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Abstract

In this thesis two-loop massive corrections for two relevant processes at hadron colliders are
presented.

The first part illustrates the Next-to-next-to-leading order QCD massive corrections to
diphoton production at LHC. This process is an important test of the Standard Model and an
interesting framework to evaluate the size of massive corrections at NNLO. All the relevant
partonic subprocesses are taken into account. In particular, the two-loop amplitude in quark
annihilation channel involves elliptic Master Integrals, which have been evaluated through
differential equations. A semi-analytical approach to the solution, based on generalised
power series expansions, has been adopted. A phenomenological study of the impact of these
corrections on the invariant mass distribution is also presented.

The second part of the thesis is about the two-loop mixed QCD-Electroweak corrections
to q¢g — Hq and its crossed channels, gg — Hq and qq¢ — Hg, considering the light-quark
contribution and the exact dependence on the electroweak boson mass. Also for this process
the relevant master integrals have been computed by means of the differential equation method,
finding a solution as generalised power series expansions. Compared to the analytical formulae
available in literature, our semi-analytical result allows to reduce the evaluation time of the
relevant scattering amplitudes of one order of magnitude.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics is, so far, the most accurate model we have
to describe nature, namely its building blocks and how do they interact at high-energy scales,
or equivalently at short-distances. The discovery of the Higgs boson [1] in 2012 has been one of
the main success of the SM. Furthermore, the SM describes with a very high accuracy a number
of experimental results obtained at hadron and lepton colliders, with few exceptions, which,
however, are not statistically significant. Nevertheless, experimental facts and theoretical
arguments suggest that the SM is incomplete.

The requirement for fine tuning of some parameters in the strong CP and hierarchy problem
is an indication that there is something we have not yet understood. The Flavour puzzle is
an other longstanding unresolved problem: while the SM describes very well the generation
of fermion masses and quark-mixing, it does not explain the origin of the observed hierarchy
between the masses and between the mixing angles. We do not even know why there are
three generations of fermions. It is not clear which is the mechanism which generates neutrino
masses, which are different from zero, since neutrinos oscillate. Are strong and electroweak
interactions low-energy realizations of a unified more fundamental force? Which is the UV
completion of gravity? Then, there are experimental observations from the universe: Standard
Model does not explain the nature of dark matter and dark energy as well as the origin of the
asymmetry matter-antimatter. The list continues ... what it is certain is that hints of New
Physics beyond Standard Model already exist and a better model is needed. Such a model
should solve one or more of the problems aforementioned and, hopefully, predict unknown
features of New Physics.

One thing that we can do is to test up to which scales the Standard Model is valid. To
this aim, collider experiments are performing measurements with an unprecedented precision,
and in the next years a statistic ten times greater than the current one will be achieved.
To exploit such a level of precision, theoretical predictions must be carried out with the
same accuracy. Increasing both theoretical and experimental precision leads to enhance the
sensitivity to possible discrepancies with the Standard Model predictions, constraining models
of New Physics.

A theoretical prediction, namely a cross-section computation, consists of several parts,
each of them requiring a dedicated and an in-depth study. This thesis concerns mainly the



calculation of scattering amplitudes, which capture the hard dynamics part. Amplitudes
are a bridge between theory and phenomenology since they embed information about the
microscopic world. In the Standard Model they can be computed only through perturbation
theory in the couplings and can be expressed as sums of Feynman diagrams. The theoretical
uncertainty comes though from the truncation of the perturbative series and can be reduced
considering more terms. Next-to-next-to leading order (NNLO) QCD corrections are now
the standard along with the Next-to leading order (NLO) electroweak corrections. For some
processes also the Next-to-next-to-next-to leading order (N3*LO) QCD corrections and mixed
QCD-electroweak corrections are becoming relevant (see for instance [2] and ref.s therein). At
higher-orders in perturbation theory amplitudes have an increasing number of legs and loops,
and consequently the complexity of the calculation rapidly increases. Nowadays two-loop
2 — 3 processes as well as three-loop 2 — 2 processes are the challenge.

In scattering amplitude computations often happens that, despite highly complicated
intermediate steps, the final result is simpler than one could have expected. Sometimes
incredibly simple (an emblematic example is given by [3]). This has inspired the development
of a number of modern techniques, such as on-shell methods, which allow to compute amplitudes,
or part of them, without Lagrangian, assuming only unitarity and Lorentz invariance. So,
scattering amplitudes, besides being fundamental ingredients to improve the accuracy of the
theoretical predictions, turn out to represent a portal to study the role of physical principles
in observable quantities.

