (314)(315)° in*(3]5)
Cuanas (4) = BTy (ils) 3 * BRI 2B
Choe (6422) = P (314)° ((114)(3[5) + (1]3)(4]5)) i (3]4)* ;
tazjajs 0 K [5]4](13)(1]4)2(2[3)(2/4) [5]4](1|3)(1]4)(2[3)(2[4)
O (6122) = _ip*({2(5)(314) — (2[3)(4]5))(3]5)° ip*(3]5)* ;
tazjajs 1 K [5]14](13)(1]5)(2[3)(2[5) [5]14](113)(1[5)(2[3)(2[5)
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In a similar way, the expansion for large-t of the ratio of propagators returns

2 2 | p2
(Pl+2 Hot P23) _ 11* 512594595 $12525° S128% _S12 4 o 1
<P2 . Mz) sapt3(4)2|5]%  t3(4]2|5]  t2(4]2|5])%  t(4]2]5]
—i2 t—o0 ( )
7.82a
2
<P s P23) _ WPs125:835 | S12825° S18%  _S12 g 1
<p2 o Mz) sast3(5[24]3  3(5|24]3 © 2(5|2)4)2  t(5|2|4]
—h2 t—o0 ( )
7.82b
2 2
<PIIZ K > _ KWPsusas(s20+525) 8257 (s2a + 825) 825 (824 + 825)
(7, ) su5t3 (4125 3 (42]5]° 12(4]2]5]2
2 t—o0
524 + S25 1
_I22 T 140 7.82
iy 0 (). (rze)
2 2
<Pl4‘2 K > _ kPsoasas(s24+525)  s25” (S24+ 525) 525 (s34 + 535)
(P2 o qu) s45t3(5]2]4]3 3(5|24]3 t2(5|2/4)
—l2 t—o0
524 + S25 1
- —-140(=. 7.82d
fr o () (r2d)
Therefore, by inserting these results into (7.79) we obtain
Ch e () = _ip?(314)*((214)(3]5) + (2[3)(4]5)) i34 (7.83)
2l [514](1]2)(1]3)(2[4)* [5]4](1]2)(1[3)(2[4)
;2 2/9(5\3
_ 2 ip(3]4) (3]5)* ip=(3[5)
0213\4|5( W)=~ (7.84)

BIILR)A3)205)  [Bl4LR)(13)205)

which agrees with the ¢ — oo expansion of (7.81d). The resulting contributions of the three cuts
to Aé_bOp (17,27,37,47,57) have been numerically checked with NJET.

Bubbles

ote, @37 1me, . &3T
%:j )§4+ j;&:j jgzﬁ
177 7 T 2B T gy

Figure 7.14: Bubble topologies for the cuts C1aj345 and Coy345.

As a final example, we compute the double cuts C1gj345 and Cyy|345 of the helicity amplitude

.»41 loop (17,2%7,3%,47,5%), which are depicted in Fig. 7.14. For sake of simplicity, we will consider
only pure bubble contributions but we remark that spurious terms originating from triangles,
which should subtracted in order to recover the full integral coefficient, can be related through
the BCJ identities in the same way as discussed in Section 7.4.4. For this cut we use the basis
£02) = fe) s, e3,e4}, where

512 v 1 v

el = (p1+p2)’ — ————pf, es=p] e5=;(ear]e], ef=

1 4
— 7.85
S1a + S24 9 (62 |7 |€1], ( )

2
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and the cut solutions are parametrised by

1—y)si2 (1—y)ysio — p°
I“ =ye¥ + (7 ey +tek + ey, 7.86
! ve S144 S04 ° 3 (514 + s24) t 4 ( )
_ 1—y)sig (1—y)ysio — p°
l ”:ye”%—(ie”—l—te”—{— ey 7.87
! ! S144 504 2 4 (514 + s24) t ( )

By combining the tree amplitudes in which bubble factorises, we can write the two cuts as

p[513 + 4115]3) (115 12]

C:I: :Atree —li,1_72+,li Atree —li,3+,4+,5+,li _ ’
s = A (7 $) A5 (s ) s12(314) (415) (117 [1](3(657I3] (5157 |5)
(7.88)
2(5]3 + 4|l5[3] (1)1 |2)?
C:I: — Atree _l:l:’2+717’l:|: Atree —li,3+,4+,5+,li _ H [ 3 1
aijas = A4 (74 5) A5 (s ) s12(314) (415) (2117 [2](3(15 3] (5157 |5)
(7.89)
and, according to (7.54), we can related them through
+ 2 2
+ U5 +p2) —p* 4
021|345 i 2 9 Cl2|345' (7.90)
(5 =p2)” —n
If we make use of lét = lli — p1 — p2 and we expand (7.88) in the large-t limit, we get
[4]2]°(1]2)
ot =2 7.91
12345 — H s3a515[4[1](3]5)2 (7.91)
- 2 i(1]4)°
p— . 2
Crarsss = i3y (o) (3147 (5 792
whereas the expansion of the ratios of propagators reads
2
(I3 +p2) —p? (s —so0) 21 [Ale Py [2]1P214) 4] 1
(1 —p2)® — 12|, (s14 + 524) [4[1]2[4]2]* 2 (514 + 504) t2[4[1]2[4[2] 2
[2[1][4]es] 1 1
——————-—-140| = 7.93
a1 O\B ) 799
_ 2
(5 +p2)” -4 _ (=) (2% el4)?y  [420(12)%(er]4)* 1
(17 —p2)* — 12|, (s14+ 524) (114)2(2]14)2 2 (514 + 524) (1]4)2(2[4) 12
(112)(e1]4) 1 1
- —140(=). 7.94
e 1O oy
These expansions allow us to obtain the analytic expression of C2il|3 45 from (7.90),
I - 0 ) -
C21\345 =4 534845[4|1] <3|5>2 - 012|345a (7.95&)
_ . il .
=_ =-C 7.95b
woss = ) B e 0]

which agree with what we would obtain by considering the large-t expansion of (7.89).
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7.5 Discussion

In this chapter we have extended the results of chapter 3 to amplitudes in gauge theories cou-
pled with matter in d-dimensions, within the Four-Dimensional-Formulation (FDF') scheme. We
have shown that the colour-kinematics (C/K) duality obeyed by the numerators of tree-level
amplitudes within FDF are non-trivial relations involving the interplay of massless and massive
particles.

We have derived the Bern-Carrasco-Johansson (BCJ) identities for dimensionally regulated
tree-level amplitudes. These identities have been derived by working in FDF, where the effects
of dimensional regularisation are carried by massive degrees of freedom.

We have also presented a set of relations between the coefficients appearing in the decom-
position of one-loop QCD amplitudes in terms of master integrals, which have been derived as
a byproduct of the C/K duality satisfied by tree-level amplitudes. These relations reduce the
number of independent integral coefficients to be individually computed and, being valid for
contributions to both cut-constructible part and rational terms, they could play an important
role in the optimisation of numerical calculations. The complete decomposition of a general one-
loop amplitude can be obtained via the d-dimensional integrand reduction algorithm, which can
be used to express the amplitude in terms of a known basis of loop integrals, whose coefficient
can be extracted through suitable Laurent expansions of the integrand evaluated on the on-shell
solutions. Since the on-shell integrand factorises into a product of tree-level amplitudes, the BCJ
identities at tree-level have been exploited in order to establish relations between the integral
coefficients themselves.

