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Abstract: In this thesis, we present state-of-the-art techniques for the computation
of scattering amplitudes in Quantum Field Theories. Following an introduction to
the topic, we describe a robust framework that enables the calculation of multi-scale
two-loop amplitudes directly relevant to modern particle physics phenomenology at
the Large Hadron Collider and beyond. We discuss in detail the use of finite fields
to bypass the algebraic complexity of such computations, as well as the method of
integration-by-parts relations and differential equations. We apply our framework
to calculate the two-loop amplitudes contributing to three process: Higgs boson
production in association with a bottom-quark pair, W= boson production with a
photon and a jet, as well as lepton-pair scattering with an off-shell and an on-shell
photon. Finally, we draw our conclusions and discuss directions for future progress

of amplitude computations.
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Chapter 1
Introduction

The understanding of elementary particles and their interactions is undoubtedly
one of the most fascinating quests of the scientific endeavour. Modern particle
physics has proven remarkably successful at explaining phenomena which occur at
size scales orders of magnitude smaller than what our brains evolved to comprehend.
The Standard Model (SM), which is a collection of Quantum Field Theories (QFTs)
that describe the subatomic world, allows us to rigorously test our ideas about how
the Universe functions at the most bare, fundamental level. It relies on a constant
interplay between theoretical predictions and their experimental verification (or
negation). From the perspective of a theoretical physicist, it is crucial to be able
to derive increasingly precise predictions for physically observable quantities that
can be measured in particle colliders such as the Large Hadron Collider (LHC) at
CERN. This theoretical precision should match what can be achieved experimentally.
The growing amount of data from Run 3 at the LHC makes this a challenge for the
theoretical community, pushing us to constantly improve our computational tools in

order to refine our predictions.

The subject of this thesis is precisely the story of trying to overcome the current
limitations in an effort to exploit the predictive power of QFT to an even greater
extent. It is a famous fact of physics that QFT computations cannot be performed
exactly, apart from the most trivial cases. Instead, one follows an approximate
description through the so-called perturbation theory. In this approach, the leading-
order (LO) terms in the computation are low in number and complexity. They
represent a crude, almost ‘back-of-the-envelope’ estimation of the full answer. The
next-to-leading-order (NLO) terms increase in number and are harder to calculate.
Nonetheless, they provide a refinement of the LO result and are absolutely necessary
for precision phenomenology. Roughly speaking, the cutting edge of QFT computa-
tions is currently at the next-to-next-to-leading-order (NNLO) for 2 — 3 processes
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and at N°LO for 2 — 2 processes. They can involve millions of individual terms,

each of which can be incredibly hard to evaluate.

In this thesis, we will focus on the description of one of the key ingredients needed
for QFT computations, i.e. the scattering amplitudes. We will provide the reader
with a solid understanding of why they are important in the first place, how they
are calculated and the difficulties that we have to overcome in practice. Naturally,
we cannot jump into full detail straightaway. We hope that this thesis will be
approachable to someone who already possesses basic knowledge of QFT, but we
certainly do not assume previous experience in this topic at research level. For this
reason, we dedicate the rest of Chapter 1 to reviewing the rudimentary information
needed further on. This content should be familiar from a thorough introductory
course to QFT. Next, in Chapter 2 we introduce more advanced and specialised
techniques that are used to compute scattering amplitudes. We hope that despite
the breadth of the concepts covered and often heavy mathematical detail, this chapter
will not be too hard to follow. Our reward will come in the following chapters, where
we will use the techniques described thus far to compute scattering amplitudes
necessary for the precise description of three selected processes that have been deemed
of high priority by the particle physics community. The biannual Les Houches report
provides a wishlist of processes whose improved theoretical description would greatly
contribute to our understanding of fundamental particles [4]. Amongst others, the
two-loop QCD amplitudes relevant to Higgs boson production in association with a
bottom-quark pair, pp — bbH, as well as to W* boson production with a photon
and a jet, pp — W*~j, are highly desired. They are described in Chapters 3 and
4 and represent some of the first results for five-point processes with an external
massive leg at this loop order. In Chapter 5, we switch our focus to the QED process
0 — lly~*, which is required to achieve the precision goal of the MUonE experiment.
For this purpose, we will construct a basis of special functions for integrals needed to
describe any four-point process with an off-shell leg at the two-loop order. Finally, in
Chapter 6, we draw our conclusions and discuss directions for future work. Further

technical detail and supplementary material is provided in several Appendices.

1.1 QFT background

The rest of this introduction is meant to provide the reader with a bridge between
elementary knowledge of QFT and state-of-the-art techniques that are used to ex-
tract predictions from it. We start by providing a brief summary of the relevant
information about QFTs, and in particular QCD. Next, in Section 1.3 we describe

how to connect this theory to physical observables that can be measured experi-
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mentally. This introduces the notion of a scattering amplitude in Section 1.4, which
will be the main focus of this thesis. Finally, in Section 1.5 we discuss the famous
problem of divergences in QFT computations and show how in the process of trying
to keep them under control, we discover a surprising feature of QCD interactions.

At the end, we will be ready to tackle the more advanced topics in Chapter 2.
One of the central equations of QFT, which describes all spin-1/2 particles, is the

Dirac equation:
(i@ — m)w(zr) = 0. (1.1.1)

Its solutions are given by the four-component Dirac spinors ¢ (x), which transform in
the irreducible (%, 0) ® (0, %) representation’. There are four plane-wave solutions,
which admit both positive and negative frequencies:

ba) = a'(p)e P and (@) = v (p)eTT (1.1.2)

where s € {1,2}. The momentum space spinors u(p) and v(p) are interpreted
as describing particles and antiparticles with positive energies. They satisfy the

momentum space Dirac equations:

0
(p +m)v(p) =0, (1.1.3)

as well as the following completeness relations, which are useful when performing

spin sums in QFT computations:
Y. wp)u(p) =p+m,
se{1,2}

>, v (p)vi(p) =p—m. (1.1.4)

se{1,2}
Moreover, it is convenient to split the spinors into two separate components:

(w) = (Z;Z;) , (1.1.5)

where the left- and right-handed Weyl spinors 7 (x) and ¢g(z) transform in the
(%, O) and (%, O) representations, respectively. It is important to note that Eq. 1.1.1
mixes these two components, which can be appreciated by writing it explicitly in

matrix notation. In the so-called Weyl (or chiral) basis, the Dirac matrices are:

0 o
- : 1.1.6
v (a—“ 0) (1.1.6)

!Not to be confused with the usual four-vectors z*, which transform in the (%, %) representation.
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with o = (1,0") and 6" = (1, —0"), and o' for i = 1,2,3 are the Pauli matrices.

Thus, the Dirac equation is:

(.__m iaua“) (m(:::)) —0, (1.1.7)
ic"0, —m V()

where each entry is in itself understood to be a (2 x 2) matrix. Crucially, we can see
that in the absence of mass, the two components fully decouple and can be treated

separately. Tt is also useful to define an additional v° matrix:
7> =177y, (1.1.8)

which in the Weyl representation is just:

¥ = (:)]l i) . (1.1.9)

The fifth y-matrix plays a surprisingly important role in QFT. First, the Weyl spinors

can be extracted from the Dirac spinors by applying appropriate projectors:

1—-+> (1 0 1+~ (0 0
P, — 27:( ) Pr = ;7:( ) (1.1.10)

0 0 0 1

according to ¥ (x) = Pry(x) and ¥g(x) = Pry(x). This allows us to associate iy,
and Y with the helicity of a particle, which is the projection of its spin onto the
direction of motion. The corresponding helicity values for left- and right-handed
particles are —1 and +1, respectively'. Weyl spinors will play a key role in the
discussion of the spinor-helicity formalism in Section 2.4. Moreover, the P, projector
appears in the V — A coupling of the charged W* bosons to quarks and leptons,
reflecting the fact that they interact only with left-handed fermions. Finally, as we
will see in Chapters 3 and 4, ~° allows us to introduce a pseudo-scalar invariant

which is needed to capture the parity information of the kinematic phase space.

Apart from fermions, we also need to know how to deal with bosons. In particular,
11
272
entation of the Lorentz group. For the massive gauge bosons, that is W= and Z°,

spin-1 bosons are described by vector fields A*, which transform in the (3, 5) repres-
imposing their equations of motion leads to three distinct solutions labelled €7,(p)
and referred to as polarisation vectors. Similarly to the completeness relations for

spin-1/2 fermions, Eq. 1.1.4, the polarisation vectors of the massive gauge bosons

1Strictly speaking, the left- and right-handed Weyl spinors are eigenstates of the chirality
operator 75. However, for m = 0, helicity and chirality eigenstates coincide.
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satisfy the following property:

s s * PuDv
> e (Enp) = —guw + A2 (1.1.11)
s€{0,1,2}
On the other hand, massless gauge bosons, i.e. photons and gluons, have only two
polarisations, which can be interpreted as helicity eigenstates. Their completeness

relation reads:

S S * p ql/ +qu
Yo e ) E(p.q) = —gu + P (1.1.12)

s€{—,+} pP-q
where ¢ # p” is an arbitrary reference vector which is introduced to help decompose
the four-component vectors €/ into two-component objects, similarly to the decom-
position of the Dirac spinor into Weyl spinors. The end result of any computation
is independent of ¢", which reflects gauge invariance (we will elaborate on this fact
in Section 2.4).

Finally, the Standard Model famously includes a scalar particle — the Higgs bo-
son. This boson is responsible for electroweak symmetry breaking and, as a direct

consequence, giving mass to the electroweak gauge bosons W+ and Z°.

1.2 Quantum Chromodynamics

In this thesis, we will concern ourselves with the study of interactions involving
mainly quarks and gluons. As such, a brief refresher of the relevant information is
in order. SM particles carrying colour charge interact via the strong force, which is
mathematically described by QCD. Its Lagrangian can be schematically represented

as a sum of three parts:
‘CQCD = ‘Cclassical + ‘CR§ + ‘Cghosts . (121)

We begin by discussing the classical part. It is given by:

1 a a pv i —i /. .
‘Cclassical = _ZG;LVG . + Z¢q <1lpij - mqéij) @Z)ZI s (122)
q
where:
Gl = 0,A%L + 0,A% + g, [ AL A (1.2.3)

is the gluon field strength, while:

(Du)ij = 5ija

“w

g, (T);, A% (1.2.4)
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is the covariant derivative introduced to ensure gauge invariance under SU(N,)

L1
transformations™.

The QCD Lagrangian contains three types of fields. Quarks and antiquarks, cor-
responding to wé and @;, respectively, transform in the fundamental and antifunda-
mental representations of SU(N,). In QCD, they have n; = 6 flavours. The indices
i€{l,...,N.} denote the colour charge of the (anti)quarks. It is common to drop
the colour index and write 1,, which is understood as v, = (wg,wg,wg)T. The
fundamental fields are acted on by the N2 — 1 fundamental generators of SU(N.)
with dimensions (N, x N,). For SU(3), they are given by:

1

(T%);; = 5(7(1)1‘3‘ ) (1.2.5)

where 7% are the eight (3 x 3) Gell-Mann matrices. Similarly, the antifundamental
fields are acted on by the generators in the antifundamental representation, T =

— (T*)*. The fundamental generators are normalised according to:
tr(T°T?) = Tpo™ . (1.2.6)

Usually, in QCD we take T = % or 1. Finally, let us list one more useful relation:

1
(T)ij(T)a =Tk <5il5jk: - N5ij5kl> ; (1.2.7)
which is known as the Fierz identity.

The third type of a field, the gluon field, is represented by Aj. It transforms in
the adjoint representation, i.e. under the action of N2 — 1 adjoint generators with

dimensions (N2 — 1 x N2 —1):

(7o) = —if™, (1.2.8)

where a,b,c € {1,..., N? - 1} are the colour indices and the totally antisymmetric
objects % are known as the structure constants. Typically, the adjoint generators

are normalised such that tr(T,q; fdj) = N.5%.

SU(N,) generators (in any representation) satisfy the following defining relation of
the Lie algebra:
T =T (1.2.9)

Note that for Abelian groups, the structure constants vanish. For the non-Abelian

SU(3) group of QCD, they are non-vanishing and it is useful to invert the above

"'We will keep the degree N, of the group SU(N,) generic in the discussion below, but of course
we are interested in the QCD case of N, = 3.
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relation in terms of the fundamental generators:

fabe _ _TiF o ([1,1°] T°) . (1.2.10)

Thus, the structure constants, which are associated with 3- and 4-gluon vertices in
Feynman diagrams, can be written in terms of traces of fundamental generators. This
fact, along with the Fierz identity, becomes very useful when computing scattering

amplitudes in QCD, as we will see in Section 2.2.

In the process of deriving the QCD gluon propagator, the notion of gauge invariance
leads to two important qualitative features. First of all, just as in the case of
the photon propagator in QED, instead of explicitly fixing the gauge, we find it

convenient to introduce an auxiliary (i.e. non-propagating) field £. We write:

1 o\ 2
Ly, = % G (1.2.11)
which yields the gluon propagator:
—i 5ab pupu
" (p) = W —(1- . 1.2.12
0= (-0 X2 (1212

As an example, with the term Eq. 1.2.11 included in the full QCD Lagrangian,
for small £ we must have that 0"Aj, — 0 in order to prevent the exponential of
L from blowing up, such that we can still minimise the action. Thus, the choice
¢ = 0 is equivalent to the Lorenz gauge and spares us from having to impose the
Lorenz condition throughout the entire computation. Other choices are possible, of
course. In fact, the most common prescription is to set & = 1, which is known as the
Feynman-'t Hooft gauge. It is also possible to keep & generic — gauge invariance
ensures that the results of computations of physical quantities will be free of £ at
the end.

The second feature, which appears only in non-Abelian gauge theories, is that gauge
fixing the Lagrangian implies that not only the physical transverse modes of Aj,
can propagate. To cancel the unphysical degrees of freedom propagating through
gluon loops in Feynman diagrams, it is necessary to include in the Lagrangian

Grassmann-valued fields ¢ and ¢ representing Faddeev-Popov ghosts and antighosts:
Lenosts = (0"¢*)(6"0, + gsf“bCAZ)cc. (1.2.13)

These particles are not physical states. In fact, it is possible to work in non-covariant
gauges, such as the axial gauge or the lightcone gauge, where ghosts decouple
from physical particles and can be neglected. However, the cost of doing so is a

more complicated expression for the gluon propagator, which may lead to tougher
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computations. Thus, we usually accept ghosts as a peculiarity of working with non-
Abelian gauge theories and include them in our computations. They couple only to
gluons (and not to quarks) and receive their own Feynman rules for the propagator

and the vertex.

1.3 Particle scattering

Having introduced the QFTs that describe the most fundamental particles our nature
has to offer, one might rightfully wonder about the rewards for our intellectual effort
(beyond personal satisfaction). After all, amongst our non-physicist friends, it is
common to think that the word ‘theoretical’ in ‘theoretical physics’ is synonymous
with ‘hypothetical. Not much could be further from the truth and we dedicate this

section to illustrating the immense predictive power of QFTs.

Consider a typical particle physics experiment. Two beams of particles, travelling in
opposite directions, interact briefly and produce a host of new states that fly away
in various directions until they are registered by some kind of a detector. Naturally,
the number of such scattering events is proportional to the number of particles in
the two beams, N, and N, as well as to the area common to the beams, A. The

ratio of these quantities is known as the scattering cross section:

number of scattering events

N,N,A

(1.3.1)

g

Typically, apart from just counting the total number of events, we want to differ-
entiate between the type of outgoing particles, their momentum, angle of collision,
etc. However, if we specify an exact value for a continuous variable such as the
momentum, the numerator of Eq. 1.3.1 becomes infinitesimal. To avoid this issue,
we usually work with a differential cross section, e.g. do/(dp; ...dp,), such that its
integral over some small range of p; gives the total cross section in that region of
momentum space. While cross sections can be measured in particle colliders, it is
the task of QFT to make predictions for them.

In the case of hadron collisions, there is one additional complication which needs
to be taken into account. The fundamental objects of QCD are quarks and gluons,
however they cannot be observed individually due to colour confinement — only
their colourless combinations can be detected in a collider. The LHC, being a proton-
proton collider, requires a more complicated model of the interactions than just the
scattering of point particles. As we will soon see, QCD exhibits a behaviour known as
asymptotic freedom. That is, the coupling constant o, decreases with energy (i.e. at

small distances) and its value determines whether we are allowed to use perturbation
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theory or not. Roughly speaking, above the scale Aqep ~ 200 MeV, o becomes small
enough so that the perturbative expansion is justified. The individual ‘partons’ (i.e.
quarks, antiquarks and gluons) act like free particles and undergo ‘hard’ scattering [5].
On the other hand, physics at energies below Agcp is necessarily non-perturbative
due to large o, values. Its effects are captured by the Parton Distribution Functions
(PDFs) fi(x, pup), which give the probability of finding in a hadron a given parton i
with momentum fraction x of this hadron. Here, up is a factorisation scale which
separates the high- and low-energy physics. In fact, the PDFs run with pp, similarly
to the running of the QCD coupling «,, and their evolution is given by the DGLAP
equations'. Overall, the factorisation of soft and hard physics allows us to write the

cross section for the scattering of two hadrons hq, hy to the final state X as [6]:

1 A2

dO_hth%X = Z/o dz dz, fi(xlnuF>fj(x2nU’F) dﬁij%X (MFaﬂR,QQ) + O < S§D> )

v (1.3.2)
where 7,7 are the partons of hadrons hy and hy, respectively, and 6;;_,x is the
partonic cross section for the scattering of ¢, 7 into the final state. The higher-order
terms can be neglected as long as the scale () at which we are probing the hard
scattering is significantly greater than Agcp. Since the PDEs describe effects at large
ay, they cannot be calculated using perturbative QCD. Instead, they are extracted
from experimental data (see e.g. Refs. [7-11]). On a positive note, they are universal,
i.e. process independent, so once they have been determined from some experiment,

they can be re-used in the description of any other hadron interaction.

Contrary to the PDFs; the partonic cross sections are computed using perturbative
QCD. Before turning our full attention to these objects, let us briefly remark that
even after the scattering has taken place, a lot of interesting physics is still ongoing
(see Fig. 1.1). The final state partons can radiate a cascade of other partons in a
phenomenon referred to as parton showers. Furthermore, these coloured partons
cannot be detected in a collider — as the energy scale falls below Agcp, they combine
together to form colourless hadrons. Finally, unstable hadrons may decay into further
products. What is actually detected in a collider is then a collimated spray of hadrons
and other particles referred to as a jet. Using the so-called jet algorithms and jet
definitions, one then tries to reverse engineer the collision of individual partons. We

refer the reader to Refs. [12,13] for a closer look at these topics.

'The origin of pp will be discussed in more detail in Section 1.5.2.
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W

hy — fil@1, ur)

déy;

\

hy ———————— fi(@2, pup)

P

//

Figure 1.1: A schematic representation of a collision between two
hadrons, h; and hy, with total momenta P,, P,. A parton i carrying
momentum z; P, undergoes hard scattering with a parton j carry-
ing momentum x5 P,. Their factorisation from hadrons is described
by the PDFs f;(zy, ) and f;(xy, pip), while their interaction is
described by the partonic cross section dg,;. The splitting lines
represent subsequent parton showers, which then undergo hadron-
isation as the energy scale falls below Agcp. Further decays and
jets are not shown. Image courtesy of Ryan Moodie [14].

1.4 From cross sections to scattering amplitudes

Having decoupled the high- and low-energy physics within a hadron, let us now
address the computation of the hard scattering between partons. The partonic cross
section &,_, is related to the probability of starting with some initial state ¢ and
ending up with the final state f, that is: 7 = |(f]i)|*. These interacting states are
not the free wave packets with well-defined momenta that we know how to handle
using the QFT machinery. However, they do become free in the limit as ¢ — —o0,
i.e. before the interaction, as well as t — oo, i.e. after the interaction. The idea is
then to view the scattering in the following way: an asymptotically free state |i);—_ .
evolves to a real-world state |i), undergoes scattering (of negligible duration) into the
real-world state | f), which finally evolves into the free state |f),—.,. The evolution of
the real states from and to the asymptotic states is captured by the S-matrix, which
is calculated from the Hamiltonian in the ‘interaction representation’. Specialising
to the scattering of two partons into n — 2 particles, we write the so-called S-matrix

elements using the free multi-particle states:

<p37 e 7pn|p17p2> = t:oo<p37 s >pn’S|p17p2>t:—oo . (141>
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Furthermore, it is customary to split the S-matrix according to:
S=1+iT. (1.4.2)

In any scattering experiment, there is a large chance of the particles simply missing
each other and nothing happening, which is expressed by the identity matrix. The

interesting physics of interactions is captured by the transition matrix 7"

t=oo<p37'"apn|iT|p17p2>t=foo = (27T)45( (pl +p2 pr) 1 p17 2 _>p37"‘apn)7
(1.4.3)

where we included the overall d-function to impose 4-momentum conservation. Here,
A(p1,p2 = p3,...,p,) is the n-particle scattering amplitude. Finally, to relate
the amplitudes to the partonic cross section, we insert Eq. 1.4.3 into Eq. 1.4.1 and
integrate over a small region d*ps .. .d%p,,. This integration encodes the probability
that the n — 2 final particles will belong to that region of the momentum phase-space.

Overall, the recipe reads:

5 1 d’ d'py 1 4¢(4) )
do = 2m)*s - _
“ 2E12E2|U1—U2| (H (27T) 2Ef) ( ﬂ-) p1+p2 ;pf |A(p17p2_>pf>’

(1.4.4)

The first term in this formula is a flux factor related to the relative velocity of

the two incoming beams in the laboratory reference frame, |v; — vy|. Next, the
overall d-function imposes Lorentz invariance on the phase-space integration over
I1f d3pf. In practice, the phase-space integration is carried out using Monte Carlo
event generators [15,16]. Finally, the formula is completed by the square of the

amplitude.

Scattering amplitudes represent a vital bridge between theory an experiment. On one
hand, due to Eq. 1.4.4, they allow us to derive predictions for physical observables
that can be measured in a collider. On the other hand, due to their connection
with the S-matrix through Eq. 1.4.3, they are sensitive to our understanding of the
underlying theory of interactions. As such, computing amplitudes serves as a key
tool to challenge and improve our models of elementary particles. Unfortunately, in
all but the simplest cases these amplitudes cannot be calculated exactly. Instead,

we resort to an expansion in powers of the coupling constant:
A=a' (.A(O) +a' AV 4 02A® 4 ) . (1.4.5)

In this formula, each term is calculated from linear combinations of expressions
corresponding to Feynman diagrams. The expansion starts at the power ¢ of the LO

term A%, This term usually — but not always — corresponds to tree-level diagrams,
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i.e. diagrams with no closed loops. Higher-order terms AL gain additional powers
of o due to L-loop diagrams. Therefore, at high energies where the coupling constant
becomes small, we can approximate the full scattering amplitude by truncating the

expansion in Eq. 1.4.5 at a desired order.

Let us stress that the computation of each element described so far, i.e. the cross
sections, PDFs, the phase-space integration, amplitudes, parton showers, hadronisa-
tion and jets, is a tremendous effort undertaken by a multitude of particle physicists
around the world. This thesis is a small building block of the entire enterprise
and aims to shed light on just one of these aspects — the calculation of scattering

amplitudes.

1.5 Divergences and dimensional regularisation

Let us now devote our attention to the study of Feynman integrals and diagrams, a
fundamental tool used to compute scattering amplitudes. For a tree-level diagram,
all momenta are uniquely fixed by momentum conservation at the vertices and
no integration is necessary. However, each loop introduces an unconstrained ‘loop
momentum’ which needs to be integrated over (see Fig. 1.2). We will denote them
as k;, where 1 <[ < L. It is a famous fact of QFT that many Feynman integrals

contain divergences. They come in two types:

o Ultraviolet divergences — these appear when k — oo,

e Infrared divergences — these arise in processes with massless particles and

are further subdivided into:

— Soft divergences — when £ — 0,

— Collinear divergences — when the loop momentum k becomes collinear

to a massless external momentum.

1.5.1 UV divergence and renormalisation

The two types of divergences are handled in separate ways. Firstly, UV divergences
are dealt with using renormalisation. In short, we start by realising that the masses,
fields and couplings in the original Lagrangian of Eq. 1.2.2 are not ‘physical’; in the
sense that we have been using them to define the perturbative expansion, but they
do not correspond to the physical parameters that can be measured in a collider.

From this perspective, the fact that our attempts at deriving predictions from QFT
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Ps3

Pn

Figure 1.2: An L-loop Feynman diagram corresponds to an L-fold
Feynman integral. We continue the integrals from 4 to d dimensions
(see Section 1.5.3 for explanation). The numerator N is determined
by the Feynman rules of the underlying theory and contains objects
such as momenta, spinors and polarisation vectors. The correspond-
ing denominators have the form D; = (k; + ¢;)* — m; + i, where ¢
are linear combinations of external (and potentially internal) mo-
menta and we have explicitly included the pole prescription.

result in an abundance of infinities does not shatter our dreams of having a sensible
theory of real-world interactions. One simply needs to move these infinities away
from the integrals and into the definitions of the naive, ‘bare’ couplings. It is
conventional to introduce into the Lagrangian so-called counterterms (with their
own Feynman rules and diagrams) designed precisely to cancel out divergences up
to a given order in perturbation theory. The inclusion of counterterms (which are
themselves divergent) is equivalent to shifting the couplings from their bare values
to the physical ones. This means that the predictions obtained using the physical
parameters will now be UV-finite. To obtain the values of the physical parameters
themselves, we need to relate them to some quantity that can be measured in an
experiment. This measurement can be performed at an arbitrary energy pg, which
is known as the renormalisation scale. Then, the relationship between the bare
and physical couplings allows us to write down the renormalised expression for the
scattering amplitude. Even though the renormalised amplitudes are a function of
the physical couplings as measured at some pp, the choice of this renormalisation
scale is arbitrary and the predictions obtained from the renormalised amplitudes are

independent of it.

The renormalisation of QCD has an immediate and astounding consequence. The
physical strong coupling constant is not, in fact, a constant, but rather depends on
a scale: oy = a (p). It is then natural to wonder how the coupling evolves, or ‘runs’,
with this scale. The answer to this question is given by the famous S-function, which

in QCD takes the form [17,18]:

~ da, & %i—m
5<a5>=d10gu2—‘§5i(4w) . (15.1)
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It is currently known up to five loops [19]. Crucially, the first coefficient is:

Bo = 1310A — g P, (1.5.2)
where n¢ is the number of light quarks, i.e. quarks with masses below the scale at
which we are probing the system. With Cy = N, = 3 and Tp = 1/2, it is clear
that 8y > 0 as long as ny < 16, which is of course the case in our world. Then, the
overall minus sign in Eq. 1.5.1 means that, perhaps counterintuitively, a, decreases
as we move towards higher energies. This phenomenon is known as asymptotic
freedom and motivates the factorisation of amplitudes in Eq. 1.3.2. Solving the

renormalisation group equation, Eq. 1.5.1, at the lowest order gives:

B 2w
ozs(u)—ﬁolog< ; >

Aqop

(1.5.3)

where Aqcep arises as an integration constant and is the same scale we used in
Section 1.3 to separate the perturbative physics of high energies from the non-

perturbative PDFs of low energies.

Finally, we mention that not all theories are renormalisable, i.e. to remove all
their UV divergences, we would need to add an infinite number of counterterms.
Fortunately for us, QCD is indeed renormalisable (as a matter of fact, the entire
Standard Model is renormalisable). As such, we can go ahead with our computation
of SM scattering amplitudes and be sure that at the end of the day, we will be
able to obtain UV-finite predictions. In Appendix C.1, we will demonstrate the UV
renormalisation procedure explicitly for the process considered in Chapter 3. For
further details of renormalisation and related topics, we refer the reader to any of
the standard QFT textbooks.

1.5.2 IR divergences and the KLN theorem

The soft and collinear IR divergences arise not only from the special regimes of
the loop momentum £ of the virtual particles in Feynman integrals. In fact, the
so-called ‘real emission’ of particles provides complementary singularities. From the
experimental perspective, any detector is bound by a certain resolution — it is not
able to detect additional particles emitted below a certain energy (soft particles) or
distinguish between a group of aligned particles and a single particle carrying the
same collective momentum (collinear particles). Regions of phase-space in which
this happens lead to divergent phase-space integrals. However, the Kinoshita-Lee-
Nauenberg (KLN) theorem guarantees the cancellation of virtual IR singularities

by those stemming from real emission in amplitudes with fewer loops [20,21]. This
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happens order by order in perturbation theory, but contrary to the treatment of UV
divergences with renormalisation, only at the level of the cross section. Nonetheless,
as individual amplitudes are not physical observables, their IR-divergent behaviour
before phase-space integration should not seem concerning. We remark that the
KLN theorem leaves uncancelled the singularities arising from collinear emissions
from the initial-state partons. Collinear particles with transverse momentum below
a certain threshold pp, known as the factorisation scale, can be absorbed into the
‘bare’ PDFs f;(z). This leads to the ‘renormalised’ PDFs f;(z, up) of Eq. 1.3.2 which
run with pp. For more details, we refer the reader to Sections 7 and 9 of Ref. [22]
and to Ref. [6].

The IR pole structure of amplitudes with massless QCD partons (and an arbitrary
number of particles with no colour) was originally elucidated in Ref. [23] up to the two-
loop level. Tt was subsequently extended to cover arbitrary loop level in Refs. [24-26].
For a comprehensive review of the topic, we refer the reader to Ref. [27]. Very briefly,
it turns out that IR divergences can be obtained from lower-loop amplitudes and
appropriate ‘pole operators’. We will use this fact in Sections 3.2 and 4.2 to subtract
the IR poles from the (already renormalised) two-loop amplitudes for the processes
pp — bbH and pp — Wi’yj , such that the leftover quantity is manifestly free of
both UV and IR divergences. An explicit derivation of the IR-divergent parts will
be given in Appendix C.2.

1.5.3 Dimensional regularisation

At intermediate stages of the computation, i.e. before the cancellation of divergences
has taken place, it is useful to have a way of tracking and controlling these divergences.
It has become standard practice to regularise both IR and UV divergences by moving
away from integrals in d = 4 and analytically continuing the dimension to d = 4 — 2¢
in a process known as dimensional regularisation’ [30,31]. For virtual corrections,

it amounts to replacing each integration measure as:

4 d
ke _, 26/ 4k (1.5.4)

i’ ird/2’
where the arbitrary regularisation scale y is needed to keep the mass dimension of
the coupling constant fixed (it is usually set to pp). For real corrections, dimensional
regularisation instead modifies the dimensionality of the phase-space integration for

the cross section to d = 4 — 2e. Overall, the resultant integrals are now a function of

1t is also common to compute integrals around e.g. d = 6 —2¢ or d = 8 — 2¢ as they are often IR
and/or UV finite. Then, such integrals can be related to the ones in d = 4 — 2¢ using dimensional
recurrence relations. See Refs. [28,29] and references therein.
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e and the UV/IR divergences appear as poles in their Laurent expansion in €. Any
cancellations between terms can then be tracked through this dimensional regulator.
Typically, when computing scattering amplitudes we are interested only in terms up

to O (eo) since the four-dimensional result is recovered by setting € = 0 at the end'.

The continuation of the dimension of the loop momentum to a generic d introduces an
ambiguity related to the various states and their polarisation sums. Many choices are
possible for how to handle the Dirac algebra in the numerators, leading to multiple
regularisation schemes (RS). For example, in the popular 't Hooft-Veltman (HV)
scheme which we will use in Chapters 3-5, internal states live in d dimensions, but
external states are strictly four-dimensional. It is important to remember that the
meaning of ‘internal” and ‘external” here is not what we would expect intuitively.
Fields corresponding to virtual particles (i.e. divergent loop integrals) or to real
emission (i.e. soft and collinear singularities in phase-space integrals) are called
internal (or singular), while all other fields are called external (or regular). Different
RS choices have various advantages, e.g. preserving supersymmetric Ward identities
or simplifying the expressions obtained in calculations. We refer the reader to
Refs. [32,33] for an overview of various regularisation schemes and a mathematically

rigorous treatment of the spaces in which particles live.

Finally, let us remark that the dimensionally regulated Feynman integrals satisfy

the following properties [34]:

o Linearity:
/ddk lafy(k) + bfa(K)] = a/ddk (k) +b/ddk k) | (1.5.5a)
where a, b are arbitrary constants.
o Translational invariance:
/ddk Fk+q) = /ddk: F(k) (1.5.5b)

where ¢ is an arbitrary vector that can depend on the external momenta p, as

well as the loop momenta & (or both).

e Scaling:
/ddk FOk) = )\‘d/ddk F(k) (1.5.5¢)

where )\ is an arbitrary positive constant.

'A common exception to this rule is when an (I < L)-loop amplitude is meant to be multiplied
by the pole operator mentioned above in order to derive the pole structure of the L-loop amplitude.
Then, terms beyond (’)(60) are required, usually up to (’)(62).
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For now, we give these properties simply for completeness. However, as we will see
in Section 2.8, they will lead to an extremely powerful method of simplifying the

computation of scattering amplitudes.

A final note

Finally, we remark that the cross section itself follows a perturbative expansion
similar to Eq. 1.4.5:

do = o (doLO + a'do™O + a?de™NO 4 ) : (1.5.6)

It is important to remember that the terms in Eq. 1.4.5 and Eq. 1.5.6 are not in
one-to-one correspondence, since an n-particle, N¥LO cross section might receive
contributions from an (n + i)-particle, (k — i)-loop amplitude, where 0 < i < k.
From the experimental perspective, real emission of extra soft or collinear particles
is indistinguishable from the genuine n-point process. Thus, it needs to be included
when calculating the cross section, which introduces singularities that are cancelled
out by the virtual corrections coming from diagrams with loops. As an example, the
two-loop, five-point amplitudes we compute in Chapter 3 are relevant not only to
the process pp — bbH at NNLO, but also to pp — b(b)H at N°LO (where one b-jet
is tagged) and pp — H at N*LO.

Overall, it is clear that precision particle phenomenology requires us to push our
computational capabilities and include terms of increasingly higher order in Eq. 1.5.6.
This in turn means the inclusion of scattering amplitudes with more loops and more
legs, but both of these frontiers pose significant challenges. On one side, Feynman
integrals with a high number of closed loops are notoriously difficult to evaluate and
often lead to special functions that exhibit complicated behaviour and branch cuts.
On the other hand, the inclusion of extra particles (or internal masses) means a
more complicated kinematic setup, with additional scales that exacerbate algebraic
complexity. A tremendous body of work has been done by the community on both
fronts. The next chapter is dedicated to a detailed, yet by no means comprehensive,
description of the tools used to compute scattering amplitudes. The reward for our
effort will be the ability to compute high-multiplicity amplitudes at the cutting edge
of knowledge, with direct relevance to precision physics at the LHC and beyond.
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Tools for calculating scattering

amplitudes

In this chapter, we focus on various aspects of the computation of loop scattering
amplitudes for high-multiplicity processes. It is important to note that there is
currently no one-size-fits-all approach that would allow us to compute all the desired
amplitudes at a press of a button. In practice, we use a collection of methods that
are most appropriate for the task at hand. For processes at the limit of current
capabilities, these tools need to be further improved or replaced with novel ideas.
To this end, much work has been done by the theory community in recent years.
Unfortunately, due to the overwhelming algebraic and analytic complexity, many
calculations still present challenges beyond the reach of current technology. The
goal of this chapter is to provide an overview of the methods we adopt in amplitude
computations, as well as the problems that invariably follow. The procedure involves
several highly non-trivial steps. To help the reader retain the ‘big picture’ of the
workflow, we present its schematic outline in Fig. 2.1. Each step is discussed in more
detail below.

2.1 Feynman diagrams

The starting point of our amplitude computation for a given process is the generation
of all Feynman diagrams contributing to this process at the desired loop order. Feyn-
man diagrams provide a pictorial representation of the ways in which the interaction
can occur. At the same time, the corresponding Feynman integrals can be easily
recovered using Feynman rules, which can be derived from the Lagrangian of the
theory under consideration. As such, these diagrams are an indispensable tool of any

perturbative calculation. In practice, it can be observed that usually their number
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{Feynman diagrams]—){ Colour decomposition H Helicity amplitudes

Mathematica/FORM

d=4—2¢

Expansion of MIs onto : Integrand reduction onto
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a special function basis maximal topologies
finite fields

e—0
‘ Pole subtraction }—>{ Finite remainder }—>{ Reconstruction ’

Figure 2.1: A schematic overview of the workflow we adopt to
compute scattering amplitudes.

grows faster than exponentially as we increase the loop order or multiplicity (see
Table 2.1 for an example). To handle the combinatorial complexity, we generate the
relevant Feynman diagrams using QGRAF [35]. This programme has the advantage
of granting the user a large degree of control over the output. For example, one can
constrain it to generate diagrams without self-energy insertions or with a specified

total power of the coupling constant.

2.2 Colour decomposition

Having generated the Feynman diagrams, we substitute the Feynman rules for the
propagators and vertices using Mathematica. At this point, our QCD amplitude
contains both colour and kinematic information. The idea of colour ordering is
to reorganise the amplitude such that these two components separate: a purely
kinematic part is multiplied by the corresponding colour factor. In other words,

we perform the decomposition of the full amplitude in colour space, according to a

n|1|2]3] 4] 5 | 6 | 7 | 8
ngluons [~ |- 1 [ 4 [ 25 | 220 | 2485 | 34300
qq+n gluons | 1 | 3 | 16 | 123 | 1240 | 15495 | 231280 | 4016775

Table 2.1: Number of tree-level diagrams contributing to selected
processes with n gluons.
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chosen colour basis. Roughly speaking:

A, = (colour), x A,;, (2.2.1)

where A,,; are the colour-ordered amplitudes (also known as colour-stripped or partial
amplitudes). The motivation behind this decomposition is that the colour-ordered

amplitudes turn out to be significantly simpler to calculate.

The choice of the colour basis is not unique. We adopt the decomposition according
to traces of the SU(N,) generators in the fundamental representation. As an example,

let us look at 4-gluon scattering at tree-level. The s-channel diagram is:
AZﬁ (P1) AZi (p4)

M f‘l1a2bfba3a4 ) (2.2.2)

A2 (p2) AT (ps)

The colour factor of this diagram can be expressed in terms of the generators using
Eqgs. 1.2.7 and 1.2.10:

1
falazbfba3a4 _ —T7<tr[TalTa2Ta3Ta4] . tr[TalTaQTa4Ta3]
F

— [T TR T T 4 e[ T T T T™)) (2.2.3)

The colour factors of the t- and u-channels can be expressed in a similar way.
Combining the contributions from the three channels and using the cyclicity of

the trace, we can organise the 4-gluon amplitude at tree-level as follows:
AY = g2 ([T 7T 7% AP [1234] 4+ permutations of (234)) , (2.2.4)

2 _ . .
where we have factored out g; = 4mwa, for convenience. In the general case, this

formula reads:

AD =gi* 3 [T T AP [10(2. . 0)] (2.2.5)

UESn,1
where the sum is over the set of all non-cyclic permutations of n—1 particles. Similar
colour decompositions can be derived for amplitudes involving quarks, as well as
beyond tree level [36]. At loop level, in addition to single-trace structures the colour

basis contains products of traces.

The colour-ordered amplitudes A,, are calculated by adding up the kinematic parts

of all Feynman diagrams contributing to a given colour factor. They are gauge
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invariant and satisfy a number of important identities [37-39]:

A,123...n] =A,[23...n1], cyclicity, (2.2.6)
A,123...n] = (-1)"A,[n...321], reflection, (2.2.7)
A[123.. 0] + A,[213. . .n] + A, [231...n] + ...+ A[23...1n] =0,
U(1) decoupling, (2.2.8)
AL a,n, 8] = (—1)'5‘ > Aul,0,n], Kleiss-Kuiff relations. (2.2.9)
o€OP({a}u{s"))

In the last line, the sum runs over permutations in the joint set {a} U {37} such
that the order within the individual sets is preserved, and {3”} is the reversal of the
set {8}. Crucially, these properties allow us to reduce the number of independent
amplitudes that need to be computed. In fact, for n-gluon scattering, this number

is just (n —2)!.

2.3 Helicity amplitudes

After colour decomposition, our colour-ordered amplitude contains purely kinematic
information. The kinematic part of the Feynman rules for external states carries
information about the spins and polarisations of particles: for massless spin-1/2
fermions, we use =+ helicity states to differentiate between the two solutions to the
Dirac equation, while for massless spin-1 bosons, they denote the two polarisation
vectors. From the experimental perspective, we are rarely interested in differentiating
between the spin states of individual particles. Usually, a beam of particles with
random spins undergoes scattering and we look at the total number of products
outgoing in a certain direction. Thus, to calculate the corresponding cross section,
we should average over the initial spin states and sum over the final ones. This can

be achieved in two different ways:

1. Perform the amplitude calculation without specifying the helicity states, then
square the amplitude and do the spin sums that appear at the level of \A|2

using completeness relations of Egs. 1.1.4 and 1.1.12.

2. Specify the helicity states of external particles, compute each helicity amp-

litude separately, square them and sum over all relevant helicity configurations.

In our approach, we will adopt the latter method. We denote an L-loop helicity
amplitude as:
AP = oD (1hagha - phny (2.3.1)
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where the superscript {h} is understood as the set of helicities h; of the n particles,
but will be usually omitted since we will exclusively compute helicity amplitudes.

The full, spin-summed amplitude can then be recovered through:

AL =5 AP (2.3.2)

helicity
configurations

At the cross section level, we get:

\A;L)\Q -y \ASLLW}\Q . (2.3.3)

helicity
configurations

It is important to note that this sum includes only the squares of individual helicity

amplitudes — there are no interferences between different helicity configurations.