So far, in most of the cases higher-order corrections have been computed with massless
internal particles, which capture the most sizable part. However, to reach an accuracy of
~ 1%, required by the experimental precision, also massive corrections have to be taken into
account. Massive particles in the loops are only recently being considered at NNLO accuracy.
Masses introduce more complex structures in the amplitudes, whose understanding is only just
beginning. In QCD, massive corrections are mainly originated from the top quark, sometimes
also corrections due to the masses of bottom and charm turn out to be appreciable (see
introduction to chapter 4 for details). When electroweak corrections are considered several
scales appear due to the presence of W and Z bosons. Moreover, for lepton collider processes,
lepton masses, and in particular the muon mass, can be relevant.

This thesis describes the computation of two-loop massive corrections for two relevant
processes at hadron colliders. In chapter 2 we review some modern techniques for the
computation of Feynman integrals. In chapter 3 we present the diphoton production at NNLO
with top quark mass dependence. In particular, in section 3.1 we describe the computation of
the two-loop form factors for diphoton production in the g channel, where Feynman diagrams
with a loop of top quark have been considered [4]. In section 3.2 we present a phenomenological
study for diphoton production at NNLO which fully takes into account the dependence on the
top quark mass in all the relevant channels [5]. In chapter 4 we present the two-loop mixed
QCD-Electroweak corrections to qg — Hq and its crossed channels, gq¢ — Hq and q¢ — Hy,
considering the light-quark contribution and the exact dependence on the electroweak boson

mass.



Chapter 2

Computational methods for
Feynman integrals

Nowadays, thanks to a variety of modern techniques, tree-level and one-loop calculations
can be carried out with a number of automated programs [6-9], that have strongly boosted
the field of precision phenomenology. Such tools allowed us to reach NLO accuracy for highly
non-trivial multi-particle processes. A similar level of automation has not yet been achieved
for NNLO calculations. Despite significant progress has been made recently in computing
multiloop scattering amplitudes, a tool that allows for the generation and evaluation of two-loop
amplitudes is still lacking. However, a number of techniques and programs have been developed
in the past few years to address different tasks in higher-loop computations. In this chapter,
we describe some of these methods, emphasizing the ones used for the processes studied in
this thesis.

In quantum field theory, when calculating perturbative scattering amplitudes, two distinct
challenges typically arise, both of which become increasingly complex as the number of loops
and legs increases. The first challenge is to express the loop integrand for the given scattering
process in an appropriate form, and the second is to efficiently evaluate the resulting integrals,
either through analytical or numerical methods.

For the first of the two problems, the standard approach consists in expressing the
scattering amplitude in terms of Feynman diagrams and performing for each diagram a series
of algebraic manipulations to separate the overall Lorentz structures (combinations of spinors
and polarization vectors) from the scalar Feynman integrals. Although initially this procedure
may seem straightforward, it can become highly difficult in practice for multiloop and multileg
scattering amplitudes. A more efficient widely used approach for decomposing any scattering
amplitude into scalar Feynman integrals is the projector method. By exploiting the symmetries
of the scattering amplitudes, starting from Poincaré and gauge invariance, one can express
any amplitude as a sum of Lorentz tensors, each multiplied by a scalar form factor. This
decomposition is non-perturbative and, fixed the process, valid for any loop order, since it relies
on symmetry arguments. From this decomposition, projector operators can be constructed,
which, when applied to the scattering amplitude expressed as sum of Feynman diagrams,

isolate the corresponding form factors.



The second problem we have to address is the calculation of scalar Feynman integrals.
It has long been known that not all the scalar integrals contributing to a given process are
independent. Indeed, they satisfy a number of identities called integration-by-parts identities
(IBPs) [10,11]. The solution of these identities, usually achieved through the Laporta’s
algorithm [12], lead to express every scalar integral in the amplitude as linear combination
of a finite basis of integrals, which are called Master Integrals (MIs). Different processes can
share a same subset of MIs. The reduction of a scattering amplitude to a linear combination
of MIs is a bottleneck for some state-of-the-art computations due to the huge size of the IBPs.