The coefficient identities derived in this chapter have been verified on a number of contribu-
tions to multi-gluon scattering amplitudes, for which we have provided analytic expressions of
the integral coefficients.

A natural extension of this work would be the study of higher-loop coefficient relations that are
expected to descend from the BCJ identities at tree-level. To this end, future work will require,
besides a general parametrisation of the residues of multi-loop integrands, the derivation of the
BCJ identities between dimensionally regulated amplitudes involving more than two external
generalised particles.
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Chapter 8

Two-loop amplitudes

In the previous chapters, we studied the LO and NLO corrections to several processes. Moreover,
we need more accuracy and precision, in order to compare the theoretical prediction with the
experiment data. It is important to reach results at higher order in the perturbation theory, which
allow us to study many observables with a low level of uncertainty. Hence, a Next-to-Next-to-
Leading-Order (NNLO) is needed. All the techniques used for the NLO showed in Chap. 4,
as integrand reduction, unitarity and, generalised unitarity, could be, in principle, recycled as
a first attempt, to compute two-loop amplitudes in non-supersymmetric gauge theories [81—
88, 193, 201, 249-251, 294-305].

However, the very same techniques could not be applied in a straightforward way. In fact,
the set of MIs is not known a priori. In addition, the interplay of more loop momenta makes
the classification of spurious and non-spurious terms less evident. Nevertheless, the systematic
determination of the residues at higher loops is carried out by performing a polynomial division
modulo Grébner basis.

This chapter is organised as follows: in Sec. 8.1 we give a briefly review of the calculation of
two-loop amplitudes by consider the polynomial division module Grébner basis. Within integrand
reduction methods, we show the calculation of the two-loop four-gluon amplitude. In Sec. 8.2
we describe the basic concepts of the new approach of Ref. [201], which treats the space-time
dimensions in terms of parallel and orthogonal subspaces, allowing an immediately classification
of spurious and non-spurious terms.

8.1 Basic notions

A generic I-loop Feynman integral with n external legs in a d-dimensional space can be written
as

z — —
d; \ Ny ()
I(Z) [N] :/ i i1rin \% , (81)

e ,Hl mi/2 ) T1; D;(1;)
where the space-time dimensions are often split into a four-dimensional part and a (—2¢)-
dimensional one, according to Eq. (4.28). Moreover, there is a subtlety in higher loop (¢ > 2)
computations and is the definition of the (—2¢)-dimensional scalar products, which, now on are

defined as

Mij = —li 7D (8.2)

Therefore, the numerator and denominator in (8.1) become polynomials in ¢(¢ 4+ 9)/2 variables,
that exactly correspond to the scalar products p;; and the components of /; with respect to a

o~
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four-dimensional basis vectors £1) as discussed in Sec. 4.3. This means that we can express
the integrals over the (—2¢)-dimensional subspace into spherical coordinates and integrate out
all directions orthogonal to the relative orientations of the vectors [{*, obtaining

7. W =9} / Hd4 / T drs (Gl 5 Riinlioig) (83)

1<i<j<t H] D](]a/%]) ’

where G(pi;) = det[(p; - p15)] is the Gram determinant and

n+1

Q(Z)_ﬁQ(dzlz’) q _ 27
e CUEEY

8.1.1 Integrand recurrence relation

In the framework of the integrand reduction method [41, 46, 85, 86, 249, 251|, the computation
of dimensionally regulated ¢-loop integrals is rephrased in terms of the reconstruction of the

integrand function as a sum of integrands with residues and a subset of denominators D;, ,

o ) Ml---ir(qj) _ : Ajl"'jk(‘]j)
Tirir(05) Di, (gj) -+ - Di, (g5) 1;) {igk} Dji(g5) -~ Dy (¢5) (8:5)

For an integral with an arbitrary number n of external legs, the integrand decomposition
formula (8.5) can be obtained by observing that both numerator and denominators are polyno-
mials in the components of the loop momenta with respect to some basis, which we collectively
label as z = {z1, ..., zues9) }. Thus, we can fix a monomial ordering and build a Grébner basis

Gi,.i, (z) of the ideal J;,...;. generated by the set of denominators,

Tirooiy = {Z hi (2 : hy(z) € P[z]}, (8.6)

being P[z] the ring of polynomials in z. By performing the polynomial division of N;,...;, (2)
modulo G;,...;.(z),

21 i ( ZMl G- 141 Zr(Z)DZ (z) + Aiy-i (2) (8.7)

we obtain the recurrence relation

A, . (2)
ot =S ot
i1 in

(8.8)

whose iterative application to the integrands corresponding to subtopologies with fewer loop
propagators yields to the complete decomposition (8.5).

8.1.2 All plus four-gluon amplitudes

In this section we study the two-loop corrections to the polarised all plus four-gluon amplitude.
This amplitude gets contributions from the Feynman diagrams shown in Fig. 8.1 only. This
amplitude has been studied in Ref.s [80, 88|, whose computation is based on the product of tree-
and one-loop-amplitudes. We follow a diagrammatic approach, where internal particles, because
of the use of Feynman gauge, can be gluons and ghosts.

This computation is carried out in three steps:
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4 1 4 14:11><£:j
3 29 3: i2 3 2

Figure 8.1: Representative topologies of the two-loop four-gluon amplitudes. Solid lines can
represent either gluons or ghosts in d-dimensions.

1. Generation of the integrand: the integrand is generated by using FEYNARTS [202] and
FEYNCALC [203, 204]. At this point the integrand is in d-dimensions, then, because of
dimensional reduction or the prescriptions given in Eq.s (4.28,8.2) we end up with a 4-
dimensional integrand written in terms of {l;, f1;;}.

2. Fit the residue: we impose the set of on-shell conditions according to the diagram under
consideration. This allows us to get a cut solution that is plugged into the numerator
of the integrand. In order to do so, we use the MATHEMATICA packages S@QM [205] and
T@M [206]. Finally, we fit the residue by considering its generic representation at the cut,
which, was automated by the MATHEMATICA package BASISDET [249)].