There are several strong advantages to this approach. Firstly, we can see that the
number of terms that need to be processed is significantly smaller than in method (1).

Consider the expansion of an amplitude in the coupling constant o up to two loops:
A=A+ aAW +o* AP + 0 (o) . (2.3.4)
Then, at the level of the cross section, we have the following contributions:

AP = A + a2Re (AP*AV) + o® (2Re (A" AP) + |AVP) + O () .
(2.3.5)
Let us also schematically write each L-loop amplitude as a sum of m; Feynman
diagrams: A" = dgL) + dgL) +...+ dﬁ,fL) Then, at tree level:

\A;O)f =3 \AS’)’{’Z}\Z =3[ " gty dgggih}f . (2.3.6)
ook cost.

Each term in this sum has all helicities fixed and there are no spin sums to be
performed (when evaluated at a chosen phase-space point, it is just a complex
number). Thus, the number of terms we need to process at LO is mgyny;, where ny, is
the number of independent helicity configurations. On the other hand, according to
method (1), we have:

AP = (@ + d? 4. d®) (@ a4+ d) (2.3.7)
which means we need to interfere the diagrams with each other and perform the spin
sums. Thus, there are m3 terms to be processed. The scaling for higher loop orders
is listed in Table 2.2. For small L, the advantage of using helicity amplitudes might
be minimal (or in fact, it might be detrimental to do so). For L > 2, however, the

advantage becomes apparent, especially that due to the symmetries of colour-ordered
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# terms ‘L:()‘ L=1 ‘ L=2
Method (1) | m§ mg 4+ momy | mg + momy + mi + moms
Method (2) mony, (mo + ml)nh (mg + myq + m2>nh

Table 2.2: Number of terms to be processed in the computation
of the squared amplitude \.A]2 up to and including a given loop
order, assuming there are mj diagrams at L loops. The meaning of
methods (1) and (2) is explained above Eq. 2.3.1.

amplitudes, n;, is usually much smaller than 2". Moreover, it turns out that not all
helicity amplitudes are equally challenging to compute, as we will see in the next
section. In fact, a host of them vanish altogether (at least at tree level). We remark
that guided by experience, it is possible to choose the reference vectors of external
polarisations such that the computation of the non-zero amplitudes becomes easier.
Helicity amplitudes can also provide us with more information about the scattering
process, for example when working with polarised cross sections. In Chapters 4
and 5, we will see how we can use them to attach the decay current of the W boson
and an off-shell photon, respectively, to an amplitude with an off-shell leg in order

to obtain an amplitude for a fully on-shell process at a higher multiplicity.

When dealing with helicity amplitudes, it is conventional to introduce nomenclature
encoding the number of positive/negative helicity particles involved in the pro-
cess. Consider 2 — (n — 2) gluon scattering where the outgoing momenta all have
opposite helicities to the incoming ones: 1727 — 37 ...n". We call such a con-
figuration ‘helicity violating’. We can cross particles 1 and 2 to the final state,
which changes their helicities: 0 — 172" ...n". This corresponds to the ‘all-plus’
amplitude A, (172" ...n") with all momenta outgoing. In the next section, we
will show that for gluon scattering at tree-level, this amplitude vanishes for all n.
If we flip one helicity in the final state: 1727 — 37 ...n™", this corresponds to
A,(1727374% .. .n™), which also turns out to vanish at tree-level. The first non-zero
configuration is 172~ — 374~ ...n", which corresponds to: A,(172737475%7...n™).
For this reason, amplitudes with exactly two negative helicity particles are called
maximally helicity violating (MHV). Similarly, amplitudes with exactly two
positive helicities are known as anti-MHV. Furthermore, configurations with 2 + k
negative/positive helicities are referred to as N"MHV /anti-N*MHV. Tree-level MHV

amplitudes are remarkably simple, as we will demonstrate in the next section.
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2.4 Spinor helicity formalism

In Section 1.1, we saw that for massless particles, the Dirac spinor splits into two
Weyl spinors that do not mix and are associated with the helicity of the particle.
Therefore, we might be tempted to think that helicity amplitudes are better described
using a notation specific to the two-component Weyl spinors, which are acted on by
the familiar Pauli matrices. Indeed, the powerful spinor-helicity formalism provides

a neat way to express helicity amplitudes based on these considerations'.

As a first step, let us see how we can move from working with the four-component

objects to two-component ones. We can write a ‘slashed’” momentum p as:

0 (0")a 0 Pab
P=puY" =Dy ((Uu)ab ( O)a) = (pab po) , (2.4.1)

with both dotted and un-dotted indices running over {1,2} and (¢"),; = (1, o*),

(6")* = (1, —¢"), where ¢' are the three Pauli matrices. The momentum bispinors

p™ and p,; can be thought of as (2 x 2) matrices and it is easy to show that:
det p,;, = det p® =m?. (2.4.2)

For massless particles, this determinant vanishes and the matrix can be expressed
as an outer product of two vectors®. The vectors we will choose are the momentum
space Weyl spinors ), and A, (sometimes referred to as helicity spinors). They are
the two-component, left- and right-handed equivalents of the u(p) and v(p) Dirac

spinors with the corresponding helicities — and +, respectively. We thus write:
Daiy = )\aS\E, pdb = S\d)\b, (2.4.3)

and the raising and lowering of indices is achieved through:

2 =€\, A= € (2.4.4)

with the two-dimensional Levi-Civita tensor defined as:

. 0 1
ab ab
€ =€ = —€p = —€4 = . 2.4.5
b b ( 1 0) ( )

In practice, it can be rather cumbersome to keep track of the dotted and un-dotted

Tn case the notation that follows appears daunting, we refer the reader to Ref. [40] for an
in-depth discussion of the topic and useful exercises.

*The determinant of a matrix is 0 only if its column/row vectors are linearly dependent, which
for a (2 x 2) matrix implies that its rank is 1. A rank-1, (n x m) matrix can always be expressed
as the outer product of two non-zero vectors of length n and m.
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indices, as well as their lower or upper positions at the spinors. It is more intuitive

to trade this notation for spinor brackets':
X(z — <p|d7
AY = [p|*, A p)e. (2.4.6)

We can then write Eq. 2.4.1 as:

p=1p)pl, p=1Ipl(nl, (2.4.7)

while the massless Dirac equation becomes the massless Weyl equation:

plp) =0, plp)=0. (2.4.8)

In the above, p is a small abuse of the ‘slashed’ notation — what it really means is
a contraction of p, with ¢" or ¢, rather than +*. The appropriate Lorentz vector
can be chosen by looking at the indices of the square/angle spinors that p" is acting
on. However, the power of spinor-helicity formalism lies in the fact that in practice,
we do not ever need to perform such explicit summation over indices and instead
we work with identities at the level of angle and square brackets. Introducing the

shorthand notation i) = |p;), |i] = |pi]:
(i) = (ilal)*, i) = [i* 11l - (2.4.9)

It is straightforward to show that because the indices are raised and lowered using

the Levi-Civita symbol, these brackets must be antisymmetric:
(ij) = = (i), [i] = —[4i]. (2.4.10)
We can also formulate angle-square or square-angle brackets as follows:
(ikj] = Gl 1] [ikj) = [il KIj) (2.4.11)

To choose the right § from Eq. 2.4.7, we just need to remember that (ik] = [ik) = 0.
These brackets can be extended to arbitrary lengths by inserting additional slashed

momenta inside. We note some very useful identities:

(i1) = [it] =0 by antisymmetry (2.4.12a)
si; = —(15)[i7] (for massless momenta) (2.4.12b)
[ij]" = (ji) (for real momenta) (2.4.12¢)

iThe choice of assignment of dotted/undotted indices and angle/square brackets to either A
or A is arbitrary. Different conventions are seen throughout literature — the only requirement is
internal consistency.
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Sl => 10l =0 momentum conservation (2.4.12d)

i=1 i=1
|9)(jk) + |7) (ki) + |k)(ij) = 0 Schouten identity (2.4.12¢)
(t|y* 1] = 2pff Gordon identity (2.4.12f)
(ily" 151 = L1218 (2.4.12g)
@y 191" = G e (for real momenta) (2.4.12h)
(i7" ] (kv 1] = —2(ik)[41] Fierz identity . (2.4.12i)

Naturally, the Schouten, Gordon and Fierz identities also hold if we exchange all
angle and square brackets. Wherever +* appears, it is understood as either ¢" or

o", as explained earlier.

In addition to massless fermions, we need to be able to write the polarisation vectors
of massless spin-1 bosons in the spinor-helicity language. They have to obey the

following identities:

p-ex(p,q) =0, (2.4.13a)
q-e+(p,q) =0, (2.4.13D)
ex(pq) - e+(p',q) =0, (2.4.13¢)
ex(p.q) - ex(p',p) =0, (2.4.13d)
ex(pq) -ex(p,q) = —1. (2.4.13¢)

To find compatible expressions for the polarisation vectors, we note that setting
p = pin Eq. 2.4.13c gives 4 (p, q) -€+(p, q) = 0. This allows us to decompose " into
an outer product of two vectors, in analogy to Eq. 2.4.3. To this end, we introduce

a light-like reference vector ¢ and write:

et (p,q) = teh’la] eh(p,q) = lah"Ir) (2.4.14)

V2[pq] V2(qp)

The choice of the reference vector is arbitrary (apart from the condition ¢" % p*),

which reflects gauge invariance. We can see this by noting that the Weyl spinors are

two-component objects and can be decomposed as |r) = %|p> - E;Z ; |g). Therefore,
any shift in ¢ must be of the form ¢ — Aq + Bp, where A, B are constants. Then,
from Eq. 2.4.14 (and using Eq. 2.4.12f), it is easy to see that this shift will correspond
to e — " + Cp”. For the amplitude to be Lorentz invariant, we need p, A" = 0,
where A" is the amplitude stripped of its polarisation vectors. This is the famous
Ward identity for massless gauge bosons, which can be understood as a momentum-
space statement of gauge invariance. In practice, it is useful to choose ¢ such that

contracting £ with external momenta leads to the formation of vanishing spinor



36 Chapter 2. Tools for calculating scattering amplitudes

brackets, thus greatly simplifying the algebra.

At this point, we have all the tools we need to express any amplitude of massless
fermions and spin-1 bosons through the angle and square brackets. Its usefulness,
however, may not be immediately clear, especially given the notation which at
first appears daunting. As a quick demonstration of the power of spinor-helicity
formalism, let us consider the special case of 3-particle kinematics. For any three

massless momenta satisfying p} + ph + p4 = 0, we have:
(12)[21] = 51 = p3 = 0. (2.4.15)

Thus, either (12) = 0 or [12] = 0. If we assume (12) is non-vanishing, then by

momentum conservation and the massless Weyl equation:
(12)[23] = (1|2 [3] = —=(1[(L + ) [3] = 0. (2.4.16)

Thus, [23] = 0 and in an analogous manner, we can show that [13] = 0 as well. Had

we assumed [12] # 0, we would have found that all angle brackets vanish instead:
[12] =[13] =[23] =0 or (12) = (13) = (23) = 0. (2.4.17)

Therefore, for 3-particle massless kinematics, the amplitude must depend on either
square or angle brackets only. However, note that this result makes sense only if
we work with complex momenta. Otherwise, through Eq. 2.4.12¢, the angle and
square brackets are complex conjugates of each other and so both types must vanish
simultaneously. Amplitudes constructed from complex momenta are of course not
physical, nonetheless they provide a useful building block for higher-point amplitudes

in recursive techniques.

2.4.1 Little group scaling

In the previous section, we saw that the freedom in choosing the reference vector ¢"
reflects gauge invariance of the amplitude. Here, we will see how another physical
principle places strong constrains on the form of helicity amplitudes. We begin
by observing that when trading the Weyl spinors for the bracket notation, there
is some freedom in how exactly we write down Eq. 2.4.6. That is, note that both

Py = P, (pl; and p® = |p)®[p|* are invariant under the transformation:
|i) — z|i), |i] — 27" i VzeC. (2.4.18)

This is known as little group scaling. Each external momentum has its own little

group transformation. This implies the following relations for spin-1 massless boson
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polarisations in Eq. 2.4.14:

e (p,q) — 2°" (p. q), el (p,q) — 22 (p,q). (2.4.19)

Note that the polarisation vectors are invariant under such rescalings of the reference
momenta. Thus, for scattering of massless particles, the little group scaling of the
corresponding amplitude is determined by the helicities of the external particles.
Specifically, if we rescale the spinor brackets associated with the momentum p;, the

amplitude scales according to:

Ay pn i), ) H AL (L Aps b (2.4.20)
=z i

where h; = :I:% for fermions and h; = £1 for massless spin-1 bosons. It turns out
that this property places a strong constraint on the spinor bracket expression of the
amplitude. We will consider tree-level 3-gluon scattering as a basic example. We
have already seen that for 3-particle massless kinematics, the amplitude must be
written in terms of angle or square brackets only, but we do not know the general
form of the expression. Let us rescale all three momenta with separate shifts z;, 29, 23

in an MHV configuration. Then:

AV (17273%) — 22222240 (17273%) . (2.4.21)
Assuming that this amplitude depends only on angle brackets:

AP (172737 o (12)712(13)%19 (23)%>5 . (2.4.22)

We can then substitute Eq. 2.4.18 into Eq. 2.4.22 and compare with the expected
scaling, Eq. 2.4.21. Solving for the exponents, we get {z1, = 3,213 = —1, 293 = —1}.
An identical exercise can be performed (assuming square brackets this type) for the
anti-MHV amplitude Aéo)(1+2+3_), leading to an analogous result. Therefore, the
3-point gluon amplitudes are fixed (up to an overall constant) by the special 3-point
kinematics and little group scaling:
(12)°

Ago)(1_2_3+) = Fdlm s Ag0)<1+2+3_) = Ko

(2.4.23)

We also note that flipping all helicities corresponds to exchanging (ij) « [ji] . With
a wrong choice of the bracket type in Eq. 2.4.22, one can show by considering the

mass dimension of the amplitude that the couplings x; and k, would have to come

'Note the reversed order of momenta. Upon a parity transformation, all square brackets are
swapped for angle brackets and vice versa, together with their dotted/undotted indices. For

example, (if) = (il417)" ¢ [i, [i|* = [4|" lil, = [i] = —[is].
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from terms in the Lagrangian that are non-local'. We thus reject them as unphysical.
Moreover, the same argument can be used to show that the (— — —) and (+ + +)

configurations must have vanishing amplitudes:
AY(172737) =0, AV (12737) = 0. (2.4.24)

In fact, the simplicity we have seen so far generalises to higher-point gluon amplitudes.

With a smart choice of reference vectors, it can be shown that:

AP(1727.n7) =0, A2 nt) =0, (2.4.25)
as well as:
AP (127 n7) =0, AQ@a 2t . nt) =0, (2.4.26)

The first non-vanishing amplitudes are the MHV /anti-MHYV configurations:

0) (1+o+ — — +\ <ij>4

AQaret it i )_<12><23>...<n1>’ (2.4.27)
09— i+ oy gy L]

AV 27 it gt nT) = (-1) s ] (2.4.28)

This result is known as the Parke-Taylor formula [37,41]. It can be proved inductively
using the BCFW recursion relations [42,43], with the 3-point MHV amplitudes of
Eq. 2.4.23 serving as the starting point. Overall, it is now clear that the spinor-helicity
formalism, together with little group scaling and locality of the Lagrangian, produce
astonishingly compact results for amplitudes which are traditionally calculated as

sums of hundreds or thousands of Feynman diagrams.

2.5 Momentum twistors

In the previous section, we have seen that the spinor-helicity formalism provides
a convenient framework to describe helicity amplitudes. By using spinor brackets,
which are intrinsically tied to helicity, we were able to exploit the properties of the
amplitudes to arrive at remarkably neat expressions. Nonetheless, this formalism

comes with certain drawbacks. Firstly, note that kinematic identities such as mo-

"The mass dimension of A, in d = 4 is 4 — n. From Eq. 2.4.7, we see that both () and [ ]
must have mass dimension 1. Thus, the constants x; and k, in Eq. 2.4.23 have mass dimension 0,
which is consistent with the fact that they must have come from the 3-gluon interaction term in
the Lagrangian of Eq. 1.2.2, ~A“A”(9#A,,. Had we assumed incorrect bracket types, both constants
would need to have dimension 2. Thus, the corresponding term in the Lagrangian would be
~AH A”%Aw which is non-local (it describes an interaction whose effects become more important
with distance).
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mentum conservation are not automatically satisfied by the spinor brackets. We
can in theory use the properties listed in Eq. 2.4.12 to arrive at a minimal set of
these variables. In practice, however, this proves to be cumbersome, especially for
high-multiplicity processes. Moreover, the appearance of square roots complicates
our computational setup, which will be made clear in the next section. We would
therefore like to have a parametrisation of external kinematics which solves both

these problems simultaneously.

In recent years, many amplitude computations have exploited objects known as
momentum twistors (MTs) [44-46], which we will now introduce. As the first step,

we define dual-space coordinates x! as:
pi =l =l . (2.5.1)

Using the massless Weyl equation, Eq. 2.4.8, and the ‘slashed’ notation in the sense
of Eq. 2.4.1, it then follows that:

(il = (il = (il (2.5.2)

The new variables allow us to define the momentum twistors Z;:

zl = (!i>> : (2.5.3)
[14:]

where the index [ is understood as I = {a,a}. We can also express [i| in terms of
Z!. To this end, the dual twistor is defined as:

WA — ‘IU/Z> — EABCDZ(i_l)BZiCZ(i+1)D (2 5 4)
' [i] (i— 1,4y, i+1) .

ABCD

where € is the 4-dimensional Levi-Civita symbol. We can then expand this

equation and read off the last two components:

i+ 1) [l + G+ L0 = 1)l + (0= 1,9) [ |

U (i—1,4)(i,1+ 1)

(2.5.5)

Each Z! has four components, thus the matrix of all MTs has 4n entries for n-particle
scattering. However, not all of them are independent. Firstly, MTs are invariant
under the 10-dimensional Poincaré group. Additionally, they exhibit the U(1) sym-
metry as well, for each particle separately. We can see this from Eq. 2.5.2, which
implies that under the little group scaling of |i) — ¢;]¢), with ¢; € C, the MTs scale
as: Z; — t;Z;. At the same time, this transformation does not affect the underlying
momentum p!', thus Z; are defined projectively. Overall, the number of independent

variables needed to generate all Z; for n-particle scattering is 4n—10—nx1 = 3n—10.
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The momentum twistors' Z;, together with their dual equivalents W, serve as a

useful way to generate numerical phase-space points according to the following recipe:

1. Fill the twistor matrix Z/, i = 1,...,n with random rational numbers.

[N}

. Compute the dual twistor matrix W .

3. Read off spinors |i) and [i|.

# =g lil ).

4. Calculate the momenta according to the Gordon identity, p
Phase-space points generated in this manner are complex and rational. We can
also populate the twistor matrix with rational functions instead. The corresponding
phase-space parametrisation is guaranteed to automatically implement momentum
conservation and the Schouten identity. However, there is no algorithmic way of
choosing these functions such that the corresponding parametrisation leads to the
simplest possible amplitude expressions. We will present several judicious choices in

subsequent chapters.

A small drawback of using the MTs is that they lose the phase information carried by
the spinor brackets i) and [i|. This is because in reducing the number of independent
variables from 4n to 3n — 10, imposing the symmetries essentially fixes the frame in
which we evaluate the kinematics. Thus, strictly speaking, only phase-free expres-
sions can be obtained in terms of MTs. On the other hand, each helicity amplitude
is a ‘phase-full’ quantity, thus we need to restore this information at the end of our
computation. This can be achieved by multiplying our amplitude written using MTs
by any factor with the same phase content as the amplitude, then dividing by the
MT expression of this factor. In practice, we most often choose this factor to be the

spinor-bracket expression of the tree-level amplitude for the corresponding helicity.

2.6 Finite fields

In the previous section, we have introduced a new, minimal set of independent
variables that automatically implement constraints such as momentum conservation.
Moreover, they may help us rationalise at least some of the square roots that appear
in our kinematics. This was not just an elegant mathematical exercise. It turns out
that MTs provide us with a powerful framework that goes hand in hand with yet

another tool we employ in amplitude computations.

In amplitude jargon, the term ‘momentum twistors’ most often refers to the 3n—10 independent
variables, rather than the Z;’s themselves. We will also adopt this terminology below.
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2.6.1 Rational numbers

The problem of enormous algebraic expressions plagues almost every calculation
in QFT. At the same time, sweeping cancellations often occur, leading to much
more compact answers. Indeed, we have already seen how at tree level the MHV
gluon amplitudes can be described by remarkably simple expressions, despite the
fact that they come from hundreds, if not thousands, of Feynman diagrams. A key
idea that has emerged over the past several years is to avoid this complexity at
the intermediate stages of the computation by working with numerical expressions
instead [47-52]. Crucially, the analytic dependence can still be recovered from the
numerics at the very end of the calculation. In this section, we introduce the concept

of finite fields and show how it can be used to our advantage.

A finite field is a field with a finite number of elements. We are interested in finite

fields of non-negative integers:
Z, =A{0,...,n—1}, (2.6.1)

where n is referred to as the size of the field. In particular, we will work with fields
whose size is a large prime number p, as prime fields satisfy many properties which
make the corresponding arithmetic especially simple. Basic operations, such as
addition, subtraction and multiplication, are defined over Z, through the standard
modular arithmetic mod p. We can also define a multiplicative inverse b € Z, for all
a#0¢€Zy

a'=b modp = ab=1 mod p. (2.6.2)

In fact, the existence of the inverse for all non-zero a is guaranteed only for prime

fields. We can see this by considering the following set:
S ={a,2a,3a,...,(p—1)a}. (2.6.3)
Now, note that for any two integers z, 2" such that: = # 2’ mod p, we have:
a(r —2')#£0 mod p (a #0). (2.6.4)

However, this holds only because ged(a,p) = 1. It follows that the set S mod n
contains all unique, non-zero elements of Z,, one of which must be 1. This proves
the existence of the multiplicative inverse for all a # 0 (it can be calculated using the
‘extended Euclidean algorithm’; see e.g. Ref. [53]). Consequently, we can conclude
that rational operations over Z, are well-defined. Moreover, it allows us to define a

map from rational numbers to the prime field, Q — Z, . For ¢ = % € Q:

g mod p = (x x (y~' mod p) mod p. (2.6.5)
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This map is not invertible, since it maps infinitely many elements of Q onto the
finite set Z,. Nonetheless, the rational numbers ¢ can be recovered from their
image in Z, with a very high probability using Wang’s algorithm [54, 55]. This
process is referred to as rational reconstruction. We remark that this algorithm
is successful if |z|, |y| < \/ﬁ Therefore, p should be chosen sufficiently large so
that it is possible to reconstruct all rational numbers appearing in the problem.
However, as x,y grow in size, this defeats the purpose of using finite fields in the
first place, which was to keep the size of numbers below a certain bound imposed
by modular arithmetic mod p. Moreover, from the practical point of view, we
want to use the efficiency of machine-size integers, which means we are usually

constrained to p < 2%

. Fortunately, rational numbers exceeding such thresholds
can be reconstructed without using prohibitively large prime fields. This is due
to the ‘Chinese remainder theorem’: knowledge of the congruences of an integer x
modulo {ny,n,,...,n;}, where all the n; are pairwise co-prime, allows us to obtain
the congruence of x modulo n;n,...n;. The same idea holds even for our map

Q — Z,. Thus, by calculating several congruences:

q=a, mod py,

q=ap, mod p,

mod py, , (2.6.6)

Pk

we can obtain:

4= app,. p, mod (Pip2-..px)- (2.6.7)

Hence, combining the images of ¢ over several prime fields Z, allows us to use

Wang’s algorithm on Z and successfully reconstruct ¢ € Q.

P1P2---Pk

2.6.2 Rational functions

So far, we have seen how we can exploit finite fields to keep the size of numerical
expressions from growing throughout our computation'. It should not come as a
surprise that this concept can be extended to allow for the reconstruction of not

only rational numbers, but also rational functions in multiple variables.

Let us consider the so-called ‘black box interpolation problem’. Suppose we have a
set of n variables x = {x, x5, ..., x,}. These variables will serve as the arguments of

a rational function f(x). In general, the analytic form of f is obtained by applying

'An alternative approach would be to use floating-point numbers instead of rational numbers,
however this would quickly lead to issues with precision.
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a series of rational operations on x . We do not know f analytically at any of these
steps, however we assume that we have a way of implementing them numerically
— this is what we call the ‘black box’ Specifically, the numerical operations will
be done over a prime field Z,. We start by evaluating the variables x at random
numerical values in Z,. We then apply the rational operations represented by f,
all within the same prime field. After passing through this black box, the result is
a number within that field, which we denote as f(x) mod p. Therefore, we have
obtained one sample point of the analytic result, which corresponds to the initial

values we chose for x.

The key idea of finite field methods is that it is possible to reconstruct the full
analytic dependence of f(x), with coefficients of z; in Q, by sampling it in this
manner at multiple points. The first step of this procedure is in essence a linear fit

problem. Any multivariate rational function can be written as:

R(x) = Z‘*La"ﬂ (2.6.8)
>.pbpx
Here, a,,bs € Z, are coefficients of the multivariate monomials x*:
x* =[] =", (2.6.9)
i=1
and a denotes a collective set of exponents a = {ay, @y, ..., a,}. It is also useful
to define the total degree of the monomial as the sum of all its exponents:
deg(x®) = la| =D ;. (2.6.10)

In the context of a rational function, the total degree deg(f) is understood as the

max

maximal total degree of any of its monomials.

With this representation of f(x) in Eq. 2.6.8, we can try to reconstruct its analytic
dependence from the numerical samples over the prime field Z,. In a very naive
approach, we would construct the most general ansatz covering all possible monomials

up to degree deg(f). We make this explicit by writing the ansatz as:

max

X"

a:|a|<u

Z bﬁXﬂ ’
B:1B|<v

R(x) = (2.6.11)

where we have abbreviated the numerator/denominator total degrees as u = deg(num( f))

max

and v = deg(den(f)). We can then formulate a system of linear equations in a, bg

by evaluating both the monomials x* in the ansatz and the black box function f(x)
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at chosen values x; in Z,:

ST aax — f(x;) Y bex? =0 jed{l,...,|Rx)|}. (2.6.12)
o <u 1B|<v
Finding the values of these coefficients requires solving the system using linear algebra
methods. In order for the system to close, we need to perform such evaluations on as
many sample points as the number of ansatz terms, |R(x)|. This is far from optimal,
since such a generic ansatz grows rapidly with both the degree as well as the number

of variables. In fact, one can show that the number of ansatz terms is [56]:

IR(x)| = (UZH) + (v;—") . (2.6.13)

Since the time complexity of the corresponding Gaussian elimination is O (‘R(X)P),
this can prove prohibitively expensive. As an example, in practice we will be dealing
with cases such as six-variable functions with u = 30, v = 10, which gives |R(x)| ~
2 x 10°. Row reducing such a system is simply not feasible. Another complication
arises due to the fact that in general, even though the black box operations are
implemented numerically over finite fields, obtaining each evaluation of f(x) in the
field Z, might still take a long time due to the number and complexity of these

operations. We refer to this as the ‘evaluation time per point’.

Overall, it is clear that if we want to efficiently interpolate a rational function from its
evaluations over finite fields, we need to decrease the number of needed sample points.
Besides, in most applications the polynomial degrees u and v are not known a priori,
so it is difficult to construct an ansatz in the first place. Fortunately, we can make use
of more elaborate interpolation methods'. For univariate polynomials, the strategy
is based on Newton’s polynomial representation [57]. This method is particularly
useful in cases where the total degree is not known, as it allows for the inclusion
of higher-degree terms until their coefficients are found to be 0, at which point the
iterative procedure terminates. For univariate rational functions, we distinguish
between two further cases based on whether the degrees v and v are known or not.
If they are known, it turns out that the naive ansatzing described above performs
well enough, as for n = 1 the ansatz length |R(x,)| in Eq. 2.6.13 is sufficiently small
to allow for efficient row reduction of the system. Finally, if the degrees are not
known, the reconstruction strategy is based on a rational generalisation of Newton’s

polynomial formula known as Thiele’s interpolation formula [57].

Multivariate reconstruction from finite fields can be achieved as well. For multivariate

polynomials, it is sufficient to apply the univariate Newton’s formula recursively.

"For a detailed description of these methods and their implementation, see Ref. [47].
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That is, a multivariate polynomial P(x) is first treated as a univariate polynomial
in x; with coefficients that are polynomials in 5, x5, ..., z,. These coefficients then
become the subject of (n — 1)-variable reconstruction and so forth. Reconstructing
multivariate rational functions is significantly more complicated. The strategy is also
based on a recursive use of Newton’s formula, but with some important modifications.
We refer the reader to Refs. [47,58] for details.

Having completed the interpolation through one of the methods above, the only thing
left to do is to recover the monomial coefficients in Q from their images a,, bg € Z,
using Wang’s algorithm. As explained earlier, if one prime field Z, is not enough,
we can always perform the interpolation in another field Z,, and combine these

results with the Chinese remainder theorem to obtain the interpolation in Z In

P1p2”
this way, a rational function with arbitrarily large coefficients can be recovered. The

reconstruction time can be estimated according to:

Reconstruction time ~ (number of sample points) x (evaluation time per point).
(2.6.14)
It is of great practical importance to reduce both these factors as much as possible,
which renders the reconstruction of complicated rational functions possible. We will

elaborate on this topic in subsequent chapters.

Let us make three final remarks. Firstly, we emphasise that the reconstructed
function is minimal in terms of the numerator and denominator degrees, that is
ged (num(f),den(f)) = 1. Note that this is also needed for the reconstruction
ansatz to be unique. Secondly, in our applications we can make the reconstruction
problem easier by reducing the number of variables by one. That is, we will usually
set s15 = 1 and recover its analytic dependence a posteriori through dimensional
analysis. Finally, recall that in the computation of amplitudes, we often have to deal
with the presence of square roots in the kinematics associated with the amplitude.
This is a problem, because it is not always possible to take a square root of a field
element a € Z,. Specifically, for a field of size p > 2, there are only (p + 1)/2
so-called quadratic residues, i.e. integers a such that the congruence > = a mod p
has a solution [59]. This fact is easy to understand as we can actually enumerate all
the residues. Note that this equation admits two solutions, since it is equivalent to
(z—b)(z+b) = 0 mod p = x = b mod p, where b*> = a. Thus, the set of solutions
{b;} € Z, will lead to distinct quadratic residues only if no two b; are negatives of
each other in the field. This constrains us to the first half of the elements, i.e.
{0,1,2,...,(p—1)/2}. Indeed, if we try to add another solution, (p+ 1)/2, it would

square to the same residue as (p — 1)/2, because b} = (p — b;)*> mod p and we have
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precisely p — (p+1)/2 = (p — 1)/2 mod p. Thus, the full set of distinct residues is:

{02,12,..., (19;1)2} . (2.6.15)

This fact implies that we can take the square root of a field element almost exactly
50% of the time. One approach to dealing with the other half is to simply reject
the points for which the expressions under the square roots do not correspond to
residues and repeat the black-box sampling procedure at another point'. However,
in practice we find it convenient to deal with the square roots in a different manner,

which will be explained in detail in Chapters 3 and 4.

Overall, we have seen that any algorithm which can be expressed as a chain of rational
operations can be implemented over finite fields. This applies to both pure rational
numbers, as well as analytic expressions in the form of rational functions. This
turns out to be tremendously useful, since many of the steps required in amplitude
computations are precisely such rational transformations. By exploiting the finite
field methods, we can entirely circumvent the analytic complexity in the intermediate
stages, yet still enjoy the exact cancellations that occur, since we are not forced to
resort to floating-point numbers. The otherwise insurmountable task of computing
a function analytically has been replaced by the much simpler task of providing its
fast numerical evaluation over finite fields. Armed with this knowledge, we can move

on to the next steps in our procedure.

2.7 Reduction onto maximal topologies

Before we begin, let us briefly summarise what we have learnt so far about our work-
flow for computing scattering amplitudes (see Fig. 2.1). We started by generating
all Feynman diagrams that contribute to a desired loop amplitude. We then decom-
posed this amplitude in colour space and defined a new object, the colour-ordered
amplitude, by considering only the diagrams which contribute to a particular colour
factor. We then specified the helicities of external fermions and bosons in the so-
called helicity amplitudes. We have learned that not all such amplitudes are equally
challenging to compute (in fact, some will vanish or be free of divergences) and due
to symmetries, we will not even have to compute all possible helicity configurations.
We subsequently decided to employ a language which naturally captures the helicity
information of the particles, that is the spinor-helicity formalism. However, we have
also seen that it suffers from several drawbacks which can be remediated by one

last variable change — into MTs. Not only does this parametrisation of external

"It is also possible to adjoin the needed square roots to the finite field, i.e. Zy, — L, (Va).
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OO

(a) (b) ()

Figure 2.2: Examples of diagram topologies associated with five-
particle Feynman diagrams. It is easy to see that topologies (a)
and (b) can be obtained from the maximal topology (c) by pinching
some of its propagators.

momenta automatically satisfy kinematic identities of Eq. 2.4.12, but it also allows
us to rationalise some of the square roots we need to deal with. Last, but not least,
we have also learnt that by performing numerical calculations over finite fields, we
can bypass the analytic complexity which typically characterises QFT problems. At
this point, the task of computing a colour-ordered helicity amplitude for n-particle

scattering amounts to computing loop integrals of the form:
L d
d%k ci(p) x my(k
A1(1L) (1h172h27”"nhn> p— Z [H (M%/ ‘ d/l2> chz<p) mz( 7p)
Tetopologies LI=1 17 HteT Dt(k7 p)
(2.7.1)

The general structure of this formula can be understood simply by considering the

QCD Feynman rules and all the possible Lorentz contractions that follow from them.
The main sum runs over distinct integral topologies, that is sets of inverse propagators
D, associated with a given Feynman diagram (see Fig. 2.2 for a few examples). Each
inverse propagator depends on external momenta p, as well as one or more loop
momenta k, which act as the integration variables for the d-dimensional integrals
(see Sec. 1.5). In the numerator of each topology, we have a sum of monomials m; of
both loop and external momenta, multiplied by coefficients ¢;(p) that depend only on
the external momenta p. The monomials are composed of scalar products k;-k;, k;-p;;
as well as the spinor brackets (i|k; |j], (i|k; parl7), [i] ks par|j], where pys denotes a
massive momentum, p3; = M? # 0. Similar objects appear in their coefficients,
but because they do not contain any dependence on the loop momenta, we will
usually express their external kinematics through the MTs x = {zy,...,23,_10}, i.€.
¢;(p) = ¢;(p(x)). This ensures the coefficients are parametrised through a minimal
set of variables and can be processed using the finite field framework. In fact, all the
remaining steps in our workflow that deal with the computation of the coefficients

will be implemented over finite fields.

We point out that not all topologies contributing to each helicity amplitude are

independent, in the sense that some topologies can be written as subtopologies of
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others. This is illustrated in Fig. 2.2. It is clear that topologies (a) and (b) can be
viewed as subtopologies of topology (c¢) with a few propagators absent. Topologies
with the maximum number of propagators allowed for L-loop, n-particle kinematics
are referred to as maximal topologies. All other topologies can be obtained from them
by ‘pinching’ appropriate propagators. Thus, the next step in our procedure is to
express all topologies which contribute to Eq. 2.7.1 as subtopologies of these maximal
topologies. Moreover, after this mapping we will seek to write the monomials m;(k, p)
in terms of the inverse propagators of the target maximal topology. In this way,
we will remove the loop momentum dependence from the numerators, so that the
amplitude will be a linear combination of scalar integrals over the maximal topologies,

with rational coefficients of external kinematics parametrised by the MTs.

2.7.1 Parametrising the loop momenta

Let us now discuss the aforementioned reduction of the amplitude onto scalar in-
tegrals. The key idea is to decompose the loop momenta in a D-dimensional space
spanned by a carefully chosen set of basis vectors. We start by splitting each kD)

into the 4 and (—2¢)-dimensional parts:
D) = @y 729 (2.7.2)

Here and below, we have suppressed the Lorentz index for readability. Let us focus
on the 4-dimensional part first. We would like it to be spanned by the 4-dimensional
external momenta p;. However, due to momentum conservation, in an n-particle
scattering process only n — 1 momenta can be linearly independent. Thus, they can
span at most an (n — 1)-dimensional subspace, which we refer to as the ‘physical’
space (labelled using ||). For n > 4, the 4-dimensionality of p; further restricts the
number of independent momenta to exactly 4. For n < 4, the remainder of the
4-dimensional space needs to be completed by constructing 4 — (n —1) =5 —n
‘spurious’ vectors (labelled using w). Their explicit representation is not unique and

we are free to choose any vectors satisfying the following orthogonality conditions':

The decomposition in Eq.2.7.2 then becomes:

ED) — @ @ (=20 (2.7.4)

1t is also common to impose a stronger condition of orthonormality between the spurious space

vectors, w; -w; = d,;. However, this may require us to introduce square roots in their normalisations,

leading to problems when using the finite field approach.
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The spurious and (—2¢)-dimensional spaces taken together are often referred to as
the ‘transverse’ space. All three subspaces appearing in Eq. 2.7.4 are orthogonal to

each other, hence we can write:
ED @ = @ @ e (e e (=26) | p(=2¢) (2.7.5)

Overall, we parametrise each loop momentum ki(D) according to:

min(n—1,4) 5—mn
kz(D) = Z QiqPa + Z Bz‘bwb + kz(_Qe) : (276)
a=1 b=1
k£4>’ I k‘,§4)’w

To find the parameters o, we take the scalar products of this equation with external
momenta. On the LHS, we express the products’ k;l(D) - p;j in terms of the inverse
propagators D, (k, p) belonging to the maximal topology we have mapped our integral
onto. It turns out, however, that in certain cases not all such scalar products can
be expressed through the inverse propagators. The remaining products are then
referred to as the ‘irreducible scalar products’ (ISPs). They need to be included in
order to define a full integral family. More precisely, a simple counting argument
shows that ISPs are needed when [60]:

L > max(2,7—2n), (2.7.7)

where n and L are the number of legs and loops in a given Feynman diagram. Thus,
for self-energy diagrams (n = 2), ISPs appear at L > 3, while for any process with
n > 3, they appear already at L = 2. We point out that we will never encounter

[SPs at L = 1, no matter the number of external legs.

Returning back to Eq. 2.7.6, taking its scalar products with p;, but also w; and

kj(-D), produces a system of equations linear in o and S, which we can invert to

determine these parameters. This step can also be incorporated into the finite field
framework, for example using FiniteFlow’s linear solver [48]. The parameters «
in the physical space are then functions of the inverse propagators and potentially
the ‘physical ISPs’ introduced above, while the parameters 8 in the spurious space
k(4)7w

S -w;. We also introduce a shorthand

are functions of the ‘spurious ISPs’, i

notation for the scalar products between the (—2¢)-dimensional parts of the loop
momenta, fi;; = —kz(_ge) . kj(»_%). Having determined the free parameters in Eq. 2.7.6,

we substitute this loop momentum decomposition into the numerator of the integral.

'Since we work in the HV scheme and the spurious space is orthogonal to the physical one,

7 py =k p =k gy,
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D1 b2
ky
D4 P3

Figure 2.3: One-loop massless box Feynman diagram. The corres-
ponding denominators are given by Eq. 2.7.8.

As an example, consider the one-loop box diagram with massless propagators and ex-

ternal momenta, Fig. 2.3. It has the following inverse propagators {D;, Dy, D3, D,}:
{k7, (ky —p1)°, (ky — p1 — p2)%, (k1 + pa)?} (2.7.8)

With L =1 and n = 4, our parametrisation in Eq. 2.7.6 is:
k§D) = appr + aqepy + aizps + Bniwr + kgize) : (2.7.9)

Taking the scalar products of this equation with p,, p,, p3 and w, we find the following

parameters «aq; and [;;:

So3 513 + S23 S12 — 513 1 So3
a1 = — Dy+——Dy+———D3— Dy + +1,
2512513 2512513 2512513 2513 2513
1 S13 + S23 S12 + 813 1 1
2 T s 2T sy 2yt 2
512 512523 512523 523
S13 — S23 S12 + 513 S12 512
T P I R PR s T
513 513523 513523 513523 513
4),w
k:( ) “w
1 1
fu=—"—=5—-: (2.7.10)
w1

We can then substitute the parametrisation of Eq. 2.7.9 into the numerator monomi-
als associated with any topology that can be expressed as a subtopology of the

one-loop box in Fig. 2.3. For example:

1 (2] = ;amuma 12]
= ay3(13)[32] . (2.7.11)

The first line follows from the orthogonality properties of the loop momentum decom-
position, while in the second we have imposed the massless Weyl equation, Eq. 2.4.8.
We then collect the result in D,, whose coefficients are given by rational functions

of external kinematics only. As another example, the square of the loop momentum
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will contain the spurious and (—2¢) terms:

k(4),w ) 2
D) D) 5 <1w2w1) . (2.7.12)
1

Most generally, such substitutions will also lead to the appearance of the phys-
ical ISPs, provided the condition in Eq. 2.7.7 is satisfied. Typically, we want to
avoid performing the substitution analytically due to the high rank of monomials
in Eq. 2.7.1 and the complexity of their coefficients. Fortunately, it can also be

performed numerically as an additional step in our finite field workflow.