The last problem that has to be addressed is the computation of the MlIs, either analytically
or numerically. Direct integration relies mostly on Feynman parametrization as well as
Mellin-Barnes representation. Another widely used method to compute master integrals is
based on differential equations [13-20], adopted also for the processes investigated in this
thesis. Exploiting both the integration techniques, it has been found that a large set of
MIs, contributing to phenomenologically relevant multiloop scattering amplitudes, admit an
analytical expression in terms of Multiple Polylogarithms (MPLs), also called Goncharov
Polylogarithms (GPLs) [21-24]. They are a class of special functions defined as iterated
integrals over rational kernels, and represent a generalization of the classical Polylogarithms
Li,. MPLs form a Hopf algebra, and a systematic way to generate all possible functional
identities among them is known. Codes to perform algebraic manipulations with MPLs are
available [25,26], as well as a public routine, Ginac [27], for their efficient numerical evaluation.

While a considerable number of multiloop amplitudes, that have been computed so far, are
expressed in terms of MPLs, an increasing number of cases, especially when massive particles
are considered, are known to show a more complicated mathematical structure. A first example
dates back to '50s, at the beginning of QED, when the electron two-loop self-energy was
found to involve elliptic integrals. Not surprisingly, also several amplitudes involving massive
states, computed recently, show analytic structures characterised by the presence of elliptic
functions, some of them [28,29], included the two-loop heavy-quark contribution to diphoton
production [4], studied in the next chapter of this thesis. In addition, even more complex
geometries, beyond the elliptic case, have been found to appear in perturbative scattering
amplitudes [30].

In recent years, a big effort has been devoted to the understanding of the analytic structure
of Feynman integrals which do not admit an expression in terms of MPLs. However, in
most cases, the numerical evaluation of the functions associated to such solution can be
extremely challenging for phenomenological applications. Notably, there exist semi-analytical
and numerical methods which allows for an efficient evaluation of Feynman integrals even in the
cases where a knowledge of the class of special functions (and its properties) connected to the
solution is missing. The program pySecDec [31], for example, combines sector decomposition,
contour deformation and direct numerical Monte Carlo integration, to evaluate Feynman
integrals. A different, semi-analytical method consists instead in finding the solution as
generalized power series expansions around several points of the phase-space [32]. This
technique relies on the differential equation system, satisfied by a basis of MlIs, and has been
implemented in a number of codes [33,34].
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We did not carry out a full-analytical study of the MIs contributing to the processes
described in chapters 3 and 4 since our main goal is studying the phenomenological impact of
the computed scattering amplitudes. Instead, we have done an extensive use of power series
expansions, which, unlike other numerical techniques, allow to reach a very high number of
significant digits.

This chapter is organised as follows: we describe the Integration-by-part identities in 2.1,
while in 2.2 we review the differential equation method along with a discussion of the canonical
basis, which particularly simplifies the differential equation system, and a description of the
generalized power expansion technique.

2.1 Integration by Parts identities

Feynman integrals are in general divergent in four dimensions, so they have to be regulated,
as usual we adopt dimensional regularization with D = 4 — 2¢ the dimension of the space-time.
A generic scalar Feynman integral has the following form:

NP¥
/Hf@mla, (2.1)
D (3

where L is the number of loops, k; are the loop momenta, E' is the number of propagators and
P the number of irreducible scalar products. The exponents a; can assume any integer value,
while b; are non-negative. A generic denominator has the form D; = %2 — mf + ie, where ¢;
is the momentum flowing in the associated leg and m; is the mass. The set of denominators
{D;} defines the topology of the integral. Let n — 1 be the number of independent external
momenta, then the sum of the number of denominators and the number of numerators is fixed
to P+ E = X580 4 (n 1)L,

A certain topology contains an infinite number of integrals, obtained varying the exponents
a; and b;. However, every integral can be expressed, exploiting integration-by-parts identities,
as a linear combination of a finite basis of MIs. The IBPs are a realization of the invariance of
the loop integration measure under space-time translations. All of them can be derived from a
D—dimensional generalization of Gauss theorem:

L P b
_1 N

[T a7 g (o2 ) <o, (2.2)
j=1 6kl Hi:l Di

where v* is either an external or a loop momentum. It can be easily checked that IBPs

are relations between integrals of the same topology since derivatives do not introduce new
denominators. We refer to a subset of integrals which have the same denominators as a sector,
i.e. two integrals of a given topology belong to the same sector if and only if the positive
denominator exponents a; are the same for both integrals.