Double box contribution

In order to compute the residue at the cut we use the constraints of the polynomial division
over Grobner basis. As mention before, this procedure has been automated by the MATHEMAT-
ICA package BASISDET. The residue Ai234567 can be expressed as a combination of at most 160
coefficients multiplying various powers of the ISPs

(k1 - w), (kg - w), (k1 - pa), (k2-p1), pi1 pa2 s pi2 (8.9)
where
2 2|3[1] (1|y*|2 113|2] (2|v*|1
o 2. @3 () (sl el 510
512 512 2 512 2
That is
Atggaser = 3 Ciyig (k1 - )" (b - )2 (k1 - pa)™ (ko - p1)™ i iy 1l - (8.11)

i1-ein

With BASISDET, all the information described above can be extracted by typing the following
lines in a MATHEMATICA notebook

L = 2;
Dim = 4 - 2 \[Epsilon];
n = 4;

ExternalMomentaBasis = {pl, p2, pé};
Kinematics = {p1°2 -> 0, p2°2 -> 0, p4~2 -> 0, pl p2 -> s/2,

pl p4 -> t/2, p2 p4 -> -(s + t)/2, \[Omegall~2 -> -t (s + t)/s};
numeric = {s -> 11, t -> 3};
Props = {11 - pt1, 11, 11 - pl - p2, p3 + p4 - 12, -12,

p4d - 12, -11 - 12};
RenormalizationCondition = {{{1, 0}, 4}, {{o, 13}, 4}, {{1, 1}, 6}};
GenerateBasis[1]
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We now proceed to find the set of coefficients of (8.11). For this topology, we express the
loop momenta as follows

lh=k, lo="ki —p1, Is=ki —p1 —p2, ly = —ko + p3 +p4,

l_5 = —]232 —|—p4, l_6 = —];52, l? = —El - E?a (8'12)

where, because of the on-shell conditions, D; = l? = 0, the 4-dimensional loop momenta, k; and
ko, can be parametrised as

(23) (2] | [23] 2]y [1]

k‘? — ptl)z + @ 5 + ®72 R (813&)
kS =pg + % <3’7;‘4] % <4’7;‘3] (8.13b)

Where the three extra-dimensional parameters p;; are determined by substituting
pin = ki, po2 = k3, p12 = 2k - ko . (8.14)
Inserting Eq. (8.13) into Eq. (8.11), A1234567 at the cut becomes

A1234567|cut = E diyiy Ty To" T T (8.15)

1114
Expressions (8.11) and (8.15) are related through the relation
Mc=d, (8.16)

Since we are following a diagrammatic approach, the integrand of the double box, Zi234567,
gets contributions from

dogg,
i

T g, sl dagy 1 (N 1

g T T g 3T g 3T 2 3T 2

WD) () (ETT). e
3 g 3 g 3 2

where, because of the use of Feynman gauge, dashed lines represent d-dimensional ghosts circu-
lating in the loop. Let us consider the first residue of the r.h.s., which at the cut takes the form

Pagy rge gl iTL ToT3T42T 23 1
A K . _ 172734z eg iy a2l 2 . (8.18)
<3ﬁ,<§<%2> 64(20+1)2 64 172

By following the same procedure with the other residues, we get
4\6@_?‘747 ,4,‘g€§1 4\6@_?‘» ,,,‘gﬁgl
Al 370 ) =al T ), (8.19)
3T g 37 T T g
4%«7‘ 1 4%7»‘ 1 1 . 5
Al v =A|l 4 = 1giHe (p11 + pa2 + po2) 2723 (8.20)
3 2 3T 2
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4 N 4 sl 1 -
A P =A v = 1giHu (p11 + pi2 + po2) 2723 (8:21)
3 T g 3 g
4 1
_ 1.5 _15)2 _
A = — 3517 [4(8ds — 15)piy + p11(4(8ds — 15) a2
3 2

+ (96ds - 695),&22) + 4((8ds - 15),[122;112
+ (8ds — 15) 3y + 32uis)] - (8.22)

Adding all contributions up, the residue at the cut, Ajo34567, becomes

A134567|ent = i 2725 F1(ds, pi11, paz, pr12) x @71 (8.23)

with

Fi(ds, pa1, poz, p12) = (ds — 2)(pdy + paopar + 3paspinn + fiho + pazpan) + 4(pdy — 4prpaz) -
(8.24)

Butterfly contribution

For the butterfly topology, we repeat all the steps described above. It turns out that for this
topology we have one constraint less, D7 # 0. Therefore, we parametrise p12 = $1275, in order

to make 75 dimensionless.

The ISPs are the same as for the double-box-case and the general structure of the residue is

obtained by typing the following lines in a MATHEMATICA notebook

L = 2;
Dim = 4 - 2 \[Epsilon];
n = 4;

ExternalMomentaBasis = {pl, p2, p4};
Kinematics = {p1~2 -> 0, p2~2 -> 0, p4~2 -> 0, pl p2 -> s/2,

pl p4 -> t/2, p2 p4 -> -(s + t)/2, \[Omegall~2 -> -t (s + t)/s};
numeric = {s -> 11, t -> 3};
Props = {11 - p1, 11, 11 - pl - p2, p3 + p4 - 12, -12, p4 - 12};
RenormalizationCondition = {{{1, 0}, 3}, {{0, 1}, 3}};
GenerateBasis[1]

In this case the residue Ajo3456 can be expressed as combination of at most 146 coefficients

multiplying various powers of the ISPs.

Besides the diagrams with six loop momentum propagators (see Fig. 8.1) we also need to subtract

the contribution coming from the double box, therefore, 7123456 becomes

Aqgzas6 = A %%‘_: o I_'fggé +A %%‘_: < :‘:‘gg@ +A %&Q"l < Iffggg +A %Q%f:—'o'r::gé
e 2o 2o 2o s 5

M(;:"%i ) *%;»&%i ) +A<§%:§§ ) M(}@‘”‘*

»” »”

o) o)
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1 doag, | oo gL 1 oag, L\ o gL 1 4‘61?.,<  1
+AF‘§'“F'§‘“3'§E§
T3t T g T3 g Ty 2
1 A% 1 14 _— K s
T3t i; 3 g 73 " g
14 ! 1
+A<F m ) - A(D—A1234567> ) (8.25)
7, 5 7

By performing a hexa-cut, the residue at the cut becomes,

Atozase|ent = 12723 [(ds — 2)% pn1poa((k1 + ko) + 21) + 2(ds — 2)pa2(pan + poz)z1] x @FTFF.
(8.26)

From Eq.s (8.23,8.26), the two-loop all plus four-gluon amplitude takes the form

2loop (14 o at 4t} _ d?k d¥ks A1234567 A123456
AP (1F,2%,3%,47) +
7Td/2 7'('d/2 D1D2D3D4D5D6D7 D1D2D3D4D5D6

+ cycl. perm. (8.27)

8.2 Adaptive Integrand Decomposition

8.2.1 Definition

In this section we describe the main ingredients of an alternative algorithm of integrand decom-
position of multi-loop scattering amplitudes. This recent method proposed by Mastrolia, Primo
and Peraro in Ref. [201] decomposes the space-time dimension, d = 4 — 2¢, into parallel (or
longitudinal) and orthogonal (or transverse) dimensions, as

d= d” +d; . (8.28)

While first studies [306-311] dealt with the structure of the integral, the recent work of Ref. [201]
provides an exhaustive interpretation at integrand and integral level, purely, based on the de-
composition of the space-time dimension.