In summary, the numerators of the Feynman integrals will contain the following
four types of terms after we substitute the parametrisations of Eq. 2.7.6 into them:
the inverse propagators D,, the physical ISPs, the spurious ISPs and the extra-
dimensional scalar products p;;. Let us now discuss how to eliminate the last two
types. For processes where n > 4, the external momenta span the 4-dimensional
space and there is no need to introduce the spurious space. In this case, each p;; can
be traded for D, and the physical ISPs using the orthogonality relation, Eq. 2.7.5.
On the other hand, if n < 4, the spurious ISPs and p;; can still be eliminated
using so-called ‘transverse integration’ This can be done in two different ways: one
alternative is to perform the transverse integration only in its spurious part, retaining
pi; dependence which can be later removed through dimension-shifting relations [61].
In short, integrals with p;; can be expressed as integrals of the same kinematic
configuration, but in higher dimensions [62]. This can improve their IR behaviour,
often leading to integrals which are finite or even vanish in the limit ¢ — 0. The
second alternative is to perform the integration over the full transverse space, i.e.
including the spurious and the (—2¢)-dimensional space. This completely removes
the scalar products p;; from the integrands, albeit at the cost of introducing an
explicit dependence on €. In our work, we follow this latter approach, even though
it means that our finite field setup will now depend on one more variable, making
the analytic reconstruction a bit more complicated. For examples of transverse
integration, we refer the reader to Ref. [63], as well as to Sections 3.4 and 3.5 of
Ref. [64].

Overall, we are left with only the first two types of terms in the numerators: the
inverse propagators D, associated with the given maximal topology we map our
integral onto, as well as the physical ISPs needed to cover any possible scalar product
k; - p; at this loop order and multiplicity. This completes the definition of an integral
family. The D, terms will of course cancel out with their counterparts in the
denominators. What remains are either purely scalar integrals, i.e. with numerators

equal to 1, or integrals with numerators built from (monomials of) the physical ISPs.



52 Chapter 2. Tools for calculating scattering amplitudes

Any coefficients of such terms will depend on the external kinematics and € only
and can be factored outside of the integrals. Once again, we remark that due to our
rational parametrisation of external momenta, all the steps described in this section

can be seamlessly integrated into the finite field workflow.

2.8 Integration-by-parts relations

Thanks to the effort in the previous section, the helicity amplitudes we need to

compute are now expressed as a sum of loop integrals in the following form:

AD) (1h1 ohs nhn) =3 er,(p(x),€) [ﬁ( 25/ ddk;l> 1 ]
n 3 J) Tv p ’ =1 I i7Td/2 HtGT D;jt(k7p) .

Te v
maximal
topologies
(2.8.1)
Here, we have made the dependence of D, on the exponents v, explicit. As explained
earlier, the index t must now run over not only the inverse propagators associated
with a given maximal topology, but also the physical ISPs that were introduced to
build a complete integral family. Overall, each element in the square brackets is a

d-dimensional integral defined by its maximal topology T and a set of exponents v.

e 1y (e [ 4R L 282
T (7/17V27'.-> — H /’LR i’/'('d/2 HteTDijt(k’,p>7 ( 0. )

=1

We write:

where v, > 0 if D, is an inverse propagator and v, < 0 if D, is an ISP. As one
might expect, not all Iy are linearly independent. Within each family, it turns
out we can reduce these integrals onto a basis of so-called master integrals (Mls),
which we denote as MIy. The problem of identifying such a basis and computing
the reduction coefficients of each I onto that basis is one of the most important
steps in our workflow. However, it also turns out to be extremely computationally
expensive. In the next few sections, we introduce the reader to the concept of
integration-by-parts reduction, as well as to the related concepts of differential
equations, uniform transcendentality and symbols. These key ideas are crucial not
only from the computational perspective, but also provide an insight into the analytic

structure of the amplitudes.

2.8.1 A brief introduction to IBP relations

We start by making the following observation: the routing of the loop momentum
k in Feynman integrals is arbitrary. It can be shifted by the external momenta or

even by another loop momentum (in the case of multi-loop integrals) — the value of
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the integral does not change. Surprisingly, this simple fact leads to powerful results.
To see this, consider an integrand f(k) and let us shift k& — k + Ag, where \ is a
small constant and ¢ is an arbitrary momentum. First, assume that ¢"" = p". Then,

by translational invariance, Eq. 1.5.5b:

/ A% f(k / A% F(k + \p) . (2.8.3)

Expanding the integrand for small A\, we have:

of (k)
d dp. 2
/d k f(k /d [ )+ 8o (s )] . (2.8.4)
Thus, at O (A):
dp. _

/d 8k“ —0, (2.8.5)

where we deliberately moved p" into the derivative.

In fact, the same equation holds even if ¢* = k" and the derivation is very similar.

In this case, note that due to the scaling relation Eq. 1.5.5¢:
/ddk Fk) = (1+ N / A%k f(k + \k) . (2.8.6)

Expanding for small A:

Of (k)
k"

/ddkf (1+Ad+0(»?)) /ddk [f(k:) K +O (/\2)] . (2.87)

Collecting terms at O (\):

[ [k’“‘ S+ d ] /dd 8k“ ) _ o, (2.8.8)

where we have moved k" into the derivative by using 0k"/0k" = 0}, = d. Eqs. 2.8.5

and 2.8.8 also hold for any linear combination of external and loop momenta. Thus,

for a generic ¢:

/dd Gk“ —0. (2.8.9)

In other words, within dimensional regularisation, the boundary terms vanish. This
property is the basis of the so-called integration-by-parts (IBP) relations [65]. The
idea is to use Eq. 2.8.9 to generate a system of equations between d-dimensional
Feynman integrals I%L)(z/l, Uy, ...) of Eq. 2.8.2. Each such identity leads to a relation
between integrals within the same integral family 7', but with different exponents
v (for plenty of worked out examples, see Chapter 5 of Ref. [66] or Chapter 6 of

Ref. [67]). Therefore, we can use these identities to lower or raise the indices until



54 Chapter 2. Tools for calculating scattering amplitudes

we arrive at a simpler integral'. Originally, this reduction was done by hand through
tedious analysis of all identities. This of course becomes infeasible, since the number
of required identities grows quickly with the loop order and number of external
particles. On the other hand, modern computations typically employ the Laporta
algorithm, which provides an algorithmic way of reducing integrals to MIs by solving
a finite linear system of identities using Gaussian elimination [69]. Many computer
programmes based on the Laporta algorithm — often in combination with other IBP
algorithms — are publicly available, e.g. AIR [70], LiteRed [29,71], FIRE [72,73],
Kira [74,75] and Reduze [76,77].

The IBP system is under-determined, which means that the values of the MIs cannot
be determined from it. However, we can express any integral included in the system
as a linear combination of these MIs, with their coefficients being rational functions
of the kinematics and the dimension d (usually expressed as d = 4 — 2¢). The
rationality is an important property in the context of our finite field tools in Sec. 2.6.
Very often, the growth of coefficients at the intermediate stages of the IBP reduction
poses a computational bottleneck. For this reason, it is extremely useful to be able to

exploit numerical arithmetic over finite fields in order to bypass this complexity [48].

We remark that in practice it is common to force the algorithm to reduce the families
onto a predetermined MI basis. This is because — while the choice of MIs is arbitrary
— some choices turn out to be better than others, in the sense that the integrals
satisfy certain properties that make them more elegant and also easier to evaluate.
We will explore this idea further in Section 2.9. The definitions of such predetermined
MIs can be added as additional equations to the IBP system. It is then possible to
assign a lower weight to these integrals during Gaussian elimination, which means

that they will be preferably chosen as the independent variables [48].

In order to decide which integrals are considered ‘simpler’, it is useful to define
the concept of sectors. A sector @ = {6,,...,0x}, where N is the total number
of propagators and ISPs in the family, with §; € {0, 1}, is the set of points v =
{v1,...,vy} in the lattice Z" such that:

1

where H(z) is the Heaviside step function. For example, an integral defined by the
indices v = {1,0, 2, 1} belongs to the sector 8 = {1,0,1,1}, while v = {1,0,2, -1}
belongs to @ = {1,0,1,0}. For the case N = 2, it is straightforward to visualise

Let us remark that there exist other kinds of integral identities, such as Lorentz-invariance and
homogeneity relations (for details, see Refs. [29,60,68]). In fact, they can be shown to be equivalent
to linear combinations of the IBP relations. Nonetheless, they can still be useful in practice. They
are typically appended to the ‘raw’ IBP system and make it less under-determined.
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(a) Each point (vy,15) in the lattice (b) A hypothetical reduction pathway
7 corresponds to the d-dimensional within the top sector 0;. An integral
Feynman integral I(vq,v5). The lat- 1(5,4) is reduced to the master integral
tice is divided into sectors as defined MI(1, 1) through a series of IBP relations
through Eq. 2.8.10. They are ordered lowering the denominator exponents.

as 0[ > 9[[, 0[[[ > 91‘/. In particu—
lar, sector Oy is trivially 0.

Figure 2.4: A lattice of points visualising the integrals and sectors
used in the IBP reduction (N = 2).

how sectors divide the lattice Z® (see Fig. 2.4a). In general, the sector with the
maximal number of distinct propagators, i.e. @ = {1,1,...,1}, is known as the ‘top
sector’, while sectors with progressively more 6, = 0 become ‘subsectors’ of the top
sector and of each other'. The strictly non-positive sector 8 = {0,0,...,0} vanishes.
Furthermore, the point v = {6y, ...,0y} is called the ‘corner point’ of sector 6. A
useful result is that if the integral at the corner point of a sector is 0, then the whole
sector is also 0 [68]. It is now possible to order (albeit not uniquely) the sectors
0 with respect to each other, as well as the integrals I7(v) within each sector. It
is natural to think of sectors with fewer unique denominators as simpler. Thus,
Zf\il 0; defines an ordering between the sectors. In the N = 2 example, we say
that the sector {1,1} is higher than its subsectors {1,0} and {0, 1}, which are both
higher than their subsector {0,0} (which vanishes anyway). However, sectors {1,0}
and {0, 1} are equal. Within such equal sectors, we can define further criteria, for
example based on the total power of the denominators, followed by the total power

of the ISPs, etc. With the help of an arbitrary ordering, we can replace higher I(v)

1Strictly speaking, in the case of families with ISPs, the top sector will contain a mixture of Os
and 1s, where the zeros are in the position of the ISPs.
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D1 b2
ky T [}
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Figure 2.5: One-loop box Feynman diagram Iy,(1,1,2,1) with
a ‘dotted’ propagator. The corresponding denominators are:

(R, Oy = o) (k= pr = p2)?) Oy + )}

by lower ones through the IBP reduction procedure, as visualised in Fig. 2.4b. It
should not be surprising that the set of MIs remaining after this reduction depends
on the ordering. We remark that, depending on our needs, it is possible to choose
an ordering that leads to an ISP-free basis or conversely a dot-free basis, i.e without

propagators raised to powers > 2 (see Fig. 2.5).

Overall, IBP relations allow us to express each helicity amplitude of Eq. 2.8.1 in
terms of a much smaller number of integrals:

[MI|
AgLL) (1h1’ 2h2’ . 7nhn) — Z gz(p7 6) X Mll(p7 6) , (2811)
i=1

where |MI| denotes the total number of linearly independent MIs in all the famil-
ies. Once again, the coefficients are functions of external kinematics, as well as the
dimensional regulator e. We emphasise that the step of IBP reducing the integrals
involved in the amplitude can also be implemented over finite fields. In particu-
lar, the IBP system generated within the Laporta algorithm can be solved using
FiniteFlow’s linear solver (for details, see Section 5 of [48]). This is an important
simplification, since analytic IBP reduction often proves to be the bottleneck of the

whole computation.

Moreover, in many applications, we will be dealing with multiple permutations of
the maximal topologies appearing in Eq. 2.8.1. In such cases, it is advantageous to
implement an optimised strategy for obtaining the IBP solution in the permuted
families, which is particularly powerful when used in conjunction with finite field
techniques. It allows us to reduce the time and computational cost of the IBP
reduction. We invite the reader to familiarise themselves with Appendix A, where
we present this strategy in detail. We will exploit it when computing the QED
amplitudes of Chapter 5.
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2.9 Differential equations

Differential equations (DEs) satisfied by Feynman integrals were studied even be-
fore the invention of the IBP reduction technique (see, for example, Refs. [78,79]).
However, it was these two concepts combined together that led to the development
of a powerful method for evaluating the MIs [28,80-83]. The idea is as follows. If

we differentiate an integral I (v) with respect to the Mandelstam invariants, s;;, or

ij>
internal masses, m7, we will obtain a linear combination of integrals within the same
family T, but with different exponents v’. These new integrals I(¢') can then be
IBP reduced onto the MlIs of family T'. Thus, if we apply the differentiation to the
MI basis itself, we will obtain a set of first-order partial DEs (one for each kinematic

variable). It is convenient to group the MlIs as a vector MI. We then have:
oMI .
W == A)\<A7 E)MI y (291)

where A € A = {sij,m?} are the independent kinematic variables and A, is a
(IMI] x |MI|) matrix. Its entries are rational functions of A and e, which is due to
the nature of IBP relations. It is also common to work with the total differential

rather than partial derivatives:

_, M
dMI = Z (6) d\, (2.9.2)
X o\
as well as to define:
dA =) Ad\. (2.9.3)
A

Then, the system of DEs can be written as:
dMI = dA(A, €) MI . (2.9.4)

Naturally, to solve this equation, we also need to provide boundary values. Some-
times, it can be convenient to use the values of MIs at a special kinematic point, for
example where one of the variables in A vanishes or is equal to another kinematic

variable. There, the MIs may become easier to evaluate.

2.9.1 The e-form

In general, solving the DEs satisfied by MIs is hard. Note however, that typically we

are interested in only the first few coefficients of the Laurent expansion of Eq. 2.9.4
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around € = 0. Consider a change of basis:
Ml — MI' = BMI, (2.9.5)

where B is an arbitrary matrix that can depend on A and e. Under this transforma-

tion, the partial DEs become:

MT B —
a& = <2)\B1 + BAABl> MI'. (2.9.6)

A key conjecture due to Ref. [84] is that it is always possible to choose B such that:

0B -

(a)\B‘l + BA, (A, e)B_1> =eA\(A). (2.9.7)
That is, with an appropriate transformation, the € dependence factorises out of the
matrices, which now contain only kinematic dependence. Note, however, that they
might contain algebraic (i.e. non-rational) factors such as square roots. Overall,

Eq. 2.9.1 becomes:

M L —
aa)\ = EA)\(A) MI/ y (298)
while Eq. 2.9.4:
dMI’' = edA(A) M. (2.9.9)

This is known as DEs in the ‘e-form’ '. We will henceforth drop the superscript ’ on
the vector of Mls as we will always be dealing with DEs in this form. In particular,

Eq. 2.9.9 admits a solution in terms of the path-ordered exponential:
MI(A, €) = Pexp (6/ d,21> Mi(Ag, €), (2.9.10)
gl

where v : [0,1] — CM s a path in the space of the kinematic invariants, with
A = (1) and Ay = 7(0). We remark that the integral is independent of the path
taken as long as the two paths can be continuously deformed into each other without
crossing the poles of the DEs. Because the solution is expressed through a series
expansion of the matrix exponential, it is easy to see that the MIs are obtained as

iterated integrals of A. Given the Laurent expansion of the MI vector:

MI(A,€) = 3 e MI® (), (2.9.11)
k=0

Several packages exist for transforming the DEs into the e-form. See Fuchsia [85], Libra [86],
INITIAL [87] and CANONICA [88]. See also [89] for a comprehensive review of different techniques.
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we can insert it into Eq. 2.9.10 and series expand both its sides in €. Then, the

order-by-order DE solution becomes:

MI® (A / dA- ... dA M%) (A,). (2.9.12)
7 times
The integrals:
1 89 00— ta O ((t
/dQl.....de:/ 9%,(1(4)) 4, / »dtj_l.../o Wdtl,
v 1
(2.9.13)

where df2; are exact one-forms, are known as Chen’s iterated integrals (CIIs) [90].
We refer the reader to Refs. [91,92] for a thorough discussion of their properties. The
empty CII, i.e. Eq. 2.9.13 for j = 0, is defined as 1. Finally, we point out that we
can assume that the Laurent expansion in Eq. 2.9.11 starts from € = 0, because the
DEs are insensitive to a rescaling of the integrals by a factor which does not depend
on the kinematics. Thus, the MIs can be normalised to be finite, which moves any

potential singularities at € = 0 into their coefficients.

2.9.2 The dlog form and Goncharov Polylogarithms

Overall, we see that the Mls at O (ek) are given by sums of up to k-fold integrals.
The integration kernels are determined by the structure of the matrices A, which
deserves further discussion. Let us consider the singularities of the DEs. It can
be shown, for example by studying the Feynman parameter representation, that
Feynman integrals cannot contain so-called essential singularities, e.g. singularities
of the form e"/* = 1+1/A+1/(21A%)+. .. at A = 0. In particular, for cach singularity
A", the leading behaviour of Feynman integrals is ~ (A — A*)® for some power «.
This strongly constrains the form that the corresponding DE matrices can take [93].
Specifically, we expect them to have simple poles of the form ~ «/(A — \*) for
each \*. The e-form DEs of Eqgs. 2.9.8 and 2.9.9 satisfying this additional ‘fuchsian’

property are referred to as ‘canonical DEs’ !

Furthermore, in many cases of practical interest, it is possible to construct MI bases
which result in DEs in the so-called ‘dlog form’:

|w]

dA =3"a; x dlogw; . (2.9.14)

i=1

Tn practice, when constructing canonical DEs, we might encounter spurious double poles or
higher. For one-variable problems, they can be algorithmically removed by a suitable basis change
which leaves the DEs with only simple poles in this variable. However, for multi-variable problems,
it is a conjecture that this can be achieved simultaneously for all variables (see Ref. [89] for details).
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Here, w; are known as ‘letters’ (note that sometimes the differentials dlogw; are
referred to as letters instead), while their collection w = {wy,wy, ...} is the ‘alpha-
bet’. The matrices a; contain rational numbers only, free of any kinematic and €
dependence. The letters play a central role in the analysis of DEs in the dlog form,
since they control their singularities and determine which class of special functions
the MIs are written in terms of. As mentioned before, in general the kinematic
dependence of A might no longer be rational, as the transformation Eq. 2.9.5 needed
to bring DEs into canonical form might introduce non-rational functions into the
definitions of the corresponding canonical Mls. In this case, the letters w; are algeb-
raic functions of A. However, if the form of Eq. 2.9.14 can be reached using rational
transformations only, the letters are also rational functions. Then, it is particularly
easy to write down the order-by-order solution in Eq. 2.9.12, as the iterated integrals
become the well-known Goncharov Polylogarithms (GPLs)" [94-96]:

z dt
Gplay,ag, ... a,;1) = /0 ﬁGn,l(aQ, cey A t), (2.9.15)
—
with the ‘empty” GPL:
0 ifz=0,
Goliz) = (2.9.16)
1 ifx#0.

Here, despite the somewhat suggestive notation, the indices a; do not have to be
numbers and are considered fully-fledged arguments of ,,, alongside x. The length
of the vector @ = (ay,...a,), i.e. |@| = n, is called the weight (or depth) of G,,. The
GPLs are related to the usual logarithms through:

1

Gyla,a,...,a;x) = = log" (1 — x) ifa=#£0, (2.9.17a)
n! a
1

G,(0,0,...,0;z) = p} log" . (2.9.17b)

Aside from this special case of GPLs, the complexity of the integration kernels can
be estimated by studying the maximal cuts of the relevant Feynman integrals [97-99].
More generally, the letters might not be rational, or the kernels overall might not
be of the dlog form. Then, more complicated functions appear in the solution of
the DEs. For example, the presence of internal masses in the Feynman diagrams
often leads to Elliptic Multiple Polylogarithms (eMPLs). We refer the reader to
Refs. [100-105] for a discussion of eMPLs and also to Refs. [106-108] for a closer

look at their application to Higgs+jet production with quark mass dependence.

! Also known as Multiple Polylogarithms (MPLs).
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2.9.3 Uniform transcendentality

When talking about the canonical DEs, it is also useful to introduce the idea
of ‘transcendentality’. For an iterated integral f, its transcendental weight T is
simply the number of iterated integrations needed to define f [84]. For example,
T(logz) = 1, while T(G,(a4,...,a,; x)) = n. From this definition, it follows
that T(fife) = T(f1) + T(f2), but note that T(f; + f;) cannot be defined un-
less T(f1) = T(f2). Furthermore, algebraic functions and constants have weight 0.
Transcendental constants which can be obtained as values of transcendental func-
tions at algebraic arguments have the corresponding weight, e.g. T (7) = 1, since
log(—1) = +im and T (i) = T(—1) = 0, while T(¢(n)) = n, since {(n) = Li,(1) (for
n > 1)'. Tt is also convenient to assign 7 (¢) = —1. With this choice, it is clear that
every term in the solution of Eq. 2.9.10 has the same transcendental weight. This
property is referred to as ‘uniform transcendentality’ (UT). A simple example of a
UT function is f(z) = 1 + e(logz + 7) + € (log® x + G5(1, 1; x)), with T(f) = 0.

Additionally, UT functions satisfying a more stringent condition:
Tdf)=T(f) -1, (2.9.18)

are known as ‘pure’ function. In practice, this means that a pure function cannot
contain algebraic factors that are not constant — while they do not affect the
transcendental weight of a function, they affect the DE it satisfies?. As an example,
the function f(z) =log(z)/x +ir is UT, but not pure. It immediately follows that
the iterated integral solution to the e-form DEs is built out of pure functions. The
reverse is also true: given a pure basis of Mls, the DEs they satisfy will be in the
e-form. In practice, when constructing a MI basis, we can verify the validity of the

e-free matrices A y in Eq. 2.9.8 by checking the following conditions:

(A, Ax,] =0, (2.9.19a)
8,\i14~1)\], - 8&,1‘1)\1, - 0, (2919b)
ST AA, = diag(ML], ML), ...), (2.9.19¢)

AEA

where the sum runs over all kinematic scales and [MI;] is the mass dimension of MI;.
The first two equations follow from integrability conditions, while the last one follows
from Euler’s homogeneous function theorem. Finally, we point out an interesting
observation on the nature of dimensionally regulated amplitudes (see e.g. Ref. [109]).

For a Laurent expanded L-loop amplitude in d = 4 — 2¢, it is conjectured that the

1Here, Li, (2) are the classical polylogarithms, which we discuss in Appendix B.
*Note that in literature, the term ‘UT’ is often implicitly taken to mean ‘pure’.
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External masses Type Topology Publications
0 planar penta-box [110-114]
non-planar hexa-box [113-119]
double-pentagon | [113,114,120]
) planar penta-box (98,111,121, 122]
non-planar hexa-box (99,121,123, 124]
double-pentagon [125]

Table 2.3: Selected works relevant to the computation of two-loop,
five-point pure MI bases. All propagators are massless.

@) (ek) term contains functions of transcendental weight up to 2L + k. For example,
to calculate a two-loop amplitude up to O (eo), we need to supply the MI expansions
up to weight 4. It is expected that in N/ = 4 Super Yang-Mills theory, this bound is

saturated, i.e. functions of weight ezactly 2L + k are required.

Overall, pure integrals have played a central role in the derivation and evaluation of
MI bases relevant to this thesis, that is bases for processes with a high number of
kinematic scales. For future convenience, in Table 2.3 we collect (without claiming
to be exhaustive) the publications dealing with the MI bases for two-loop, five-
point processes with up to one external mass and massless propagators. Finally,
before moving on, we invite the reader to familiarise themselves with the content of
Appendix B, which introduces the notion of a ‘symbol’. It is yet another concept
related to the study of DEs satisfied by Feynman integrals and we aim to show its

usefulness through several illustrative examples.

2.10 Evaluating master integrals

After a rather lengthy excursion into the world of IBPs and DEs, let us remind
ourselves where we currently stand in the workflow for computing amplitudes presen-
ted in Fig. 2.1. Having written down the helicity-dependent numerators of each
colour-ordered amplitude, we were faced with the task of integrating an enorm-
ous number of tensor integrals that belong to many integral topologies. Then, in
Section 2.7, we mapped all these integrals onto integrals within significantly fewer
mazximal topologies. We then built a system of IBP relations for each of these
maximal topologies and reduced the integrals further onto a manageable set of MlIs.
In principle, we can now end the amplitude computation. Our result is written
in terms of rational coefficients of external kinematics and €, which are trivial to
evaluate over the full phase space, while the MIs that these coefficients multiply are

in general functions that are extremely hard to compute analytically and that exhibit
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a complicated branch cut structure. As we will see in the next section, there are
good reasons why we typically extend our workflow and express the MIs in terms of
appropriately chosen special functions. However, it is entirely possible to work with
the amplitude at the level of Mls. Indeed, in some cases we have no other choice,
since the expansion of the relevant MIs into special functions may not be known.
Having phenomenological applications in mind, we list below a few methods which
allow us to evaluate these MIs numerically at chosen kinematic points. In fact, we

will use the last two in subsequent chapters.

e Sector decomposition: This method relies on the parametrisation of integ-
rals in terms of the Feynman parameters and the ¢ and F Symanzik polyno-
mials. The integration phase space of the parameters is split into sectors and
subsectors based on a relative ordering between the parameters. This allows
us to resolve the singularities present in the integrals and place them in simple
functions that can be integrated analytically. What remains to be computed
are the coefficients of the € poles. They receive contributions from finite integ-
rals only and are computed numerically [126,127]. There exist several public

codes implementing this algorithm [128-131].

« Expansion by regions: In this method, the integration domain of the loop
momenta is divided into appropriate regions where a certain kinematic quant-
ity is small, e.g. m? / p? < 1. For each such limit, the integrand is expanded in
the corresponding small parameter and the expansion is truncated at a certain
order, resulting in a simpler approximation. The expanded integrands are
then integrated over the full space of loop momenta. With certain conditions
[132], the original integral can be recovered by summing the individual contri-
butions from the various regions [133-137]. For numerical implementation, see

Refs. [129,138-140].

o Generalised series expansion: For integrals satisfying a set of DEs, it is
possible to integrate these DEs along a one-dimensional line segment'. If we
know the value of the integrals at one point in the kinematic phase space (i.e.
the boundary condition of the DEs) and want to know their value at another
point, we construct a path 7(¢) between them and solve the DEs along it.
Thus, the task is reduced to a one-dimensional problem in the parameter t
of the path, with all the kinematic invariants set to numerical values. The

solution is then obtained by using an ansatz in the form of a series expansion.

"We stress that this method is applicable not only to MIs, but to any set of functions satisfying
DEs. We will explore this further in Chapter 3.
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Figure 2.6: A pictorial representation of the generalised series ex-
pansion method. We connect the kinematic point s, = v(0), at
which the solution to the DEs is known, to the target point s = (1)
with a one-parameter path v(¢). The path is split into segments
as necessitated by singularities. On each segment, we express the
solution to the DEs in the form of a series expansion which has a
certain radius of convergence (marked by dashed circles). Stitching
together the solutions from individual segments allows us to trans-
port the solution from s, to s.

Naturally, each such series has a certain radius of convergence within which it
is valid. Typically, it is the distance from the centre point of the expansion to
the nearest singularity. Thus, in order to obtain the full solution across the
entire length of (), we split the path into multiple segments and solve the
DEs on them one by one. The value of the solution from the previous segment
can then serve as a boundary condition for solving the DEs in the subsequent
segment [107,108,141]. We provide a more intuitive, graphical representation
of this idea in Fig. 2.6. Recently, public implementations of this method have
been presented in Refs. [142,143].

Auxiliary mass flow: This method relies on constructing the DEs not with
respect to the traditional kinematic invariants, but an auxiliary mass para-
meter 7. The original integrals can then be recovered by solving the n-DEs
with 7 = oo as the boundary condition and letting n ‘flow’ from oo to ie™.
Crucially, the integrals involved in the boundary condition are simpler than
the ones we are aiming for. If these prove still too hard to compute, we can
iterate the procedure: set up new 7'-DEs for these integrals, obtain the new
boundary condition in terms of even simpler integrals, and so on. Eventually,
the boundary terms can be expressed in terms of scaleless integrals (which van-
ish in DR) or single-scale vacuum integrals (which are very simple) [144, 145].

A public implementation of this method has been made available in Ref. [146].
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2.11 Special functions and finite remainders

The techniques listed above are very flexible and general. They are not in principle
limited to a particular loop order or kinematic configuration, although naturally we
expect a drop in performance as we move to more complicated integrals. We also
point out that they do not require the MIs to be pure. Overall, following these
methods, we are able to evaluate a wide class of integrals. However, the evaluation
time is not fast enough for the phenomenological applications of the amplitudes
presented in our work. For this reason, we usually resort to a more fine-tuned

approach, which we describe below.

After reducing the amplitude onto a small set of MIs, we make use of the available
results for these Mls and expand them onto a basis of special functions, which we will
denote as {fi(p)} for now, with p indicating the collective dependence on external
momenta. These functions could involve, e.g. GPLs, eMPLs or other case-specific
functions better suited to a particular computation. More details on this topic will
be presented in Sections 3.4, 4.3.6 and 5.4. The expansion of MIs onto {f;(p)} can
be easily implemented over the finite fields as a multiplication of the MI coefficients
9i(p, €) in Eq. 2.8.11 by a matrix encoding these MIs in terms of the special functions.

Schematically, we are left with:
AP (1727 ) = Y gi(p.e) x mony ({£()}) (2.11.1)

where mon; denote monomials formed from the special functions.

In contrast with the methods described in the previous section, special functions are
not a solution that generalises easily, in the sense that their construction is difficult
and has to be done case by case. Nonetheless, expanding the amplitude onto a basis
of special functions has several advantages. First and foremost, all cancellations and
simplifications are manifest, leading to a unique representation of the amplitude.
This is an important improvement in the context of the finite field framework, as it
means that we will not have to reconstruct additional, ‘unphysical’ coefficients. It
also unveils the analytic structure that is simply hidden within the MI representation.
Furthermore, having a basis of special functions grants us a more efficient numerical
evaluation of a minimal number of functions. Finally, it allows us to subtract from
the amplitude its UV and IR poles and define the so-called ‘finite remainder’:

FY =1lim (A" — pPAO) (2.11.2)

e—0

where the L-loop pole operator P contains both UV and IR divergences. We

stress that PY) contains contributions from amplitudes at loop orders [ < L. For a
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detailed discussion, we refer the reader to subsequent chapters and Appendix C.

A few words on why we want to work with the finite remainder are in order. Since
the UV poles of an amplitude are eliminated in renormalisation, while the IR poles
are determined from lower-loop information [23-26], the genuinely new information
we compute is contained solely in the non-singular terms. Moreover, the fact of
being able to subtract these pre-determined poles from our result, such that we are
left with a finite quantity in the limit ¢ — 0, is in itself already a strong check on
the calculation. Finally, it has been observed that finite remainders often exhibit
simpler analytic structure than the corresponding full amplitude, with certain special
functions dropping out after subtracting the poles. Thus, it is the finite remainder,
rather than the amplitude itself, that we take as the end point of our computational

algorithm in Fig. 2.1:

FP (12" ) =3 ri(p) x mon; ({£:(p)}) (2.11.3)
i

Let us make three remarks about the finite remainder. First, we emphasise that it is
dependent on the renormalisation, regularisation and IR subtraction schemes. It is
important to bear that in mind when cross-checking results or trying to restore the
full amplitude from its remainder. Second, the pole subtraction in Eq. 2.11.2 can be
straightforwardly implemented over finite fields as a subtraction on the coefficients
¢; in Eq. 2.11.1. Third, due to the simplifications that occur during this subtraction,
the reconstruction of the finite remainder coefficients r; is usually easier as compared

to the reconstruction of g;.

While the special functions {f;} that come from the MIs are complicated functions
with singularities and branch cuts, the coefficients r; are rational functions that are
computed and reconstructed from finite fields. We remind the reader that they will
be usually expressed in terms of the MTs (see Section 2.5). In practical applications
at the state of the art, the reconstruction processes can be enormously expensive
even on modern CPU clusters. For this reason, we find it unavoidable to implement
several tools which simplify the coefficients before we need to reconstruct them.
They lower the polynomial degrees and will be covered in detail when discussing the

reconstruction strategies in Sections 3.3 and 4.3.4.

We are now ready to take on the computation of scattering amplitudes at the
cutting edge of current knowledge. In subsequent chapters, we will use the workflow
developed here to tackle two-loop amplitudes for three processes directly relevant to

modern particle physics phenomenology.



Chapter 3

Two-loop helicity amplitudes for
pp — bbH production

In this chapter, we present the computation of the two-loop QCD helicity amplitudes
for the production of a Higgs boson in association with a bottom quark pair at a
hadron collider. We take the approximation of leading colour and work in the five
flavour scheme, where the bottom quarks are massless while the Yukawa coupling
is non-zero. We extract analytic expressions from multiple numerical evaluations
over finite fields and present the results in terms of an independent set of special

functions that can be reliably evaluated over the full phase space.

The chapter is organised as follows. After providing the necessary background and
context in which this work is situated, in Section 3.2 we describe the structure of the
bbH amplitudes at leading colour, followed by a brief outline of the methodology used
in deriving the analytic expression of the amplitudes in Section 3.3. A description of
the basis of special functions is presented in Section 3.4 and a number of validations
that we performed on the results derived in this work are discussed in Section 3.5.
We present benchmark numerical evaluations together with evaluations on a physical

phase space slice in Section 3.6. Finally, we draw our conclusions in Section 3.7.

3.1 Introduction

From the perspective of phenomenology, pp — bbH production at the LHC has been
a subject of great interest due to its potential in directly measuring the bottom-quark
Yukawa coupling y,. In the SM, the coupling strengths of the Higgs boson to the
fermions and vector bosons are proportional to their mass, causing the rate of the
bbH production to be suppressed with respect to, for example, Higgs production in

gluon fusion (gg — H) or vector boson fusion (pp — Hjj), associated production
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with a vector boson (pp — V H), and associated production with a top-quark
pair (pp — ttH). The inclusive bbH production cross section is approximately
0.5 pb at 13 TeV, however at least one b-jet needs to be tagged to distinguish
this process from inclusive Higgs boson production, which lowers the detected rate
by orders of magnitude [147]. Recently, the possibility of isolating the relevant
signal from the background using machine learning algorithms has been studied in
literature [148,149].

In some new physics scenarios, such as the Two Higgs Doublet Models (2HDM’s)
and the Minimal Supersymmetric Standard Model (MSSM), y, can be dramatically
enhanced, resulting in a considerable increase of the bbH production rate (150, 151].
Thus, the study of bbH production will allow us to constrain supersymmetric models
and other extensions of the SM that modify the bottom-quark Yukawa coupling.
The ratio of y, in a new physics scenario to y, in the SM, k, = v,/ M is currently

known to 7% and will be measured more precisely at high-luminosity LHC [152].

The theoretical approach to obtaining predictions for the pp — bbH process has been
subject of much discussion in the community. This is due to the fact that, in the
presence of bottom quarks, a theoretical prediction can be computed in either the
four-flavour scheme (4FS) or the five-flavour scheme (5FS). In the 4FS computation,
bottom quarks are treated as massive and they do not contribute to the PDFs, hence
only appearing in the final state. Large logarithms of the form log(m,;/Q) with
) < my arise when the integration over the bottom-quark phase space is performed,
and such contributions may spoil the convergence of the perturbative series. These
large logarithms can be resummed to all orders by introducing the bottom quark
PDFs. The 5FS approach stems from this prescription, where the bottom quarks
are included in the PDFs, allowed to appear in the initial state, and treated as
massless. We refer the reader to Ref. [153] for further discussion on the 5FS and
4FS approaches. In 5FS, the inclusive bbH production (where the tree level process
is bb — H) has been computed up to N3LO QCD [154-162], while for the case
where a single bottom quark is observed NLO QCD [163], weak [164] and SUSY
QCD [165] corrections are available. In 4FS the bbH production has been calculated
up to NLO QCD [166-171], and the supersymmetric QCD corrections [172,173] are
also known. There have also been efforts in matching the 5FS and 4FS calculations
to obtain accurate predictions across the entire kinematic region [174-178]. A first
step towards a massive version of the five-flavour scheme (5FMS) has been devised
to naturally connect the 4FS and 5FS approaches [179,180].

In the following, we compute the two-loop QCD corrections to the gg — bbH,
qq/qq — bbH, bb/bb — bbH, bb — bbH and bb — bbH reactions in the 5FS. These
two-loop amplitudes enter the computation of pp(bb) — H at N4LO, pp — b(b)H



3.2. Structure of the pp — bbH Amplitudes at Leading Colour 69

at N3LO when one b-jet is tagged, and pp — bbH at NNLO when two b-jets are
required in the final state. We note that beyond NLO, for the computation with
massless bottom quarks, a flavoured jet algorithm [181] would have to be employed
when identifying the b-jets, since the use of conventional k; or anti-kp jet algorithms
would render the fixed order computation infrared unsafe. We further remark that
the two-loop amplitudes for bbH production derived here can also be used in the
computation of Higgs decaying into a bottom quark pair in 5FS, by crossing initial
partons to the final state. Specifically, they will contribute in the NALO H — bb,
N3LO H — bbj and NNLO H — bbjj computations. In addition, by crossing
the bb pair to the initial state and the 99/qq pair to the final state we obtain the
contribution of the bottom quark initiated channel to H +2j production (bl_) — Hjj).

We present analytic results for the finite remainders after both UV and IR poles have
been subtracted. This is possible using a basis of special functions recently identified
in the context of Wb production [182]. We obtain numerical results valid across the
full phase space by applying the generalised series expansion approach [98,142,183]

to the DEs satisfied by the special functions appearing in the finite remainders.

3.2 Structure of the pp — bbH Amplitudes at
Leading Colour

We compute the two-loop QCD corrections in the leading colour approximation for

the following subprocesses:

0 = b(p1) + b(p2) + g(ps3) + g(pa) + H(ps) , (3.2.1)
0 = b(p1) + b(p2) + (ps) + q(pa) + H(ps), (3.2.2)
0 = b(p1) + b(p2) + b(ps) + b(ps) + H(ps) , (3.2.3)
where all momenta are taken as outgoing:
5
> pi=0. (3.2.4)
i=1

We work in the 5F'S, where the bottom quark is taken as massless while its Yukawa

coupling to the Higgs boson is kept finite, so that:

pi=ps=p;=p; =0, pi = mjy, (3.2.5)
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where my is the mass of the Higgs boson. The kinematics is described by six

independent scalar products, which we choose as:

2
(812, 523, 834, S45, 815,175) )

with s;; = (p; +pj)2. It is also possible to form pseudo-scalar invariants by contracting

the Levi-Civita symbol € with any four external momenta. The five-particle

uvpo
kinematics is therefore fully determined by the scalar invariants above and by one

pseudo-scalar invariant, which captures all the space-time parity information of the

phase space. We choose:
trs = die,,0pi Papipl = [12](23)[34](41) — (12)[23](34)[41]. (3.2.6)
It is related to the scalar invariants through:

tr2 = Ay := det (2pi ~pj)

(3.2.7)

ij=1,...4"

where the right-hand side is a degree-four polynomial in the scalar invariants.

The colour decomposition of the L-loop amplitudes in the leading colour approxim-

ation is given by:

9 g i;l A(L)(ll_w 2b7 39745]7 5H) + (3 A 4)‘| ;

AP (15,2,,3,,4 5H>=nLg§yb[(T“3T“4>

AP (15,2, 34,40, 557) = 0" g2y, 16, AP (15,24, 35,44, 51) (32.8)

Q=g 9 ~q

A(L)(ll;7 2b7 357 4b7 5H) = nngyb [5i4i15i2i3 (A(L)(lb? 2b7 3(17 4qa 5H) + A(L) (357 4b7 Lja 2q7 5H>>
- 51'5151‘4;3 (A(L)(lba 4p,34,24,5m) + A(L)(?)g, 2y, 15,44, 5H)>] ,

where n = mea,/(47), ay = g2/(4n), m, = i(47)%e 2, T* are the fundamental
generators of SU(N,) normalised such that tr(T°T°) = 6, while g, and y, are
the strong coupling constant and bottom-quark Yukawa coupling, respectively. We
further decompose the partial amplitudes at one and two loops based on their closed

fermion loop contributions:

AL = N AL 4 an(l)v"f , (3.2.9)
A® = NZA® 4 N AP H?A(Q)’n? , (3.2.10)

where n; is the number of light quarks circulating in the loop. Sample diagrams
for various closed fermion loop contributions at one and two loops are presented in
Figs. 3.1 and 3.2. The Feynman diagrams with the Higgs boson directly coupled to

a closed bottom-quark loop vanish since, for a massless bottom-quark, they contain
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Figure 3.1: Sample Feynman diagrams corresponding to the various
closed fermion loop contributions at one loop as specified in Eq. 3.2.9.
Black-dashed, red, black-spiralled and black lines represent Higgs
bosons, bottom quarks, gluons and light quarks (bottom quarks
included), respectively.

+
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Figure 3.2: Sample Feynman diagrams corresponding to the vari-
ous closed fermion loop contributions at two loops as specified in
Eq. 3.2.10. Black-dashed, red, black-spiralled and black lines repres-
ent Higgs bosons, bottom quarks, gluons and light quarks (bottom
quarks included), respectively.

a Dirac trace with an odd number of v matrices. In our computation we do not

consider the closed top-quark loop contribution.