The solution to the IBPs consists of expressing every integral of a given topology as linear
combination of a finite basis of Master Integrals. An algorithm to find such solution, and so
determine the basis of MIs, is called Laporta’s algorithm [12]. The algorithm is based on a

bottom-up approach, starting from sectors with few denominators. Once the sector is given,
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the algorithm consider all the integrals with fixed values of My =>";(a; — 1) and M, =3, b;.
For each of these integrals the IBPs are generated, and all the integrals already known are
substituted into them. If an IBP identity is independent w.r.t. all the ones considered before,
it is used to reduce an integral. When all the IBPs have been analyzed, the algorithm increases
M, and M, and generates new IBPs. Once My and M), have reached predefined limits, the
reduction of a new sector starts. The final result is the reduction of all the integrals, which
appear in the selected IBPs, in terms of a finite basis of MIs. The choice of the MIs is arbitrary,
The Laporta algorithm tends to prefer MIs with the lowest a;, and eventually numerators if
a sector has more than one master integral, although it is not the most convenient choice,
especially for setting up a differential equation system.

To better illustrate the concepts introduced, we will apply them to a simple example, the
massless one-loop box. The definition of the topology is:

1
I = [DPk
(ah az, ag, a4) / D?1D32Dg3DZ4 )

where the inverse propagators are defined as,

Dy = k2, Dy = (k—p)?,
D3 = (k+p2)?, Dy = (k—p; +p3)?,

where we have dropped the +ie for the sake of simplicity. The external massless particles are
on-shell, p? =0and (p; +p2 — p3)2 = 0, while there are two independent kinematics variables,
(p1 —I-pg)2 =sand (p1 — p3)2 =t. The exponents of the denominators a; can be any integer
numbers.

Applying (2.2) with the integrand of (2.1) and v* = {k*, (k — p1)", (k + p2)", (k — p1 + p3)"},
the following IBPs are obtained:

aql (a1 — 1,a2,a3,a4 + 1) + a3l (a1 — 1,a2,a3 + 1,a4) + a2l (a1 — 1,a2 + 1, a3,a4)
+ (2a1 + ag + a3 + a4 — D) I (a1, a9, a3, a4) — agtl (a1,az,a3,a4 +1) =0, (2.3)

asgl (a1,a2 — 1,a3,a4 + 1) + azl (ar,a2 — 1,a3 + 1,a4) + a1l (a1 + 1,02 — 1, a3, a4)
+ (a1 4+ 2a3 + a3 + a4 — D) I (a1, a9,as3,a4) — azsl (a1,a2,a3 + 1,a4) =0, (2.4)

asl (al,ag,ag —1l,a4 + 1) + aol (al,ag +1,a3 — 1,a4) + a1 (al +1,a9,a3 — 1,0,4)
+ (a1 4+ a2 + 2a3 + a4 — D) I (a1, a9, a3, a4) — azsl (a1,a2 + 1,a3,a4) =0, (2.5)

azl (a1,a2,a3+ 1,a4 — 1) + a2l (a1, a2 + 1,a3,a4 — 1) + a1 (a1 + 1, a2,a3,a4 — 1)
+ (a1 + a2 + ag + 2a4 — D) I (a1, a2, a3, a4) — artl (a1 + 1, a2,as3,a4) = 0. (2.6)

Let us consider the sector 1(0,1,1,0), then equations (2.4) and (2.5), with a1 = a4 =0
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and as = ag = 1, read

(3— D)I(0,1,1,0) — s 1(0,1,2,0) = 0, (2.7)
(3— D)I(0,1,1,0) — s1(0,2,1,0) = 0, (2.8)

which allow to reduce 1(0,1,2,0) and 1(0,2,1,0) to I(0,1,1,0), which can be chosen as a
master integral. Indeed one can show that all the integrals of this sector can be reduced to the
bubble in the s—channel (0, 1,1,0). Similarly, the ¢—channel bubble I(1,0,0, 1) can be chosen
as a master integral for the corresponding sector. Other bubble sectors with one on-shell leg
are zero for dimensional regularization, as well as tadpoles. Let us consider now a triangle
sector, for example I(1,1,1,0), then equation (2.3), with a; = a3 = az = 1 and a4 = 0, reads

1(0,1,2,0) + 1(0,2,1,0) + (4 — D)I(1,1,1,0) =0, (2.9)

which, together with (2.7) and (2.8), allows to reduce the triangle to the bubble:

2(3— D)

I(1,1,1,0) = ~34-D)

1(0,1,1,0). (2.10)
It is not difficult to show that there are no master integrals in the triangle sectors, since they
can all be reduced to one of the two bubble MIs. Finally, the box sector can be shown to have
one master integral which can be chosen as I(1,1,1,1). So, in this case we have three master

integrals that, as usual, we organise in a vector,

1(0,1,1,0)
1(1,0,0,1) | . (2.11)
1(1,1,1,1)