Parallel and orthogonal directions show particular properties for topologies with less than
five external legs. The parallel space is spanned by the n independent four-dimensional external
momenta, namely dj = n — 1. Whereas, the orthogonal one is spanned by the complementary
orthogonal directions. In particular, for diagrams with a number of legs n > 5, the orthogonal
space embeds the —2e regulating dimensions, d; = —2e, while, for diagrams with n < 4, the
orthogonal space is larger and it embeds also the four-dimensional complement of the parallel
space, namely d; = (5 —n) — 2e.

Since the decomposition of the space-time dimension, in parallel and orthogonal directions,
depends on the number of external legs of individual diagrams this method is referred to as
adaptive.

Recalling the structure of the Feynman integrals (8.1) at multi-loop level, we can see that
numerator and denominators are written in a different set of variables. Denominators are now
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in terms of ¢(¢ + 2d)| + 1)/2 variables. While numerator will have a polynomial dependence on
the remaining £(4 — dj). Thus, loop momenta in d = dj + d_ read

=10+ A2, (8.29)

with
dj

4 4
Uil = Zl’ﬂ € s MNo= Y mie +uf, N =Y wi g (8.30)

j:d||+1 l:dH-i-l

The basis £01-%) can be chosen to lie into a subspace orthogonal to the external kinematics,
ie. e -p; =0 (i > dy,Vj), and ¢; - ej = ;5 (3,5 > dj). In Eq. (8.29) [; is a vector of
the dj-dimensional space spanned by the external momenta, and A; belongs the d, -dimensional
orthogonal subspace. In this parametrisation, all denominators become independent of the trans-
verse components of the loop momenta,

1
Di =13+ agag Xjp+mi, 1= agal,+ > Bt A= > auw + g,

j.l j J I=d)+1
(8.31)

with a, 8 € {0,£1}.

It is worth to mention that the decomposition (8.29) allows to express a subset of components
of q‘f‘i and \;; as combinations of loop denominators by solving linear relations. Therefore, we can
always build differences of denominators which are linear in the loop momenta and independent
of \;;, while the relation between );; and the denominators is always linear by definition, as it
can be seen from Eq. (8.31).

On the other side, the integral (8.1) with the decomposition (8.29) can rewritten as

(e i, A, ©
Id([ M Q /Hdn 1q|| / ( )A/ (4—dy)e H(qDH (q”“j{)), (8.32)

where

d 1—¢
/ z(z+1)A /H i [G ]L (8.33)

1<i<y

defines integral over the norm of the transverse vectors A{* and their relative orientations and

©® | parametrises the integral over the components of A\ lying in the four-dimensional space.
From Eq. (8.32) we see that denominators do not depend on @ | -components, therefore, their

integration can be easily performed. In fact, we have to deal with integrals of the form

1
/ dcos 0;;(sin ;)% (cos 0;;)” . (8.34)
-1

The values of « and 8 depend on the specific expression of the numerator. The structure of these
integrals allows to compute once and for all up to the desired rank and re-use them in every
calculation. Additionally, these integrals can be evaluated by performing the Passarino-Veltman
tensor reduction in the orthogonal space. Alternatively, they can be evaluated by exploiting the
properties of of Gegenbauer polynomials C,(la) (cos @), a particular class of orthogonal polynomials
over the interval [—1, 1], which obey the orthogonality relation

! 217297 (n + 20)
: 200—1 «@ [ _
/_1dcos 0 (sin6) C(cos 0)CY (cos 0) = S l(n+ o)l2(a) (8.35)
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8.2.2 Algorithm

In the previous subsection we saw how numerators and denominators are written in terms of
different variables. In fact, when considering integrals with n < 4 external legs, the decomposition
of d = d|+d starts making sense and allows a lot of simplifications. For instance, the dependence
of the denominators on the transverse components of the loop momenta is dropped.

Let us indicate with z the full set of £(¢ + 9)/2 variables

z :{X||i7XJ_i7)\ij}7 Z,j = 1,...6, (836)

where x; (x1 ;) are the components of the loop momenta parallel (orthogonal) to the external
kinematics, the denominators are reduced to polynomials in the subset of variables

T :{X”, Aij}a T C 1z, (8.37)

so that the general r-point integrand has the form

Ml---ir (T’ XL)
Di (1) Dy (1)

Iil...ir(TaXL) = (838)
The new representation of numerators and denominators in terms of the variables 7 and the
expansion of x| in terms of Gegenbauer polynomials allows for a straightforwardly identification
of the spurious terms.
Therefore, the algorithm, with this adaptive integrand decomposition (AID) method, is or-
ganised in three steps:

1. Divide: we divide the numerator N, ;. (7,x,) modulo the Grobner basis Gj,..;,. (T) of
the ideal J;,...;, (T) generated by the denominators. The polynomial division is performed
be adopting the lexicographic ordering A;; < x|,

Ny (T,%0) =D Nis i yingr s (T:X0) Dy (7) 4 Ay i, (3% 1) - (8.39)
k=1

Because of the polynomial division, the dependence on the transverse variables, x , in the
residue A, 4, is left untouched as well as on X|| but not on A;; that are expressed in terms
of denominators and irreducible physical scalar products.

As anticipated at the end of Sec. 8.1.1, the Grobner basis does not need to be explicitly
computed, since, with the choice of variables and the ordering described here, the division
is equivalent to applying the set of linear relations described above.

2. Integrate: Since denominators do not depend on transverse variables, x| , we can integrate
the residue A, ;. over transverse directions. This integration is carried out by expressing
Aj, .4, in terms of Gegenbauer polynomials, i.e.,

A (1) = /d(4_d”)€@J_Ai1...ir(T7®J_)- (8.40)

Where A™ . is a polynomial in 7 whose coefficients depend on the space-time dimension
d. Likewise, this polynomial is free of spurious terms.

3. Divide: the structure of the integrated residue suggests a second division. This can be
seen from the dependence A;‘lltlr has on the variables 7. In fact, after applying the division,

similarly as in the first step of this algorithm, we get
Azrlltzr(T) = Z-/\/z‘lln.t..z'k,lzkﬂ...zr (T)Dik (r) + Aél...ir (x”), (8.41)
k=1
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where the new residue A;Lnir (XH) can only depend on x|. Therefore, this additional poly-
nomial division allows us to obtain an integrand decomposition formula (8.5), where all
irreducible numerators are function of the components of the loop momenta parallel to the
external kinematics.

In the next subsection we apply this algorithm to the computation of the two-loop five-gluon
amplitude. We describe, in all details, how the AID method is carried out. Nonetheless, we focus
on two of three steps of this algorithm, leaving the second division as future work.

8.2.3 All plus five-gluon amplitudes

P e e e e e

Figure 8.2: Selection of Feynman diagrams contributing to the five-gluons amplitude. Curly lines
represent gluons and dashed ones indicate ghosts.