The pole structure of the unrenormalised amplitudes in the HV scheme at one and

two loops is given by [23-26]:

PW = 21W(¢) + ﬁ: — 24, (3.2.11)
@ _ o[ 20 Po (2) 20 A1)
PO =210 () [ AW 20 o ) 4 ar®(e) + (20— 24, ) A
€ €
2
9
B By, BB (3.2.12)
€ 2e €

where AV is the unrenormalised one-loop amplitude normalised to the tree-level
amplitude. s; and s, are the bottom-quark Yukawa renormalisation constants, and
their expressions can be found in Appendix D. We used a mixed renormalisation
scheme where the strong coupling a, and the bottom-Yukawa coupling ¥, are renor-
malised in the MS scheme, while the bottom-quark mass and wave function are
renormalised in the on-shell (OS) scheme. This allows to keep y;, finite while taking
the bottom-quark mass smoothly to zero (mg°> — 0) [162]. Such a mixed renormal-
isation scheme can be used so long as pure QCD corrections are considered. In fact,

using the MS scheme to renormalise v, allows us to better control the convergence
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of the perturbative corrections by resumming the large logarithms that appear in
the OS scheme by running ¥, to a scale close to the Higgs mass. In the presence of
electroweak (EW) corrections, however, the relationship between y;, and m; must be

imposed to guarantee the cancellation of UV singularities [147].

The I®(€) operator is defined by:

I1@(e) = —;1“)(6) lzm(e) + 5601 + z]\>/(<2€e)) V;g + 'ﬁ:p] 1M (2¢) + HP(e), (3.2.13)

while the 1 (l)(€> operators for bbH production in both the gg and the ¢g channels

are given at leading colour by:

)= =252 (G 5 ) [ (o) 6210

1 N € —€ —€ —€
12 0 = -5 >{<€12 Fot Af&gﬁ) [(=82) ™" + (=s0) ] + <:2 + 2]5\{6) (—534) } ,

(3.2.15)

where N(e) = ¢ /T(1 — €), 514 = So3 — 515 — Sa5 + ps and:

2 1 cus ﬂ-2 cus
Hz-fb;qg(e)_m{‘lﬁ — NP+ B0 Cr g (3.2.16)
2

1 1 cus ™ cus
B2 €) = 15,200+ 400 = 305 GE-40) + T ™ (Co+ € | (3210

The S function coefficients and anomalous dimensions are given in Appendix D,
while in Appendix C we provide an explicit derivation of the pole operators.
The finite remainder of the L-loop partial amplitude is obtained by subtracting the
poles PX) (which include both the UV and IR singularities) from the unrenormalised
partial amplitude A" and setting € to 0:
FY =1lim [A®) — pHAO] (3.2.18)
e—0

(L

The partial finite remainders F’ ) inherit from the partial amplitudes the decompos-

ition in powers of n:

FO = N,FOL oy pag (3.2.19)
FO = N2FO 4 N, FO™ 4 2 pOns (3.2.20)

The full finite remainders F©) are obtained from the partial ones F (L) through a

colour decomposition analogous to that given in Eq. 3.2.8 for the bare amplitudes:

FE(15,2y,3,,44,51) = n"g2y, (T“3T"4)i§1 FU(15,2,,3,,4,,55) + (3 < 4)]
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FE (15,2, 34, 4, 5a1) = 0 g0, 8, 1) (15,24, 34, 44, 511) . (3:2.21)

qr Tq»

f(L)(ll;7 21)7 31;7 41)7 5H) = In’ngyb l5i4i16i2i3 (F(L)<1b7 267 3(}7 4q7 5H) + F(L) (3137 4b7 1@7 2q7 5H)>

- 55 (F(L)(l,—,, 4,35, 24, 5) + FP (35,2, 14,4, 5H)>] .

3.2.1 Tree-Level Amplitudes

The tree-level amplitudes can be obtained using the BCFW recursion relations [42,43]
within the spinor helicity formalism. In the bbggH case, we choose to shift the
momenta of gluons 3 and 4, while in the bbggH case we choose particles 1 and 4 to
avoid shifting the momenta of adjacent quarks of the same flavour. Moreover, we
ensure that the shifted brackets [2), ] do not belong to particles of helicities i, j*.
These choices are necessary for the validity of the recursion relations as they prevent

the shifted amplitude from having poles at infinity.

For the bbggH channel we obtain the following non-vanishing tree-level amplitudes:

AO(1F 2f 3F a¥ 5,) = WQM,
AV, 2f,3,, 4, 50) = —[23][[1:3][41], (3.2.22)
(24)(4]5/1) s5[13]°

AO(F 2F 3 47 5,) = — .
U208 e ) = L) B) @IBIT] sy 143412
The b, b quarks need to have the same helicity as that is the only way they can couple
to the Higgs boson. For the bbggH channel the ‘all-plus’ and MHV configurations

vanish, and we are left with:

(45]1)* s5(31)*

AO(1F 9k 3+ 4~ 5.) = .
152, 1) = BB s 2B

q’ 749>

(3.2.23)

In both cases, due to the colour decomposition of the full amplitudes given by
Eq. 3.2.8, the AV(17,2% 37,47 5,) partial amplitude is related to A (17, 2% 3", 47 5,)
by swapping the particles 1 <+ 2,3 <> 4, and flipping the overall sign for the subpro-
cess bbggH. The remaining non-vanishing helicity configurations can be obtained by

parity transformations, that is by swapping the brackets (ij) <> [ji].

3.3 Amplitude Reduction and Reconstruction

To obtain the analytic form of the two-loop QCD helicity amplitudes, we employ

the framework thoroughly discussed in Chapter 2. Here, we provide a brief outline
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of it and supply process-specific details. We start by generating a set of Feynman
diagrams contributing to both the bbggH and bbggH processes using QGRAF [35], and
perform diagram filtering, topology identification and colour decomposition using a
collection of in-house Mathematica and Form [184,185] scripts. In the leading colour
approximation, there are 749 (264) Feynman diagrams contributing to the two-loop
bbggH (bbggH) QCD amplitudes, including all closed fermion loop contributions.
The numerators of the loop amplitudes are then computed for each independent
helicity configuration, and the spinor-helicity manipulations are carried out using
the library Spinney [186]. The helicity dependent loop numerators are written in
terms of spinor products ((ij), [ij]), scalar products (p; - p;, k; - k;, k; - p;) and
spinor strings ((z|k:|j], (ilpslil, (ilkips|j), [ilkips|j]), where pi’s and k;’s are the
external and loop momenta, respectively. The numerators are therefore expressed
as linear combinations of monomials of loop-momentum dependent objects that
multiply coefficients which depend only on the external kinematics. As explained
in Section 2.5, the coefficients are built from spinor products and strings (free of k;)

which not only are not independent, but also incompatible with finite field arithmetic.

Both of these problems are solved by using MTs. To obtain a configuration for the
off-shell five-particle configuration, we begin with a massless configuration for six
particles. While the exact parametrisation is not important, the form presented in
Ref. [46] is a useful starting point. We can think of the massless process as the result
of the off-shell leg decaying into a pair of massless particles. There are 3n — 10 = 8
independent variables in the six-particle process, but we can reduce the degrees
of freedom by choosing one of the decay direction to be collinear with one of the
other massless legs in the five-point kinematics. Since the MTs are associated with
complex momenta, we consider the angle and square bracket spinors products to be
independent. We can write this explicitly as follows: the six massless momenta ¢!'

are related to the off-shell five particle momenta pi' by:

Pl =q, Py =4y, s =qb, ph=dY, ps=q5 +q5. (3.3.1)

We impose the constraints (g,qs) = 0 and [gyqs] = 0 to reduce the independent

variables to 6. We then apply a transformation onto the following choice of variables:

I1 = S12,
tr, (1234)
)
512834
tr, (134152)
 sgtry (1452)°
gy =B (3.3.2)

S12
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tr_(1(2 + 3)(1 + 5)523)
So3tr_(1523) ’

Ty = —

S45

Tg = —),

S12
where tro(ij---kl) = %tr((l:l:%,)pipj -+ p.p,)- Some features of this parametrisation
are particularly convenient. For example, the only dimensionful quantity is z;,
and try is rational. However, such a choice does break some symmetries in the
problem and so different helicity configurations will have different complexities.
For the process considered here, the complexity was manageable using this form.

Applications to other off-shell five-particle processes may require further thought.

Having set up a rational parametrisation of the external kinematics, the helicity
dependent loop numerators are constructed analytically and ready to be further
processed. This is the starting point of our numerical algorithm in the finite field
setup. In order to write the amplitude in terms of scalar integrals, we first define the
integral families for the 15 maximal topologies, which are shown in Fig. 3.3. Each
diagram topology appearing in the amplitude can be mapped onto at least one of
them. After that is done, the objects which depend on the loop momenta in the
numerators are written in terms of the 11 propagators and ISPs associated with the
chosen maximal topology. These mapping procedures are performed numerically
within the FiniteFlow framework [48]. We remark that since the maximal topologies
have five external momenta, they completely span the 4-dimensional space and there
is no need to introduce the spurious vectors. Thus, the integrand reduction technique
of Section 2.7 does not lead to an explicit dependence on € into the numerators.
Therefore, the coefficients of these scalar integrals are functions of the external

kinematics only, in the form of MTs.

At this stage, the loop amplitude is expressed as a linear combination of scalar
integrals that can be reduced to a set of MIs using the IBP reduction method [65]
within the finite field setup. The IBP relations are generated using LiteRed [29]
and solved numerically over finite fields using the Laporta algorithm [69]. The
IBP reduction is performed directly to a set of MIs with UT weight identified in
Ref. [98]. The UT MIs are further expanded onto a basis of special functions f
that is built out of the MI components, as proposed in Ref. [182]. We refer to this
basis of special functions as the master integral function basis. Subtracting the UV
and IR poles from the bare helicity amplitudes and performing Laurent expansion
in the dimensional regulator €, we arrive at the following expression for the finite

remainders:

FO = 3 ra)mi(f) (33.3)

%

where m;(f) are monomials of the special functions and r; are rational functions of the
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Figure 3.3: Maximal topologies present in the computation of the
two-loop pp — bbH amplitudes. They were previously also used in
Ref. [182]. The massive particle is marked with a bold dashed line.
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MTs z. It is important to note that the definition of the UT MIs involves three square
roots. One is related to the pseudo-scalar invariant trs, which captures the parity-odd
part of the spinor expressions and is present already in the coefficients. The other

two square roots are associated with the three-mass triangle Gram determinants:

A:(al) - 2\/(p23 - p5)° — pasas A:(az) = 2\/(1012 -p5)2 ~ P3s12, (3.3.4)

where p;; = p; + p;. They are not rationalised by the MT parametrisation and
may therefore be problematic for the finite field setup. We overcome this issue by
absorbing the three square roots into the definition of the UT MIs, which is possible
because they appear only as overall normalisations of the latter. As a result, they are
contained in the monomials m;(f) in Eq. 3.3.3 and do not appear in the amplitude
reconstruction. We note that in our computation, while the trs originating from the
UT Mls is absorbed in m;( f), the trs already present in the coefficients is rationalised
by the MT parametrisation, Eq. 3.3.2.

At this stage, we have an algorithm which computes the coefficients of the special
function monomials, r;(z) in Eq. 3.3.4, numerically over finite fields for each of
the independent helicity configurations of the two processes bbggH and bbgqH. We
emphasise that from the start of our numerical algorithm until reaching r;(x), the
computation is done within one system of FiniteFlow graphs. The last step is the
functional reconstruction of the rational coefficients. This task is made challenging
by the high polynomial degrees, which are shown in the third column of Tables 3.1
and 3.2. We tackle the complexity of the reconstruction through the strategy already
used in Refs. [182,187]. We refer to Ref. [187] for a thorough discussion, and give

here only a brief outline.

The first step of the strategy consists in fitting the linear relations among the rational
coefficients. These linear relations are then used to express the rational coefficients
in terms of a set of linearly independent coefficients, which are chosen to have the
lowest possible degrees. The degrees of the independent rational coefficients are

given in the fourth column of Tables 3.1 and 3.2.

The second step of our reconstruction strategy consists of determining the factors in
the denominators of the rational coefficients. The analytic structure of the special
functions is determined by the set of letters corresponding to the canonical DEs
satisfied by the MIs. In other words, the singularities of the special functions and of
their discontinuities are located on the hypersurfaces where any of the letters vanish
(or go to infinity). It is therefore natural to expect that the rational coefficients which
multiply the special functions should feature poles which are similarly linked to the
letters. This motivates us to include the letters into an ansatz for the denominators

of the coefficients. Since the helicity amplitudes also contain phase information, we
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must include spinor structures as well. It is then simple to check, on a univariate slice
of the amplitude, whether the terms in the ansatz are present in the denominators

or not. For our amplitudes, we find the following list to be sufficient:

{<Zj> ) [Zj] ) <Z‘p5‘]] >Sij ) Sij — Ski»Si5 _pg 7p?) 7tr5 >A1 ) AQ )
(3.3.5)

s15(513 + S34) — DaSay, So5( S04 + S34) — p§534} ;

where the indices 7, j in the spinor expressions vary from 1 to 4, while the indices
i, 7, k,l in the Mandelstam invariants vary from 1 to 5. The various free indices in
each of the factors are understood to be different from each other. Here, the ansatz
of Eq. 3.3.5 allows us to determine the denominators entirely, as well as some factors

in the numerators.

Having determined the denominators of the rational coefficients, we can proceed to
the third and last step of our reconstruction strategy: a univariate partial fraction
decomposition ‘on the fly’. We find that, with the parameterisation of the external
kinematics given by Eq. 3.3.2, partial fractioning with respect to x5 is the most
convenient choice. The partial fraction decomposition of multivariate functions has
recently drawn a lot interest as a powerful tool to simplify the analytic expres-
sions of scattering amplitudes. A number of new approaches have been proposed,
which make use of algebraic geometry techniques to handle the multivariate case
efficiently [188-192]. However, these algorithms are applied to known analytic ex-
pressions, i.e. after the rational reconstruction has been performed. On the contrary,
our univariate partial fraction decomposition can be performed within the finite field
setup itself, which consequently simplifies the reconstruction of the coefficients. The
algorithm makes use of the knowledge of the denominators to construct an ansatz
for the decomposition into partial fractions with respect to the chosen variable. The
coefficients of this ansatz can then be solved for and reconstructed. To this end,
we perform a further matching of their factors against the ansatz in Eq. 3.3.5. The
matched factors are then removed, and the remaining functions are reconstructed
with FiniteFlow’s reconstruction algorithm (see Section 2.6.2). The degrees of the
rational coefficients which remain to be reconstructed are shown in the fifth column
of Tables 3.1 and 3.2. Note that after partial fractioning, the denominators are not
entirely determined from the ansatz in Eq. 3.3.5. The univariate partial fraction
decomposition in fact introduces spurious factors in the denominators. The latter
could be determined as well, but we refrain from doing so as it does not reduce the

complexity of the reconstruction.

Following the strategy outlined above, we reconstructed the partial finite remainders

for the independent mostly-plus helicity configurations of the subprocesses bbggH
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bbggH | helicity con- ri(x) independ- partial number of
figurations ent r;(x) fraction in points
Ts

F@21 SRR 63/57 52/46 20/6 3361
+ 4+ +— 135/134 119/120 28/22 24901
+4+—— | 105/111 | 105/111 22/12 4797

F@ny ++++ 45/41 45/41 16/6 1381
4+ +— 94/95 94/95 17/6 1853
++—— 89/95 62/69 18/3 2492

FOm | gy 12/8 9/7 0/0 3
+ 44— 11/16 11/16 3/0 22
+ 4 —— 12/20 8/16 8/0 242

Table 3.1: Maximum numerator/denominator polynomial degrees
of the finite remainder coefficients r;(x) in Eq. 3.3.3 at each stage of
our reconstruction steps, together with the number of sample points
needed for the analytic reconstruction in the bbggH subprocess, for

the various closed fermion loop contributions.

bbggH | helicity con- ri(x) independ- partial number of
figurations ent 7;(x) fraction in points
Ty
F@1 + 4+ +— 82/81 69/70 24/16 10326
F@ns |y 28/30 25/24 8/6 379
FO» | g 6/11 6/11 3/0 22

Table 3.2: Maximum numerator/denominator polynomial degrees
of the finite remainder coefficients r;(x) in Eq. 3.3.3 at each stage of
our reconstruction steps, together with the number of sample points
needed for the analytic reconstruction in the bbggH subprocess, for

the various closed fermion loop contributions.

and bbggH. The mostly-minus helicity finite remainders can be obtained by parity
conjugation. Moreover, the finite remainders for the helicity configuration + + —+
can be obtained by swapping 1 <> 2, 3 <+ 4 in the + + +— finite remainders, as
discussed in Section 3.2.1 for the tree-level amplitudes. This symmetry follows from
the colour structure and thus holds at any loop order. We could therefore evaluate
the + 4+ —+ finite remainders by permuting numerically the + + +— ones, as we do

in order to get all the other helicity configurations from the independent ones. By
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permuting numerically, we mean that we obtain the values of the permuted finite
remainders by evaluating the unpermuted ones at permuted points. This is possible
because our approach to the evaluation of the special functions, which we discuss
in Section 3.4, handles the analytic continuation to any region automatically. Each
numerical permutation therefore amounts to one more evaluation for each point. The
permutation that takes from + + +— to + + —+ is however peculiar, as it is covered
by the basis of special functions defined in Ref. [182]. We can thus reconstruct
the finite remainders for both helicity configurations directly in terms of the same
basis of special functions. This is much more convenient, as it reduces the number
of permutations which need to be carried out numerically, this way decreasing the
global evaluation time of the finite remainders. For this reason, we reconstructed the
analytic expression of the + + —+ finite remainders as well, and include the + + —+
configuration in the independent helicity set in the following sections. The relation
with the + + 4+— configuration constitutes a non-trivial check of our results, which

we discuss in Section 3.5.

3.4 A Custom Basis of Special Functions for the

Finite Remainders

The one and two-loop finite remainders are expressed as combinations of rational
coefficients — functions of the MTs in Eq. 3.3.2 — and monomials of square roots
and elements of the MI function basis { fi(w)}. The latter were classified in Ref. [182]
so as to span the cyclic permutations of the planar five-particle integrals with one
massive off-shell leg up to two loops. The function space of the finite remainders
is however simpler than that of the integrals and of the amplitudes. This becomes
particularly clear when we express the special functions in terms of CIIs [90], which

we have introduced in Section 2.9.1. Here, we will write the special functions as:

AW ) :/01 g 1108 Wi, (/1)) Wi Wi ] @), (34)

W i

100

where {dlogW;} are the logarithmic integration kernels and their arguments W
are algebraic functions of the external kinematics. The cumulative dependence on
external kinematics is denoted by s, while sy is an arbitrary reference point, and
« is an arbitrary contour in the phase space going from 7(0) = sy to y(1) = s.
The iteration starts with [|; (s) := 1. The transcendental weight of the special
functions is then trivially given by n in Eq. 3.4.1. At two loops up to order ¢
iterated integrals with transcendental weight up to four are required. In our case, the

integration kernels are given by the letters {W;} of the alphabet defined in Ref. [98].
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Although they may look rather abstract, ClIs offer several important advantages.
Most importantly, they implement automatically all the functional relations which
would otherwise be hidden in a representation in terms of other types of functions,
such as GPLs. This property was exploited in Ref. [182] to construct the MI
function basis { fi(w)}. The expression in terms of CllIs of the MI basis functions can
be obtained through their definition in terms of MI components given in Ref. [182],
and the canonical DEs for the MIs given in Ref. [98] (see Ref. [182] for a thorough
discussion). Another important benefit of using iterated integrals is that their
analytic structure is beautifully manifest: an iterated integral may have singularities
or branch points only where one of its letters vanishes or diverges. Expressing the
special functions in the finite remainders in terms of CllIs therefore highlights their
analytic structure. Indeed this unveils important simplifications: certain letters,
which are present in the expressions of the MIs, are absent in the finite remainders.
In other words, certain branch cuts of the integrals drop out of the finite remainders.
We observe the same pattern noticed for the Wbb amplitudes in Ref. [182]. One letter,
W49 = trs, is present in the bare amplitudes but absent in the finite remainders.
This pattern of the pseudo-scalar invariant trs has already been observed explicitly
in many massless two-loop five-particle finite remainders [113,190,193-201], and is
linked to an underlying cluster algebra structure [202]. Since this letter is invariant
under permutations of the external massless legs (up to a sign), we expect it to
drop out from the finite remainders in general. In addition, six letters, W, with
1= 16,17,27, 28,29, 30, are present in the two-loop integrals but drop out already
at the level of the bare amplitudes (truncated at order €’ at two loops). This set of
letters is not closed under all permutations of the external massless legs, and the
generality of their absence is therefore less clear. It would be of great interest to

uncover the physical principle underlying these simplifications.

The simplifications of the analytic structure mentioned above require the interplay
among various elements of the MI function basis { fi(w)} of Ref. [182]. In other words,
the separate terms of the finite remainders may have spurious branch cuts which
cancel out in the sum. It is therefore convenient to construct a new, ad hoc basis
of special functions where the properties of the finite remainders are manifest. In
addition to being more elegant from the theoretical point of view, such a basis is
also much more convenient from the practical point of view. Evaluating the MI
function basis { fi(w)} in fact requires handling integration kernels — letters — which
eventually cancel out in the objects we are interested in evaluating. It is desirable
that these cancellations take place analytically rather than numerically, so that the
spurious kernels are avoided altogether. For this reason we need a new basis of

special functions where these properties are manifest, and an approach to evaluate
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it which bypasses the MI function basis { fi(w)} and its unnecessary complexity.

We thus construct a new basis of special functions, which we label by {hl(w)}, where
w =1,2,3,4 denotes the transcendental weight. This new basis contains only those
linearly independent combinations of functions fi(w) which are actually present in the
finite remainders, and whose iterated integral expression is free of the letters W, with
1 = 16,17,27,28,29,30,49. We dub this basis finite remainder function basis, as
opposed to the MI function basis { fi(w) }. This leads to an important simplification in
the expressions of the finite remainders, which are then expressed as combinations of
rational coefficients and monomials in the hgw)’s and the square roots. In particular,
only 23 weight-4 functions {h§4)}?§1 are required, to be compared with the 113
weight-4 functions in the MI function basis. Since the evaluation of the weight-4
functions is the most expensive step in the evaluation of the finite remainders, this
reduction has a strong positive impact on the total evaluation time. Note that we
have also improved the MI basis { fi(w)} of Ref. [182] by identifying relations among
the higher weight functions and products of lower weight ones which were originally
missed. We achieved this following the approach of Ref. [182], but evaluating the

boundary values with higher accuracy.

In order to evaluate numerically the finite remainder function basis {h§“’)}, we apply
the method of the generalised power series expansion [183]. This approach has
already found several successful applications to the evaluation of Mls from the DEs
they satisfy [98,99,107, 108, 183,203, 204]. Here, following Ref. [182], we apply it
directly to the basis of special functions. This method can be applied to the finite
remainder and MI function bases because they too, like the MI bases they stem from,
satisfy systems of DEs in the canonical form [84]. This follows from the fact that the
functions in the bases {hf"”} and { fi(w)} are by construction pure (see Section 2.9.3).

Thus, due to their UT weight, we can write any h§"”>, for w > 0, in terms of ClIs as:

O = Y A W W] (), (3.4.2)
T=(i1,10) 0
for some rational constant coefficients cgi) ' Moreover, the purity condition in

Eq. 2.9.18 follows straightforwardly from the differential of CIIs:

d[Wi,..., Wi | (s)=dlogW; (s) [WW] (s), (3.4.3)

g
1 S0

where we note that the derivatives of log W; are algebraic functions and hence have
transcendental weight 0. The purity of the function basis therefore implies that the

- T
vector of all weight-w functions in the finite remainder basis, h(") = (hgw), S ) ,

'In general the iterated integrals in Eq. 3.4.2 include also transcendental constants, such as 7
and ¢(3). We neglect them here to simplify the presentation.
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satisfies a DE of the form:
dh™) = (Z b\ dlog W]) pe=b (3.4.4)
J

for w > 1, where b; are constant rational matrices. The matrices bgw) can be determ-
ined easily from the iterated integral expression of the functions through Eq. 3.4.3.
In general, the derivatives of the weight-w functions may involve weight-(w — 1)
functions which are not needed to express the finite remainders. These must be
included in the basis as well, in order to be able to write down the DEs. So, strictly
speaking, the finite remainder function basis {hgw)} contains all linearly independent
functions which appear in the finite remainders and in the derivatives of the basis
itself. The DEs Eq. 3.4.4 for all weights can be put together in one system by defining

the vector of all the functions in the finite remainder basis as:
— — — — — T
h=(e'n",er% eh en™ 1) (3.4.5)

where € is an auxiliary parameter with transcendental weight —1, so that the vector
his pure with transcendental weight 0. The full basis h then satisfies a system of

DEs in the canonical form [84]:

dh = € (ig: a; dlog Wi> h, (3.4.6)
i=1
where the constant matrices a; are strictly upper block triangular, with the blocks
given by the matrices b§“’) in the DEs Eq. 3.4.4 for the various weights. This is in
direct analogy to the canonical DEs for the MIs we saw in Eq. 2.9.14. However,
this system of DEs for the vector h is much simpler than that for the MIs. First,
it contains only the letters which do appear in the finite remainders, i.e. a; = 0 for
1 =16,17,27,28,29,30,49. Second, while the DEs for the MIs contain information
about all the orders in €, the system Eq. 3.4.6 encodes only those orders which
are relevant for the finite remainders, i.e. up to ¢*. The constant matrices a; are
in fact nilpotent with degree 5, i.e. (ai)E’ = 0 for any ¢, which follows from their
strictly upper triangular form. The process-dependent basis identified for the finite
remainder has a practical advantage, since we find a significant reduction in the
number of weight four functions which dominate the total evaluation times. In this
case, we find a reduction from 113 to 23 weight four functions, which gives a rough

measure of the improvement.

The MI function basis defined in Ref. [182], and thus also the finite remainder function
basis constructed here, cover the planar integral families only in those permutations

of the external massless legs which preserve the cyclic ordering of the particles. The
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other permutations cannot be expressed analytically in terms of functions of these
bases only. Nonetheless, thanks to our numerical evaluation strategy, we can obtain
the values of any permutation o of the finite remainder basis functions by evaluating

them in the standard orientation at permuted points:
o [ (X) =1 o (X)] . (3.4.7)

This is possible because we evaluate the finite remainder function basis {hl(-w)} by
solving the system of DEs Eq. 3.4.6 numerically with the method of the general-
ised power series expansions [183]. For this purpose, we make use of the public
Mathematica package DiffExp [142]. In order to compute the boundary values,
i.e. the values of the functions at some base point, we relate the finite remainder
functions to MI components using the definition of the MI function basis [182], and
evaluate the latter through their analytic expression in terms of GPLs [94,95, 205]
provided in Refs. [111,122,206]. We evaluate the GPLs numerically with the C++
library GiNaC [96]. We provide in ancillary files the DEs 3.4.6 and the values of the
finite remainder functions at six points, one for each 2 — 3 scattering region with
massless incoming particles, with (at least) 200-digit accuracy. Using this informa-
tion, the generalised power series expansion method allows us to evaluate the finite
remainder function basis reliably anywhere in the phase space. This technique in
fact handles the analytic continuation automatically, so that also the permutations
required to evaluate the complete finite remainders starting from the partial ones —
as shown in Egs. 3.2.8 for the amplitudes — as well as the other helicity configura-
tions can be performed numerically straightforwardly. We assessed the reliability of
this evaluation approach by checking the convergence of the finite remainders close
to the spurious poles of the rational coefficients. We discuss this and other checks

in the next section.

3.5 Further Validation

The finite remainders are defined by subtracting the expected UV and IR poles from
the bare amplitudes. Therefore, the fact that all the poles in € cancel out, so that
our expressions for the finite remainders are indeed finite, is already a strong check
of the validity of our results. We have also checked that our amplitudes are correctly
normalised by comparing the spin and colour averaged squared tree-level amplitudes
with full colour dependence against MadGraph [207]. On top of that, we performed

a number of additional checks, which we discuss in the next subsections.
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3.5.1 Direct computation of the squared finite remainders

We checked the helicity amplitudes derived in this work against a squared matrix
element computation, carried out independently following the approach used in the
previous work on ud — Wbb [182]. In the squared matrix element computation the
two-loop amplitude is interfered with the tree-level amplitude analytically. After
manipulating the Dirac traces, the loop numerators contain only scalar products
(k;-kj, k;-pj, pi-p;), that can be mapped easily onto propagator denominators. This
way we derive an analytic form of the two-loop squared matrix element written as a
linear combination of scalar Feynman integrals. The squared matrix element is then
processed further through IBP reduction to obtain the MI representation, followed
by mapping of the MIs onto the basis of special functions, subtraction of UV and
IR singularities, and finally Laurent expansion in €. All these steps are carried out
numerically over finite fields within the FiniteFlow framework. The squared mat-
rix element computation uses the Conventional Dimensional Regularisation (CDR)
scheme, where internal and external momenta live in d = 4 — 2¢ dimensions. We
find complete agreement with this approach and the helicity amplitudes in the HV

scheme at the level of the squared finite remainders.

3.5.2 Renormalisation scale dependence

The analytic expressions of the one- and two-loop finite remainders have been derived
with the renormalisation scale u set to p = 1. The dependence of the finite remainders
on the renormalisation scale can be determined by restoring the u dependence
of the strong and Yukawa couplings (a, — gl Yy — ypit), and by replacing
(—s4) "¢ = (—p°/si;)* in the I, operators defined in Egs. 3.2.14—3.2.15, which enter
the pole terms in Eqgs. 3.2.11—3.2.12. In order to capture the scale dependence of

the finite remainders, we define the difference:
SR (%) = FUM (%) — F (i = 1), (3.5.1)

where the dependence on the kinematic variables is understood. The difference
oF (L)’i(uz) is entirely determined by the finite remainders evaluated at p*> = 1 —
which we reconstructed analytically — and logarithms of ;*. For the bbggH finite

remainders, it is given by:
31
SFM (1) = EA<0> log(1?), (3.5.2)

2
SEWmny (1?) = _gA(O) log(11%) (3.5.3)
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1261 11 53 L 1643
F(2),1 2 —1 2 F( ),1 1 A 1 2/ 2
QR (i) = log(w)y | 5, 75r+9@ +6 (1) = og” (1),
(3.5.4)
241  7* 4 53
F@ns,2y = 2 A0 - ZpMitg 2 pWng g
0 (1) = log(u%) 5~ T 35 3 1)+ (1)
n5
A<° log?(11?), (3.5.5)
4 4
SF (%) = log(u )( P <”’”f<1>) + 3401082, (35.6)
while for the bbggH finite remainders, it is given by:
W1, 2y 31 2
OF I (u7) = 6A Mog (%), (3.5.7)
2
OF I (%) = =2 AW log (1) (3.5.8)
5093 11 .53 1643
F(2),1 2y 2 14¢. 0 F(l) 1 A(o)l 2/ 2
(3.5.9)
329 n° 4 53
F@ns,2y = 2 _ 227 0 D a0 - ZpMitg 2 pWng g
0 (1) = log(u%) YRR 3 1)+ (1)
n5
14“)10g (1?), (3.5.10)
4 4
ap@ﬂﬂu%::—gpﬂ%f@)mgu)4-§A@hg%u%. (3.5.11)

To check that our results for the finite remainders have the correct scale dependence,
we evaluate them at two kinematic points related by a rescaling by some positive

factor a:

. 2
s = (Sl2a 523, 5345 S45, 5157195),
!

g

) (3.5.12)
as = (063127 aS93,AS34, ASy5, AS15, GPS)-

We then verify numerically that the finite remainders satisfy the following relation:

FE(1,a8) +6FP(a,a5) ﬂL% 7

A0 A0 (3.5.13)

where we extended the notation of the finite remainders and tree-level amplitudes

to take into account their dependence on the phase space point §.
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3.5.3 Relation between + + +— and + + —+

The partial finite remainders for the single-minus helicity configurations, + + +—

and + + —+, are related by a permutation of the external particles:

FUO(1F 2F,38,,45 5y) = — FP(2F 17,45, 3,,55),

g *g»
(3.5.14)
FUF 2f 37,48 54) = F(2F, 15,48 ,3,,5).

Permuting the special functions is however non-trivial, and may in general require

analytic continuation. The permuted special functions are defined by:

(0 h) ({pi}) = h({poii}) (3.5.15)

where o denotes the permutation (12345) — (21435) of the external particles, and
{p;} denotes the dependence on the external momenta. In order to check the relations
Eq. 3.5.14 analytically, we need to express the permuted functions (o o ﬁ) in terms of
the ones in the standard orientation, h. To perform this operation in an algorithmic
and robust way, we resort to the system of DEs in Eq. 3.4.6 satisfied by the finite

remainder function basis. The permuted functions in fact satisfy the permuted DEs:

49
dlcoh)=c¢ [Z a;dlog (oo WZ)] (coh). (3.5.16)
i=1
Permuting the letters W; is however trivial, as they only involve algebraic functions.
Since the alphabet is closed by construction under this permutation, we obtain an

explicit system of DEs for the permuted special functions:

d(oo ﬁ) =€ <§9: a; dlog WZ> (oo H) . (3.5.17)
i=1

The latter can straightforwardly be solved in terms of ClIs (see Ref. [182] for a
thorough discussion). In order to be comparable with the solution of the system
Eq. 3.4.6 which defines the finite remainder function basis E, we must make sure
that the same boundary point is used when solving both systems of DEs in terms of
iterated integrals. The boundary values can be obtained numerically with arbitrary
precision using the expressions in terms of GPLs of Refs. [111,122,206], as discussed
at the end of Section 3.4. Using the DEs Eq. 3.5.17, we can then express the permuted
finite remainder special functions in terms of the ones in the original orientation
through CIIs. Once that is done, the right-hand sides of Eqs. 3.5.14 are written in
terms of the same special function basis as the left-hand sides. Since the rational
coefficients can be permuted analytically trivially, we can immediately verify that
our results for the one- and two-loop finite remainders satisfy the relations given by
Egs. 3.5.14.
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3.5.4 Convergence near spurious poles

The rational coefficients in the finite remainders contain spurious poles, namely
poles which are not related to the physical singularities of the amplitudes. When
evaluating at a phase space point infinitesimally close to a spurious pole — but at
a finite distance from all physical poles — the rational coefficients diverge, whereas
the finite remainders must stay finite. This can only occur through large numerical
cancellations involving both the coefficients and the special functions. Verifying
this behaviour constitutes both a check on our analytic expressions for the finite
remainders and a stress test of our evaluation approach for the special functions. We
do it as follows. First, we use the factor matching strategy discussed in Section 3.3,
with the ansatz given by Eq. 3.3.5. This allows us to determine that the spurious

poles in the coefficients are associated with the following denominator factors:
(P} = {<Z|p5|ﬂ s, Ap, Ay, S15 — S93, 815 — So4, S13 — S5, 514 — S25, 515 — S34,

So5 — S34,514 — S35, 523 — S45,515(513 + S34) — p§534 , S5(S24 + S34) — p§334

(3.5.18)

where i, 7 € {1,2,3,4} with i # j. Next, for each factor P, in Eq. 3.5.18, we construct
a one-dimensional slice of the phase space, parametrised by a parameter ¢, such that
P, = 6. As we probe the small-0 region, all the other factors in Eq. 3.5.18 and the
factors associated with the physical singularities — (p; + pj)2 and p; - p; — must
stay finite, i.e. they must neither diverge nor vanish. This ensures that we target
a specific spurious pole, rather than multiple at once, and that we stay away from
the physical singularities. Finally, we evaluate the finite remainders on these slices
for increasingly small values of §. We evaluate the special functions with 64-digit
accuracy. Our analytic expressions for the finite remainders exhibit the expected
behaviour: as 0 approaches zero the rational coefficients diverge, while the finite

remainders converge to finite values.

3.6 Results

The analytic expressions of the independent one- and two-loop finite remainders
are provided in the ancillary files of Ref [1]. We present them as combinations of
linearly independent rational coefficients and monomials of the square roots and of
the finite remainder basis functions. The rational coefficients are expressed in terms
of the MTs defined in Eq. 3.3.2. We evaluate the finite remainder function basis
numerically by integrating the DEs of Eq. 3.4.6 with the method of the generalised
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series expansions. We also provide Mathematica scripts which illustrate how to
evaluate the finite remainders interfered with the tree-level amplitudes for all the

partonic channels contributing to the process pp — bbH, which we label as:

gg:  g(—ps) +9(=ps) = b(p1) + b(p2) + H(ps),
ad:  q(—ps) + G(—ps) —= b(p1) + b(p2) + H(ps) ,
aqa:  q(—ps) +q(—ps) = b(p1) + b(p2) + H(ps),
bb:  b(—ps) + b(=ps) = b(p1) + b(pa) + H(ps), (3.6.1)
bb:  b(—ps) + b(—ps) = b(p1) + b(p2) + H(ps) .,
bb:  b(—p3) +b(—ps) = b(p1) + bp2) + H(ps)
bb :  b(—ps) + b(—ps) — b(p1) + b(pa) + H(ps) .

The interference between the finite remainders and the tree-level amplitudes summed

over colour and helicity is given at leading colour by:

SO A0 F® s gh2n ke HE) (3.6.2)

colour helicity

where o« = 3 for gg and o = 2 for all the other channels, and the reduced squared

finite remainders, HE)  are given explicitly for each channel by:

Héé): Z [A(O)(1572b73974g75H)} F(L)(1572b73 4 5H)

gr *g>»
helicity
+ Z |: 1b72b74973g75H):|*F(L)(1E72674973g75H)7 (363>
helicity
Z [A 1b72b73q7 q75H)} F( )(1b72b73q74q75H)7 (364>
helicity
’HE-Q = > [A905,2,45,3,58)] FP (15,2, 44,34, 54) (3.6.5)
helicity
L *
HD = 3 [AD(15,2,35,44.51) + AV (35,45, 15,24, 551))
helicity
X {F( )(1b72b73q74q75H> +F (3b74b71q72q75H)}
+ Z |: 1b74b73q72q75H) +A (3b72b71q74q75H):|
helicity
x [F5 (15, 4,35, 2, 51) + FY (35,2, 15, 44,51)] (3.6.6)
Z [A( 1b72b74qa3q75H)+A( (4b73b71q72q75H):|
helicity

x {F(”(lz,, 244,34, 511) + F (45,34, 14,24, 51|
+ Z [ 1b735’4q72q75H)+A (4572b71(j>3q75H)}

helicity

X {F( )(1b73ba4q72q75H) +F( )(41,,21;,1 3 5H)} 5 (367)

9 =q
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7-lé)Lb) = Z [A(O) (35a 1b> 4(}7 2qa 5H) + A(O) (4l_)a 2b7 3(}7 1qa 5H)}

helicity

% [F( (35, 1o 45, 24, 51) + F P (45,24, 35, 1 5H)]

R 9 ~q

+ Z { 3b72ba4qa ]-q>5H> +A( (4b7 1ba3q72q75H)}

helicity

x [P0 (35,2, 45,14, 55) + FY (45, 14,35, 24,55)| (3.6.8)

Q@ Lt qr “qr

HE = 3 [AV(15,8,,25. 40, 5) + AV(25, 4,14, 3,.5)|

helicity

x [F )(1b7 3p, 2qa 4q’ 5H) + F(L)(Ql_n 4y, 167’ 3q7 5H)]
+ Z { 1b74b73q72q75H> +A(0)(2573b7 167 4q75H)}

helicity

x [FM (15,45, 35,24, 55) + FU (25,3, 14,4, 51) | (3.6.9)

We evaluate the permutations of the finite remainders numerically. The analytic
continuation is performed by adding a small positive imaginary part to each s;; and

to pz, which is done automatically by DiffExp.

To facilitate future checks, we provide here the benchmark evaluation at a physical

point corresponding to the pp — bbH scattering process:

49 15337 63 288491
512:%7 523:—M, 334217 545:—m7

455 9 .49v/50998583

S15 = 674, Ps = 7, tr5 =1 1400832 s (3610)

which corresponds to the following values of the MTs:

49 77405 /50998583 257251 95v/50998583

T =g 2T 608 76608 0 BT T anistd TN 4usta
92817 11200  21/50998583 370917
pa= -2l g = _  mg=— . (3.6.11)
32 41629 41629 1256

The values of the bare two-loop amplitudes normalised by the tree-level amplitudes,
AD = 4B /A(O), for the independent mostly-plus helicity configurations of the
subprocesses 0 — bbggH and 0 — bbggH are given in Tables 3.3 and 3.4. Table 3.5
shows the values of the two-loop reduced squared finite remainders HP. Analogous

tables for the one-loop amplitudes are given in Appendix E.