For state-of-the-art computations the scalar part of an amplitude can contain tens of
thousands Feynman integrals, which are reduced to a basis of hundreds of master integrals.
In these cases the analytical solution to IBPs is recovered starting from multiple numerical
solutions, which are obtained by means of finite fields reconstruction technique. IBP solution
methods have been implemented recently in a number of public codes [35-44]. Recently a
package for the generation, inspired by algebraic geometry, of very compact sets of IBPs has
been developed [45]. Reducing an amplitude to a linear combination of master integrals, with
rational coefficients expressed in a suitable form for an efficient numerical evaluation, is one of
the main bottlenecks for higher-order predictions for collider observables.

2.1.1 Lorentz identities

Lorentz invariance generates a set of identities between Feynman integrals, called Lorentz
identities (LIs), which can be shown to be linear dependent to IBPs. However, LIs can be
useful in practice to find the solution and often are added into IBP linear systems.

Let us consider an infinitesimal Lorentz transformation on the external momenta,

pi = i+ opl = pl + W pi, (2.12)
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where wH” is an antisymmetric tensor. A scalar Feynman integral I (p;) is Lorentz invariant,

which means
I'(pi) = I(pi + 0pi)- (2.13)
Expanding the right-hand side of (2.13),

0
I(pi+0pi) =T (pi)+ WI (pi) opf;, (2.14)
j J

and making the antisymmetry of w*” explicit, we obtain the following identity,

Wy (8?9”1 (pi) pjv — 8?9’4[ (pi)pju> =0. (2.15)
j J J
We can generate LIs from the last expression by replacing the Lorentz transformation parameters
wH” with antisymmetric combinations of the external momenta.
Once the integral is given, equation (2.15) can generate up to 6 identities. However, the
number of independent external momenta constraints the number of antisymmetric tensors.
For example, no LIs exist for the bubble, which has only one independent external momentum,
while for the triangle the only choice is w*” = p/'p§ — pYph, and so on.

There also many symmetry relations among different sectors which simplify considerable
the IBP equation system.

2.2 Differential equations

The last problem that has to be addressed is the calculation of the master integrals. To
this aim the differential equation method has turned out to be very effective. Given a basis
of MIs, it is possible, using IBPs, to set up a system of linear differential equations. Thus
the problem of integrating over loop momenta is moved to the integration of a differential
equation. In this section we will describe this method.

Scalar Feynman integrals are functions of the independent kinematic invariants and the
masses of external and internal particles. If n is the number of the external particles, there are
3n — 10 independent kinematic invariants, which can be parametrized by momentum twistor
variables or, in the case of four particles, by the Mandelstam invariants s and ¢. To derive an
integral w.r.t. the independent kinematic variables some algebraic manipulations are needed
since denominators and numerators are expressed in terms of momenta.

Let us consider n external outgoing particles with momenta p;, i = 1, ..., n, which satisfy
2

momentum conservation Y, p; = 0 and on-shell conditions p? = 0 (generalization to p? = m?

is straightforward). We define the differential operator

0

Ojk = p}‘afpg, (2.16)
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which, introducing the Mandelstam invariants (p; + pj)2 = 545, can be expressed as

0

— 2.1

Ojr = sji
where the sum over dummy indices is implied. We will refer to the set of the independent
kinematic variables as {z;}. The Mandelstam s;; can be expressed as combinations of the x;,
then the derivative with respect to x; can be obtained using the chain rule,
0 o 6s]~k 0
8%,‘ j<k 61’1 8Sjk

(2.18)

By inverting equation (2.17), we can finally express the derivative (2.18) w.r.t. z; in terms of

momentum derivatives,
0 o 85jk
axi j<k 833‘z

(g—l)ﬂ O, (2.19)

where G;; = s;;. In general G~ is singular since si; are not all independent, however the
combination in (2.19) is finite.

Since the differential operators (2.19) do not introduce new denominators, the derivatives
of a basis of master integrals can be reduced, using IBPs, to linear combinations of the same

starting MIs. Let f(Z,€) be the vector of the elements of a basis of MIs, then it satisfies the
following linear systems of differential equations,

0, (T, €) = Ai(@,€) f(Z, ), (2.20)
where the matrices A;(Z,€) are rational functions of € and the x;. Setting up the systems
(2.20) requires the reduction of top-sector integrals with one of the denominators raised to the
power of two, which normally do not appear in the amplitude. However, reducing derivatives
demands the solution of a smaller set of IBPs than the one which is needed for amplitude
reduction.