As an application of the AID we consider the leading colour contribution to the two-loop all
plus five gluon amplitude [8]. This amplitude admits a decomposition of the form [88, 305, 312—
314]

AZToOP (14 9t 3t gt 5t = / dky dky A12345678 A1234567
5 T 74/2 7d/2 | Dy Dy D3D4DsDgD7Dg D1D2D3D4D5D6D7
A1235678 n A1345678 n A1245678
D1D2D3D5D6D7D8 D1D3DyDsDgD7Dg ~ D1 D2DyDsDgD7Dg
A123567 . A123567 n A124567
D1D2D3DsDg D7 D1D3DyDsDgD7 D1 DoDyDsDg Dy
+ cycl. perm. (8.42)

The residues of Eq. (8.42) are computed by following an analogous approach of Sec. 8.1.2 and
checked numerically with [88]. The representatives topologies of this process are shown in Fig. 8.2.
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In the following, we recall how the polynomial division is performed. As mentioned earlier,

there

is no need to pass by the Grébner basis. In fact, AID decomposition allows us to perform

the polynomial division in a straightforwardly way.

The loop momenta circulating in Fig. 8.2 can be parametrised as follows,

el
I
=Nl

~

1 b=ki—p1, lza=ki—pi—p2, la=ki —p—p>—ps,
5 =ka +ps+ps, le = ko + ps, l7 = ka, ls =—ki — ks (8.43)

The loop momenta, ki and ko, are parametrised according to the topology under consideration:

In order to compute the residues A12345678 and Aq235678, We parametrise the four-dimensional
momenta as

kY = 1 pf + 22 pS + 3 p§ + 24 p§ + AT,
kS =y1pf +y205 +y3p§ + yapi + A3, (8.44)

with A = p$*. This parametrisation allows us to express some components of the loop, z;’s
and y;’s, and \;; in terms of loop denominators. In particular, for Aja34567s, all variables
x;,y; and \;; are written in terms of x4, y3 and y4 and the loop denominators.

For topologies with less than five external legs and factorised ones, the loop momenta are
parametrised according to the one-loop subtopologies they are made of.

The factorised topology A1234567 is made of one box and one triangle. Therefore, as in the
one-loop case, the loop momenta admit the following decomposition

kY = x1pf + 2205 + 235 + AT, AT = zqwisg + uf,
kY =y1pS +y2p5 + A9, AS = y3w§ +ysw? + g, (8.45)

where, wi23 is an orthogonal momenta to p;,p2 and p3. While w; and w_ are orthogonal
to ps and ps and satisfy the constraint w, - w_ = 0. As in the previous case, the vari-
ables x;,y; and \;; are obtained from the difference of denominators. These variables are,
again, expressed in terms of x4, ys and y4 and the loop denominators. We remark that, for
factorised topologies, the value of A\js has non-meaning, since this term is spurious, in the
sense that it vanishes upon integration.

The residue Aq24567 is made of two subtopologies, which turn to be boxes. Hence, the loop
momenta are parametrised as follows

kY = x1pf + 22 p§ + 23p§ + AT, A = zgwiys +uf,
kS =y pf + 208 +yspg + A3, A = yswiys + 4y, (8.46)

with wy45 an orthogonal momenta to p1, ps and ps. From this decomposition, all the com-
ponents of the loop are expressed in terms of 3, x4, ys and y4 and the loop denominators.

The main outcome of the AID is the role of the new components of the loop. In fact,
numerators and denominators in the integrand are written in terms of a different set variables.

This

difference, originated from the splitting of the space-time dimension in terms of parallel

and orthogonal dimensions, allows for new roles of these variables. The traditional integrand

reduc

tion methods are slightly modified. The polynomial division is simplified, no need of passing

by the Grébner basis.
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iy gy iy

jﬁt{g {1, 964??/37 ya} . R -
:ﬁ:;ﬁi {1,333,2(,)313,3/4} o - -
jﬁ%di {1,333,2?%&4} 50 {LM? 22} L
M {1,904?23&4} . {1,>\1(15,)\22} s
ﬁg {17903,2?2/372/4} 58 {1,963,y3,)£\)131,>\22,>\12} 3
M {17903,2?2/372/4} 50 {17)\1111, Ao } 1

Table 8.1: Residue parametrisation within AID for the non-vanishing two loop topologies of
the all plus five gluon-amplitude. In the second column, we list the number of monomials of
a generic residue and the set of variables appearing in it. In the third column, we list the
number of monomials that contribute to our process. Columns fourth and fifth correspond to
the number of monomials for a generic residue and the one we are fitting according to our
kinematics, respectively.

In order to compute the two loop contribution to the five gluon amplitude, we plug the
loop momenta, according to AID algorithm. The results of this calculation are summarised
in Tab. 8.1. This table shows a comparison between what is expected to obtain for any topol-
ogy, generic structure of the residue, and the number of terms that contributes to this amplitude.

Since we are not providing analytical results for this computation, we attach a MATHEMAT-
ICA notebook, 5g.2L.m' ., that sketches the structure of the residues after fitting. This notebook,
firstly, contains the list of monomial we refer to in Tab. 8.1. For instance, the residue Af;gi;g;r
is written in terms of the following monomials

ATQE;E%? ZCoyz + Clyi’ + chgyZ + C3y§ + C4y§y4 + C5y§ + 0655492 =+ C7564y21’ =+ Cs$4y3yi

2 2 3 2.9 2.3 2. 9 2 9
+ Cc9T4Y3 + C10TaY3Ys + C11X4Y3 + C12TLYY + C13T4Yy + C1aTLY3Yy + C15X5Y3
2 92 2 3 3, 2 3. 3 3, .2 3 2 3 2
+ C16X3Y3Y4 + C17T4Y3 + C18T Yy + C19T Yy + C20T Y3y + C21X5Y3 + C22T3Y3Y4
3 3 4 2 4 3 4 9 4 2 4 2 4 3
+ 23Ty Y3 + C24T 1Yy + C25T4Y4 + C26T4Y3Yy T C27T4Y3 + C28T4Y3Y4 + C29T1Y3 -
(8.47)

Similarly, for topologies with less than five external legs or factorised ones, we can integrate
the residues of Eq. (8.42) over the transverse directions. This procedure, for each residue, is
presented in the second part of the MATHEMATICA notebook. It clearly shows, as anticipated

IThis notebook together with auxiliary files can be downloaded from this http URL.
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in the discussion, the dependence of the coefficients on the dimension. In order to make this

statement clear, we integrate the residue AE@LHQ}F , getting

At (co+e3)Ao | (c12+c15)Miden | 3(ean + cor) Ay Aoo .
1234567 d_29 (d=3)(d—2) (d—3)(d—2)(d—-1)

(8.48)

Additionally, the integrated residues may lead to a new representation of the amplitude,
whose discussion is, nevertheless, beyond the scope of this chapter.