To demonstrate the suitability of our results for phenomenological applications,
we present the evaluation of the finite remainders interfered with the tree-level
amplitudes on a univariate slice of the phase space. For this purpose, we parametrise

the momenta for the scattering processes Eq. 3.2.1 in terms of angles and energy
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bbggH | helicity | ¢ * €’ e? et e
AT v | 45 | —11.9857 +| 1.38005 — | 37.5629 + | —160.364 —
9.42478i 40.6951i 74.9878i 16.4633i
44— | 45 | —11.9857 +| 11.3257 — | —26.8161 4+ | —142.327 —
9.42478i 12.3672i 82.1522i 160.925i
+4+—+ | 45 | —11.9857+| 2.69154 — | 35.9446 + | —132.233 —
9.42478i 41.4561i 68.3748i 11.7912i
+4—— | 45 | —11.9857 +| 21.8803 — | 85.0932 + | —293.742 +
9.42478i 71.2779i 67.5004i 11.2118i
AP |yt |0 0.5 —0.177826+| —0.769158—| —5.39544 +
1.04486i 3.80277i 7.05528i
+4++—1] 0 0.5 —0.192856+| 1.4513+ | —3.57357 +
1.0472i 2.42621; 44.5555i
+4+—+1] 0 0.5 —0.192856+| —0.467396—| —3.83854 +
1.0472i 4.03798i 2.69906i
+4+——1 0 0.5 0.987798 + | 3.957 — 33.7155 —
0.631652i 5.16329i 38.6759i
/(o I ) 0 0 0.00334 — | 0.00266436+
0.0005199144 0.0210796i
+4++—1] 0 0 0 0 0
+4+—+1] 0 0 0 0 0
+4+——1 0 0 0 0.262368 — | 0.532893 +
0.0923434i 1.66516i

Table 3.3: Numerical values of the bare bbggH partial amplitudes at
two loops (normalised to the tree-level amplitude) at the kinematic
point in Eq. 3.6.11 for the four independent helicity configurations
and the various closed fermion loops contributions.

fractions of the final state as:

p1:y1f<1717070)7
Py = yQ;/g(1,COS(9,—SiH@SiH¢,—SiD9COS¢) ,
3.6.12
Js ( )
p3:7(_170a07_1) 3
p4:\é§(_170a071) )

while ps is fixed by momentum conservation, ps = —p; —ps —p3 —ps. We have chosen
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bbggH | helicity | e * e €2 et e
AP | 2 —6.81012 | 25.5694 + | —60.3404— | 48.2991 —
17.9036i 6.4188i 125.3814
+4+—F | 2 —6.81012 | 224573+ | —60.7797 + | 96.4449 —
14.90014 3.42105i 180.941i
ADnr | 4y |0 1.66667 | —4.60863 + | 13.2979 — | 4.96804 +
4.18879i 5.52188i 95.71914
+4+—+ 1] 0 1.66667 | —4.60863 + | 11.2232 — | —1.06892 +
4.18879i 7.52422i 93.2862i
A@nr | 4 0 0 0.444444 | —0.969043+| —6.91677 —
2.79253i 6.08868i
+4+—+ 1] 0 0 0.444444 | —0.969043+| —6.91677 —
2.79253i 6.08868i

Table 3.4: Numerical values of the bare bbggH partial amplitudes at
two loops (normalised to the tree level amplitude) at the kinematic
point in Eq. 3.6.11 for the four independent helicity configurations
and the various closed fermion loops contributions.

channel Re H Re H)ms Re H )7
gg 156680.6267 —41215.80337 405.9379563
qq 0.09391314268 | —0.02045942258 | —0.004225713438
qq 0.3494872243 | —0.08069122736 | —0.004225713438
bb 48640.80398 —26530.01855 2458.442153
bb —141130.5373 42183.03094 3711.445449
bb/bb —53679.25708 1988.662899 894.7895467

the particle with momentum p; to be produced at an angle of 7/2 with respect to

the beam axis. Requiring that the Higgs boson is on-shell, p? = m?%, constrains the

Table 3.5: Numerical values of the two-loop reduced squared finite
remainders H® defined in Egs. 3.6.3—3.6.9 at the kinematic point
in Eq. 3.6.11 for the various closed fermion loops contributions and
the scattering channels specified in Eq. 3.6.1.

angle 6 as:

2
cosf =1+ —
Y1Y2

m

i
1_yl_y2_s>-

(3.6.13)
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To restrict the kinematics to a one-dimensional slice, we choose:

s=1, ¢:i y1:§, mH:i. (3.6.14)
The reality of the angle 6 then restricts the free parameter y, to the interval
Yo € [%, %]. In order to evaluate the finite remainders for all the processes shown in
Eq. 3.6.1, we need to compute the finite remainder special functions at 16 permuta-
tions of each phase space point, as can be seen explicitly in Egs. 3.6.3—3.6.9. We
do this by integrating the system of canonical DEs in Eq. 3.4.6 with DiffExp using
rationalised values of the invariants. The need for rational values arises from the fact
that the series expansion method, implemented in DiffExp, is very sensitive to the
values of input parameters, as it requires high precision throughout the intermediate
steps. For each permutation of each point, we compute the ‘distance’ (technically
speaking, the number of segments into which the integration contour is divided by
DiffExp) from the six reference points provided in the ancillary files, and choose the
closest one as the initial point for the integration. In Fig. 3.4, we plot the values of
the one- and two-loop reduced squared finite remainders for all the processes defined

in Eq. 3.6.1 as functions of the parameter ys,.

We stress that the purpose of the plots in Fig. 3.4 is merely to demonstrate that our
results for the finite remainders can be evaluated reliably in the physical scattering
region. Nothing can be inferred about the convergence of the perturbative expansion
at the cross section level. One interesting feature which can be appreciated from
Fig. 3.4 is the appearance of a loop-induced peak in the finite remainders for the
channel qq. The peak is absent at tree level for the same channel and up to two loops
for qq. The latter channel is related to qq by the exchange 3 <+ 4 of the external
particles. We observe that the peak stems from the values of the finite remainder
function basis, while the rational coefficients are not enhanced in that region. In
order to pinpoint more precisely the origin of this phenomenon, we construct the
explicit analytic expressions for some of the special functions which exhibit the peak,
starting from their iterated integral expression obtained by solving the system of

canonical DEs in Eq. 3.4.6. For instance:
2) . S15 . S23 1 2 ( 2 1 2 2
hy’ = 2Li, (1 — p§> + 2 Liy (1 — 315> 7 + 5 log (p5) + ilog (—s45) + 21og” (s15)
- ;logQ (—$23) — 21og (s15) log (515 — s93) + log? (515 — 523) + log (pg) log (—s23)
— 2log (p%) log (s15) — log (pg) log (—s14) + 210g (s15) log (—s14) — log (—s23) log (—514)
+im llog (pg) — 2log (s15) + 21og (515 — s23) — log (—s23) — log (—314)] 5

(3.6.15)
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Figure 3.4: Reduced squared finite remainders HE) at tree level,
one and two loops evaluated on the one-dimensional phase space
slice defined in Eq. 3.6.12, as functions of the variable y,, for the
channels defined in Eq. 3.6.1.

which is well defined in the s3, physical scattering region. The analytic continuation
to any other region is obtained by adding a small positive imaginary part to each
s;; and to pi. We checked that the values of hf) as given by Eq. 3.6.15 (and of its

permutations) agree with the evaluation through the generalised series expansion.
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The function hf) exhibits no peak on the phase space sliced defined by Egs. 3.6.12
and 3.6.14, and indeed the finite remainder for the channel qq does not exhibit
such feature. The permutation 3 <> 4 of hf), which contributes to qq, is instead
peaked around y, ~ 0.5566. Thanks to the analytic expression Eq. 3.6.15, we can
identify the source of the peak in the logarithms of s,,, which originate from the
log(—s53)’s in Eq. 3.6.15 upon swapping 3 <> 4. Indeed, the tree-level amplitude for
the subprocess 0 — bbgqH, given by Eq. 3.2.23, is manifestly free of 1/(23) poles.
The 0 — bbgqH diagrams with a 1/s,3 pole would come with a loop and so end up
scaling as log(—s,3). While log(—s,3) is not enhanced on the one-dimensional slice
under consideration, its 3 <» 4 permutation log(—so4), which contributes to 7—[5—3 for
L = 1,2, is peaked at y, = 0.5566, where s,, reaches its minimum absolute value
on the slice. The tree-level amplitudes for the channel gg instead do have poles at
S93 = 0, which can be seen explicitly in Eq. 3.2.22. Since Hffg) with L = 1,2 receive
contributions from the partial finite remainders in both the standard orientation and
with the swap 3 <+ 4, as shown in Eq. 3.6.3, their plot in Fig. 3.4 (a) exhibits this
peak already at tree level. The same holds for the bb and bb channels, as can be
seen in Figs. 3.4 (d) and (f).

Also in Fig. 3.4, we observe divergences at y, = 39/100 for the processes bb and bb.
This divergence is associated with the propagator 1/s;,, which can only appear in
processes with two pairs of bottom quarks. In Egs. 3.6.6 and 3.6.7 we can see the qq
fermion pairs can appear with momenta p; and p,, which is not the case for other
processes. All the other features of the plots in Fig. 3.4 can be similarly understood

in terms of tree-level propagators going on shell.

3.7 Summary

In this chapter, we have presented an analytic form for the two-loop QCD amp-
litudes to the process pp — bbH. It is the first complete set of helicity amplitudes
provided for a 2 — 3 scattering process with an off-shell leg. In contrast to the
recent pp — Wbb computation of Ref. [182], which used the squared matrix element
method (see Section 2.3) and Mandelstam invariants, we have constructed a rational
parametrisation of the external kinematics in terms of momentum twistors. We
have also improved on the function basis presented in Ref. [182] by identifying the
missing relations between higher weight functions and products of lower weight ones.
Moreover, we have used this basis to derive another one better suited to our finite
remainders. The rational coefficients of the remainders were extracted from multiple
evaluations over finite fields and IBP reduction. We obtained relatively compact

results after determining the linear relations between the coefficients and performing
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a univariate partial fraction decomposition on the fly. The final expressions were
evaluated using the method of generalised series expansions as implemented in the
DiffExp code [142].

The expressions have been validated in a number of ways and we observe that they
exhibit a smooth behaviour in all scattering regions. Evaluation times appear to
be suitable for phenomenological applications, especially since we have not tried to
optimise the route through the phase space evaluations as has been done in other
applications of the method [98,99,108,203, 204].

The techniques presented here show promise for applications to other important
scattering processes such as pp — V + 25 and pp — H + 2j. We point out that the
bases of pure MIs required for the non-planar topologies needed in these computations

were made available in literature after the completion of our work [125].



Chapter 4

Two-loop helicity amplitudes for
pp — Wi’yj production

In this chapter, we present the computation of the two-loop leading colour QCD
helicity amplitudes for yet another process, pp — W(— lv)y + j. We implement a
complete reduction of the amplitudes, including the leptonic decay of the W-boson,
using finite field arithmetic and extract the analytic finite remainders using a recently
identified basis of special functions. Simplified analytic expressions are obtained after
considering permutations of a rational kinematic parametrisation and multivariate
partial fractioning. We demonstrate efficient numerical evaluation of the two-loop
colour and helicity summed finite remainders for physical kinematics, and hence the

suitability for phenomenological applications.

This chapter largely follows the structure of the previous one. In Section 4.2, we
describe the structure of the amplitudes for pp — W~ up to two loops, paying
particular attention to the description of the decay of the W boson. In Section 4.3,
we describe the finite field reduction setup used to extract the finite remainders, and
propose an approach to simplify the analytic expressions of the latter based on a
systematic search for a better parametrisation of the kinematics in terms of MTs. We
describe a number of validation tests on our results in Section 4.4, and then present
numerical results for the colour and helicity summed finite remainders in Section 4.5.
We give our summary and outlook for the future in Section 4.6. Complete analytic

expressions associated with the work in this chapter are provided in the ancillary
files of Ref. [2].
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4.1 Introduction

Processes with a pair of electroweak vector bosons (W=, Z,~) offer a wide range
of observables which can test electroweak couplings and probe the Higgs sector of
the SM. In particular, the production of a W boson in association with a photon
(pp — W) is one of the processes observed at the LHC with relatively large
cross sections where clean signatures can be acquired when the W boson decays
leptonically. W~ production enables direct access to the W W triple gauge boson
coupling, which can be modified in certain new physics scenarios. Both ATLAS and
CMS experiments have measured the W+ process [208-213] and set the limit on the

anomalous W W~ coupling.

Predictions for pp — W*~ are available through to next-to-next-to-leading order
(NNLO) in QCD [214-216] and NLO in the electroweak (EW) coupling [217,218] as
well as combined NNLO in QCD and NLO in EW [219]. The colourless final state
makes the process well suited for the gp [220] and N-jettiness [221,222] subtraction
methods as implemented within the Matrix [223] and MCFM [224] Monte Carlo event
generators, respectively. Resummed predictions including parton shower effects
are now available [225], making this one of the most precisely known theoretical
predictions. Experimental measurements are constantly improving and provide rich
opportunities for precision SM tests [213,226]. In order to suppress different types
of backgrounds in the experimental analysis, it is a common practice to divide the
measurement according to the jet multiplicities, i.e. W~y+0 jet, W~y41 jet, W~y+2
jets, etc. Increasing the precision of the theoretical predictions for each of the jet
bins amounts to computing higher order corrections to W+ production in association

with additional jets.

In this chapter, we present the first computation of the two-loop helicity amplitudes
for the process pp — Wi(—> liy)y + 7. The amplitude-level ingredients we provide
will give useful information for future precision measurements of anomalous couplings
and potentially for complete global fits of the Standard Model Effective Theory
(SMEFT). A fully differential computation of W~ + 7 at NNLO in QCD would also
open up the possibility of N*°LO QCD predictions for W+ production.

4.2 Structure of the Amplitudes

We compute the two-loop amplitudes for the production of a W boson in association

with a photon and a jet at hadron colliders, where the W™ boson decays to a positron
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Figure 4.1: Sample two-loop Feynman diagrams for W*~j produc-
tion.

and an electron neutrino (pp — v.e7j), in the leading colour approximation:

0 = v(p1, h1) + @(pa, ho) + g(p3, ha) + d(pa, hy) + ve(ps, hs) + € (pg, he) . (4.2.1)

For simplicity, we henceforth denote this process as W71vj production. Sample
two-loop Feynman diagrams contributing at leading colour are shown in Figs. 4.1

and 4.2. The colour decomposition of the W'~ L-loop amplitude is given by:
Aé‘L)(l'yv 2'&7 3g7 4d7 51/) 65) - \/56912/1/98 nL (Tag)iEZ AéL)(lfw 211) 3g7 4d7 51/7 66) ) (422>

where n = m.oy/(41), oy = g2/(47), m, = i(4n)e F, € = (4 — d)/2 is the
dimensional regulator, and 7 are the generators of SU(JV,) in the fundamental
representation, normalised according to tr(7°7") = §°°. We denote by e, gy and g,
the electron charge, the weak and strong coupling constants, respectively. The W*~j

amplitude can be further decomposed according to the source of photon radiation:

AW — [QuAgﬁf QA + (z @q) Agf;] Plsse)
q

+(Qy — Qa) {Aé,Le) + Aé,Lv)VP(S%)} P(s15)

(4.2.3)

where s;; = (p; —1—pj)2 and s, = (pi+p; +p1)?, Q. and Qg are the up- and down-quark

charges respectively, the sum runs over the quark flavours ¢, while:

1

P(s) = (4.2.4)

is the denominator factor of the W boson propagator. My, and 'y, are the mass

and decay width of the W boson, respectively. The sub-amplitudes Aéﬁ) in Eq. 4.2.3
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Figure 4.2: Sample two-loop Feynman diagrams for W*~j produc-

tion containing a closed fermion loop. Agg’n

theorem.

! vanishes due to Furry’s

are categorised as follows:

e AP the photon is radiated off the u quark;
. Aéi;: the photon is radiated off the d quark;
. Ag“v)vz the photon is radiated off the W boson;
. Ag’e): the photon is radiated off the positron;

. Aéﬁl): the photon is radiated off the internal quark loop.

We stress that the sub-amplitudes are not separately gauge invariant in the elec-

troweak sector. Using the relation [216]:

1
P(856)P<8156> = [P<S56) — P(8156)‘| (425)
5156 — S56
we can rewrite Eq. 4.2.3 as:
1 1
A?=Q4%ﬁ+%%k%@+@4&2—%%k@@
S156 — S56 S156 — S56

+(Qu — Qu) [Aé,@ — 14;@] P(s156) + <Z Qq> AL P(s56) , (4.2.6)

S156 — S56



4.2. Structure of the Amplitudes 101

such that the combinations of sub-amplitudes in the square brackets and Aé?q) are
the gauge invariant pieces. We further decompose the sub-amplitudes according to

their closed fermion loop contributions. At leading colour, we have:

A((i%z) = ]\70"481')71 )
AQ) = N2 + Nong A 42.7)

2 2),1
AG) = NAG,

)

where 7 = u,d, W, e, and ny is the number of massless quark flavours running in the
loop. We note that Aéﬁz) vanishes at tree level and one loop, while at two loops it

includes non-planar contributions, and thus will not be considered in this work.

The coupling of the W boson to fermions involves vector and axial-vector (V — A)
vertices in the form of v*(1 — ~5)/2. The massless fermion pairs that are coupled
to the W boson are connected to the external states and the V' — A coupling fixes
the helicity of the fermion pairs. Therefore, we only need to take into account the
vector coupling of the W boson to fermions when computing the helicity amplitudes.

The contributing helicity configurations are:
AP (15, 20,3;,44,5,.60)

We choose +++-—+ and —++——+ as the independent helicity configurations and focus
on them. We obtain the amplitudes in the other helicity configurations from the
independent ones by suitably permuting the external momenta and conjugating

space-time parity.
The sub-amplitudes A&Lu) and Aé’Ld) are related by:
ARl 28, 350 4q, 507, 620) = A (1047, 350, 28 50, 60) (42.8)

As a result, we can limit ourselves to computing the Aé’Ld) sub-amplitudes with the

following helicity configurations:
A (25,38 ,485,,61).
The independent helicity amplitudes for Aéﬁz are then obtained through:

AR(E 28 38 47,5, ,68) = AL (1F, 45,35, 25 ,5,,67) . (4.2.9)

The pole structure of the unrenormalised W'+ amplitudes in the HV scheme at

one and two loops is given by [23-26]:

Bo

P =25 () + o (4.2.10)
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. 3 2
P =21, (¢) (Ag” ﬁ“) +AL(e) + ﬁA SSBS + fl, (4.2.11)
€ €
where flél) is the unrenormalised one-loop amplitude divided by the tree-level amp-

litude. The I,(¢€) operator is given by:

N(e
N (2¢)

2€+ 8

Ly(e) = —;[1(6) [Il(e) + ﬁ:] + lﬁ 0 N

] L(2¢)+ HP(e), (4.2.12)

while the I;(€) operator is given at leading colour by:

[1(€> = _Nc

where N(e) = e“#/I'(1 — ¢€) and:

1 d C
(2) cusp E 70 cusp YA
H () = 1 {(2% +1{) = <2 + 4> + ﬁo (CF+ 5 )} (4.2.14)

The S-function coefficients and anomalous dimensions are tabulated in Appendix D.
We stress that the pole terms in Eqs. 4.2.10 and 4.2.11 include both the UV and IR
singularities. We then extract the L-loop partial finite remainder by subtracting the
poles PéL) from the unrenormalised partial amplitude AéL) and sending € to 0:
L : L L) 4(0
F >:11£% 4§ - PP AD] (4.2.15)

The finite remainder Fﬁ(L) follows the same decomposition as the unrenormalised
partial amplitude A" (see Egs. 4.2.3 and 4.2.7):

= [QuFG(,Iz;) + QdFéfi)} P(s56) + (Qu — Qa) [FGe + F6(V[)/P(556)} P(s156) ,
(4.2.16)
with:
Fﬁz NF6Z an(S(li)mfa

F® = N2 @ng | 2 (2md (4.2.17)
8 60 T Nenplg; " +nple; ",

where i = wu,d,W,e. We note that, although the bare sub-amplitudes A&) gl

2
and A((fi) " vanish, there are finite contributions to the finite remainders Fﬁ(vli)’nf

2
and Fé?’nf from the UV renormalisation and IR subtraction terms specified in
Eqgs. 4.2.10 and 4.2.11. As discussed below Eqs. 4.2.7, we defer the computation of

Fé?q), as it involves the non-planar integrals.

For the charge-conjugated process, i.e. pp — v.e” 7j, we consider the amplitudes for:

0 = Y(p1, h1) + d(pa, ha) + g(ps, hs) + u(ps, hy) + € (s, hs) + Ve(ps, ) ,
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which we denote by W™ 775 production. The amplitudes for W™ ~j production can
be obtained from the W'+  results through the following relation:

AP (1M 2% 37 an 57, 65) = | A (10 4F 3 27 65, 58) . (4.2.18)

ySd
(i) 1)
4.3 Amplitude Computation

In this section, we describe the computation of the two-loop W'+ amplitudes in
the leading colour approximation. To derive their analytic form, we closely (albeit
with certain departures) follow the framework adopted throughout Chapter 3 and
described extensively in Chapter 2. Crucially, apart from the techniques presented so
far, in this work we also make use of the the four-dimensional projector method [227,

228], which we will introduce soon.

Instead of computing the loop amplitudes using the full six-particle kinematics, we
detach the leptonic decay of the W boson from the amplitude and only compute the
W-production amplitudes. For the A and Aé 4 sub-amplitudes, the W- productlon

amphtude is a five- pomt amplitude Wlth an off-shell leg (denoted by A5 w /1.), while

for the A W and A6 . sub-amplitudes, the W-production amplitude is a four-point
amplitude with an off-shell leg (denoted by Al E

L L
Aé,u)/d(php27p37p47p57p6) = Ag,127d(p17p27p37p47pW) LA,u<p57p6) ) (431>
L L ~ e/W
Aé,e)/w(pl,pz,pg,p4,p5,p6) = A" (py, ps, pas ) LG (91,95 6) (4.3.2)

where py = ps + ps and Py = p1 + s + pe; L, (Lg#) is the decay current with
the photon emitted from the positron (W boson), and L, , is simply the Wt = vet
decay current. The QCD corrections affect only the W-production amplitudes AéLu)ﬁ d

and AQL)“ . We adopt the same decomposition for the finite remainders:

L
g (D1, D2 D3, Pas P, D6) = Fana(Prs D2 P3P Pw) La (P, o) (4.3.3)

L ~ e/W
Fé,eiw(pl,p%p&m?p&pe) = F{"" (o, pas pas ) LY (01,15, D6) (4.3.4)

In the next subsections, we discuss the computation of Féfi)“ and F4(L)” . We recall

that Féi) can be obtained from FG(Z) through the amplitude-level relation given in

Eq. 4.2.8, which we rewrite here for the finite remainders:
Fel a2k 3k 4y 50 60y = B (10 45,30 2 5, 610). (4.3.5)

We begin by describing how we parameterise the kinematics. Next, we discuss how

we decompose the W-production five- and four-particle amplitudes, in Sections 4.3.2
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and 4.3.3 respectively, using the projector method. Section 4.3.4 is devoted to
the finite-field setup which we use to reconstruct the analytic expressions of the
finite remainders as linear combinations of rational coefficients and monomials of
independent special functions. In Section 4.3.5, we present a strategy which allows us
to simplify dramatically the expressions of the coefficients. Finally, in Section 4.3.6 we
discuss how our analytic results for the minimal set of independent finite remainders
can be used efficiently to evaluate numerically all the contributions to the squared

finite remainder summed over helicity and colour.

4.3.1 Kinematics

In this section, we describe the kinematics of the process W*+j in Eq. 4.2.1. All the

external momenta p!' are massless:
pi=0 Vi=1,...,6, (4.3.6)

and taken to be outgoing, so that momentum conservation is:

6
> pi=0. (4.3.7)
=1

We consider the external momenta p!' to live in a four-dimensional Minkowski space.

As a result, there are eight independent scalar invariants, which we choose as:

S¢ = {312> 523, 534, S45, S565 S165 5123, 3234} . (4-3-8)

We also use the pseudo-scalar invariant trs, defined in Eq. 3.2.6, which captures the

parity information of the phase space.

Only a subset of these invariants are relevant for the computation of Aéil)“ , which
has five-point kinematics with an external massive particle. We choose the following

independent five-point scalar invariants for computing Aé’Ld) =

—

S5 = {512, $23, 534, 5123, 5234, 356} ) (4-3-9)

together with trs. Even fewer variables are relevant for AE;L)“ . Since the latter has
four-point kinematics with an external massive particle, no pseudo-scalar invariant
can be formed and it is thus independent of trs. Moreover, it depends only on three
of the scalar invariants in §5. Nonetheless, we view it as a function of S5 in order to

have a homogeneous setup.

When attaching the W-boson decay currents (L, , and LeB/LV) to Agg“ and A" (see

Egs. 4.3.1 and 4.3.2), we find it convenient to describe the massless six-point kinemat-
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ics using a parametrisation based on MTs. We adopt the following parametrisation

(see the discussion in Section 2.5):

L' O vy vy w3 Yy
01 1 1 1
7 = - , (4.3.10)
00 0 972 Tg 1
00 1 1 =z 1-— i—i

where we used the short-hand notation y; = 2321 Hi=1 i The eight MTs z; are

related to the external momenta through:

tro (1234 tr, (1345 tr, (1456
Ty = S12, T2 = _7@( ) ) T3 = _7@( ) ) Ty = _7@( ) )
519534 S45513 514556
Ty = y Lg = y L7 = y g = —,
S12 512515 815523 512
(4.3.11)

with try (ij---kl) = tr((1 + 75)pipj P, p,)/2- Note that the MTs w; in general
transform in a non-trivial way under space-time parity. We implement the action
of parity on MT expressions as a change of MTs which leave unchanged the scalar
invariants and flips the sign of tr5. The definition of the parity-flipped MTs can be
obtained by trading tr, for tr_ in Eqgs. 4.3.11.

4.3.2 Structure of the five-particle W-production

amplitudes

I

We decompose the five-point W-production amplitude Aé? using the external

momenta (py, pa, P3, P4) as the spanning basis:

L L L L L
A = plal” + phal” + phas? + phaf . (4.3.12)

(L)

The coeflicients a;” can be obtained by inverting the system of equations:

4
=3 (A‘l)ij AL (4.3.13)
j=1
where:
ALY =pi- AL (4.3.15)

The contracted amplitudes flg;) are computed by first generating the five-point

process with an on-shell W boson, followed by replacing the W-boson polarisation
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vector by the four external momenta in the spanning basis, (py, P2, p3, ps). We then
apply tensor decomposition, taking into account the four-dimensional nature of the
external states as proposed in Refs. [227,228], to express each contracted amplitude

fléﬁ) as a linear combination of 8 independent tensor structures {7}}5_,:
AL =310l (4.3.16)

where:

= w(pa)p,v(P2) P2 - €(P1,q1) P2 - €(P3, G5
= u(pa)p,v(P2) P2 - €(P1, @1
Pa)Pp,v(P2) Pa-€(P1, 1

)P, v(p2) P2 - €(pr, 1) P2 - €(p3. 3)
)P, 0(p2) P2 - €(pr, 1) pa - €(p3. 3)
)p,v(p2) pa - €(P1,q1) P2 - €(p3,a3)
PP, v(P2) a1, @1) Pa - £(P3, G3) (4.3.17)
)p,v(p2) o - €(P1,q1) P2 - €(p3,q3)
)P,v(p2) P2 - €(P1,q1) Pa - €(p3,a3)
)P,0(p2) pa - €(pr, 1) P2 - €(p3: 43)
)P,0(P2) Pa - €(pr, 1) pa - €(p3. 3) -

*€(P3, 43
*€\P3, 43

D2 - E\P1, 1 *€(P3, 43

D2 - E\P1, 1 *€(Ps3, 43

= u(pa)P,v(P2) Pa - €(P1, 1) P2 - €(P3, q3

= U(pa)P,v(P2) Pa - €(P1, 1) P1- €(P3, q3

Here, ¢, and ¢z are arbitrary reference vectors for the photon and the gluon polar-

isation states, respectively. We set ¢; = p3 and ¢3 = p; throughout our computation.
(L

The tensor coefficients O‘i,j) can be obtained by:

L - T(L
a =3 (0 1>]~k SoTIAL, (4.3.18)
k=1 pol
where:
Oy = T\T;. (4.3.19)
pol

The gluon and photon polarisation sums follow from Eq. 1.1.12. We also specify

the helicity states of the spinors and polarisation vectors in the tensor structures
8 .
{T}5=

Tyt = q(p,, ha)p,v(pa, ha) pa - €(p1s qus ha) P2 - €(p3, g3, )
T2h1h2h3h4 = u(ps, h4)$7’1”(pz, hs) o - €(p1, @1, ha) P - €(p3, 43, h3)
Tghlhghgml = U(pa, h4)p1”(p2, he) pa - €(P1,q1, ha) P2 - €(P3, a3, hs)
Ty = G(py, ha)p,v(Da, ho) pa - €(pr. @1, b)) pa - €(p3, 3, ha) (4.3.20)
Tinhehsha — gi(p,, ha)pgv(D2; ha) P2 - €(D1, a1y ) 2 - €(Ds; 43, s)
T = i(py, ha)p,v(pa, ha) P2 - €(Pr, @ b)) pa - (P, a5, )
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T7h1h2h3h4 = u(ps, h4)p3v(p2, ha) pa - €(p1, @1, 1) pa - €(P3. g3, h3)

TS}Llhzh3h4 = l_L(p4, h’4)¢3fu(p2a h2) Ps- 5(P1> a1, hl) Ps- €<p37 4s, h’3> >

from which we obtain the contracted helicity amplitudes:

8
F(L)hyhohshy hyhohsh. -1 A(L)
AS,Z‘ 1hahghy Z le 2M3 g (@ )jk'AE’vki’ (4.3.21)
3,k=1
with:
AL =S T AL (4.3.22)
pol

We carry out the same decomposition for the five-particle finite remainder Féfi)“ ,

arriving at the following formula for the contracted helicity finite remainders:

8
F(L)hyhohghy hihohshy (-1 ~(L)
F5,z‘ 1hohshy Z T] 3 (@ )jk f5,ki7 (4323)
Jik=1
where:
(L B
F=Y"Tlp, F5". (4.3.24)
pol

As discussed in Section 4.2, the independent helicity configurations which we need
to compute are:
AL A4 +— (L), —F+— (L) A=+ FH(L),——++
(B B0 B B (4.3.25)
We note that it is possible to compute directly the contracted finite remainders Féf)
without specifying the helicity states. In our setup, however, such a computation

would lead to more complicated analytic expressions as compared to the results

obtained for the contracted helicity amplitudes.

4.3.3 Structure of the four-particle W-production

amplitudes

The four-particle W-production amplitude AiL)“ has been computed in the context

of W + 1j production at the LHC (¢¢ — Wg) [214], which is a crossing of the

ete”™ — qgg amplitude [229]. In our case, it is convenient to express AflL)“ in terms

of the same special function basis as Aé%d)“
of the different contributions to the full amplitude. We therefore re-derive the AL(LL)“

amplitude using our computational framework. We decompose the AL(LL)“ amplitude

. This guarantees a uniform combination
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using the following tensor structures [229]:

A (Do, ps, pa) i:bL (4.3.26)
where:
VI = u(pa)p,v(pa) €3 - paph — p3 - pat(pa)¢sv(p2) Ph
— (P2 pa+ s pa) [U(P2)P,v(p2) € — (pa)E5v(p2) 1
i = ap)pyv(pe) €5 paps — py - pat(pa)sv(po) Pl
— (P2 s + 13 - pa) [W(pa)p,0(p2) €5 — Wpa)¢50(p2) 5] |
V5" = u(pa)p,v(ps) €5 - p4p2 3 - Pat(pa)#5v(p2) Pa
— (P2 ps + 2 - pa) [ <p4>p3v<p2> e — t(pa)¢50(p2) 1] (4.3.27)
Vi = u(ps)p,v(pa) €3 - P2 P — P2 - p3 U(pa)#5v(p2) Pl
Y3 = u(pa)p,v(p2) €3 - P25 — P2~ 13 U(p4)¢3v(pz)péf,
Y = u(pa)p,v(pa) €3 - paph — pa - paulpa)gsv(p2) Ph

Y =ps- p4u(p4 v(p2) €5 - P2 — p2'p3@(P4)’Y“U(p2)53'p4

ola
)[ Pa)pyv(p2) €5 — (p4)¢gv(p2)p§} :

The coefficients bEL) can be determined through:

b =3 (), AL (4.3.28)
J
where:
=S VMY, (4.3.29)
pol
AL =S ypral). (4.3.30)
pol

The gluon polarisation sum follows from Eq. 1.1.12. We note that the tensor struc-
tures in Eq. 4.3.27 are different from the ones employed in Ref. [229]. Here, we start
from 12 tensor structures that are linearly independent in 4 dimensions [227,228] and
reduce them to 7 by imposing Ward identities. Since Az(lL)“ is a four-point amplitude,
it does not depend on trs. For the sake of uniformity, we express it in terms of
the ﬁve point Mandelstam invariants S5, Eq. 4.3.9. In contrast to the computation
of A5 4 » here we derive the contracted amplitudes A4  directly without specifying
the helicity states, since the four-point computation is relatively simple. The heli-
city states for the tensor structures Y;f are specified when the decay currents are

attached, following Eq. 4.3.2. Once again, we perform the same decomposition on
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)

the corresponding four-particle finite remainder F; 4(L #_ The resulting formula for the

contracted finite remainders is:
A =Sy MR (4.3.31)

dp
pol

4.3.4 Amplitude reduction and analytic reconstruction

In this section, we present the analytic computation of the contracted five- and four-
particle finite remainders, Féﬁ)’hlhgh?’h“ Eq. 4.3.23 and Fﬁ) Eq. 4.3.31 respectively,
at one and two loops. We adopt the framework used in Chapter 3 based on Feynman

diagrams and functional reconstruction from numerical sampling over finite fields.

In order to use the finite field technique, we need to have a rational parametrisation
of the kinematics. However, just as in Chapter 3, the pseudo-scalar invariant try
in the five-particle kinematics leads (through Eq. 3.2.7) to the appearance of the
square root v/As. This issue may be dealt with in two ways: either parameterise the
kinematics to explicitly rationalise v/As, or parameterise the finite remainders such
that the dependence on try is analytic and so it never enters the computations within
finite fields. In the previous chapter, we followed a mixed approach. On one hand,
trs which captures the parity information of the coefficients in the finite remainders
was explicitly rationalised using MTs. On the other hand, trs; which appears in the
overall prefactors of the canonical MIs was normalised away and restored at the end

of the computation.

Here, we do not rationalise trs using MTs. Instead, we organise our workflow such
that the dependence on trj is fully analytic. Note that trs can enter the computation
in three distinct ways. First, it can originate from the 75 in the axial coupling of the
W boson. As discussed in Section 4.2, we set up the computation so that only the
vector coupling of W is used. Second, while it is still true that we need trs to capture
the parity-odd part of the spinor-helicity expressions, it enters the contracted helicity
finite remainder in Eq. 4.3.23 only through the spanning basis elements T;Llh?h‘?’h“,
which are known analytically and do not need to be reconstructed over finite fields.
Finally, trs present in the definitions of the canonical MIs is normalised away just as
in Chapter 3'. With this setup, the only parts of the contracted finite remainders
which need to be reconstructed are rational functions of the scalar invariants s5 only,

and can thus be sampled numerically over finite fields.

Tn addition to v A, the overall prefactors of the canonical MIs contain other square roots,

A:(;) for i = 1,2, 3, which we also normalise away and restore afterwards [98,121]. We have already

seen two of them in Eq. 3.3.4. Here, the third one is needed: Ags) = 2\/(p13 - ps)® — pEsys.
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The starting point of our computation is the expression of the W-production five-
and four-particle amplitudes, A # and A( , in terms of Feynman diagrams. Using
QGRAF [35] we find 20 dlagrams for A5 d1“ 231 dlagrams for A( ) " 32 diagrams
for A , 7 diagrams for A Ras , 74 diagrams for A4 - and 13 diagrams for
A(2 s “ We want to obtain analytic, IBP-compatible expressions for the contracted
amplitudes, A5 y Jhahahsha o nq /L(fi). For the four-point amplitude AEIL)” , we apply the
projectors and sum over all polarisation states as in Eq. 4.3.30. For the five-point
amplitude Aé@” , we contract by the external momenta and apply the projectors, as
in Eqgs. 4.3.15 and 4.3.22, respectively. We then rewrite the resulting expressions in
terms of scalar Feynman integrals belonging to the 15 maximal topologies shown
in Fig. 3.3. We carry out all these operations analytically using Mathematica
and FORM [184, 185] scripts. As a result, we obtain analytic expressions for ﬂéﬁ-)k,
Eq. 4.3.22, and A4Z , Eq. 4.3.30, as linear combinations of scalar Feynman integrals
with rational coefficients functions of s5. In order to obtain the contracted helicity-
amplitudes fléLi)’hthhBh“ from the flg?k’s, we further need to multiply by the spanning
fuhahsha and by the inverse of O, as shown in Eq. 4.3.21. We do

these operations (including the inversion of ©) numerically within the finite field

basis elements T

framework.

We reduce the scalar integrals to the canonical MIs identified in Ref. [98], which we
modified so as to re-absorb the square roots. We generate the IBP relations [65]
using LiteRed [29] in Mathematica, and solve them numerically over finite fields
using the Laporta algorithm [230] through FiniteFlow’s linear solver. We then
perform a Laurent expansion of the rational coefficients around ¢ = 0, and map the
canonical MIs onto square roots and the special function basis of Ref. [182] up to the
required order in e. We label the special function basis by {f,}. We truncate the e
expansion at order € at one loop and at order € at two loops. Finally, we subtract
the UV/IR poles as in Eq. 4.2.15 and define the contracted finite remainders:

FS(L) Pulahsha _ gluhahshs $ {q&mmm (8) + trg rlahahats (~5)} mon, (tr5, /AD, {fk}) ,
j

=Dt (5) mon; (trs), VaP, {fk}) , (4.3.32)

where mon;(z,y,...) denotes monomials in x,y, ..., while qh h2h3h4, r}fjh2h3h4
t; ; are rational functions of s5. Note that we pull out from the five-particle finite

1,]
hyhyhsh
remainders an arbitrary phase factor ®5'""™

1h2 hshy h hz hshy

and

carrying all the helicity weights, so

that the coefficients g; ; and 7;; are scalar and hence functions of 5j
only. We recall that the helicity conﬁguration is assigned to the four-particle finite
remainders when attaching the decay current, as discussed in Section 4.3.3. The

cancellation of the poles at this stage provides a robust check of the result prior to
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the rational reconstruction. Furthermore, it typically leads to simplifications which
make the finite remainders easier to reconstruct than the bare amplitudes. This

chain of operations is implemented in FiniteFlow.

Finally, we need to reconstruct the rational coefficients of the contracted finite
remainders from their numerical values. Following Refs. [1,182,187,194], we perform
a number of optimisations to reduce the number of required sample points. We follow
the strategy outlined in Ref. [187]. First of all, we set s15 = 1. We recover the analytic
dependence on s;5 a posteriori through dimensional analysis. Then, similarly to the
workflow outlined in Section 3.3, we fit the Q-linear relations among the rational
coefficients, and solve them so as to express the most complicated coefficients in
terms of the simplest ones. Third, we perform the matching of remaining coefficients
with an ansatz of factors on a random univariate phase space slice modulo a large
prime number. Contrary to the ansatz presented in Eq. 3.3.5, here we do not need
to include phase-dependent spinor structures. For this set of amplitudes, we find the

following ansatz sufficient:

{312 y 823 5 S34 5 S23 1 S34, 523 — S234 , 5234 — S34, 5123 — S56 , 5234 — S56, 512 — S123 1 S23 5

S12 + S234 — 534, S23 — S234 + 534, S12 1+ S234 — S56, 512 — S123 — S34, 51235234 — 523556
S12 — S123 t+ S23 — S34, S123 — S23 + S234 — S56, 512 T S234 — S314 — Ss6

S125234 — S1235234 + 5235234 — 5234534 + 534556

S125934 — 512352314 — S934534 T S03556 T 534556 » 125234 + Sh34 — 934534 — 5934556 T 534556 »
5125123 1 51235234 — 5123534 — 512556 — 523556 5 5125123 — 5%23 — 5123534 — 512556 T 5123556
Sta — S125193 + S125934 — S1235934 — 2512534 + 5123534 — So34534 T S34 + 523556

2
512823 — 5125234 + 5235234 — 5234 — 523534 1+ S234534 — S23S56 T 234556 — S34556

A (512, 534, S56) » A (5235 514, S56) 7tr§}7

(4.3.33)

where )\ is the Kéllen function:
Aa,b,c) = a® +b° + ¢* — 2ab — 2bc — 2ca. (4.3.34)

Just as in Chapter 3, we are able to determine entirely the denominators of the
rational coefficients, as well as some of their numerators. In Table 4.1, we show the
impact of this strategy on the highest polynomial degrees of the rational coefficients
which need to be reconstructed for the five-particle contracted finite remainders.
Note that we process all helicity configurations of the five-particle finite remainders

simultaneously, but for the n(} ones we separate the contractions by the external mo-
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‘ S19=1 ‘ linear relations ‘ factor matching

A bahals wigh = 1,2 44/44 41/40 41/0
L R 48,47 42/42 42/0
~;i)7nfh1h2h3h4 with ¢ = 1,2,3,4 39/38 26/24 26/0

Table 4.1: Maximal total polynomial degrees of the rational coeffi-
cients of the contracted two-loop five-particle finite remainders at
each stage of the optimisation procedure for the finite field recon-
struction, in the form: numerator/denominator. The coefficients
are functions of the five scalar invariants {sss3, S34, S123, S234, S56 }
(s12 = 1). The independent helicity configurations Eq. 4.3.25 are
processed simultaneously, while the contractions by the external
momenta for F, éi)’lhlhgh?’h“ are separated into two subsets to reduce
the memory usage.

menta into two subsets, {p;, p2} and {ps, p4}, to reduce the memory usage. After this
optimisation is done, the rational coefficients are reconstructed using the multivariate
functional reconstruction algorithms implemented in FiniteFlow (see Section 2.6.2).
Note that in contrast to Chapter 3, here we do not find it necessary to perform the

univariate partial fraction decomposition prior to reconstruction.