From Schwarz Lemma for partial derivatives, we deduce the integrability conditions for the

matrices A;,

D Aj — 0y, Ay — [Ay, Aj] = 0. (2.21)

By performing a change of basis (7, €) = T(&, ¢) (&, ¢) (the choice of the MIs is arbitrary),
the matrices A; change according to the following,

Ay — Ay =TAT + (0, T) T, (2.22)
while differential equations become
00, §(Z, €) = Ay (T, €)(Z, €). (2.23)
Defining dA = Y; Aidx;, we can write (2.20) in a more compact form,

df = dAf, (2.24)
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where d f =30 fdazi is the usual notation for the differential of a multivariate function.

We will explicitly derive the differential equation system for the MIs of the one-loop massless
box. We have two independent kinematic invariants s and ¢, however we can derive and solve
differential equations with respect to the ratio x = ﬁ and reconstruct the dependence on s
through dimensional analysis. This can be achieved in practise by making the substitutions
s — 1 and t — x. The derivative with respect to x can be written as a linear combination of
derivatives with respect to the Mandelstam invariants,

d 0 0
== _Z (2.25)
dz (9813 8823
where we used the notation s12 = (py +p2)?, s13 = (p1 —p3)?, s23 = (p2 —p3)? and the fact that,
after the substitutions, s12 = 1, s13 = z, se3 = —1 — x. Applying (2.17) with j =k = 1,2, 3,

we obtain the rules,

0 0 0

R okl v L +2) 5 (2.26)
0 0 0

P2 Opy ~ 0s1a 1+=) Dsa3” (227)
0 0 0

p1 - (2.28)

I — +x ,
op1 0s12 0s13

which allow us to reduce the differential operator with respect to x in terms of momentum

derivatives,

d_l[(1+ 1) 8+<1_ 1 )( 9 3)} (2.29)
dr 2 \\z "1+a)P Ops v 14z) " op1 bz opa) ] '

Using the IBPs (2.3-2.6) with the substitutions s — 1 and ¢t — x, it is possible to express

the derivatives of the MIs in closed form:

0 0 0
LG, = A@w, gl )  Awa=| o - o |, (@30
dx 2(2¢—1)  2(1-2¢) 14a+e

z(I+z) 22(4x)  =(l+x)

where §(z, €) is the vector of MIs (2.11).

2.2.1 Canonical basis

Differential equations (2.20) can simplify considerably when a good choice of basis is made.
To this aim, in [46] the concept of canonical basis was introduced. A set of master integrals f;
is in canonical form if: 7) the integration of the corresponding system of differential equations
is given directly by iterated integrals in the € expansion; i7) f; have uniform transcendentality
according to the definition given in [46]. More concretely, a basis of master integrals f; is a
canonical basis if it satisfies the following two conditions:

¢ the € dependence of the differential equation matrix factorizes as,

df(z,€) = edA(x) f(z, €); (2.31)
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« the matrix dA(z) is a dlog form:

dA;j(z) = chijdlog (le(x))  crij € Q, (2.32)
k

where cy;; are rational numbers and [, (x) are the letters of the solution and are algebraic
functions of the kinematics variables.

As far as the initial conditions are known, the solution to (2.31) is immediately reached in
terms of Chen’s iterated integrals [47],

Fl.) =P Jexp (« / 4A(x))| Faose). (2.33)

where  is a path in the space of the kinematics variables which connects the initial point xg
with the end point . The canonical master integrals f; are normalized so that they have a
Taylor expansion in the regulator parameter,

oo

f@e) =Y W) (2.34)
k=0
The first condition (2.31) is essential for a simple perturbative solution in e. The equa-
tion (2.32) is a sufficient, not necessary, condition for the integral basis f; to be uniform
transcendental. All the integrals that can be expressed in terms of GPLs admit a dlog form,
however the contrary is not true, in [48] an example of a double integral of dlog forms which
is not polylogarithmic is shown. In the elliptic case, while a procedure to cast the system in
e—factorised form has been provided by [49], it is not clear in a complete general case what
should be a uniform transcendental form equivalent to Eq. (2.32).
A number of techniques have been developed to find the canonical basis for a basis of
master integrals [50]. For the processes studied in this thesis we used a semi-algorithmic
top-bottom approach proposed in [51] and structured in the following steps:

e The first step consists of searching for the precanonical basis, which proceeds by trial
and constitutes the non-algorithmic part of the method.
Let us consider master integrals of a given sector. Since we adopt a top-bottom approach,
we assume that the canonical MIs f,(z,€) for the subsectors have already been found.
Differential equations read,
dT; = dH;jT; + dSia fa (2.35)

where we reserve the indices i, j, k, ... for the sector considered, while the indices a, b, c, ...
are used for the subsectors. T; are precanonical if the matrix of the corresponding

homogeneous system depends linearly on € and decouple as soon as € = 0,
dH = dHy(z) + edHy(x), (2.36)
where dH is triangular up to a reordering of the T;.