8.3 Discussion

We have briefly described the extension of the unitarity based methods at multi-loop level.
In particular, we have stressed on the two-loop case, reviewing the available techniques for
their computation. Firstly, we described the calculation of multi-loop amplitudes by considering
the polynomial division module Grébner basis. This algorithm, based on algebraic geometry,
has allowed to understand main ingredients of the integrand reduction methods. At one-loop,
for instance, the structure of the residues proposed by the OPP method were elucidated. In
the same manner, an automation at multi-loop level was provided by the MATHEMATICA code
BasisDET [249]. The role of irreducible scalar products and spurious terms were made clear by
cleverly using algebraic geometry.

This algorithm has been employed on the calculation of the well known two-loop four gluon
amplitudes. The difference with previous approaches [80, 88| lies on the way the integrand is
produced. We generated the two-loop integrand by following a diagrammatic study, whose set
of Feynman rules is written in Feynman gauge. The reduction relies on two steps: generation of
the integrand and fit the residues according to the parametric structure of the residue given by
BAsIsDET.

As an alternative procedure, we have also reviewed the recent algorithm, adaptive integrand
decomposition (AID) [201]. This algorithm decomposes the space-time dimension, d = d|+d_, in
parallel and perpendicular subspaces, allowing us to extract new properties for the calculation of
multi-loop amplitudes. The polynomial division is straightforwardly computed by just applying
a list of substitutions, no need of passing by the Grobner basis. Because of the way how the cut
solutions are parametrised, the spurious terms are easily identified. This identification allows us
to perform a simple integration, which just takes into account the properties of the Gegenbauer
polynomials.

As an application of this new method, we provided the computation of the two-loop all
plus five gluon amplitude. Similar to the four-gluon amplitude, we generated, by following
a diagrammatic approach, the integrands needed for the computation of the amplitude. The
comparison of our results is done against the ones of Ref. [88]. Since this check was performed
numerically, we provided parametric structure for non-zero residues. Consequently, we apply
the second step of the algorithm, by means of the integration of the residues over the transverse
variables.
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Conclusion

In this thesis, we presented developments in calculating perturbative scattering amplitudes in
QCD theory. In particular, we discussed computational techniques for gauge boson and fermion
scattering amplitudes at tree and multi-loop level. The main focus of the thesis was the study
of the on-shell methods, that exploit analyticity and unitarity properties of the S-matrix.

We introduced a four dimensional formulation (FDF) of d-dimensional regularisation of one-
loop scattering amplitudes. Particles in d-dimensions propagating inside the loop are represented
by massive ones. Their interactions are described by generalised four-dimensional Feynman
rules. Gauge bosons in d-dimensions were represented in four-dimensions by a combination of
massive gauge boson and a scalar particle. Fermions in d-dimensions were represented by four-
dimensional fermions obeying the Dirac equation for tachyonic particles. Within FDF, we used
the four-dimensional representation of the spinor-helicity formalism to express the polarisation
and helicity states of the particles inside the loop. This representation allowed for a complete,
four-dimensional, unitarity-based construction of d-dimensional amplitudes.

Within FDF, we calculated, through four-dimensional generalised unitarity and integrand
reduction methods, relevant processes for the physics of the LHC. We presented a set of very
non-trivial examples, showing that FDF scheme is suitable for computing important 2 — 2, 3,4
partonic amplitudes at one-loop level. We first considered two gluons production by quark
anti-quark annihilation. Then, the (up to four) gluon production, gg — ng with n = 2,3,4.
And finally, the Higgs and (up to three) gluons production via gluon fusion, g9 — ng H with
n =1,2,3, in the heavy top mass limit.

On the colour-kinematics (C/K)-duality side, we investigated, from a diagrammatic point of
view, its off-shellness. We considered gauge theories couple with matter in four- as well as in
d-dimensions. For the former we studied the scattering processes gg — ss,qq, gg , while for the
latter we took into account all the interactions of the d-dimensional particles described by FDEF. It
turned out that the C/K-duality is non-trivially satisfied within higher multiplicity tree or multi-
loop level graphs, originating anomalous terms. We provided an alternative procedure for the
construction of dual numerators. This procedure, based on the generalised gauge transformation,
accounts for the structure of the anomalous terms. We presented the explicit calculation for the
tree-level contribution to gg — qqg for the four- and d-dimensional case.

As byproduct of our procedure we found a set of relations between primitive amplitudes,
which corresponded to the BCJ identities for four- and d-dimensionally regulated amplitudes.
Additionally, we combined the integrand reduction method via Laurent expansion and the set
of BCJ identities for d-dimensionally regulated amplitudes, finding relations between one-loop
integral coefficients. Because of FDF, these relations can be established for the cut constructible
contributions as well for the ones responsible for rational terms.

We showed that low-energy behaviour of radiative tree-level amplitudes in QCD is governed
by the non-radiative process and depends on the quantum data of the emitter. The non-radiative
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process is perturbed by universal operators. We showed that these operators can be derived from
gauge invariance and from the on-shell construction. Indeed, within the spinor-helicity formal-
ism, we showed that the subleading soft operator of single gluon emission from quark-gluon
amplitudes appears as a differential operator. The form of this operator does not depend on the
spin of the emitter. Our study is complement to the results derived for Yang-Mills and gravity
theories.

In the multi-loop level case, we showed examples of the application of both the fit-on-the-cut
and the adaptive integrand decomposition. We showed how these techniques accompanied by the
OPP decomposition allowed the computation of any amplitude at multi-loop level. We believed
that the technology used to compute these amplitudes will be, in the future, very useful for
phenomenological studies in particle physics.
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Appendix A

One-loop 2-point integrals

In this appendix we show how the 2-point tensor integrals presented in the one-loop decom-
position (4.43) can be reduced to scalar integrals. While in this appendix we focus on 2-point
functions, an exhaustive study of the algebraic reduction of the one-loop tensor integrals to scalar
integrals was done in [315].

Let us consider the following master integrals (MIs)

d"q1; qu; qu9
. . 2. . _ y Qus dudv
By; B,ua Bm/ (p ; M1, m2) = / —2.71_2 7(]2 (q—|—p)2 . (A.l)

By covariant decomposition

BH = pHBl s (A2)
B;w = p,upl/B21 + guuB22 ) (AB)
with
1
Bl (an 0) 0) = _§BO (p2, Oa 0) ’ (A4)
1 1
Bot (p,0,0) = 3Bo (p*,0,0) + 15, (A-5)

Let us write down the explicit MIs we need

Iij [1] = Bo, (A.6)
Tigllq-e2)] =2+ B = (e ) By = —5 (e2p) B, (A7)
Lij [(q - 62)2} = ches By = (e2-p)* Bay = é (e2-p)” Bo + % (e2-p)”, (A.8)
Iy %) = —3#° (A.9)

We remark the bubble contributions from Eq. (4.43)

n—1
S 1+ V0 0 el + 015 (0 e’ + ST W3]} (A10)
1<j

The cut-constructible part takes the form

n—1

ij) 1 ij) | L ij
> {c;za — 5 (e p) &5 + 5 (2 p)? cé,;)} By, (A1)
i<j
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whereas the rational part

n—1
> {1—8 (2 p)* 59 + 59 L [Mz]} : (A.12)
i<j
(i7)

where the coefficient of czé can be written in terms of I;; [/ﬂ] as

1_18 (e2-p)* = _3%92 (e2-p)* Ly [1*] - (A.13)

This relation allows us to write the rational part as

n—1
> {—3—]92 (2 p)? 5% + 05,?;)} Ly [1?] . (A.14)
1<j

In the computation presented in this thesis, we always consider gauge independent quantities.
Therefore, the final results must be gauge independent as well. It turns out that the coefficients
co,; are gauge dependent. Moreover, as soon as we reduce tensor integrals into scalar integrals
everything becomes gauge independent, by meaning of the linear combination of ¢y ;.
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Appendix B

Further features of the
Four-dimensional-formulation

B.1 One-loop equivalence

In this Appendix we show that, at one loop, the FDH scheme defined by Egs. (5.2) — (5.5b) is
equivalent to the one defined by Egs. (5.2) — (5.5a) and (5.9).