4.3.5 Simplification of the rational coefficients

The resulting analytic expressions of the rational coefficients of the finite remainders
are rather bulky. The standard approach to simplify them relies on partial fraction
decomposition, either multivariate [188-192,231,232] or univariate with respect to
a suitable variable [1,182,187,233|. For the rational coefficients of the four-point
finite remainders, ¢, ;(55) in Eq. 4.3.32, we achieve a satisfactory simplification
by performing a multivariate partial fraction decomposition with the Mathematica
package MultivariateApart [192], enhanced by Singular [234] for the computation
of the Grobner bases.

The rational coefficients of the five-particle finite remainders are instead substantially
more involved. In order to simplify them, we look for a parametrisation of the five-
particle kinematics leading to more compact expressions than the scalar invariants
S5 Eq. 4.3.9. We investigate how the complexity of the expressions varies when using
different MT parametrisations. The pseudoscalar invariant trs is given by a rational
function in terms of MTs, and we can thus add up the two terms of the coefficients
of the special function monomials:

(QZ}hgh?’M (85) + trs T2§h2h3h4 (§5>)

= yJ1hesha (7)) (4.3.35)
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where by 7 = {#;},_; ¢ we denote generally the independent MTs. In particular,

we consider the parametrisation proposed in Ref. [1]:

try (1234
1 = 812, 22:—2(8)7
12534
tr+(1341(5 + 6)2) S93
_ ’ == 4.3.
s s13 T4 (14(5 4 6)2) - 512 (4.3.36)
Z (12 +3)A+5+6)(5+6)23) L S
T So5 tr_(1(5 4 6)23) ’ 07 sy

In previous applications, such a parametrisation has been used globally, i.e. in all
amplitudes/finite remainders irrespective of their helicity configuration. We find
that this approach does not perform well in this case, and does not lead to a major
simplification in comparison with the expressions in terms of scalar invariants s5 and
trs. The rational parametrisation has the effect of breaking some symmetries in the
kinematic quantities, which results in some configurations being simpler than others.
There is no reason for the parametrisation to be a global choice, and here we exploit

this fact and consider different parametrisations for each helicity configuration.

In practice, we consider all parametrisations which are obtained by permuting the
massless momenta on the right-hand side of Eqs. 4.3.36. For each helicity config-
uration, we determine which permutations of the parametrisation lead to the most
compact expression of the finite remainder at one loop. We then use them at two
loops and select the one which results in the simplest expressions. We perform the
change of variables over finite fields within the FiniteFlow framework, and measure
the ‘simplicity’ of the rational coefficients in terms of their numerator/denominator
polynomial degrees, which can be determined without reconstructing the coefficients
in terms of the new variables. Once the ‘best’ parametrisation s5 = §5(2) is chosen for
each helicity configuration, we reconstruct the analytic expression of the coefficients
in terms of the new variables 2. For this purpose, we make use of the finite field
algorithm for univariate partial fraction decomposition presented in Refs. [182,187].
We choose the variable to partial fraction with respect to so as to minimise the
polynomial degrees of the separate terms of the decomposition. Breaking down the
coefficients into univariate partial fractions simplifies the subsequent multivariate
partial fraction decomposition, which we perform using MultivariateApart [192]
enhanced with Singular [234]. We apply it to each term of the univariate partial
fraction decomposition separately, which is convenient as each term is by itself much
simpler than the full coefficient. This is possible because MultivariateApart’s al-
gorithm commutes with summation by design. The spurious poles introduced by the
univariate partial fraction decomposition therefore cancel out after the multivariate

partial fraction decomposition. In summary, our algorithm for the simplification of
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the rational coefficients of the five-particle finite remainders is the following:

1. Try all permutations of a given M'T parametrisation on the one-loop expressions

and select a few which lead to the lowest polynomial degrees.

2. Apply the parametrisations selected at step 1 on the two-loop rational coeffi-

cients and choose the one which leads to the lowest polynomial degree.

3. Decompose the two-loop coefficients in terms of the new variables into uni-
variate partial fractions with respect to the variable which leads to the lowest

polynomial degrees in the separate terms.

4. Decompose into multivariate partial fractions the separate terms of the uni-
variate partial fractions using the algorithm of Ref. [192], and sum them up

cancelling the spurious poles.

In hindsight, the first three steps could have been implemented prior to the original
reconstruction in Section 4.3.4. We did not attempt this approach, because we did
not need any further optimisation to reconstruct the coefficients of the W-production
five-particle finite remainders. However, we believe that this strategy may be useful

in future applications.

We apply this procedure separately on each of the helicity configurations, leading
to different parametrisations for each of them. The resulting expressions for the
coefficients are remarkably more compact than the original ones in terms of the scalar
invariants §5. For the most complicated finite remainder, we achieved a compression
in the file size of more than two orders of magnitude. The evaluation time of the

rational coefficients is similarly improved.

4.3.6 Numerical evaluation and permutations of the

amplitudes

In order to obtain the values of all the amplitudes in all the possible scattering chan-
nels, we need to evaluate the minimal set of independent objects we reconstructed
for different permutations of the external momenta (see e.g. Eq. 4.2.8 for an explicit
example). In this subsection, we discuss how we implement this operation in an

efficient way at the level of the numerical evaluation.

We denote a generic permutation of the external momenta by:

0 = (0109030,050¢) , (4.3.37)
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where the o;’s take distinct values in {1,2,3,4,5,6}, such that the action of o on an

external momentum is given by:
0 0P = Po, - (4.3.38)

Not all Sg permutations of {1,2,3,4,5,6} are needed for this application. The re-
quired permutations belong to the subset S, x Z,, i.e. they are obtained by composing
an S, permutation of {py, py, p3, P4} and a Z, exchange of {ps, ps}. In particular, ps
and pg need to be exchanged in order to obtain the W™~ amplitudes according to
Eq. 4.2.18. Only the S, permutations are relevant for the W-production amplitudes
(and hence for the special functions), since ps and pg enter them only in the sum
ps + pg (see e.g. Egs. 4.3.1 and 4.3.2). The Z, exchange is relevant only for the

leptonic currents (L4, and LeB/LV), which are rational functions.

Given a generic amplitude/finite remainder A, function of the external momenta

{p;}, we define its permutation o as:

(00 A){p}) =A{oop}) . (4.3.39)

In other words, we can obtain the value of the permuted amplitude by evaluating
the amplitude in the original orientation of the external momenta at a permuted
phase space point. While this operation is trivial for the rational functions, it is
in general very subtle for the special functions. The reason is that a permutation
in general maps the phase space point to a different scattering region. This would
require a complicated analytic continuation, since the special functions have a very

intricate branch cut structure.

One way to overcome this problem is to evaluate the special functions numerically
using the generalised series expansion method [141], implemented in the public
Mathematica package DiffExp [142], as done in Chapter 3. Within this method,
the analytic continuation can be carried out systematically. However, this approach
requires that, for each phase space point where we want to evaluate the permuted
amplitudes, we evaluate the special functions at as many points as the number of

needed permutations.

For phase space points in the physical scattering region, we can adopt a much more
efficient evaluation strategy: we use the C++ package PentagonFunctions++ [121],
which allows us to evaluate in the physical scattering region a larger basis of special
functions, named ‘one-mass pentagon functions’. We denote them by {g;}. For this
purpose we translate the MI function basis { f;} of Ref. [182] (see Section 3.4) to the

one-mass pentagon function basis {g;} implemented in PentagonFunctions++. The
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translation takes the form:
fi= sz‘j mony ({gk;}) ) (4-3-40)
J

where w;; € Q, and the sum runs over all the required monomials of the one-mass
pentagon functions {g; }. We obtain the transformation rules Qq. 4.3.40 by matching
the expressions of the MIs in terms of special functions given in Ref. [182] with that
of Ref. [121]. The advantage of the one-mass pentagon functions with respect to
the function basis {f;} or Ref. [182] is that their evaluation through the package
PentagonFunctions++ is extremely efficient, and their design allows us to generate
the values of all S; permutations of the functions from those at the unpermuted
phase space point. The one-mass pentagon function basis {g;} is in fact closed under
S, permutations. This means that, for any o € S;, we can express the permuted
one-mass pentagon functions evaluated at a given phase space point as a combination

of the unpermuted pentagon functions evaluated at the same point:

(070 9:) (35, tx5) = > 5 mon; [{gy (55, tx5)}] (43.41)

J

(o
ij
of clarity. These transformation rules are provided in Ref. [121]." This strategy is

where %\7) ¢ Q, and we spelled out the dependence on the kinematics for the sake
advantageous because it minimises the number of evaluations of the special functions,
which is the most time-consuming step in the numerical evaluation of the colour and

helicity summed squared amplitudes.

It is worth highlighting the special behaviour of the pseudoscalar invariant trs in
this chain of operations. In the physical scattering regions, the reality of the mo-
menta implies that tr2 < 0. In other words, trs is purely imaginary. The library
PentagonFunctions++ always assumes that Im [tr5] > 0. The sign of trs, however,

may change upon the action of an odd-signature permutation:
o o trs = sign(o) trs (4.3.42)

or space-time parity. The values of the one-mass pentagon functions for a negative
imaginary part of trs; can be obtained by flipping the sign of a subset of functions

specified in Ref. [121]. In our setup, however, we do not need to do so. As discussed

"Note that Ref. [121] has a different labelling of the external momenta. Moreover, the package
PentagonFunctions++ works in a specific physical scattering region (the s, channel using the
notation of Ref. [121]). A relabelling and a further permutation of the momenta are required to
use PentagonFunctions++ in the scattering region relevant for our application. We implemented
these operations in the Mathematica evaluation script provided in the ancillary files, and refer to
the original work, Ref. [121], for a discussion of how to use PentagonFunctions++ in a physical
region different from the default one.
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in Section 4.3.4, we reduce the amplitudes to manifestly scalar Mls, and group
together the special functions and the square roots arising from the definition of the
canonical MIs. As a result, the monomials of special functions and square roots in
the finite remainders Eq. 4.3.32 are scalar as well. Any sign change in the pentagon
functions due to permutations or space-time parity is therefore compensated by that
of the accompanying factor of try, and we can thus evaluate both with a value of
trs such that Im [tr5] > 0 — as by default in PentagonFunctions++ — regardless of
the permutations or space-time parity. We must only keep track of the sign of trs in
the rational coefficients (see Eq. 4.3.32), which enters our final expressions for the
five-particle finite remainders through the values of the MTs, and is determined by
the values of the external momenta through its definition Eq. 3.2.6. The same holds
for the other square roots in the problem, \/@ , which appear only in the special
function monomials. The polynomials Az(f) are positive in the physical scattering
regions. We adopt the convention of Ref. [121] that their square roots are positive,
\/@ > 0, as done in PentagonFunctions++.

In conclusion, we reconstruct the analytic expressions for the minimal set of independ-
ent finite remainders, and generate the values of the remaining ones by permuting
the former at the numerical evaluation stage. We do this by evaluating the rational
coefficients at permuted points, whereas we obtain the values of all permutations
of the special functions from the values of the functions at the original phase space
point only. This allows us to minimise the amount of analytic data, whose size may

otherwise become problematic, and at the same time evaluate the results efficiently.

4.4 Validation

In this section, we discuss a number of validations performed on the analytic results
derived in this work. First, let us remind the reader that the quantities that we
reconstructed analytically are the L-loop finite remainders, where the UV and IR
poles contained in the L-loop bare amplitudes are cancelled by the pole terms
according to Eq. 4.2.15. These pole cancellations already provide a strong consistency

check of our calculation. In the following subsections, we present further checks.

4.4.1 Comparison against full six-point computation

In order to verify the analytic expressions obtained by detaching the leptonic decay
current as described in Section 4.3, we cross-check them against the helicity amp-

litudes obtained by computing the six-point process directly using a framework that
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has been applied to the computation of several two-loop amplitudes [1,187,235,236].
We perform the full six-point computation numerically using the MT parametrisation
Eq. 4.3.11 by assigning rational values to the variables x4,..., x5 in the coefficients
and treating the special functions symbolically. We derive numerical results for all
the sub-amplitudes — Aéit), Aé,Ld) : Aéﬁ,)v and Aéﬁg — in all four contributing helicity
configurations. We find full numerical agreement between the two approaches. This
provides a further robust check of our analytic computation, where we derived ana-
lytic expressions only for the independent helicity configurations and obtained the

remaining ones by complex conjugation and permutation of the external momenta.

4.4.2 Gauge invariance

The gauge-invariance structure of the W*vj amplitude is slightly complicated by
the different sources of photon emission, as discussed in Section 4.2. The individual
sub-amplitudes (Aé? with i = u,d, W, e) are not separately gauge invariant in the
electroweak (EW) sector. Only linear combinations of them, defined in Eq. 4.2.6,
are. We rewrite them here for convenience:

1 1 1
A ¢ AD 40 AL A® AW } '
{ % S156 — S56 oW 6.d S156 — S56 oW ® S156 — S56 oW
(4.4.1)

We verify explicitly that these combinations satisfy the EW Ward identity by repla-
cing the photon polarisation vector with its momentum (¢(p;) — p;) and checking

that the resulting expressions vanish.

The QCD Ward identity (performed by replacing the gluon polarisation vector
with its momentum, e(p3) — p3), instead, is already satisfied by the individual

sub-amplitudes. We checked this explicitly as well.

We further demonstrate the gauge invariance by evaluating the helicity amplitudes
using two different sets of reference momenta for the photon and gluon polarisation

vectors (¢; and ¢3), finding perfect agreement.

4.4.3 Renormalisation scale dependence

Similarly to Section 3.5.2, we restore the renormalisation scale dependence of the

L-loop finite remainders by adding to them the terms:

SE (1) = 5 A 10g (1) (14.2)
SE" (1) =~ A0 log (1) (14.3)



4.4. Validation 119

1813 11 11 121
5E9Jof)=kgw%{< 79+8@)A9+-2E9‘uﬁ~%A?kg%fx

216 36 24
(4.4.4)
5@%%ﬁF%%ﬂK§—g}@—émm+§éwmﬁ—E£M@W%
(4.4.5)
2} [ 2 o) 10 0 (1) L ), 2, 2
M%f@)ﬁ%WﬁW%LJ%fﬂ%+{waM% (1.46)

The dependence on the external momenta is understood. We then verify that the
p-dependent finite remainders satisfy the correct scaling relations by evaluating them

at two phase space points and checking the relation Eq. 3.5.13.

4.4.4 Tree-level and one-loop checks

We validated the tree-level and one-loop amplitudes derived in this chapter against
the results available in literature. For the tree-level amplitude, we compared our heli-
city amplitudes against the analytic results presented in Ref. [216] and additionally,
for the full colour tree-level squared matrix elements, against Madgraph5 [207] for
both processes WT~j and W™ vj. As for the one-loop amplitudes, we compared our
results against the leading colour contributions of the W*~j amplitudes presented
in Ref. [216]. In all cases we find perfect agreement. We would like to point out that
our choice of reference vectors for the photon and the gluon is different from the one
used in Ref. [216]. For this reason, we compared the gauge invariant combinations of
sub-amplitudes shown in Eq. 4.4.1. This check therefore further validates the gauge

invariance of our result.

4.4.5 Four-point amplitude comparison

We performed a cross check of the four-point amplitudes AELL)“ which contribute to
the sub-amplitudes Aéﬁ,)v and Aé]fe) against the results provided in Ref. [214] for the
scattering process q¢ — Vg. In Ref. [214], analytic results are presented for the
helicity coefficients which are linear combinations of the form factors bEL) in Eq. 4.3.26,
evaluated at p? = s934. In order to enable a direct comparison for the one- and
two-loop leading colour finite remainders, we recomputed the AELL)” amplitudes in
Eq. 4.3.26 using the tensor structures employed in Ref. [214]. Since we compute the
finite remainders with [LQ = 1, we obtain the results at ,u2 = S934 Using the formulae
to restore the dependence on p shown in Section 4.4.3. We obtain perfect numerical

agreement for the helicity coefficients. We further check that the four-particle finite
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F, 4(L)“ computed using the tensor structures of Ref. [214] match the ones

remainders
we derived using the tensor structures defined in Section 4.3.3 after contracting them

with the decay currents according to Eq. 4.3.4.

4.5 Results

The analytic expressions for the five- and four-point contracted amplitudes (flé?

and flfﬁ-)), at one and two loops, together with the decay currents (Ly4 ,, L, LJVBV,;L)
and the relevant projection matrices (A, Eq. 4.3.14 and Q, Eq. 4.3.29) are provided
in the ancillary files of Ref. [2]. The amplitudes are presented as linear combinations
of independent rational coefficients that multiply a monomial basis of square roots

and special functions.

We confirm the observations pointed out in Section 3.4 about the cancellation of the
pentagon functions involving certain letters [1,182,233]. Once again, we observe that
the functions involving the letters {Wyg, Wy7, Wor, Wag, Wag, Wy} (in the notation of
Ref. [98]) are present in the contributing integrals but drop out from the amplitudes
truncated’ at order ¢’ and that the functions involving the letter W,y = trs are
present in the amplitudes and drop out from the finite remainders. It is worth noting
that these cancellations occur already at the level of the separate sub-amplitudes Aé?

and sub-finite remainders Fég), and not just for their gauge-invariant combinations.

The ancillary files of Ref. [2] include a Mathematica script to demonstrate the as-
sembly of both the W~ and W~ ;5 amplitudes, and to perform the numerical evalu-
ation of the finite remainders at a given kinematic point. We evaluate the special func-
tions in the physical scattering region using the package PentagonFunctions++ [121],

as discussed in Section 4.3.6. We use the following configuration of momenta:

—py — Ps — D1+ D3+ D5 + De (4.5.1)

to define the six scattering channels for pp — W' ~j production:

ud :  u(=ps) +d(=ps) = v(p1) + 9(ps) + ve(ps) + € (po) ,
du:  d(—ps) +u(—ps) = (1) + 9(ps) + ve(ps) + € (ps)
ug : u(=p2) + g(=ps) = (1) + d(ps) + ve(ps) + e (ps),
gu:  g(=p2) +ul=ps) = 7(p1) + d(ps) + ve(ps) + ¢ (pe) ,

"This holds for the set of independent amplitudes we reconstructed explicitly, which receive
contributions only from the cyclic permutations of the MIs. Since the set of letters Z is not closed
under all S, permutations, these letters are present in some of the permuted amplitudes which
contribute to the helicity and colour summed squared finite remainders.
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dg: d(—ps) + g(—ps) = v(p1) + u(ps) + ve(ps) + e* (pe) ,
gd:  g(—p) +d(—ps) = (1) + @(ps) + ve(ps) + e (pe) , (4.5.2)

da: d(—py) +u(—ps) = v(p1) + 9(ps) + e (ps) + Ve(ps) ,
ud : u(—py) +d(—=ps) = v(p1) + 9(p3) + € (ps) + Ve(ps) ,
dg: d(—p2) +9(=ps) = v(p1) + ulps) + € (ps) + Ve(ps) ,
gd: g(—=pz) +d(—ps) = v(p1) +ulps) + e (ps) + Ve(ps) ,
g a(—pa) +g(—ps) = ¥(p1) + d(ps) + € (ps) + ve(pe) ,
gi:  g(=p2) +u(=ps) = ¥(p1) + d(ps) + e (ps) + Pe(ps) (4.5.3)

The interference between the L-loop finite remainders and the tree-level amplitudes

summed over colour and helicity in the leading colour approximation is given by:

SO APFEY = 2’gigin " NZHD (4.5.4)

colour helicity

where the reduced squared finite remainder H'™ is defined by:
HEY = 3 ADEP (4.5.5)
helicity

for all scattering channels given in Eqs. 4.5 and 4.5. The reduced squared finite
remainder obeys the same decomposition according to the closed fermion loop con-

tributions as FéL):

HY = NHD 40 1O

(4.5.6)
HE = N2HO! 4+ N HOM 4 21O

We present a benchmark evaluation at the following phase space point in the physical

scattering region specified by Eq. 4.5.1 (the momenta are given in units of GeV):

(88.551333054, —22.100690287, 40.080353191, —75.805430956) ,
(—=500,0,0, —500)

(328.32941922, —103.84961188, —301.93375538, 76.494921387) ,
(

(

(

(4.5.7)

—500,0,0,500)
152.35810946, —105.88095966, —97.709638326, 49.548385226) ,
430.76113825, 231.83126183, 359.56304052, —50.237875657) ,

b1
b2
p3
Py
Ps
Ds
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with trs = 2.167055: - 10'° GeV*. We take the W boson mass and width to be:
My, = 80.4109 GeV Dy = 2.0467 GeV . (4.5.8)

High precision values for the phase space point in Eq. 4.5.7 as well as the input
parameters in Eq. 4.5.8 are provided in the ancillary files. We present in Tables 4.2
and 4.3 the values of the bare two-loop amplitudes normalised to the tree-level
amplitudes in the ud scattering channel for each individual sub-amplitude:

(L).j

AL
(L), __ ‘16,
Ag )= Aé?i) , (4.5.9)

for © = u,d, W, e and the two closed fermion loop contributions specified in Eq. 4.2.7,
namely j = 1,n;. The results are presented only for the two independent helicity con-
figurations (+++——+ and —++-—+). We note that the numerical results in Tables 4.2
and 4.3, presented separately for the sub-amplitudes A,, A;, Ay and A,, are gauge
dependent. We used ¢; = p3 and g3 = p;, where ¢;(gq3) is the reference momentum for
the photon (gluon) polarisation vector. Gauge invariant quantities can be obtained
using Eq. 4.2.6. This enables comparisons already for the smaller building blocks of
the amplitude, rather than just the full amplitude. For example, the sub-amplitudes
Ay and A, can be derived by attaching the L%/LV (p1,ps,ps) decay currents to the
already available qg — Wg amplitude [214]. Indeed, we performed this check, as
described in Section 4.4.5. In Table 4.4, we show the values of the two-loop reduced

squared finite remainders normalised to the reduced squared tree-level amplitudes:
) = = (4.5.10)

for all channels of both pp — WT+j and pp — W~ vj production. We give analogous
tables for the one-loop amplitudes in Appendix E. In order to show the suitability
and stability of our evaluation strategy, we present in Fig. 4.3 the evaluation of the
reduced squared finite remainders on a one-dimensional slice of the physical phase
space for all channels of W™~ production. We begin by parameterising the momenta

of the one-mass five-particle process relevant for the W-production amplitudes as:

pﬁl :ul\ég (1717070) ’
plQL = @ (_170707 _1) 9
2 (4.5.11)
p_ V5 o :
Py = up = (1,cos6,—sin ¢sinf, — cos psinf) ,
P = \f (—1,0,0,1) .
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helicity -4 €’ €’ el e
AGPU | dee—+ |2 | 495288 | 603232+ | —4813.11— | 28280.7 +
4.187401i 82.34011 713.980¢
—+——+ 2 -49.5288 | 605.560 + | —4867.68 — | 28904.1 —
1.03233: 10.1740z 84.4212:
flgc)jl +H+——t 2 -49.5288 | 606.017 + | —4883.27— | 29148.2 +
4.376131 87.6955¢ 787.2841
—++——t 2 -49.5288 | 604.589 + | —4848.83 — | 28743.3 +
4.360931 90.42811 856.4811
flg&} Ftt——+ 2 -49.5288 | 605.100 + | —4859.29 — | 28844.2 +
3.07126¢ 58.7793i 480.0261¢
—t+——+ 2 -49.5288 | 605.637 + | —4871.59— | 28978.3 +
2.40762i 43.1992¢ 302.67117
flgg R E— 2 -49.5288 | 605.140 + | —4860.19— | 28853.6 +
2.93702i 55.6437i 444.669i
—+——+ 2 -49.5288 | 606.606 + | —4894.35— | 29236.9 +
2.97710: 56.2398: 444.300¢
Table 4.2: Bare two-loop helicity sub-amplitudes (normalised to
the tree-level amplitudes as in Eq. 4.5.9) without any closed fermion
loop contribution for W +j production in the ud scattering channel
evaluated at the kinematic point given in Eq. 4.5.7. The results are
shown for the two independent helicity configurations and obtained
with ¢; = p3 and g3 = p; where ¢; (g3) is the reference momentum
for the photon (gluon) polarisation vector.
We fix the value of cos 6 by requiring that:
(ps +pe)* = Mjt, (4.5.12)

where M7 is the invariant mass of the leptonic pair. We then parameterise the

momenta of the leptonic pair:

pg = U3 \ég (1, COS 9”7 —sin ¢ll sin 9”, — COS (bll sin 9”) y (4513)

and pg follows from momentum conservation. We fix uy by requiring that ps = 0. In

order to define a univariate phase space slice, we choose:

1 _1 T

s=10"GeV?, M, =60GeV, Oy = — ¢”:g

(4.5.14)

[\]

The remaining variable, us,, is constrained to the interval [87/175,29/50]. We chose
these values arbitrarily so that the slice crosses a number of spurious poles, i.e.
points where the rational coefficients diverge, whereas the finite remainders stay

finite. We checked explicitly that, while approaching such spurious poles, the values
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— =7 = =) =T 0
helicity € €’ € € €

AP | v | 00 | 0333333 | -7.39369 | 79.8302+ | —556.215 —
1.39580i | 14.3791i
~t+——+ | 0 | 0333333 | -7.39369 | 80.6063+ | —570.821 +
034411 | 1.89741i

AT v | 0 0333333 -7.39369 | 80.7586 + | —576.048 —
1.45871i 17.8798i
4 |0 | 0333333 | -7.39369 | 80.2827+ | —566.721 —
1.45364i 19.4318i

A v | 0 0333333 | -7.39369 | 804531+ | —569.113 —
1.02375i |  9.88866i
44—t |0 | 0333333 | -7.39369 | 80.6321+4 | —572.278 —
0.80253%i | 6.31448i

AT v+ | 0 0333333 | -7.39369 | 80.4664 + | —569.368 —
0.979007; |  9.14880i
—t+——+ | 0 | 0333333 | -7.39369 | 80.9551 + | —577.544 —
0.992365i | 9.72557i

Table 4.3: Bare two-loop helicity sub-amplitudes (normalised to
the tree-level amplitudes as in Eq. 4.5.9) with one closed fermion
loop for Wt~ production in the ud scattering channel evaluated
at the kinematic point given in Eq. 4.5.7. The results are shown
for the two independent helicity configurations and obtained with
¢1 = p3 and g3 = p; where ¢; (g3) is the reference momentum for
the photon (gluon) polarisation vector.

of the rational coefficients become larger and larger, while the finite remainders
converge. We evaluated the pentagon functions in quadruple precision using the
PentagonFunctions++ library, and the rational coefficients in Mathematica with
64-digit accuracy. This is a robust check of the stability of the evaluation, since the
convergence requires large numerical cancellations among various terms of the finite
remainders. Fig. 4.3 shows the plots of the reduced squared finite remainders up
to the two-loop order for all channels of W'~ production on the univariate phase

space slice defined above.

4.6 Summary

In this chapter, we have presented the two-loop leading colour QCD helicity amp-
litudes for the process W~ for the first time. We have obtained relatively compact
analytic expressions that can be efficiently evaluated across the full physical phase
space. We constructed the colour and helicity summed finite remainders, and per-

formed several validation tests.
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W Re #? Re H®ms Re 17
ud 483 506205134 -222. 568846475 221747738519
du 462.732386147 -219.389809502 221747738519
ug 894.669569294 -309.802310098 24.2425489305
gu 796.031872994 -288.202629199 23.3127252902
dg 954.097242371 -317.336400774 24.2425489305
gd 898.961273740 302856612446 23.3127252902

Wy Re 7! Re H{(2)"s Re "
da 198 332524932 ~222.702160434 22 1747738519
ad 732.600496818 -268.121335492 221747738519
dg 1786.14253164 -305.863467669 24.2425489305
gd 1612.34790163 407732735568 23.3127252902
g 320.710353060 1152382317276 24.2425489305
gil 1300.37372328 375.944220843 23.3127252902

Table 4.4: Reduced squared finite remainders (normalised to the
reduced squared tree level amplitudes) for all closed fermion loop
contributions and scattering channels evaluated at the kinematic
point given in Eq. 4.5.7 for both pp — Wtyj and pp — W vj
production.

To obtain the best possible theoretical predictions, it will be necessary to improve
upon the leading colour approximation taken in this chapter. While it is expected
that the leading colour contribution dominates, a quantitative statement is not
possible without explicit computation. Sub-leading colour corrections require non-
planar topologies to be taken into account, and represent a considerable increase in
analytic and algebraic complexity. We point out that the bases of pure MIs required
for the non-planar topologies have been recently made available in literature after

the completion of our work [125].

We hope that our approach to the simplification of the reconstructed amplitudes will
be of use in subsequent amplitude computations. An improved understanding of how
a rational parametrisation can be tuned to simplify a particular rational coefficient
would certainly be of great value. We expect this to be of particular importance
when dealing with sub-leading colour and non-planar configurations, in which many
different orderings appear simultaneously. It would also be interesting to study
the effect of this method on the reconstruction of the amplitude, i.e. whether the

reconstruction is performed in terms of s;;, trs variables or a rational parametrisation.

79
Our work opens the path for precision predictions for pp — Wi'yj production at
NNLO accuracy in the strong coupling. Naturally, a detailed phenomenological study

should also include EW corrections, which are known to dominate the QCD ones in

some phase space regions of vector boson production. For example, for the process
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Figure 4.3: Reduced squared finite remainders HE) at tree level,
one and two loops, evaluated on the univariate phase space slice
defined by Eqgs. 4.5.11, 4.5.12 and 4.5.13, with the parameters given
in Eq. 4.5.14, for all channels of W~ production defined in Eq. 4.5.

pp — WEj, the NLO EW corrections can reach up to 50% of the LO, as compared
to 10% for the NNLO QCD ones [237-241]. Although less pronounced, NLO EW
effects are also significant for pp — W*~ production [215-218,225]. Therefore, it
will be of great importance to study such corrections to the pp — W*~j process as

well in order to achieve more reliable predictions across the full phase space.



Chapter 5

Two-loop QED helicity amplitudes
for 0 — £6~~" scattering

In this chapter, we present the computation of the two-loop QED helicity amplitudes
for the scattering of a lepton pair with an off-shell and an on-shell photon, 0 — £0y~*,
using the approximation of massless leptons. We express all MIs relevant for the
scattering of four massless particles with a single external off-shell leg up to two loops
in a basis of algebraically independent GPLs, which guarantees an efficient numerical
evaluation and compact analytic representations of the amplitudes. Analytic forms
of the amplitudes are reconstructed from numerical evaluations over finite fields. Our
results complete the amplitude-level ingredients contributing to the N*LO predictions
of electron-muon scattering, e — ep, which are required to meet the precision goal

of the future MUonE experiment.

The chapter is organised as follows. After an introduction to the topic in Section 5.1,
we describe our decomposition of the helicity amplitudes and detail how we express
the off-shell currents in Section 5.2. Then, in Section 5.3 we discuss our computation
of analytic amplitudes by numerical evaluations over finite fields. In Section 5.4,
we present the computation of the Feynman integrals in terms of a basis of special
functions. We provide useful technical details in the appendices. In Appendix A, we
discuss how we handle permutations of the integral families in the IBP reduction.
The relevant families of Feynman integrals are defined in Appendix F. Appendix G
is devoted to the analytic continuation of the special functions to the physical
kinematic regions. Finally, details of the UV renormalisation and IR factorisation

which determine the pole structure of the amplitudes can be found in Appendix C.3.



128 Chapter 5. Two-loop 0 — £vv* QED helicity amplitudes

5.1 Introduction

The MUonE experiment [242-245] will measure the hadronic running of the elec-
tromagnetic coupling o using low-energy elastic electron-muon scattering, ey — ep.
This will enable a new and precise determination of the hadronic vacuum polarisa-
tion (HVP) contribution aj,"" [246,247] to the muon anomalous magnetic moment

a,. This is required in light of the recent tensions between experimental [248],

-
SM data-driven [249], and lattice QCD [250] results for a,. Increasing the pre-
cision of the theoretical predictions for ey — ep scattering is a high priority for
the planned MUonE experiment [251,252] and has seen good progress in the last
few years [253-257]. The recent completion of full NNLO QED corrections [258]
indicates that N®*LO corrections in differential distributions are required to meet
MUonE’s precision goal of 10 parts per million. Electron-line corrections, meaning
corrections to the subprocess with the muon line stripped off (e — ey"), are the
dominant corrections [258], and a collaborative project was started to perform their
fixed-order calculation at N*LO [259]. With the triple-virtual corrections now avail-
able [260-262], the main missing ingredient is the real-double-virtual (RVV) matrix
element (e — eyy") at two loops. While these contributions could be extracted

from amplitudes in the literature [214,229,263], our direct computation provides the

massless RVV contribution in a complete and compact form.

Another application of the 0 — ¢¢y~y* amplitudes is in electron-positron annihilation

experiments [264]. They are required for initial-state corrections in predictions of the

+

ratio of hadron-to-muon production in e"e™ collisions, which is an important input

HVP
I

RVV corrections to e"e” — 4" in direct scan measurements, while radiative return

for existing SM predictions of a [265]. The two-loop amplitudes contribute to
measurements concern corrections to ete” — y7* [249]. In the latter configuration,
the eTe” beam has a fixed centre-of-mass energy of a few GeV and the on-shell
photon originates from initial state radiation (ISR). The energy lost to the ISR
photon is used to effectively scan over the energies of the decay of the off-shell
photon. A differential cross section of, for example, v* — hadrons with respect to
the centre-of-mass energy of the decay, do/ds, can be extracted from measurements
of the differential cross section with respect to the energy of the ISR photon, do/dE,.
State-of-the-art predictions for these measurements are currently at NLO [265]. We
provide the two-loop e"e™ — 4" amplitudes required for the double-virtual (VV)
corrections at NNLO, although the bottleneck remains in the hadronic decay.

Our amplitudes are calculated in the approximation of massless leptons. In the
NNLO massive e — e cross section calculation [258], the authors obtain photonic

corrections (those with no closed fermion loops), using a small-mass expansion [266—
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268] applied to the two-loop amplitudes with massless electrons for the VV correc-
tions. This approximation relies on the electron mass being much smaller than any
other scale, which is valid in the bulk of phase space. Further splitting the photonic
corrections, they take the subset of electron-line corrections and find that the relative
difference to the true massive NNLO differential cross section is generally around
107%a?, where « is the fine-structure constant, which is negligible compared to the
10" precision goal. The approximation breaks down in soft and collinear regions,
where they treat the amplitudes using IR factorisation [269-271], and is not used
for contributions including closed fermion loops [268,272]. Our amplitudes can be

used analogously for the RVV corrections at N*LO.

A key ingredient for computing the scattering amplitudes are analytic expressions for
the required Feynman integrals. Complete analytic results for four-point processes
up to two loops are already available in the literature [273-275]. Expansions of these
integrals up to higher orders in the dimensional regularisation parameter € have also
been reconsidered recently [276], in view of their usage for N°LO corrections to 2 — 2
processes in QCD [277,278]. The state of the art for integrals with this kinematic
configuration has reached three loops [279-282]. We revisit the computation of
the one- and two-loop integrals following the approach of Refs. [112,114,121,125,
182] based on the construction of a basis of independent special functions, which
gives a unique and uniform representation of all the required Feynman integrals
up to transcendental weight four. This enables a more efficient computation of the
amplitudes using the modern workflow based on finite field arithmetic, and leads to
more compact expressions. We give explicit expressions for the basis functions in
terms of GPLs which can be evaluated in an efficient and stable way throughout the
physical phase space. We compute all crossings of all massless one- and two-loop
four-particle Feynman integrals with an external off-shell leg, so that our results for

the integrals may be of use for any scattering process with these kinematics.

5.2 Structure of the amplitude

We calculate the one- and two-loop QED corrections to the process:

0 = £(py, hn) + £(p2, ha) +v(ps, hs) + 7" (pa) (5.2.1)

which we call 0 — ¢0y~* for short. Here, ¢ denotes an on-shell massless lepton and
v (%) an on-shell (off-shell) photon, while h; and p; are the helicity and momentum
of the i*" particle. We take the external momenta p; to be all outgoing. They satisfy
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the following momentum-conservation and on-shell conditions:
4
Spi=0, pr=0 Vi=1,23. (5.2.2)
i=1

The single-off-shell four-particle phase space is described by three independent scalar

invariants, which we choose as:

§ = {512, S23, 4} (5.2.3)

where s; _;

with D = 4 — 2¢ spacetime dimensions and four-dimensional external momenta.

= (pi+...+p;)’. We use dimensional regularisation in the HV scheme [33],

Because of the off-shell photon in the process, the helicity amplitudes .A*(1,, 27, 3., 47*)
are actually off-shell currents carrying a free Lorentz index. We consider the per-

turbative QED expansion of the helicity amplitudes:

L
(6% L ©
A (14,27,3,,4.0) = g2 > <n€47r> APM(1,,24,3,,4.4) (5.2.4)
L>0
with prefactor n, = i (4m)%e "2, electromagnetic coupling g., and o = g2/ (4w). We
truncate the expansion at L = 2 loops. We set the renormalisation scale pg to 1
throughout the computation and restore the dependence on it in the final analytic

result by dimensional analysis. For the bare amplitudes, we have that:
AP ) = ()" AP (g = 1). (5.2.5)
There are two independent helicity configurations (hq, hy, hs), which we take as:
{(-+-, —++}. (5.2.6)

We derive the analytic expressions for these helicity amplitudes. We obtain the
remaining helicity configurations, {+ — +, + — —}, through parity transformation
(see Appendix C of Ref. [283]).

We decompose the loop-level helicity amplitudes AP into gauge-invariant subamp-
litudes Agj)“, where the subscript ¢ counts the number of closed massless fermion
loops and j the number of external photons attached to closed fermion loops. The

non-zero contributions are:

AWF A&)}N +n AS{“, (5.2.7a)
ju j ju ju ju
AD" = AQ 0y (AR + AD + AP+ np AR (5.2.7b)

where n; denotes the number of charged lepton flavours running in the loops. Rep-

resentative Feynman diagrams contributing to these subamplitudes are illustrated



5.2. Structure of the amplitude

131

1, rrr'zlv*
27 3y
1M
(a) AfY
1, 4o 1,
2 3, 2
(c) AR
1,
2
o)1
(f) A7)
Figure 5.1:
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Representative Feynman diagrams for the subamp-

litudes defined in Eq. 5.2.7. The off-shell external leg is indicated

by a bold line.
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in Fig. 5.1. Amplitudes with a closed fermion loop attached to an odd number of

photons vanish by Furry’s theorem.

We decompose the amplitude and subamplitude currents as:
i _ S~ (D) ()M _ (D)
A" = > dy A =Dk (5.2.8)
k=1 k=1

using the following basis written in the spinor-helicity formalism:

2pspro®|2] — (1|pspac?|1
dl=pl V=123, qi‘z”pSplaHQ (Wlpsp2o™i1]. (5.2.9)
S12

Note that ¢, is orthogonal to the momenta p; by construction; one can in fact show

(L)

that ¢ oc €"”q1,G2,q3,- The subamplitude coefficients a, ;/; can be related to the

amplitude ones a,(cL) through Eq. 5.2.7.

The scattering amplitudes MP for fully on-shell processes (for instance, for 0 —
e"etyu~ut) are obtained by contracting the amplitude currents AL (for 0 —
e~ eTy7") with a suitable decay current V, (in this example, v* — p~p") as:

4
MP = APy =50 (g, - V) . (5.2.10)

k=1
In this manner, the on-shell amplitudes ME) are given by the scalar product
between the vector of coefficients (agL), e ,aiL)), and that of decay-vector contrac-

tions (q; - V,...,q4 - V). The coefficients a,(CL) depend on the helicities of the three
on-shell particles in Eq. 5.2.1, while the decay vector V, depends on the helicities
of the particles the off-shell photon decays to. The helicity-summed interference

between the L;-loop and the L,-loop matrix elements is then given by:

1 .
(LyLo) _ = (L1)™ A 4(L2)
MR = 25T MET M (5.2.11)
h

where the subscripts h indicates the helicities of all on-shell particles — that is,
including the decay products of the off-shell photon — and the overall constant

factor averages over the helicities of the incoming particles.

The output of the computation described in Section 5.3 is the set of four projections

A,(j) - q;, for each helicity configuration listed in Eq. 5.2.6. From these, we determine
(L)

the subamplitude coefficients a; ;7 by inverting Eq. 5.2.8 as:

) = 24: (™), (AT ), (5.2.12)

m=1

where G is the Gram matrix of the vectors ¢;, that is, the matrix of entries G;; = ¢;-¢;
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fori,j =1,...,4. At loop level, we write the subamplitude coefficients as:
4-2L
o= 3 > cpumon, (F)e”, (5.2.13)
w=—-2L T

where mon, (F') are monomials of special functions F' (see Section 5.4), and the
coefficients ¢, ,, are rational functions of the kinematics. We drop the dependence
on i, 7, k, and L on the right-hand side of Eq. 5.2.13 for compactness. We truncate
the Laurent expansion around € = 0 to the orders required for computing NNLO
predictions. We express the coefficients ¢, ,, as Q-linear combinations of a smaller set
of linearly-independent coefficients (see Section 5.3). The analytic expressions of the
latter are given explicitly in terms of MTs. We simplify these expressions through a
multivariate partial fraction decomposition using MultivariateApart [192], and by

collecting the common factors.

In the ancillary files of Ref. [284], the directory amplitudes/ contains Mathematica

files describing the bare helicity subamplitude currents A§j)“ by their coefficients

Ei)k in the form of Eq. 5.2.13. The Mathematica script current.m is a reference

implementation of the numerical evaluation of the bare amplitude coefficients a'? in

Qa

Eq. 5.2.13, including summation of subamplitudes in Eq. 5.2.7, treatment of depend-
ent helicities, and renormalisation scale restoration in Eq. 5.2.5. The Mathematica
script evaluation.wl demonstrates the construction of the five-particle on-shell amp-
litudes in Eq. 5.2.10 for the process 0 — e e"yu~ u™, and their helicity-summation
to obtain the squared matrix elements in Eq. 5.2.11. The results of the script are

checked against a reference point included in reference_point. json.