o The second step is about finding the canonical form of the homogeneous part of (2.35).
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The following change of basis is considered,
gi = hoij(z)T}, (2.37)
where hg(x) is an invertible solution of the equation,
dho + hodHy = 0. (2.38)
Differential equations in the new basis {g;} are:
dg; = dSiafa + edH1ijg;, (2.39)
where dS;, = hoixdSke and dH; = hodHyhy".

e The third and final step consists of rotating to the canonical form the inhomogeneous
terms. In most cases!, it happens that dS has only simple poles in e,

dS,,

dS =dSy+ > ——, 2.40
° ; (€~ Ta) (2.40)
where r, are rational numbers. The canonical basis is constructed through the following
Ansatz,
Q
fi=gi+[Q+> —= o, (2.41)
—~ (e—7a) ).
ib

where Qp and €2, have to be determined. Writing differential equations for f; and
imposing that only the term proportional to e survives, one obtains the conditions which
fix the Qs,

dS — rodH Q0 + dQ + 74026dG = 0, (2.42)
dSo — dH1 Y Qo +dQ + Y QadG =0, (2.43)

where we used df, = edGap fp. Finally, the canonical differential system reads

dfi = edHy f; + ¢ (QdG — dH1 Q) fa. (2.44)

As prove of concept we describe the canonical basis of the one-loop massless box topology,

starting from the system of differential equations (2.30). We choose the following basis for the
three master integrals:

fi=€(l—=2¢)p (2.45)
fo=¢€(1—2¢€)g2 (2.46)
fz = €xgs, (2.47)

where g; are given in (2.11). The normalization was chosen such that all f; admit a Taylor

'We stress that we are not describing a complete general algorithm but rather an empiric method which
works for several phenomenologically relevant cases.
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expansion in €. This basis satisfies the system of differential equations,

— ~ —

df(x,e) = edA(z) f(x,€), (2.48)
with
0 0 O 0 0 O
dA(z)=] 0 =1 0 [dlog(z)+| 0 0 0 [dlog(l+z). (2.49)
0o 2 -1 -2 -2 1

The result at any order in € can be written as a linear combination of harmonic polylogarithms
[52] of argument x, with indices in the set {0, —1}. In particular, the symbol alphabet in this
case is {z,1 + x}. The last information we need to completely determine the solution are the
boundary conditions. The bubble integrals f; and fo are known in closed form:

fi= (5—23( s)" (2.50)
fo= (i_zg( DR (2:51)

where we reconstructed the dependence on s by dimensional analysis and used the integration

measure:

dPk
PP =—— "~ (2.52)
it2'(1+¢€)
Furthermore, the requirement that the planar integrals be finite at # = —1 (which corresponds

to u = 0) turns out to fix the boundary for fs:

(1 - 2 j
—1)=2——F5(—8) (1 4+e"). 2.

(1) = 2 () A0+ e (253)
This completely solves this family of Feynman integrals, to all orders in €. For example f3 up
to €* reads

I?(1—¢) 2 ™ 5
—9- VT 2 )9 _ T
s =255 (%) G0,2) — e

E [—;WQG(—L )+ %WQG(O, ) — G(=1,0,0,2) + G(0,0,0,2) — ¢(3)| +
et [_g(g)a(—L )+ C(3)G(0, z) — %HG(_L o)+ %WQG(—L 0,2)+

1 1
57r2G(0, —1,z) — 57r2G(0, 0,z) — G(-1,-1,0,0,z) + 2G(-1,0,0,0, z)+

4
G(0,-1,0,0,2) — 2G(0,0,0,0,z) — gol} (2.54)

where G are multiple polylogarithms [21-24], defined as,

dt
t—a1

G(ay,ag,...,ap; 2) = / G(ag,...,an;t) G(Gz) =1 (2.55)
0
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1
Tl

G(0,...,0; 2)
——

n

log" 2, (2.56)

where a; are complex numbers and are called weights. Multiple polylogarithms with weights
only in the set {0,1, —1} are called harmonic polylogarithms (HPL or H), as the ones in Eq.
(2.54). We see that all the basis elements f; have uniform degree of transcendentality, to all

orders in e.