In the two approaches the only differences may arise from the manipulations of the —2e
components of the Dirac matrices contracted among each others. Therefore potential differences
in their predictions can only be rational contributions of divergent diagrams involving at least
an open fermion line. The loop-dependent part of the integrand of a one-loop diagram is a sum
of integrands of the type

0 g (2)e
D, -+ D ’

i

Dj = (0+p))* —m; — . (B.1)

Ir,a,k =

An integrand 7, , ;. leads to a divergent integral if it satisfies the conditions
4+r+2a—-2k>0. (B.2)

At one loop in QCD the diagrams involving at least an open fermion line and integrands fulfilling

the conditions (B.2) are
i+p
7 ¢

For these diagrams, the numerators obtained by using the two schemes differ by terms of the
type

CA A+ )
CAME LA m) (B:3)

where “--- " represent four dimensional spinorial objects. In the FDH scheme it is easy to show

that the terms (B.3) vanish in the d; — 4 limit, while in the other scheme they vanish as a
consequence of Eq. (5.9). Therefore the two sets of prescriptions lead to the same integrand.

The FDF fulfills the prescriptions (5.2) — (5.5a) and (5.9), thus, at one loop, it leads to the
same amplitudes of the FDH scheme.
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B.2 Proof of the completeness relations

In this Appendix we show that the generalised spinors (5.17) fulfil the completeness relation (5.16).
For later convenience we define the chirality projectors

o =T (B.4)
and we show that:
][] - P]lgel _ lael(ae €b>[€b!b+ €10 ge) el _ (’q£]<Qz\)(’€b>[£bDb+ (€1 D (lge)lge))
14 200 - 200 -
(] g e q;bww oy q
_ A - ¢ _ Yty
= T =g w_, (B.5a)
and similarly
1€ (gel — lae)(€] _ N
= (B.5b)
Using Egs. (B.5) we get
TuOno = (4 ) (11 + 5 )
(m +ip) (m —ip)
+(101+ quo) €1+ g ael)
_ m? + p |92)[€°] = 1] . 1€ (ael — lae) (2|
£+ 0 " =440 Qxn tim i) {qe )
Gy I gj I+ (= i+ (m -+ s
B0y 4 i m. (B.6)

B.3 Colour-ordered Feynman rules

In the FDF, the d-dimensional colour-ordered Feynman rules collected in Ref. [217] become:

k 1 ko kP
- = (g _ T 1 B.7
CRa—Y ZM—M+wP u2y (gluon), (B72)
k . 1
St i 6P QM) (el (B.7)
. 5
: =1 ktipy +m , (fermion), (B.7¢)

k2 —m?2 — 2 +1i0

2,8 .
2
i‘ff%j = [9ap (k1 — k2)y + ggy (k2 — k3)a + gyalks — k1)s] , (B.7d)

3,7
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' )
s = —s(ka — k3)aGPC (B.7e)
"o V2
2,B - i
. . B 7 7 7
y _ N ki =0, ks==l), B.7f
g, =R Q s = £0) (B.7)

1,
45 jj% Zgoz'ygﬁé B (gaﬁgvé + ga&gﬁ“/) ) (B'7g)

= _igaéGBC (B.7h)

(B.7i)

~.

2

i _5pB
s, B.7k
Va2 (B9

i
-
ﬁ< AV (B.7})

2,B .-

- i 51 B
4 = — F , B?l
AN V2! B

The colour-ordered Feynman rules describing the interaction among an external Higgs boson
and gluons in the infinite top-mass limit are given by

2,8

H%i: = {kgkéy — g7 (ky - ks + p?)| | (B.8a)
3,7
2,B . _ N

s =22k QP (ks =£0), (B.8b)
3,7
2,(26& - -

o =2k, (ke =£0), (B.8c)
3,C
2,B .-

e =2 [P QPQY =GP ke ks 4] (B.8d)
3,C
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. 2,8
H%é@i = V2 [gg, (ko — k3)s + gps(ka — ka)y + gys(ks — ka)p ] , (B.8e)

3,y

2,8
H . CD
4D ‘éég = ivV2GP (k3 — ka)g, (B.8f)

. 3’0\\

. 2,8 B B .
4HM = FV2051Q°,  (ka— k2= %0). (B.8g)
3,C

In the Feynman rules (B.7), (B.8) all the momenta are outgoing. The terms p? appearing in
the the propagators (B.7a)—(B.7c) enter only if the corresponding momentum k is d-dimensional,
i.e. only if k contains the loop momentum £. In the vertex (B.7f) the momentum k; is four-
dimensional while the other two are d-dimensional. For these vertices the overall sign depend
on which of the combinations (5.13) is present in the vertex. Similarly the overall sign of the
Feynman rules (B.8b), (B.8c) and (B.8g) depend on the flow of the loop momentum £. As already
mentioned each cut scalar propagator carries a (—2¢)-SRs factor of the type

(B.9)

where GAB is defined in Eq. (5.27).
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Appendix C

Coefficient relations from 5-point BCJ
1dentities

In this Appendix we collect the set of identities, obtained through the use of the d-dimensional
BCJ relations for five-point amplitudes of the type (7.30), that can be used to relate integral
coefficients associated to multiple cuts which, besides sharing the same on-shell solutions, differ
from the ordering of three external particles.