We perform the following checks of our amplitudes:

Ward identity We verify the gauge invariance of the subamplitudes A%)“ by check-
ing that they vanish on replacing the on-shell photon’s polarisation vector with

its momentum.

One-loop crosscheck We successfully crosscheck our one-loop n; = 0 helicity-
summed matrix element contracted with the decay v* — p~ pu' against the
QED NLO electron-line corrections for e — epy obtained with McMule [285,
286].

Finite remainder We verify that the e-poles of the bare amplitudes have the
structure predicted by UV renormalisation and IR factorisation [23-26,287].
We then subtract the expected poles and define finite remainders at one and

two loops as:

FOU | g0% _ 350 q01| _ 70) 400 (5.2.14a)
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(5.2.14b)

where the square brackets separate renormalisation of UV poles from sub-
traction of IR poles. The derivation of these formulae follows the procedure

outlined in Appendix C.3. The coefficients Z) are given in Appendix D.

5.3 Setup of the calculation

In this section, we briefly outline the workflow we use to calculate our amplitudes.
For an in-depth discussion, we refer the reader to Chapter 2. Firstly, we generate
all Feynman diagrams contributing to Eq. 5.2.1 using QGRAF [35]. Each diagram
is then replaced with the corresponding Feynman rules for vertices, propagators,
and external states, leading to a collection of D-dimensional Feynman integrals.
Next, we filter the integrals according to Eqgs. 5.2.4 and 5.2.7 using a collection of
Mathematica and FORM scripts [184,185]. Within each subamplitude Ag?“, we then
collect the integrals according to their topology, by which we mean a unique set
of denominators. At this point, the subamplitudes are sums of Feynman integrals
over distinct integral topologies, with the numerators given by linear combinations
of monomials that depend on the loop as well as the external momenta. To work
with the projected helicity subamplitudes Agfj) - q., we specify the polarisations of
external particles according to Eq. 5.2.6, as well as the projector ¢} of the off-shell
photon from Eq. 5.2.9.

It is natural to express helicity-dependent objects using the spinor-helicity formalism.
Then, the monomials of loop momenta contain the following scalar products and

spinor strings:

{ki - by, Ki-pys (), (8], Galkil3], Gilpald], (ilkapals), [’ilkimlj]} : (5.3.1)

Their coefficients, on the other hand, are composed of the same type of objects, but
do not contain any dependence on loop momenta k;. Similarly to our previous work,
we express these coefficients using a rational parametrisation in terms of MTs. The
single-off-shell four-particle phase space p is obtained from a massless five-particle
parametrisation ¢ (defined in Appendix A of Ref. [187] with {zy <> x4, 23 <> z5})

according to:

pi=q  Vi=1,23, Py=qs+ 5. (5.3.2)
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The MTs z; are then related to the scalar invariants § through:
S12 = 21, S23 = T1T2, S4 = 1123 - (5.3.3)

The phase information for the helicity configurations of Eq. 5.2.6 is restored using

the following phase factors:

O(—++) =

O(— 4 —) = (5.3.4)

which in our MT parametrisation are given by:

1

O(— + +) = a7, P(—+ ) =—
( ) =1 ( ) 21+ 2 — 13

(5.3.5)

We refer to Appendix C of Ref. [283] for a thorough discussion of how to restore the

phase information in a MT parametrisation.

This marks the start of our finite field sampling procedure [47]. Firstly, we define the
set of maximal topologies, i.e. topologies with the maximum number of propagators
allowed by our kinematic configuration. In Fig. 5.2, we present these maximal
topologies in an arbitrary ordering of the external momenta (we give their explicit
definitions in Appendix F). Several orderings of the external momenta are relevant for
the amplitudes, and we treat them as distinct families. Next, we map all topologies
present so far onto one of these maximal topologies. The loop momenta dependent
objects of Eq. 5.3.1 are then expressed through the nine inverse propagators and ISPs
associated with the chosen maximal topology. In this way, each subamplitude is now
a sum of integrals compatible with IBP reduction [65,288], while their coefficients
depend on the external kinematics and e. We generate the required IBP relations
using LiteRed [29]. The resulting IBP system is then solved using the Laporta
algorithm [69] with FiniteFlow’s linear solver to yield the reduction of all the
integrals present within our maximal topologies onto a much smaller subset of
MIs. We choose the MIs such that they satisfy DEs in the canonical form [84] (see
Section 5.4.1).

In many amplitude applications, multiple permutations of the ordered topologies
(such as the ones in Fig. 5.2) can appear. In this case, it might be beneficial to use an
optimised strategy for the IBP reduction which performs the reduction in the ordered
families only and then permutes the solutions onto the desired ‘unordered’ families.
This permutation can be implemented numerically within finite fields, thus avoiding
the need to work with large analytic IBP solutions. Overall, this approach allows us
to reduce the time and memory consumption required for the IBP reduction stage,
which often proves to be the bottleneck of the whole computation. We describe this

strategy in detail in Appendix A.
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Figure 5.2: The two-loop amplitudes include six ordered integ-
ral families: three penta-triangles, a double-box, and two crossed
double-boxes. All are planar except for the crossed double-boxes.
The off-shell external leg is indicated by a bold line. External legs
have outgoing momenta.
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After IBP reduction, each projected helicity subamplitude .Al(-? - q 1s written as a
linear combination of MIs multiplied by rational coefficients of € and the kinematic
variables. We now write the MIs in terms of a basis of special functions up to the
required order in € (see Section 5.4). Finally, we Laurent expand the amplitude
around € = 0, the deepest pole being 1/ ¢l at L loops. The only step left is to
reconstruct the rational coefficients of the special-function monomials from their
samples over finite fields. To simplify this task, we employ chosen strategies already
described in Section 3.3. Specifically, we look for Q-linear relations among the
rational coefficients of each helicity subamplitude, which allows us to select those
coefficients for reconstruction which have the lowest degrees. Then, we employ the
technique of matching the denominators of the rational coefficients against an ansatz.

Here, we use the following factors:

{(g), lig), (ilpals), 55— Skas Sia— 54, 54} (5.3.6)

for all 4,7,k = 1,2,3 such that ¢ # j # k. This list includes denominator factors
of the DEs satisfied by the MIs (listed in Eq. 5.4.2), as well as spinor structures
aimed at capturing the phase information of helicity amplitudes. We reconstruct
the analytic form of the remaining rational functions using FiniteFlow’s built-in

multivariate functional reconstruction algorithm (see Section 2.6).

Finally, we note that further simplification strategies can be used for more compu-
tationally demanding processes. We refer the reader to Section 4.3.5 and Refs. [187,
283,289-291].

5.4 Computation of the master integrals

The MIs for the relevant integral families were computed analytically in Refs. [273,
274,276] (see also Ref. [275] for a thorough discussion of the analytic continuation).
We revisit this computation to obtain expressions for the MIs which are better
suited to the workflow discussed above. To this end, we compute the MIs for all
permutations of the external legs in terms of a basis of special functions, following
the approach of Refs. [112,114,121,125,182]. In other words, we express the relevant
Feynman integrals in terms of a set of special functions which are algebraically
independent. Having such a unified and unique representation for all permutations
of the integral families allows for simplifications and cancellations among different
permutations. This leads to a simpler expression of the amplitudes and to a more
efficient functional reconstruction within the finite field setup. We emphasise that
our results cover all MIs required for computing any two-loop four-particle amplitude

with a single external off-shell leg, and not just the ones present in this work.
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We discuss the construction of the basis in Section 5.4.1, and how we express it in
terms of GPLs in Section 5.4.2. Finally, we give some details about the numerical

evaluation and the checks we performed in Section 5.4.3.

5.4.1 Construction of the special function basis

We follow the strategy presented in Ref. [125]. The starting point are the DEs
satisfied by the MIs for each family [28,78,83,292,293]. Let T label an integral
family, e.g. the double-box in Fig. 5.2b for an arbitrary permutation of the external
massless momenta. We choose a basis of pure master integrals MfT, that is, a basis

which satisfies DEs in the canonical form [84]:

AMI (5 ) <ZA )dlogw(§')) Mip(5:e). (5.4.1)

=1

Here, d is the total differential, df = dsyy 8, f + dsy3 O, f + dsy 8y, f, A are

12 23

constant (|MI7| x |MIp|) matrices, where |[MIp| is the number of MIs of the family 7,

and:
w1 = S12, W9 = S23, W3 = S12 + S93, Wy = S12 — S84,
W5 = S23 — Sy, We = S12 + S93 — Sy, Wy = 84

(5.4.2)

are the ‘letters’. We find such canonical bases by a mixture of methods: the package
DlogBasis [294], the analysis of results in the literature for related integral families
(massless two-loop five-point planar integrals [110] and two-loop four-point integrals
with two massive external legs [295,296]), and a set of heuristic rules (see e.g.
Ref. [89]). We normalise the MIs such that their expansion around € = 0 starts from

order €°:

Min(5e) = 3 € MI¥(5) (5.4.3)
k>0

For the purpose of computing two-loop scattering amplitudes up to their finite part
(i.e., up to order 60), it suffices to restrict our attention to k < 4. Since the MIs
satisfy canonical DEs, Eq. 5.4.1, the e-order of the MI coefficients I\Tﬁpk )(3) equals
their transcendental weight [84]. We compute the derivatives of the MIs using
FiniteFlow [48] and LiteRed [29]. We do so only for the integral families with the
ordering of the external momenta shown in Fig. 5.2, and obtain those for all other
orderings of the external massless legs by permutation. We provide the definition
of the pure Mls and the corresponding DEs for all one- and two-loop four-point

one-mass families in Fig. 5.2 in the folder pure_mi_bases/ of the ancillary files of
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Ref. [284].

In order to solve the DEs in Eq. 5.4.1, we need boundary values, i.e., values of all
MIs up to order €' at a phase-space point. Due to the simplicity — by today’s
standards — of the integrals under consideration, an arbitrary (non-singular) phase-
space point would do. Nonetheless, we make a more refined choice following some
of the criteria of Refs. [114,121]. We choose the following point in the s;5 channel
(see Appendix G),

. 1

G = (2, . 1) , (5.4.4)
motivated by two principles: that it is symmetric under the permutations which
preserve the s;, channel (i.e., swapping p; <> p,), and that it contains few distinct
prime factors. The first condition reduces the number of permuted integral families
we need to evaluate in order to obtain the boundary values. The second condition
reduces the number of independent transcendental constants appearing in the bound-
ary values, which simplifies the construction of the basis of special functions. The
order-e’ boundary values Mig) ) are rational constants. We obtain them up to their
overall normalisation by solving the ‘first-entry conditions’ [297], i.e., by requiring
the absence of unphysical branch cuts in the solutions. We fix the overall normalisa-
tion and the higher-order boundary values W(T’“ )(§0) (for 1 < k < 4) by evaluating
all MIs with AMFlow [146] (interfaced to FiniteFlow [48] and LiteRed [29]) at 5
with at least 60-digit precision. We anticipate from Section 5.4.2 that, although we

use floating-point boundary values, our results in terms of GPLs are fully analytic.

The canonical DEs in Eq. 5.4.1 and the boundary values for all integral families are
the input for the algorithm of Ref. [125] for constructing a basis of special functions.
We refer to the original work for a thorough discussion. Out of all MI coefficients up
to transcendental weight 4, the algorithm selects a subset, denoted F' := {Fz-(k)(g)},
which satisfy two constraints. First, they are algebraically independent, that is, there
are no polynomial functional relations among them. Second, the MI coefficients of
all families (including all permutations of the external massless legs) up to transcend-
ental weight 4 are expressed as polynomials in the {E(k)(§)} and the zeta values
(, = 7°/6 and (3. For example, an arbitrary weight-2 MI coefficient MI(Q)(?) has the

general form

3 4
MI®($) =Y K23+ Y dy V(5 FV(5) + e, (5.4.5)
i=1 i<j=1
with ¢;,d;;,e € Q. This special subset of MI coefficients, {Fi(k)(,?)}, constitutes our
special function basis. We give the number of functions in the basis in Table 5.1.

Note that there is freedom in the choice of which MI coefficients make up the basis.
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Weight Number of basis functions

1 4
2 3
3 20
4 67

Table 5.1: Number of functions {Fi(k)} in the basis weight by weight.

We make use of this freedom to choose as many basis elements as possible from the
one-loop family, then complement them with coefficients from the planar two-loop
families, and finally complete them with coefficients from the non-planar two-loop
families. In this way, no two-loop MI coefficients appear in the one-loop amplitudes,
and no non-planar two-loop MI coefficients appear in those amplitudes where only
planar diagrams contribute (as is often the case in the leading colour approximation
of QCD).

The folder mi2func/ of the ancillary files [284] contains the expression of all MI
coefficients (for all one- and two-loop integral families in all permutations of the
external massless legs) up to weight 4 in terms of our special function basis. This
result enables the efficient amplitude computation strategy based on finite field
arithmetic discussed in Section 5.3. However, at this stage the basis functions
{F*)} are expressed in terms of CIIs [90] and numerical boundary values l\ﬁ(k)(go).
This representation is excellent for investigating the analytic properties of Feynman
integrals and amplitudes, but it is not readily suitable for an efficient numerical
evaluation. In the next section, we discuss how we construct a representation of the
function basis in terms of GPLs and zeta values which is well suited for an efficient

and stable numerical evaluation.

5.4.2 Expression in terms of GPLs

Since the letters in Eq. 5.4.2 are rational and linear in all variables, we can solve the
canonical DEs in Eq. 5.4.1 algorithmically in terms of GPLs (see Section 2.9.2 for
their definition). Order by order in €, the solution is given by:

MIP (5) = ZAE-T) : / dlog(wi(gz fy)) Mif,?*”( ) + 0 (5.4.6)
- ¥

starting from the constant weight-0 boundary values MI ) determined in the previous
subsection. Here, 7 is a path connecting an arbitrary base point §j,. to the end
point §. The weight-k constants 5(7? ) are given by the values of the integrals at the
base point, 555“ ) = ng )(§base). For 8,6, we may use the boundary point s, in

Eq. 5.4.4, so that the constants Egi“ ) coincide with the boundary values determined
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numerically in the previous section. We follow a different approach, which allows us

to trade all numerical constants in the expressions for zeta values.

We find it convenient to change variables from (sy5, S93,84) to (21, 29, 84), With:

S12 523
o =12 sy = 8 (5.4.7)
Sy S4

In this way, there is only one dimensionful variable, s,, the dependence on which is
fixed as an overall factor by dimensional analysis. We then integrate the canonical

DEs as in Eq. 5.4.6 along the following piece-wise path in the (21, 2, s4) space:
(0,0,0) 2% (21,0,0) =25 (21, 22, 0) =2 (21, 29, 54) - (5.4.8)

Since the Feynman integrals are divergent at the chosen base point, the latter is
understood in a regularised sense (we refer to Section 4 of Ref. [92] for a thorough
discussion). Choosing (0,0, 0) as base point has the important benefit of removing
spurious transcendental numbers that would pollute the solution were we to choose
a base point where the integrals are finite. As we will see below, only zeta values
appear. Roughly speaking, we define regularised, finite values Egl“ ) = Reg M—ﬁfv )(§base)
by introducing a regulator and formally setting to 0 the (divergent) logarithms of
the regulator. Since the integrals are finite at a generic end point s, the divergences
at the base point must cancel out with divergences arising in the integration. We
can thus drop all these divergences. Provided that we do it consistently between the

integration and the base point values Eg“ ), this leads to a finite and unique result.

In practice, we fix the finite base point values 555“ ) by matching the solution Mﬁﬁ )
evaluated at the boundary point §, against the boundary values discussed in the

previous subsection.

We therefore keep the 5}’“ ) as symbols and integrate the canonical DEs as in Eq. 5.4.6
along the path in Eq. 5.4.8 up to weight 4. We parameterise each piece of the path
in Eq. 5.4.8 linearly. For instance, v5(t) = (21,¢,0), with ¢ € [0, z5].

o The 7, integration leads to GPLs with indices in {0, 1} and argument z;.

o The 7, integration leads to GPLs with indices in {0,1,1 — 2;, —z;} and argu-

ment z,.

o The 73 integration leads to powers of log(—s,), fixed by dimensional analysis.

Once we have obtained expressions for all MlIs in terms of GPLs and symbolic
constants 5}’“ ), we equate them to the numerical boundary values at s, and solve for
the ngf ). We use GiNaC [96,298] to evaluate the GPLs numerically. Finally, we use
the PSLQ algorithm [299] to express the ensuing values of E‘T’“ ) in terms of (o and (3.
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As a result, we obtain a fully analytic representation of all MIs — and thus of our

special function basis {Fi(k)} — in terms of GPLs and zeta values, up to weight 4.

Contrary to the functions in the basis {Fz-(k)}7 the GPLs in their representation
satisfy functional relations. We make use of this freedom to optimise our expressions
in view of their numerical evaluation by reducing the number of distinct GPLs that
need to be evaluated. First, we use the shuffle algebra of GPLs to push all trailing

zeros into logarithms (see Eq. 2.9.17b). Next, we employ the scaling relation:

G(al,...,an;x):G<a1,...,a";1> , (5.4.9)

T T

which holds for z,a, # 0. As a result, all GPLs have argument 1 and indices:

ZOZO, 11:2, 12:2, l3:S4_812, l4:—& (5410)
S12 S23 523 S23

Finally, we decompose the GPLs to Lyndon words [300] using PolyLogTools [301];
we refer to the latter work for a thorough explanation, and give here only a simple
example. This procedure requires that we choose a symbolic ordering of the GPL
indices. We choose [y < [} < I3 < I3 < l;, meaning that [; is greater than [, and
so on. Consider the GPL G(I;,ly; 1), whose indices are not sorted according to the
ordering above, since l; > [,. We can use the shuffle algebra of GPLs to rewrite it

in terms of GPLs whose indices are sorted according to the chosen ordering:
Gl lo; 1) = G(lo; 1) G5 1) — G(lo, 115 1) - (5.4.11)

Doing this consistently throughout all expressions reduces the number of higher-
weight GPLs in favour of products of lower-weight ones, which are cheaper to
evaluate numerically. To maximise the impact in this sense, we tested all possible
orderings of the indices and selected the one — given above — which minimises
the number of weight-4 GPLs. The resulting representation of the function basis
contains 4 weight-1, 6 weight-2, 19 weight-3, and 25 weight-4 GPLs, as well as 3

logarithms:

log(s12/54) , log(s23/54) log(—sy) . (5.4.12)

We write the latter in terms of logarithms rather than GPLs as they play an important
role in the factorisation of the IR divergences in the scattering amplitudes (see
Appendix C.3 for the IR structure of the amplitudes we compute here). We stress
that log(—sy4) is the only function of a dimensionful argument in our representation

of the function basis.

We provide in the folder mi2func/ of the ancillary files [284] the expression of the
basis functions {Fi(k)} in terms of GPLs, logarithms, (, and (5.
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It is important to stress that the GPLs are multi-valued functions. For unit argument,
there is a pole on the integration contour whenever one of the indices lies between 0
and 1. In this case, the contour must be deformed in the complex plane, either above
or below the pole, leading to different branches. Our GPLs are thus well-defined only
in the kinematic region where all GPL indices in Eq. 5.4.10 are either less than 0 or
greater than 1, and we need s, < 0 for the argument of all logarithms in Eq. 5.4.12
to be positive. We discuss how to analytically continue the GPLs and the logarithms
in Eq. 5.4.12 to the kinematic regions of interest in Appendix G.

5.4.3 Performance and validation

We validated our results for the MIs of all families by cross-checking them against
values obtained with AMFlow [146] at several random points in all the physical
kinematic regions discussed in Appendix G. Furthermore, we find agreement with
the results of Ref. [276]. We employ GiNaC to evaluate the GPLs.

Our results allow for an efficient and stable evaluation of the Mls, and are thus ready
for immediate deployment in phenomenology. Indeed, the amplitudes we computed
in this work have already been implemented in McMule [285,286] to provide the
real-double-virtual electron-line corrections to ey — e scattering. The evaluation
is efficient, running at ~ 130 events per second in the bulk of the phase space [302]
using handyG [303] for the evaluation of the GPLs.
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Conclusions

In this thesis, we presented selected techniques needed for precision calculations of
high-multiplicity loop scattering amplitudes. Such calculations constitute a crucial
ingredient of the LHC precision programme, which aims to bring the theoretical
uncertainties to the percent level and below. We started by discussing the general
framework for computing predictions for physical observables using the machinery of
QFT. Having established the key role of the scattering amplitude in this process, we
described the challenges associated with their computation in practice. We dedicated
Chapter 2 to a detailed discussion of a variety of tools employed to overcome these
challenges. In particular, we showed how the use of finite fields helps us tackle
the daunting algebraic complexity present in state-of-the-art calculations. We also
noted the importance of the IBP reduction, which hugely reduces the number of
integrals that need to be computed for the amplitude. This led us to the technique of
differential equations, and in particular differential equations in the canonical form,

which can be used to evaluate bases of pure master integrals with unexpected ease.

We applied the techniques presented in the first part of this thesis to three processes
at the cutting edge of QCD and QED computations. First, we computed the two-
loop helicity amplitudes for the production of the Higgs boson in association with
a bottom-quark pair. This five-point process with a massive external leg is of great
phenomenological interest, since an improved measurement of the bottom-quark
Yukawa coupling could help constrain certain supersymmetric models which affect
this coupling. In order to speed up the reconstruction of the analytic form of the
rational coefficients from their numerical samples over finite fields, we implemented
several optimisation tools which lower the complexity of this task. Moreover, ex-
ploiting the differential equation technique, we constructed a special function basis
for the finite remainder of the amplitude which can be efficiently evaluated across

the full phase space.
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The second computation we tackled was the production of the W boson in associ-
ation with a photon and a jet. Here, the W boson was assumed to further decay
into a lepton pair, which allowed us to apply the familiar five-point kinematics with
one off-shell leg to the scattering of six massless particles. Studying W+ + n(jet)
production grants access to the WW~ coupling, which can also be affected by new
physics scenarios. In this work, we employed a new technique for simplifying the
reconstructed functional coefficients based on a systematic search for the optimal
rational parametrisation. In the future, this technique can be readily implemented
also before reconstruction as an additional node of finite field operations, such that
the search will not suffer from the algebraic complexity. Finally, in contrast to the
previous set of amplitudes, we employed the tailored set of one-mass pentagon func-
tions for the expansion of master integrals. These functions have the key advantage
of being closed under the permutations of the massless momenta, which allows us
to significantly reduce the number of kinematic points at which they have to be

evaluated in order to serve a phenomenologically useful role.

Finally, we switched our focus to QED, computing the two-loop amplitudes for
the scattering of a lepton pair with an off-shell and an on-shell photon. Our work
completes the amplitude-level ingredients contributing to the N*LO predictions of
electron-muon scattering ey — ey, which are required to meet the precision goal of
the MUonE experiment. Here, the lower multiplicity meant that the reconstruction
of analytic expressions from finite fields did not pose as serious a challenge as for
the previous two processes. Instead, we focused on optimising the setup of the IBP
reduction by exploiting numerical permutations of the IBP solutions obtained within
a small set of families with specific orderings of external legs. This method allowed
us to decrease the time and memory consumption of the IBP reduction stage, which
becomes especially important in the case of processes with many integral families.
Furthermore, we have constructed a basis of algebraically independent GPLs needed
for the master integrals relevant to any scattering process of four massless particles
with a single external off-shell leg up to two loops. This guarantees an efficient

numerical evaluation and a compact analytic representation of the amplitudes.

Looking forward into the future, computations of amplitudes of higher multiplicity
and loop order than the ones considered in this thesis are naturally going to present
serious challenges. While we should be careful not to take the number of Feynman
diagrams as a definitive measure of complexity, we can obtain its rough estimate by
looking at how this number scales as we add more external legs to a given process.
For example, adding an extra gluon to the bbggH channel of pp — bbH production
in Chapter 3 increases the number of diagrams from 720 to 10142. Similarly, for the
bbggH channel, the number grows from 3690 to 57478. Six-point kinematics with



146 Chapter 6. Conclusions

zero or one off-shell external legs means eight and nine Mandelstam invariants in
the problem, respectively, which greatly increases the complexity even when using
the finite field reconstruction technique. In terms of the IBP relations, while the
three-loop, four-point kinematics with up to one off-shell leg has received significant
attention already (see Ref. [304] and references therein), much less is known about

the two-loop, six-point case even in a fully massless configuration [305,306].

We would also like to point out the recent computation of the pure master integral
bases for all two-loop integrals for five-particle kinematics with an off-shell leg [125],
which appeared in literature after the completion of the work presented in this
thesis. The full set of pure bases for this kinematic configuration opens the door
to a new range of computations, such as pp — H + 25 and pp — W~y at NNLO,
as well as the sub-leading colour corrections to the processes in Chapters 3 and 4.
As a preliminary estimate, we observe that the inclusion of the non-planar families
increases the finite field reconstruction time by as much as an order of magnitude.
We remark that this problem can be alleviated by using IBP relations simplified
using syzygy relations [307-313]. We refer the reader to Ref. [314] for details.

Overall, we believe that the work presented in this thesis represents a valuable
contribution to the study of scattering amplitudes. We hope that the detailed
introductory material serves as a useful reference for those new to the subject.
With more and more data pouring in from the LHC and future colliders, it is clear
that further breakthroughs in our computational techniques are needed to fully
control the NNLO frontier and move towards the N®LO one. The Les Houches
wishlist [4] continuously calls for new theoretical results, of which the scattering
amplitudes are a key ingredient. Finally, we remark that, at some point in the
future, obtaining analytic results for the amplitudes might become unfeasible and
one should also consider pursuing a robust method for their numerical computation
instead. Such numerical results can then be used further to produce predictions for
the associated cross sections. From the perspective of phenomenology, this approach
might become more efficient than first computing fully analytic amplitudes and

subsequently evaluating them at chosen phase space points.
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Optimised IBP reduction for
amplitudes with many permuted

families

In this appendix, we discuss how we can incorporate the IBP reduction in our
workflow in a more efficient way, particularly when the amplitude includes many
permutations of the same integral families. We exploit this method when computing
the amplitudes presented in Chapter 5. We start by pointing out a certain fact
related to Eq. 2.8.11: the number of MIs for all families considered together is not
the same as the sum of numbers of MIs for these families considered separately. That
is:

NI = I, | < 3 Mg, (A1)

€

maximal
topologies

where |Jp indicates the union of all maximal topologies T. This statement might
seem somewhat surprising. Indeed, if we formulate one big system of IBP relations
between integrals in all the families and perform the IBP reduction, the resultant
MI basis is equal to the sum of the bases obtained by solving smaller systems of
IBP relations within each family one by one. This is because IBP relations, by
construction, cannot include integrals from different families. However, it turns out
that integrals belonging to sectors other than the top sector can often be mapped
between families (see Fig. A.1 for an easy to understand example). Therefore, an
amplitude reduced using Ny separate IBP systems contains leftover MIs that can be
further reduced onto each other with the help of non-IBP mappings. To avoid this
redundancy, we typically build a combined system which covers all the families in

the problem. It contains the pure IBP relations, as well as the additional inter-family
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Figure A.1: A simple example of possible non-IBP relations between
integrals within different (maximal) topologies. Integrals in lower
sectors often map to each other. The bold line indicates the massive
momentum, ps, while red crosses denote a removed denominator, i.e.
the corresponding v; is 0. Here, diagrams (a) and (b) both collapse
onto diagram (c). Such relations are often hard to discover just
from analysing the propagators of the integrals, especially if the
two families use vastly different conventions for loop momentum
routing. However, a visual representation often makes spotting
these relations trivial.

mappings'. Unfortunately, for large Ny, this often leads to a prohibitively expensive

computation and may even constitute the main bottleneck of the whole workflow.

There is, however, a more efficient way of performing the reduction. Recall that
the integral families fed into the reduction are defined by their propagators and
ISPs. Specialising to the five-particle case, each family can therefore be denoted
as T(ijklm), where T is the family type and ijklm is an ordering of the external
momenta within that type (understood as ijklm = p;,...,p,,). Note that in the
presence of an internal or external mass, we need to further distinguish between
topology subtypes based on the position of this mass. For example, we refer to the
topology of Fig. A.la as ‘zzz penta-box(12345)’, and to that of Fig. A.1b as ‘mzz
hexa-triangle(52134) (we follow the naming convention of Ref. [98]).

Consider two families which are of the same (sub)type and differ only by a permuta-
tion o = (o, . .., 0,,) which preserves the position of any massive legs. Then, we can
write 7" = (o o T)(ijklm) = T(o;,...,0,,) and the IBP reduction of any integral

I+(v) can be expressed by permuting the reduction of Ir(v) according to o:

M|
IT(z‘jklm)(V) = Z ci(p,€) x M7 (ijkim), i
=1
M|
= Iy (v) = Z ci(o(p),e) x MIT/’Z.. (A.2)

=1

Tn practice, these mappings are found by comparing integrals based on their representation in
terms of the ¢ and F Symanzik polynomials (see Section 4 of Ref. [29] and also Ref. [231]).
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Here, p denotes the collective dependence on the external momenta p;, ..., p,,, with
o(p) = Ps,s- -, Ps, - The new reduction coefficients i = ¢;(o(p), €) are computed as
a permutation of the external kinematics in the old coefficients ¢;(p, €), while the
new master integrals ML+ are obtained by permuting the external momenta in the

propagators and ISPs of MI'.

In our applications, the reduction coefficients ¢; will most often be parametrised
by the momentum twistors x. Then, since they will be rational functions of x
and €, permuting the external kinematics to obtain ¢, is trivial. Moreover, the
rationality means that this approach to IBP reduction is perfectly compatible with
the finite field sampling procedure. From Eq. A.2, we can see that permuting the
coefficients amounts to evaluating them at a permuted phase-space point. This is
also equivalent to a change of the kinematic variables, which is an operation that
can be easily implemented in FiniteFlow® [48]. Thus, we never have to know and
permute the analytic form of the coefficients, which leads to a significant reduction
in the computational cost. Overall, for an integral family with n massless particles,
we do not need to explicitly perform the IBP reduction in up to n! permutations of
it. In fact, we only need to do it once — in an arbitrarily chosen permutation of this
family, which we label T'(0iq). Then, the reduction of any permutation of this family
is obtained by considering o such that o o g;q brings us onto the target family, that

is 7" = (0 0 T)(0), and applying the steps above.

Let us now discuss a small issue with this new strategy. As pointed out in the
beginning of this section, the total number of MIs after the reduction is smaller than
the sum of MIs in the individual families. This redundancy is not taken care of in
the approach we have described above, since the reduction is performed only within
the main families T'(oyq) and then permuted to cover all needed permutations. Thus,
the inter-family mappings between the MIs are not found and the reduced amplitude
will contain MIs which are in fact not fully linearly independent. Strictly speaking,
there is no requirement for the amplitude to be expressed in terms of independent
objects. However, it is desirable to do so, as this ensures that any cancellations
happen analytically and prevents instabilities or issues with precision during the
numerical evaluation of the amplitude. Moreover, it is more computationally efficient,
as it reduces the number of independent coefficients that have to be processed when

expanding the amplitude into special functions (see Section 2.11).

In practice, we obtain these missing relations between MIs by performing their

In the case of pure MIs, which are often defined as combinations of integrals Ir, we also need
to permute any potential kinematic prefactor of these integrals according to o.

*When working with the s;; variables, the permutation s, ;) will in general take us outside
of their minimal set, but we can always express the new Mandelstam variables through the same
minimal set using momentum conservation and on-shell conditions.
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reduction in the ‘traditional’ approach (i.e. all families included together in one
system) in LiteRed. This expresses the MIs from all families in terms of the truly

independent ones:

|MI]

MI; = Zfij(p,e) x MI; 1€ {1,...,Z]MIT]} ) (A.3)
j T

Here, i runs over the ‘naive’ MIs of all maximal topologies and |[MI| is the number
of truly independent MIs in the sense of Eq. A.1. We stress that this additional
reduction of the naive MlIs does not present such a high complexity as the reduction
needed for the amplitude itself. Firstly, the identities generated through the Laporta
algorithm only need to cover the rank and number of dotted propagators present
in the MI bases, rather than the full amplitude. Secondly, an extremely useful
property of UT integrals' is that any linear relation between them cannot contain a
dependence on the kinematic variables, i.e. f(p,e) — f(¢) in Eq. A.3. This is simply
because adding such kinematic factors would break the canonical form of the DEs and
would imply that at least one of these integrals was not in fact UT. Thus, when using
UT bases, which has become the standard in modern amplitude computations, this
additional reduction can be performed with the kinematic variables set to random
numeric values (subject to momentum conservation). Finally, all the missing relations
between MIs can be worked out once and for all — they will be applicable to any
process at the same loop order and number of particles (and masses), since the IBP

reduction is specific only to the kinematic setup.

Having obtained the missing relations between the naive MIs, we apply them to our
amplitude and collect the coefficients of the true, linearly independent MIs. Overall,
we find that this alternative approach performs much better than the previously
employed strategy of considering all integral families together in one shared system.
The benefit grows with the number of permutations of the maximal topologies,
since including additional families in the IBP system is expensive, but numerically

permuting the solution from one family onto another is cheap.

"We discuss the UT property of integrals in Section 2.9.3.



Appendix B

Symbols

B.1 Introduction

In this appendix, we introduce another useful concept related to DEs and iterated
integrals. We begin by noting that the representation of the solution to the e-
form DEs in Eq. 2.9.9 is not unique. Most generally, the answer is written using
Chen’s iterated integrals (CIIs) [90]. However, as pointed out above Eq. 2.9.15, if
the ‘letters’ are rational in at least one variable, ClIs can be expressed in terms
of GPLs [93]. This has the advantage that robust and stable numerical evaluation
of GPLs is available (see Refs. [96,298,315]). On the downside, contrary to ClIs,
GPLs contain a large degree of redundancy in the sense that they satisfy extra
functional relations, obscuring possible simplifications and cancellations. Other
representations apart from ClIs and GPLs are also possible. Due to the conjecture
pointed out in Section 2.9.3, typically we will be interested in computing the DE
solution up to transcendental weight 4. Another remarkable conjecture exists: any
transcendental function of weight k£ < 4 can be expressed in terms of the usual
logarithms and polylogarithms Li;, only [316,317], while at weight k£ = 4 all functions
can be expressed in terms of Liy(z), Lig o(x, y) and weight-4 products of lower-weight

functions' [93]. Here, the classical polylogarithms Li, () are defined as:

Liy(z) =} % 2| <1, neN, (B.L.1)

'See Section 6 of Ref. [318], which considers this problem for the spanning set of functions with
k < 4 in the special case of Harmonic Polylogarithms (GPLs with all indices a; € {0, £1}).
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while the multiple polylogarithms (GPLs) Li,, ., are their multi-index, multi-

variable generalisations [95,301]:

gk
. 1 e n
Lip, o (21, z) = > T (B.1.2a)
0<ki<..<k, V1 -
oo _ky kn—1 _kn_1 ky—1 _k;
Zn" Zn—1 1
Sy A S AL S A <t men.
k,=1"1" kL, ,=1"n—-1 k=1 1

(B.1.2b)

Note that in these two definitions, |z;| < 1, but the functions can be analytically
continued to cover regions where |z;| > 1. The Li,, ,, GPLs can be viewed as the
series representation of the GPLs defined in Eq. 2.9.15. They are related through
the following equation [318]:

o 1 o 1
Li z)=(=-)"G(0,, 4, —,....0, 4, — 1], (B.13
lml,...,mn(zla 7Zn) ( ) ( m,—1 e ) 1—1 2.2 ) ( )

n
where 0,, denotes a vector of zeros of length m. For example, the aforementioned

Liso(z,y) can be written as:

11
Liga(z,y) = G (0, =0, —; 1) : (B.1.4)
y oy

Overall, the solution to the canonical DEs written in terms of special functions rather
than ClIls is likely to contain a large degree of redundancy. Moreover, due to the
abundance of representations, it is not easy to choose the most appropriate set of
functions or even verify if two expressions are equivalent. We would like to have a
tool which can find relations between transcendental functions and be representation
independent. To this end, we introduce the notion of a ‘symbol’ [317,318]. After
giving its definition and properties, we will demonstrate its power based on several
illustrative examples. To motivate our effort, we remark that the main result of
Ref. [317] was the application of the symbol to re-write a 17-page expression for a
quantity known as the two-loop, six-point remainder function (related to Wilson
loops) in N =4 SYM [319,320] as a remarkably compact combination of classical
polylogarithms that fits on just a handful of lines.

B.2 Definition and properties

The symbol of a CII with dlog kernels is defined as:

S(/dlogwl-...-dlogwn)Ew1®...®wn. (B.2.1)
v
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We can think of it as an elementary n-fold tensor where each entry w; is implicitly
understood as its corresponding dlog. It satisfies certain properties that we would

expect from the behaviour of logarithms':

AR (ab) @ B=ARa®B+A®b® B, (B.2.2a)
A®CD®B:A®a®B—A®b®B, (B.2.2b)
ARad"®B=n(A®a® B), (B.2.2¢)

where A, B are elementary tensors and a, b are algebraic functions. Note that in the
last line, n becomes a coefficient in front of the symbol, rather than a part of it.

Moreover, a symbol which contains a constant (not only rational) vanishes:
A®c® B =0, (B.2.3)

which can be understood as a consequence of dlogc = 0. This means that, when
working with the symbol, we are insensitive to constants, including transcendental

ones like 7.

Since ClIs are defined as repeated integrations over some kernels (see Eq. 2.9.13),
the total differential acts on the symbol defined through Eq. B.2.1 as:

d(w; ®...0w,) =dlogw, (w; ® ... w, ). (B.2.4)

This property goes hand in hand with the definition of pure functions in Eq. 2.9.18.
Crucially, it can be reversed and allows us to define the symbol recursively [317]. For
a transcendental function F' with 7 (F') = k whose total differential can be written
as:

dF =>_ f;dlogw;, (B.2.5)

where f; are functions with 7(f;) = k — 1, we have:

S(F) =Y S(f) @ w. (B.2.6)

The starting point of the recursion is the ‘empty’ symbol: S(1). Let us see how to
use this definition. For now, we will focus on the classical polylogarithms Li, (z). In
this case, we will need the symbol of a single weight-1 function — the logarithm:
S(logw) = w, which can itself be obtained using Eqs. B.2.5 and B.2.6. Here, the w
on the RHS is understood as an elementary tensor in the sense of Eq. B.2.1. This

immediately allows us to obtain the symbol of any Li,. Note that the weight-1

"For a detailed discussion of symbol properties, see Ref. [318].
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polylogarithm is just the normal logarithm:
Li;(z) = —log(1l — 2). (B.2.7)
Moreover, the following iterative definition holds:
. zdt .
Li,(2) = / 7L1n,1(t) , n>1, (B.2.8)
0
which is equivalent to the differential relation:
dLi,(z) = (dlog z)Li,_1(z), n>1. (B.2.9)

Thus, Eqgs. B.2.6 and B.2.7 give:

Li =—(1- . . B.2.1
S(Lin(2)) = —( Z)®Z®1t.®2 (B.2.10)
Note that in deriving the first line, we used S(—f) = —S(f) and this minus sign
cannot be dropped or absorbed, i.e. S(Lij(z)) # (2 — 1). Moreover, it should
not be confused with the symbol expression —1 ® (1 — z), which vanishes due to

Eq. B.2.3. To avoid confusion, the symbol is often written using square brackets, e.g.
S(Lis(2)) = —[1 - 2, 2].

The symbol of the GPLs can be obtained recursively in a similar manner. We will
need the differential equivalent of the integral definition in Eq. 2.9.15 [94]:

n—1 —
dG(a, 1,...,a3a,) =Y G(ay_y1,...,0;...,a1;a,)dlog (%%) , (B.2.11)
i=1

a; — @1

where aq, ..., a, are unique non-zero indices, a, is understood as 0 and a; denotes
the index that should be removed in a particular GPL. The starting point of the
recursion is the symbol of the ‘empty’ GPL, defined as the empty symbol:

S(GG2) =1]. (B.2.12)

Clearly, the reader will now understand why we mentioned the alternative notation

for the symbol. We can now move up on the recursion ladder by one step:

dG(a;z) = G(;z) dlog <a — Z) . (B.2.13)

a
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Then, the weight-1 GPL has the symbol:

a—z

S(G(a;2)) =

; ] —fa—z—[d. (B.2.14)

Proceeding in this manner, we can then calculate the symbols of all GPLs with

higher weights.