C.1 Relations for pentagon coefficients

Figure C.1: Pentagon  topologies for the cuts  Clogja. k|(k+1)..0|(1+1)...m|(m+1)...n5
C132/d.. k| (k4 1)..0| (14 D)cm| (mt-1)..n A Co31)4 k| (k+1)...| (1 1)...m| (et 1)+

We consider the three quintuple-cuts shown in Fig C.1, which differ from the ordering of the
particles p1, pa, p3. The contribution from the ordering {1,2,3} is given by

C:I:

t + + t + + t + +
123[4...7|(r4+1)...5](s+1)...t| (t+1)..n :A5ree (_ll ,1,2,3, l4 ) Arlfel (_l4 s Pars lrJrl) AST?“Jr? (_lrJrl’ PT+1~~~7S’ lerl)

x AT o (1 Pogrets Ug) A o (<151, Pt I5)
(C.1)

and the other two cuts are obtained from the corresponding permutations of {1,2,3}. Eq. (7.30)
can be used in order to relate the amplitudes AL (—lfc, 1,2,3,1}), Afree (—lli7 1,3,2,1}) and
Afree (—ZI—L, 2,1, 3,lff) and, thus, to identify

+
C213|4...r|(r+1)...s|(s+1)...t\(t+1)...n

2 2 2\ ~E 2 2)
<PZ}2 + Py —p ) 0123\4...1«\(r+1)...s\(s+1)...t|(t+1)...n + <PZ}2 —H ) 0132|4...r\(r+1)...s\(s+1)...t|(t+1)...n

2 _ 2
(szfz u2)

(C.2)
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Analogously to the case discussed in Section 7.4.1, the constant ratios of propagators

2 2 2 2 2

Plffz_’u 4 Pl4i2+P23_M _ pt C.3
P2i —ILLQ_a 9 P2i —ILLQ _5 ) ( )
—1F2 =172

allow us to translate (C.2) into a simple identity between the coefficients of the expansion (7.34)
for the three cuts,

218l0E _ g (128]0% | F(182])% (C.4)

C.2 Relations for box coefficients

Figure C.2: Box topologies for the cuts Ciogu. kjkt1..0i141..m0 Ci3214. klk+1..0)1+1..n and
Cos1/d.. klk+1..01+1..n-

Similarly to the previous case, we can use the BCJ identities to relate the quadruple cuts
depicted in Fig. C.2, given by

+
0123\4...7’\(r+1)...s\(s+1)...n

=AF (—17,1,2,3,15) AP (=13, Paor, 1)
X AT (_lf+17p7"+1---787l§t+1) AX, (_lg:-{-la Pyiion, l5)
(C.5)

. . 4 +
and suitable permutations of {1, 2,3} for C132|4...r|(r+1)...s|(s+1)...n and C213\4...r\(r+1)...s\(s+1)...n'

If we make use of (7.30) on the amplitudes involving the particles p1, po and ps, we obtain

C:I:

213[4...r|(r+1)...s|(s+1)...n

2 2 2\ ~E 2 2\
B <Pl4iQ + Pz — 1 > Cla3ar|(r41).s|(s41)m T <PQ:2 —p ) O304, | (11 5](541).om (o)
2 2 ' '
(P21, = 1)
As shown in Section 7.4.2, the two box coefficients contributing to the amplitude can be extracted
by taking the u? — 0 and p? — oo limits, where the ratios of propagators behave like

2 2 2 2

Plfz_u i Pl}z_'“ i 1

2 2 =ag), 2 2 =ay +O(—/,

P2y, = Py, = 2

! u2—0 - p2—00
2 2 2 2 2 2
IR R iRk — g0 (- (1)
P2, = B P2, = - '

—i2 u2—0 —i2 pu2—00

Thus, starting from (C.6) we can relate the coefficients of the expansions (7.40a)-(7.40b) of the
three quadruple cuts trough the identities

(213]..)% _ ﬁicguzﬂ...)i + a?:C(132|...)i’ i= 0.4, (C.8)

= ) )
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C.3 Relations for triangle coefficients

Tkl k41

Figure C.3:  Triangle topologies for the cuts Clogis. kj(k+1)..ms  Cr324. k|(k41)..n and
Co134.. k| (k+1)..n-

Now we turn our attention to the triangle topologies shown in Fig. C.3. The expression of
the cut with external ordering {1,2,3, ...n} in terms of tree-level amplitudes is given by

C:l:

tr + + tr + + tr + +
s ke 1) = A5 (5 1,2,3,05) ARG (215 Pres licn) AnSra (Sl Pret s 1)

(C.9)

+
and, as usual, 0132‘4 K| (kD). , and 0213|4 K|(k+1)...

mutations of {1,2,3}. Eq. (7. 30) allow us to 1dent1fy

2 2 2 + 2 +
Vo . (Pl4i2 + P23 —H > 0123|4...k\(k+1)...n + (Pl4i2 > 0132|4 K|(k+1)..n
213/4...k|(k+1)..n — (P2 2)
—1F2 K

are obtained from the corresponding per-

(C.10)

and, following the procedure of Section 7.4.3, we can take the large-t limit of the two ratios of
propagators,

P, —u* 0 —2 1
| = 2 Smol" e ) “fﬂtm*O(Z),
flft2 H o0 m=— m=—3
P2 4+ P2 — ,u2 0 _2
1*92 23 1
4P2 2 = Z IBT:EL,Otm + ,U2 Z 5;572tm + O <t_4> s (Cl]_)
“iEp T M e M=3 m=—3

and use it in (C.10) in order to express the coefficients of the expansion (7.46) of C213|4 K|(e1).m

in terms of the ones of Cla34. k|(k+1)..n A0 C13214. k| (k+1)...05

3—m

213| + (123 £ (132.)%
= [5 LG 00 ]’ (C.12)
1=0
1-m

(213..)% _ £ (123l)F L oge (23l)% L s (13210 |, o+ (132.)%

Cm,2 [5 122 mi20 T BT00 G ms T T 90 G mia0 O 0 ms |- (C13)
1=0

C.4 Relations for bubble coefficients

Finally, we use the BCJ identities in order to determine relations between the coefficients of the
bubble contributions shown in Fig. C.4. The double cut with external ordering {1,2,3...,n} is
given by

C:I:

23 =A5 (S 1,2,3,05) AT (<1, Paony 7)) (C.14)
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Figure C.4: Bubble topologies for the cuts C1934..n, C132)4..n and Co13)4. -

whereas C' and CE are obtained from the corresponding permutations of {1,2,3}.

132[4...n 2134..n
Hence, thanks to (7.30), we can identify

<Pi +P223_:“2>C1j;34 +<Pi )01%,24
ct,, =-~1h? don A G2 L (C.15)

213[4..n 2 5
(P g T H )

As we did in Section 7.4.4, after taking the ¢ — oo limit of the two ratios of propagators,

PZ_— 2 0
152 I 1
p24 — 2 _Zzalmotym+ a202+(9< >a
ET I=—2m=0
1 t—00 -
Py 4+ P —p? 0 )
p2 £ et L
e I v St R E Y N T
=172 o0 l=—2m=0

we can substitute the expansion (7.52) for the three cuts in (C.15) and determine the coefficients

of (3’213|4 from the knowledge of the ones of C123|4 and Cli?)2|4 .

min[m,2—r]

2
213|...)=* + 132 123]..0)+
Cl(vmv(‘] : :Z Z < ap rym— socg’,s,o‘ +5l r,m—s,0 £7870‘ ) ) s (Cl?a)
r=I[

s=max[0,l+m—r]

2130+ 4 132 L (32 i 123, 123,
((JO2‘ 7* =a ~2,0,2 éoo| ) + Q0,0 € ((JO2‘ + 6550, goo‘ +5000 (()02‘ E, (C.17b)
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