We also need to know how to obtain the symbol of a product of functions, e.g.
S(log(z)Liy(z)). To this end, we point out that the CIIs satisfy so-called shuffle

relations'. Specialising to the case of GPLs, we have:

G(@;2)G(b; 2) = an(a 2). (B.2.15)

The shuffle product @ L b denotes all possible ways of permuting the union of indices
@ and b such that the ordering of indices within each set is preserved. Perhaps a

simple example illustrates this definition better:

G(ab ag; Z>G(b1a by; Z) = G(ah g, by, by; Z) + G(ah by, as, by; Z) + G(ala b1, b, as; Z)
+ G(by, aq,a9,b;2) + G(by, aq, by, ag; 2) + G(by, be, a1, ag; 2) .
(B.2.16)

Therefore, the shuffle relations allow us to write a product of GPLs of weight |d|
and |b| as a linear combination of GPLs of weight |@| + |[b|. Thus, we can now
calculate the symbol of the product S(log(z)Liy(2)) by expressing the two functions
as special instances of GPLs, taking the shuffle product of these GPLs according to
Eq. B.2.15 and finally mapping the symbol over the resultant sum of higher-weight
GPLs. However, it is often easier to follow an alternative route, which arises due to
the fact that:

S(fife) = S(f1) x S(f2), (B.2.17)

where the RHS is understood as the shuffie product of the individual symbols. Indeed,
the symbol itself inherits the shuffle algebra:

(W @ ... QW) X (1 ®...Q0U,)= Y (21Q...® Zyim)- (B.2.18)

Z=wwv
Therefore, in our example we may simply write:

S(log(2)Liz(2)) = (2) x (=(1 = 2) ® 2)
=—2(1-2)82-2(1-2)®2®z (B.2.19)

"For this simple weight-3 function, its symbol can be obtained more directly by taking the
differential and using Eq B.2.6. Nonetheless, we find it illustrative to introduce the shuffle product,
as it becomes useful in more complicated cases.
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=—[2,1—2,2] —2[1 — 2,2, 7].

In the last line, we have again used the alternative notation in order to make the

position of the minus sign and a constant absolutely clear.

B.3 Examples

Overall, we see that thanks to symbols of the classical polylogarithms, Eq. B.2.10,
and GPLs, Eq. B.2.14, as well as the symbol shuffling, Eq. B.2.18, and finally the
relation in Eq. B.1.3, we can now compute the symbol of any function that may
appear in the weight-4 function basis. Thinking ahead to our amplitude applications,
it is clear that the symbol will allow us to find relations between linearly dependent
objects such as GPLs and express our results in a much more compact form. Having
expended the effort of understanding the last few pages, let us enjoy the fruits of

our labour sprouting in the form of several illustrative examples.

Example 1

Given a functional relation, we can check its validity — but only up to constants.
More precisely, while we can never prove with full certainty that an identity is valid
by looking at its symbols, we can definitely show that an identity is not correct
by proving that the symbols do not match up. The symbols allow us to fix the
most complicated part of the identities. What is left is essentially boundary values,
which can be determined for example by evaluating both sides of the relation at a

numerical point. Consider the well-known dilogarithm reflection identity:

2

Lip(1 — 2) = —Liy(2) — log(z) log(1 — z) + % , (B.3.1)

valid in the domain z € C\ {(—o00,0] U [1,00)}. For the two dilogarithms, we can
straightforwardly use Eq. B.2.10, while for the product of ordinary logs we need to
use the shuffle algebra. At the symbol level, the identity reads:

—[z,1—z2]=4[1—z,z2] — [2] W[l —2]. (B.3.2)

Taking the shuffle product leaves the two sides equal. Thus, we managed to verify
that the identity holds — up the factor of 7 /6, which we can easily find by evaluating
the rest of the identity at e.g. z = 1.

Example 2

If we're trying to construct a functional relation, the symbol can also help us to fix
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the coefficients of the functions. Let us conjecture another identity:

Lh(i):aL5@)+bbg@w)+c, (B.3.3)

where a, b, ¢ are rational constants. Then, at the symbol level:

[z —1,z] — [2,2] = —a]z — 1, 2] + 2b[7], (B.3.4)

To get to the second line, we have expanded the LHS using the symbol properties
in Egs. B.2.2 and B.2.3, while on the RHS we used [—z] = [z], which is a direct
consequence of these properties. Thus, a = —1, b = —1/2. We still need to fix the
so-called ‘beyond the symbol terms’ These include not only the weight-2 constants
such as 7%, but also products of weight-1 constants with a log. The latter type can
be often fixed by differentiating both sides of the identity, thus producing a relation
at a lower weight. In this case, differentiating Eq. B.3.3 with the known values of a
and b shows that no log x constant terms are missing. Hence, only weight-2 constants
are allowed in ¢ and we can fix it by evaluating the identity at a chosen value of z.

In this way, we find:

2

Liy (i) — Lig(s) — ;logQ(—z) -T. sec\ ), (B.3.5)

which is indeed a well-known dilogarithm relation. Finally, the reader might wonder
why we have conjectured log(—z) instead of log(z). After all, as pointed out above,
both these functions have the same symbol — [z]. The reason is simple: swapping
the sign of the argument in the log would mean that there is no domain in which
all the functions in this relation are well-defined and they would consequently have

to be analytically continued.

Example 3
For more complicated identities, calculating the symbol by hand becomes unfeasible.

Consider the following weight-3 relation:

Zl>—LM1—@

z —

Lig(2) = —Li; (
- élog?’(l —z)— ;log(z) log®(1 — 2) + éﬂg log(l —2)+¢(3), (B.3.6)

which holds for z € C\ {(—o00,0]U[1,00)}. The symbol of the LHS is trivial thanks
to Eq. B.2.10:
S(Liz(2)) = —[1 — 2, 2, 2] . (B.3.7)

The RHS requires much more work, namely repeated application of shuffle products
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and symbol properties in Eq. B.2.2. These operations can be easily automated, how-
ever. In particular, we make use of the Mathematica package PolyLogTools [301],
which enables the computation of symbols of arbitrary combinations of GPLs. In-
deed, with the help of this package, it is trivial to verify that the sum of symbols of
the terms on the RHS is equal to Eq. B.3.7.

The PolyLogTools package introduces several powerful tools related to the sym-
bol. In particular, we point out its functionality related to the so-called ‘fibration
basis’. Given a GPL expression F' whose letters (i.e. the arguments) satisfy certain

conditions, it is possible to write it in the following form:

for some variable x, where @; are independent of  and the coefficients ¢; include
only those GPLs that are independent of x (see Ref. [301] and references therein).
The GPLs appearing on the RHS of this formula are known as the fibration basis.
Moreover, it is also possible to ‘integrate’ a symbol: given a symbol tensor .S, it
is possible to find a fibration basis such that S(F) = S. This means that we can
determine the functional form corresponding to a symbol expression (up to beyond-

the-symbol terms).

B.4 Relation to canonical DEs and

discontinuities

Let us now take a step back and make a connection between the symbols and the
differential equations satisfied by master integrals. In Section 2.9, we saw that by
making a suitable change of basis, it is possible to construct MIs such that the
corresponding DEs are in the canonical form of Eq. 2.9.9. Then, their solution is
given by a path-ordered exponential of the e-free DE matrix A. This exponential is
understood through its series expansion, leading to repeated integrations over kernels
dictated by A. Further, we introduced the notion of uniform transcendentality
and an even stronger condition on ‘pure’ functions, Eq. 2.9.18, which says that
the transcendental weight of pure functions is lowered by 1 upon differentiation.
Moreover, we learned that the solution of any canonical DEs is pure and vice versa
— a given basis of pure functions will satisfy the canonical DEs. We should therefore
be able to write down these DEs in a way which makes the purity property manifest.
Indeed, notice that the differential equivalent of Eq. 2.9.12 is:

dMI® = aAMI* Y vk >0,  aMi© =o0. (B.4.1)
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If we specialise to the cases where the DE matrix can be written in the dlog form
of Eq. 2.9.14, then (for k£ > 0) this becomes:

AMI® = (Z a; dlog wz-) M= (B.4.2)

Note that M1 must be a vector of constants due to its vanishing derivative. This
means that the leading term in the Laurent expansion of pure MIs does not contain

any kinematic dependence.

We can use Eq. B.4.2 to express the solution of the canonical DEs up to and including

weight n in the following form:

MI™ = Y Capar, /dlog W, .. dlogw, | n>0. (B.4.3)

Oty
Note that each coefficient ¢, ., is a vector of rational numbers — they are calcu-
lated from the products of matrices a;, which are dotted into the weight-0 vector
MI©, Naturally, to obtain explicit values for l\ﬁ("), we need to supply the integra-
tion contour. Nonetheless, the symbol, which discards this information, can still tell
us a lot about the analytic structure of the solution. It can be trivially read off from

the above equation:

SMIM) = 3 o[y, ] (B.4.4)
gyl

It turns out that the first entry of the symbol encodes its branch cut structure. In
particular, a Feynman integral with the symbol [w, ,...,w, ] has a discontinuity
if w,, = 0 or co. Of course, singular points of Feynman integrals are not random
and we expect them to be connected to special values of the Mandelstam variables.
Indeed, there exists a so-called first-entry condition which states that ¢, o =0 if
W,, 7 S, 1.e. a symbol cannot appear in the solution of the DEs if its first letter is
not a Mandelstam variable with a physical discontinuity' [297]. This turns out to
be a very strong condition which in many cases fixes the values of MI© up to an
overall normalisation factor. Beyond the first entry, the structure of the symbols is
further constrained by the so-called Steinmann relations, which state that there is
no double continuity associated with overlapping channels [322-325]. Overall, such
conditions created by physical principles constrain the structure of the symbols and

canonical DEs. This is evident when studying the pure MI bases relevant to this

thesis (see Refs. [98,99]).

1Strictly speaking, it is the absence of discontinuities at certain points that implies the first-entry
condition, but this statement should not be inverted. In fact, it is possible to write an amplitude
using a function which satisfies the first-entry condition, yet has the forbidden singularity. See
Section 3 of Ref. [321] for an explicit example.
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Derivation of the pole structure

In this appendix, we provide a detailed derivation of the full pole structure of the
pp — bbH amplitudes presented in Egs. 3.2.11 to 3.2.17. We do this for completeness,
but also in the hope of illuminating the procedure, which can be far from obvious.
The pole structure of the pp — Wiyj amplitudes can be derived similarly. We also
outline the related calculation for the 0 — £/y~* QED amplitudes of Chapter 5.

C.1 UV singularities

Let us start with the UV singularities. Renormalising the amplitude amounts to

replacing the bare couplings xp in the Lagrangian with the physical ones:

The renormalisation factors are expanded as Z, = 1+ d,, where 9, are the coun-
terterms added to the bare Lagrangian and which are designed precisely to cancel
out the divergences. Thus, we can think of renormalisation as absorbing the infin-
ities from zp into Z,. Then, working with the renormalised parameters zp in the
Lagrangian is known as ‘renormalised perturbation theory’ Let us now see how to
achieve that. Specialising to the pp — bbH process of Chapter 3, the bare amplitude
admits the following expansion (similar to that of Eq. 1.4.5):

Ap = apyyp (AY +apAl) +aBAT +. ), (C.1.2)

where ap = o, p/(47) and ag g, Y, p are the bare strong coupling constant and the

bare Yukawa coupling of the b quark'. We will work in the MS scheme and make

'See Refs. [326,327] for details, but note the difference of ai{ ; as the leading power due to
one fewer jet and, in the second reference, the expansion in powers of a 5/(27), which introduces
relative factors of 2 with respect to our convention.



C.2. IR singularities 161

the following replacements for the two couplings':

as,B - Se Zas as,R(“R)? (013)
Yo.B = ZyYb.r(LR) ; (C.1.4)

where pp is the renormalisation scale. The factor S, = e#(4m)™ cancels out with
the m, factor extracted from the colour-ordered amplitudes in Eq. 3.2.8 and so
will be dropped in the following discussion. The renormalisation factors themselves

admit a perturbative expansion in the renormalised strong coupling constant:

Zo, =1+agr + axry + O (a?j{) , (C.1.5)
Z,=1+agps; + a%kse + O ((Z;])){) , (C.1.6)

where ar = o g/(4m). Substituting Egs. C.1.3 through C.1.6 into Eq. C.1.2, we

obtain the amplitude expansion in terms of the renormalised parameters:
Ap = apypr (AR +apAl) +aBAR + . ), (C.1.7)
with the individual amplitudes given by:

Agg) _ Ag),
AR = AD 1245 21y + 51) + 4AD (ry + 7151 + 59)

The coefficients ry, 19, $1, So are listed in Appendix D. Note that we use their values
as given in Ref. [327] for the sake of consistency, but in Eq. C.1.8 we have rescaled
them by powers of 2 to make them compatible with our expansion. Overall, we see
that each UV-finite amplitude AEQL) is defined by adding to the bare amplitude Ag)
terms related to the g-function whose € poles cancel out the UV divergences. This

completes the renormalisation of the pp — bbH amplitudes in Chapter 3.

C.2 IR singularities

The renormalised amplitudes A%L) are only UV-finite — the IR divergences remain.
The IR pole structure of two-loop amplitudes in massless gauge theories was originally
derived in Ref. [23] and later extended in Refs. [24-26]. Here, we provide a brief
summary of these results, followed by their application to the process pp — bbH.

"'We treat all quarks as massless, while the wave function counterterm in the massless on-shell
scheme is 0 (see Section 3.2 for an explanation as to why we use a mixed renormalisation scheme).
Therefore, we only renormalise the strong coupling constant and the b quark Yukawa coupling.



162 Appendix C. Derivation of the pole structure

C.2.1 Overview of IR singularities

The MS-renormalised amplitudes A" admit the following structure':

AW =21V () AV 4+ PO (C.2.1)
AR = 200() AR + 41D () A + F). (C22)

The IR-divergent part is determined by amplitudes at lower loop order, while the full
amplitude also receives a finite part F' (L), which is the genuinely new contribution

that needs to be computed. The pole operators I(L)(e) are given by [23]:

I<1>(e)zér(iwje);<; 26T2>§T T( m) , (C.2.3)
- TR - 0+4)

(C.2.4)

where s;; = 20;; p; - p; with 0;; = +1 if both momenta are incoming or outgoing and

0;; = —1 otherwise. The values of the [-function coefficients and the anomalous

4]
dimensions are given in Appendix D. We remark that the one-loop pole operator
1 (1)(6) is independent of the regularisation scheme, while the two-loop operator
I¥(¢) is not. Its dependence enters through the quantity H}% (€), which contains

O (1/¢) poles only:

2 1 7 1 cus z cus
Hig(e) = 1o- > (1 = ™™ /3070 °C;

. pabc
if arpbrac —Sij —Sjk —Ski
+ o5 Z T/T; Ty In (_Sjk> In <_SM> In (_S“> (C.2.5)

(27.]7k) ZJ

. pabc i J
lf cusp a b E . E _sij —Ski

(4,5,k) t

where the sum runs over unordered tuples (i, 7, k) of distinct parton indices. As
pointed out in Ref. [24], the last two lines appear only because the pole operators
I'™)(e) in Ref. [23] were not defined in a minimal scheme, but also include terms finite
in €. Due to colour conservation, they contribute only if the amplitude contains at
least four partons. Additionally, the last line appears only for more than 4 partons
due to momentum conservation. More importantly, these last two lines produce
terms subleading in N,. Thus, in the leading-colour approximation, we will neglect

them and use the first line only.

"Note that similarly to the previous section, we rescale I(l)(e) and I? (€) by 2 and 2%, respect-
ively, to account for the different expansion parameter ap in Ref. [23].
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Overall, despite the intimidating appearance of the formulas above, it can be appreci-
ated that the only non-trivial piece of deriving the IR pole structure of the two-loop
amplitudes is due to the operators T}, which we will refer to as ‘colour insertion
operators’. Each T;" acts on the colour structure of the amplitude by inserting a

gluon with the adjoint index a onto the parton ¢. The rules are as follows:
o T : 5% = —if® if ¢ is a gluon,

o T :6;; =+(T"); if i is an outgoing quark,

o T/ :0;, =—(T7); if i is an outgoing antiquark,

o T/ :0;, =—(T"); if i is an incoming quark,

o T/ :0;; = +(T"),; if 7 is an incoming antiquark.

We find it very helpful to use pictures akin to Feynman diagrams to better understand
these rules (see Fig. C.1). Before applying them to our process of interest, it is useful
to note that the product of two colour insertion operators, T; - T; = T;'T}, trivially

commutes:
T,-T; =TT, (C.2.6)

while for ¢ = j the action of the product gives the quadratic Casimir of the appro-

priate representation of SU(N,):
T? = C, (C.2.7)

with C, = C; = Cp and C; = C4. Moreover, due to colour conservation:

n

Y THA,) =0, (C.2.8)

i=1
ST, T, =-> T =->_.C;, (C.2.9)
(i.4) i i

where |A,,) denotes a vector in the n-dimensional colour space, with A,, being the
UV-renormalised amplitude of n coloured partons'. These equations can be used
to check whether we have applied the colour insertion operators to our amplitude

correctly.

C.2.2 Application to pp — bbH amplitudes

We now have all the tools to derive the IR pole structure of the pp — bbH amplitudes
in Chapter 3. First of all, we note that by applying the first line of Eq. C.2.5 to the

"For a description of the colour-space formalism, see Ref. [328].
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Figure C.1: Graphical representation of the action of the colour
insertion operators on partons. The dot e indicates a Feynman
diagram vertex and allows us to distinguish between incoming and
outgoing quarks and antiquarks. The fundamental and antifunda-
mental indices should be read in the direction opposite to fermion
flow, while the adjoint indices in the three-point gluon vertex should
be read anticlockwise.
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13 2 13 12

Figure C.2: The colour structure of a sample diagram contributing

to the bbgqH channel at tree level. We employ the Fierz iden-
tity to write (7),(T%),)" = Tp (5,6, — #-6,,'0,* ). Note that
particles 3 and 4 have to be crossed into the final state to corres-
pond to the process definition in Eq. 3.2.2, where all particles are
outgoing. Thus, we should treat them as an outgoing antiquark
and an outgoing quark, respectively, when applying the rules from

Fig. C.1.

bbggH and bbggH channels, Eqgs. 3.2.16 and 3.2.17 follow trivially. Then, to derive
the two-loop pole operator I (2)<€), we only need to concern ourselves with the action

of the colour insertion operators T} within I (¢).

The bbggH channel

As the first step, we write down all the colour structures that appear in the relevant
Feynman diagrams. Note that factors such as N,, T, C'4 or C'r are not considered a
part of these structures — we only include d-functions, fundamental generators (T“)Zj
and the structure constants f°*. For this channel, we find two colour structures (see
Fig. C.2):

- = = = \T
c= (6,67  §07) (C.2.10)
Then, the action of the products T; - T; produces linear combinations of these

structures, which we encode in the matrices C;; defined as follows:

Note that we do not have to compute C;; for all possible combinations of partons
1 and j. Due to Eq. C.2.7, all C;; are diagonal and their entries are given by the
quadratic Casimirs C; in the relevant representation. Moreover, the commutativity
property Eq. C.2.6 further reduces the number of necessary computations. Overall,

for n coloured partons, we only need to compute n(n + 1)/2 matrices.

As an example, let us see how the operator product Tj - T, acts on the two colour
structures in this channel. Applying the rules listed in Fig. C.1 (remember that

particle 3 is treated as an outgoing antiquark, while particle 4 as an outgoing quark),
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T, - T, : i LT T = = —Cp_

t3 b2 13 > 2 'ig B — iQ
(a)
1y 1 7:4 1 (7 11
Tl . T4 . = — — _TF B - ﬁ
Gy —>—— iy c
ig 12 23 ?:2 3 L2
(b)

Figure C.3: A pictorial representation of the action of the colour
insertion operators T} - T on the colour factors (a): d;*,* and (b):

5,155
we obtain:
T Ty : 6,76, = —(T°T%),6,* = —Cpd, "6, (C.2.12)

A ay iy (pay i A QNS N
Tl * T4 . 5i215i43 = —(T )Z21(T )i43 — _TF <6i415i23 - N6i215i43> P (0213)
where in both lines we have used the Fierz identity in the last equality. Perhaps a
graphical representation of these operations in Fig. C.3 is once again more illustrative.

We can now read off the matrix Cy,:

Cry = (_CF 0) . (C.2.14)

In the same manner, we need to obtain the remaining matrices C;;. Needless to say,
performing these operations by hand (or even using their diagrammatical equival-
ents) becomes tedious and extremely prone to errors. We therefore automate this
task in Mathematica and make use of the package ColorMath [329] to achieve the
simplifications of the various colour structures that arise as a result of applying the
colour insertion operators. We make sure to verify that Eq. C.2.9 holds as a check

on our calculations.

Once all the matrices C;; have been computed, we have all the information needed to
act with the pole operators I () on the renormalised amplitudes AE%L) and subtract
the IR singularities. Note that if we want to retain full colour dependence, for each
colour-ordered amplitude the subtraction will involve multiple lower-loop amplitudes

with different colour factors. However, within the leading-colour approximation the
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situation is much simpler as the pole operators become diagonal. Indeed, replacing
each T;-T; with the corresponding C;; (and each T? with the corresponding quadratic
Casimir (), we retain only the highest power of N, to find:

IE(;;qH = —Nch(e) (612 + 236) ((—523)‘6 + (—514)‘6) ((1) (1)) , (C.2.15)

where N(€) = e /I'(1 — €). Moreover, it turns out that the second colour factor
6i2i15iz3 always appears suppressed by 1/N, with respect to the first factor 5Z~4i152-;3, as
can be appreciated from our simple example in Fig. C.2. Thus, in the leading-colour

approximation, we simply drop it. This justifies the decomposition in Eq. 3.2.8 and

](1)

completes the derivation of the pole operator Bbaq in Eq. 3.2.14, which now acts

solely on the amplitude associated with the colour factor 51'4{1 (51-53.

Finally, we combine the UV and IR poles in a single operator P which we can use
to subtract both types of divergences from the amplitude. Substituting Eq. C.1.8 into
Eqgs. C.2.1 and C.2.2, we obtain the finite part:

=AY — 21V () A
=AY + 24D (r, + 5,) — 21D () AY
= Ap = 2(1V(e) = r — 1) A, (C.2.16)

pO

= AR — 21V () AR — 41D () AP
=AY + 245 (2r) + 51) + 44 (ry + 115, + 5,)
=21V (e) (AG + 247 (ry + 1)) — 4IP () AY

= Ag) — (2[(1)(6) (Ag) +2r + 251) + 47 (e) — 2(2r; + 51)215;) — 4(ry + 1151 + 52)) Ag) :

p@

(C.2.17)
where flg) is the one-loop bare amplitude divided by the tree-level amplitude. Thus,
to obtain the finite remainders, we simply subtract the operators PY and p?

multiplied by the tree-level amplitude) from the bare amplitudes A and AP,
y B B

The bbggH channel

The derivation of the pole structure in the bbggH channel follows exactly the same
steps as described in the previous section. However, we believe it is still useful to

outline it, since there are a few subtleties that we did not have to take care of in the
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Qy (31
ay Gy
as as

a y . .

3 19 19 19

Figure C.4: The colour structure of a sample diagram contribut-
ing to the bbggH channel at tree level. It is also a graphical rep-
resentation of the relation which defines the structure constants,

1T = (1)) — (T°T7),,

case of the bbggH channel. First of all, here we find three colour structures:

= - = T
c=((To=T™)  (T™T*),"  §,0") . (C.2.18)

12

While the first two factors can be spotted in a naive analysis of tree-level diagrams
such as Fig. C.4, the third factor appears only at loop level. Thus, from a practical
point of view, it is useful to have an automated routine which is able to extract the

colour structure of all diagrams up to the desired loop order.

Just as before, we apply all the needed combinations of the T; - T; operators on

the colour structures in ¢ and extract the matrices C;;. We then know how to act

with the pole operator Il—S;;gH on the renormalised amplitude A%) in this channel.

Again, in the leading-colour approximation, the pole operator is diagonal, i.e. there

is no mixing of different colour structures. However, contrary to IZ—E;(;QH, it is not
proportional to the identity matrix. We find:
b 0 0
o _ N
Il_)bggH - _NC D) 0 I, 0f,
0 0 Iy
where:
_ _ 1 3 50 —€ —€ 1 50 —€
L=5L= <€2 + I + 4Nce> ((_323) + (—511) ) + <€2 + IN.€ (—s34)",
1 3 —€ 2 BO —€

As in the previous section, the last colour factor is always suppressed by 1/N, with
respect to the first two and we simply drop it. This completes the derivation of the
bbggH leading-colour decomposition, Eq. 3.2.8, and its pole operators, Eq. 3.2.15.

A careful reader might be alarmed by the presence of the ,/N, term at leading
colour. Indeed, since [, = I—;C’ A — %Tpn sand Cy = N, we would expect only the

11/3 contribution to survive. However, in most applications the number of light
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fermions circulating in closed loops is ny = 4 or 5, thus ny/N. ~ O (1). It is therefore
reasonable to retain the n; term as well and the whole contribution is written in
terms of the first 8 function coefficient as §,/N,. This also provides the motivation
for the decomposition in Egs. 3.2.9 and 3.2.10.

C.3 Pole structure of the QED process
0 — £4~y~"

To derive the pole structure of the process 0 — £0y~* in Chapter 5, we depart from
the procedure described above. In particular, in QED there is no colour structure,
therefore applying the colour insertion operators would not make sense here. Instead,

we follow the approach found in Refs. [24-26,287] and provide a brief outline below.

We renormalise the QED coupling constant by trading the bare coupling, ap, for

the renormalised one, ap, through:

o = ar(ir) Zo(ar(pr)) 15 Se. (C.3.1)

with S, = e?Z(47) ™. The renormalisation factor Z, in the MS scheme is [330, 331]:

1o (o A 1A ;
Zolo)=1- =~ (- 25 +0(a®). (C.3.2)
The QED S-function is defined from the renormalised coupling as:
dag(pr)
Ay {—2 €+ 5(%{(#5:))] ar(ir) , (C.3.3)
and expanded as:
o' a\*
=—-2— — 3.4
B =21 S (5] (C:3.4)
with:
4
Bo = —3™ py=—4n;. (C.3.5)

The photon wave function renormalisation factor is Z4 = Z,, which we include due

to the external off-shell photon. The complete renormalisation procedure is then:
1
Ar(ar) = Zi(ag) A(ap), (C.3.6)

where ap is expressed in terms of ap through Eq. C.3.1.
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The IR poles of the renormalised amplitude factorise as [23-26, 287]:
Ap(agr) = Z(ag) F*(ar), (C.3.7)

so that Z(ag) captures all IR poles and F* is a finite remainder. We obtain the
explicit two-loop expression of the IR factor Z(ag) by choosing QED parameters
(Cy =0, Cp =1, and Tr = 1) in the non-abelian gauge-theory expressions of
Ref. [25]. We expand it as:

Z(a) = ’;)Z(L) (;)L . (C.3.8)

The coefficients 2 up to two loops are given by:

2
r, T, ZzW* 38,y Iy —48,, T
=049 70~ e, ol "0 4 -1 (C.3.9
2 2 2 168 T 162 e ( )

70) _ 1, 7(1)

They are expressed in terms of the anomalous dimension I

[ = AP <_8212> +29' + 44, (C.3.10)
1
and its derivative:
or
= — 9~ cusp C.3.11
Oln 7 ( )

WP s the cusp anomalous dimension, while 7' and 4 are the lepton’s and

Here, ~y
the photon’s collinear anomalous dimensions, respectively. We expand all anomalous

dimensions y € {T',7'} as:

y=-=3y (Q>k (C.3.12)

47 >0 4

Their zeroth- and first-order coefficients are listed in Appendix D.

Putting together the subtraction of UV and IR poles and expanding the resulting

finite remainder F"(ap) in ag leads to the definitions in Eq. 5.2.14.
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Renormalisation Constants

The bottom-quark Yukawa renormalisation constants are [162,326]:

r = Do
1 26 )
L _B B
27 4 8¢

3CE
S1=——F—,

2€

3 1 (3C% 97 10

Sg = @(301% + 6OCF> ry (2 + ECFOA - 3CFTan> )

where the first two S function coefficients are:

11 4
Bo = ECA_g Fliy,

34 20
B = gcﬁ - ?CATan - 4CFTan )

with Cy = N,, Cp = Tr(N2 —1)/N..

The zeroth and first-order coefficients of the anomalous dimensions are given by [25]:

(D.7)

(D.9)

(D.10)

9— — —C4+-T
Yo 3 A+3 FNy,
692 117> 256 27>
2
’Yf = CA <—27 + F + 2<3> + 4CFTF’/Lf + CATFTlf (27 - 9) y (D8>
PYg = - 30Fa
3 961 117>
V=2 (— +on? - 24<3> + Oy [ =25 — =5 4266,
2 54 6
130 2x°
CrT — 4+ —
* Fan<27+ 3)’
PY(Z) :_37

(D.11)
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3 130
7(1)4:_607
714:_617
cusp_4

0 I

9 3 9

ous 268 47 80
N = <_>CA_ FTy .

2

+ -7

3

2)7

We emphasise that while in QCD we have N, = 3 and usually set Tr = 1/2 or 1,

when working in QED one needs to set Cy = 0, Cr = 1 and Tp = 1 in the expressions

listed above.



Appendix E

One-Loop Results

In this appendix, we collect the numerical results relevant to the amplitudes presented
in Chapters 3 and 4. Tables E.1 and E.3 show the bare one-loop amplitudes for the
two processes pp — bbH and pp — Wifyj , respectively. Tables E.2 and E.4 show the
corresponding reduced squared tree-level amplitudes H© and the reduced squared

one-loop finite remainders.
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bbggH | helicity | ¢ 2 ¢! ° ¢’ €
AT T r 1| =3 | 3.07857— | 0.317351 + | —1.25257 — | 25.8294 —
3.14159i 8.42128i 8.56907i 4.35648i
+4+—| —3 | 3.07857— | —2.99786— | 2.86487 — | 30.3093 —
3.14159i 1.02133i 28.7164i 26.3373i
+4+—+ | —3 | 3.07857 — | —0.119814+| —1.43041 — | 19.6373 —
3.14159i 8.67497i 5.33656i 0.110475i
+4—— | —3 | 3.07857— | —6.51606 + | —21.7849 + | —24.6605 +
3.14159i 18.6156i 24.0036i 55.6878i
AVns Tyt [0 0 —0.005010+| —0.00700827+ 0.0109029 —
0.0007798714 0.0150298; | 0.0163643i
+4+4+—1 0 0 0 0 0
+4+—+1| 0 0 0 0 0
++—1| 0 0 —0.393552+| —0.793221— | 0.635641 —
0.138515i 1.11035i 1.48796i
bbgqH | helicity | €2 e ! ¢ e ¢
ADL |y | -2 2.48840 | —9.99430— | 2.20899 — | 4.76962 —
8.95182i 24.3401i 27.6604i
44—+ | —2 2.48840 | —8.43825— | 7.21741 — | 13.6369 —
7.45006i 24.6383i 20.4876i
AD» T4 44— [ 0 | —0.666667 | 0.726782 — | 2.29387 + | —2.54017 +
2.09440i 2.28325i 0.316127i
+4+—+| 0 | —0.666667 | 0.726782 — | 2.29387 + | —2.54017 +
2.09440i 2.28325i 0.316127i

Table E.1: Numerical values of the bare bbggH and bbggH partial
amplitudes at one loop (normalised to the tree-level amplitude) at
the kinematic point in Eq. 3.6.11 for the four independent helicity
configurations and the various closed fermion loops contributions.

channel HO Re HW! Re HDms
gg 1121.375369 4905.689964 204.1069797
qa 0.001095232986 | —0.008958148524 | 0.0007959961305
dq 0.001095232986 | 0.01182947634 | 0.0007959961305
bb 738.4111805 5948.275150 —2005.976183
bb 774.9861507 —8346.007933 —2253.325645
bb/bb 71.81424881 —678.1382010 —243.5040325

Table E.2: Numerical values of the tree-level reduced squared
amplitudes H© and one-loop reduced squared finite remainders HW
defined in Eqgs. 3.6.3-3.6.9 at the kinematic point in Eq. 3.6.11 for
the closed fermion loops contributions and the scattering channels
specified in Eq. 3.6.1.
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helicity €’ e’ e € €
ADL ] 2 | 23.8477 | —138.615— | 523.949 + | —1448.23 —
2.093704 12.3666i 21.7701i
Cpbe—t | -2 | 23.8477 | —139.779— | 535.218 — | —1503.32 +
0.5161647 | 2.01397i 46.1044;
APV i | -2 | 238477 | —140.008— | 539.871+ | —1538.48 —
2.18806i 13.7461i 30.4669i
Cpgeg | -2 | 238477 | —139.294— | 532471+ | —1499.51 —
2.18046i 15.2170i 44.3866i
ADY T [ -2 | 238477 | —139.550— | 534.185+ | —1503.99 —
1.53563i 8.26368i 6.62167
Cpb— | -2 | 23.8477 | —139.818— | 536.639+ | —1515.10 +
1.20381i 5.03856i 9.39205i
ADL ] 2 | 23.8477 | —139.570— | 534.360 + | —1504.71 —
1.46851i 7.61926i 3.48177i
Cpb—t | -2 | 23.8477 | —140.303— | 541.353 + | —1538.44 —
1.48855i 7.64165i 2.31498i

Table E.3: Bare one-loop helicity sub-amplitudes (normalised to
the tree-level amplitudes as in Eq. 4.5.9) without any closed fermion
loop contribution for W~ production in the ud scattering channel
evaluated at the kinematic point given in Eq. 4.5.7. The results are
shown for the two independent helicity configurations and obtained
with ¢, = p3 and ¢z = p; where ¢; (g3) is the reference momentum
for the photon (gluon) polarisation vector.

Wy [ HO [x107° Gev ] Re ! Re Hms
ud 32.9224527109 -20.4269208141 4.22462265354
du 35.8863373066 -20.0350027848 4.22462265354
ug 4.84655650134 -26.9380515414 4.45445318051
gu 15.2151742999 -25.3235043118 4.37533965902
dg 9.18270882925 -28.3542876136 4.45445318051
gd 26.4333120479 -27.3120879601 4.37533965902

Wy | HO [x107° Gev ] Re {1 Re #Dms
da 48.5521763841 ~20.5759435967 1.22462265354
ad 5.60724308955 -25.0921274652 4.22462265354
dg 0.161819754065 -53.2745933316 4.45445318051
gd 2.59919214772 -35.7387232774 4.37533965902
g 0.471356750696 -25.5067063821 4.45445318051
gl 27.6357549618 -32.8902240077 4.37533965902

Table E.4: Reduced squared tree-level amplitude (absolute) and
reduced squared one-loop finite remainders (normalised to the re-
duced squared tree amplitudes) for the various closed fermion loop
contributions and scattering channels of both pp — Wtyj and
pp — W™ ~j production, evaluated at the kinematic point given in

Eq. 4.5.7.




Appendix F

Definition of the four-point

integral families

For each two-loop integral family T" corresponding to one of the maximal topologies

shown in Fig. 5.2, the Feynman integrals have the form:

d4726k d4726k 1
jT(alv Ly Gg) = e*" / : : (F.1)

- - a ag
ir"™" ir™ Dily... Dry

The sets {Dr1, ..., Drg} contain seven (inverse) propagators and two ISPs (ag, ag <

0). For the maximal topologies under consideration, they are given by':

o penta-triangle, mzz configuration:

{kfi (k1 4+ p1 + Do +p3)2, (k1 + Do +p3)2, (ky +p3)2, k3, (ko — ps)Q,

) ) ) (F.2)
(ky + ka)®, (kg — p1 — pa — p3)”, (ka — p2 — p3) }7
« penta-triangle, zmz configuration:
{k%, (k1 = p1)%, (k1 + po +p3)°, (ky + p3)? k3, (ks — p3)?, (K + ko), (F.3)

(ko +p1)%, (k2 — po — 293)2} ;
o penta-triangle, zzz configuration:

{k%, (ky — p1)2, (k1 —p1 — p2)2> (k1 —p1 —po — P3)27 k3, (ko + p1 + Do +P3)27

(k1 + ko), (ko +p1)°, (ko + py + p2)2} ;
(F.4)

"We use a naming convention analogous to that of Ref. [98].
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e planar double-box:

{ki (k1 — pl>27 (ky —p1 — ]92)27 k3, (kg +p1+ D2 +P3)27 (kg + 1 +P2)27

) ) ) F.5)
(ky + ko)™, (k1 — p1 — p2 — p3)”, (k2 +p1) } ;
« crossed double-box, mz configuration:
{k%, (k1 + D1+ P2+ p3)%, (k4 Do+ 3)° K3, (ke — p2)?, (K + Ka)?, (F.6)
(k1 + ko +p3)%, (k1 + p3)®, (ks — p1 — po — p3)2} )
e crossed double-box, zz configuration:
{ki (k1 — p1)?, (kb — 1 — p2)° K2, (ks — p3)?, (kg + k), (F7)

(k1 + ko —p1 — po —p3)2, (k1 —p1 — 2 —P3)27 (Ko +P1)2} .

We also use the one-loop (one-mass) box family, made of the following integrals:

A2k 1

-box . — ’YE/ F 8
a‘ 9 a’ 9 a ? a’ e . — a a a a, Y *
/ ( b 4) 17T2 ‘ Db(l)x,lDng,2Dng,3Dbéx,4 ( )
with the four inverse propagators Dy, ;:
{k%, (k1 — p1)2, (/ﬁ —P1— p2)2, (/ﬁ —P1— P2 — p3)2} . (F9)

Feynman’s prescription for the imaginary parts of all propagators is implicit.

These family definitions (strictly with the ordering of inverse propagators and ISPs
shown above) correspond to the integrals j [family,a,,...] that build the canonical
MI bases provided in the pure_mi_bases/ directory of the ancillary files [284]. In
this notation, each j[...] represents a Feynman integral within a given integral

family, while the numbers a; refer to the powers of its propagators and ISPs.



Appendix G

Analytic continuation

In Chapter 5, we analytically continue the GPLs by adding a small positive (or
negative) imaginary part to the GPL indices [; in Eq. 5.4.10 whenever they fall
between 0 and 1. The imaginary part of each index prescribes how to deform the
integration contour around the pole associated with it. We do similarly for the
logarithms in Eq. 5.4.12. To this end, following Ref. [275], we change variables from
(812, S23, S4) 10 (819, a3, S13), With s4 = S15 + So3 + S13. We then add a small positive

imaginary part to the new variables:
S19 — S12 +ici 9, Sg3 — Sg3 T 1cp 0, s13 —> S13+iczd, (G.1)

where ¢, ¢, and c3 are arbitrary positive constants, and 0 is a positive infinitesimal.
Finally, we check whether this substitution gives a positive or negative imaginary
part to each GPL index [;. This depends on the domain of the kinematic variables.
We focus on three kinematic regions which are of phenomenological interest. The

analytic continuation for any other region may be obtained similarly.

Electron-line corrections to e = — e p 7. To define the domain of the
kinematic variables relevant for this application, we embed the four-particle off-
shell process of Eq. 5.2.1 in the five-particle process e”u~ — e u v. We then
determine the kinematic constraints for the five-particle process (see e.g. Appendix A
of Ref. [121]), and from them derive the constraints on the four-point off-shell

kinematics. The result is:
PGH—WM’Y = {§ S19 < 0A So3 < 0NO0< S13 < —S12 — 523} . (GQ)

The GPL index Iy = —s19/893 is always negative in P, hence no analytic

p—vepy
continuation is required. The other three indices may instead fall between 0 and 1.
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Index  Peysewy Peosny Porsesy
[ — + 0
I - 0 0
Iy - 0 0
ly 0 0 0

Table G.1: Imaginary parts of the GPL indices defined by Eq. 5.4.10
in the three kinematic regions discussed in Appendix G. The symbol
+ (—) denotes a positive (negative) imaginary part, while 0 means
no analytic continuation is needed.

Let us study /;. Changing variables from s, to s;3 and adding imaginary parts as in

Eq. G.1 gives:

+ + i)
I = P12 T s T P2 + 17 [(c2 + ¢3)812 — c1(513 + 893)] + O (52> : (G.3)
S12 S12

The imaginary part of [; may be either negative or positive in P, However, it

p—repy”

is strictly negative in the subregion of P, where 0 < [; < 1. We therefore assign

pu—repy

a negative imaginary part to [; whenever 0 < [; <1 in P, The analysis of the

p—repy:
other indices follows similarly, and is summarised in Table G.1. The arguments of

the three logarithms in Eq. 5.4.12 are positive in Pe,_¢;-

Corrections to e"e™ — 4~*. The relevant domain of the kinematic variables
in this case can be derived directly for the four-point kinematics, and is typically

named the s;5 channel. It is given by:
* = {g So3 < 0 A S13 < 0A S19 > —So3 — 813} . (G4)

The GPL indices [, I3 and [, can never fall between 0 and 1 in P,._,. ~, and hence
require no analytic continuation. We instead need to add a positive imaginary part to
[;. In this region, also the logarithms in Eq. 5.4.12 need to be analytically continued.

The argument of log(s1z/s4) is positive in P, -

By adding imaginary parts to
the arguments of the other logarithms and studying them where the arguments are

negative in P we determine that the analytic continuation is achieved through

eé—wW* ’
the following replacements:

log(s23/s4) — log(—s23/s4) + i, log(—s4) — log(sy) —im. (G.5)
Corrections to the decay v* — e et~. The relevant domain of the kinematic
variables is:

P ':{§:512>0/\523>0/\813>0}. (GG)

* = .
v —eey



180 Appendix G. Analytic continuation

All GPL indices I; in Eq. 5.4.10 are either I; < 0 or [; > 1, hence no analytic
continuation is required. The same holds for the first two logarithms in Eq. 5.4.12,
whose arguments are positive. The only function which needs to be analytically

continued is log(—s,). We achieve this by replacing:

log(—s4) — log(sy) — im. (G.7)

The information about the imaginary parts of the GPL indices can be fed into
the publicly available libraries for evaluating these functions numerically, such as
FastGPL [332], GiNaC [96,298], and handyG [303]. This typically leads to longer
evaluation times with respect to GPLs which do not need analytic continuation.
We find that this is not an issue for the planned applications of our results (see
Section 5.4.3). Nonetheless, we note that a more performant evaluation may be
achieved by tailoring the GPL representation to the kinematic region of interest
in such a way that no GPLs require analytic continuation. We refer the reader to
Refs. [275,276] for a detailed discussion.
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