2.2.2 Generalized power series expansions

While massless corrections can be usually expressed in terms of GPLs, higher-order massive
corrections have in general a more complicated mathematical structure. This is for instance the
case of the two MIs of the equal-mass two-loop sunrise. The related system of first-order linear
differential equations cannot be decoupled and it admits solutions in terms of complete elliptic
integrals of the first and second kind. Despite a lot of progress being made in understanding
classes of special functions beyond GPLs, such as iterated integrals over elliptic kernels, we
still do not have a sufficient analytic control required for their efficient numerical evaluation,
with the exception of a small number of cases.

In this contest, the generalized power series expansion method allows to efficiently evaluate
Feynman integrals without knowing the analytical solution. The method consists in finding
series solutions for Feynman integrals starting from their systems of differential equations. The
advantage is that series representation is already suitable for an efficient numerical evaluation
inside the radius of convergence.

In order to clearly describe the method we apply it to find series solutions to the two MIs
of the equal-mass two-loop sunrise. The system of first-order linear differential equations that
involves the two coupled MIs F; and F» at O(?) is

dx x x x
dF 2(x +3) 10z + 18 22 + 31z + 108
= 1 — fQ - ’ (258)
dx (x+9)(x+ 1)z (x+9)(x+ 1)z 2@+ 9)(z+ 1z
where z = —r% with p the momentum injected in the diagram and m the internal mass. This

system corresponds to a single second-order linear differential equation for one of the two MlIs
involved. In the case of F; we find

2
% +p(m)% + q(z)F1 = Qz), (2.59)
with
102 + 18
p(@) = z(z+9)(x+1) (2.60)
4
a(@) = Cx(z+9)(z+1) (2.61)
z) = 222 + 13z + 141 (2.62)

dz(z+1)(z +9)
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The method consists in finding multiple series solutions to (2.59) around a set of points which
allow us to cover the phase-space region we want to have access. The starting observation
is that Feynman integrals satisfy Fuchsian differential equations. Given a general linear
differential equation of the p—th order of the form of (2.59),

#F & dr'F
— ——F =0 2.63
dzP + ; Ql(x) dzP—1 ) ( )

and being z( a singular point for a subset of the coefficients ¢;(x), (2.63) is Fuchsian if and
only if (z — x0)'q;(x) is analytical in zg with [ = 1,...,p. This condition ensures that every
singular point for the differential equation is either a regular point or a regular singular point
for the solution. Consequently the solution to (2.63) can be expressed, in the vicinity of zg, as
a generalized power series with terms of the form,

(z = 20) ™ log" (z — 20), (2.64)

where m and n are positive integer numbers, and w is in general a rational number either
positive or negative. Not all the linear differential equations are Fuchsian, indeed if we consider
the following, o
e +f=0, (2.65)
it cannot be associated to any Feynman integral since the singular point x = oo does not satisfy
the Fuchsian condition. To confirm this, we observe that the solution e~ has en essential
singular point at = oo and does not admit an expansion with terms of the form of (2.64).
Going back to the sunrise example, we start to find the solution around z = 0. We first
consider the corresponding homogeneous equation of (2.59). Since x = 0 is a singular regular

point, we make an Ansatz for the solution of the form:
o
.7:1(0) =x° Z apx", (2.66)
n=0

where a,, are numerical coefficients determined from the differential equation and from the
boundary conditions. Substituting the solution (2.66) in the homogeneous version of (2.59) and
picking the first term of the expansion, we obtain the indicial equation for the determination
of a:

ala+1) =0, (2.67)

with two solutions @ = 0 and o« = —1. Since the MIs must be regular at x = 0, we keep
only the solution with @ = 0. Therefore, the general solution of the homogeneous differential
equation is

o0
AV =3 ana™, (2.68)
n=0
which converges in a circle of radius r = 9, i.e. up to the nearest singular point. Considering

the following terms in the expansion of the homogeneous differential equation, we can fix all
the coefficients of the series in terms of the first one, ag.
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We now look for a particular solution of Eq. (2.59) in = 0 of the form:
o
=Y paz™ (2.69)
n=0

Substituting eq. (2.69) in the second-order differential equation expanded around z = 0 we
obtain, as in the case of the general solution of the homogeneous equation, terms p, that
depend on py. However, in this case we can choose to set pg = 0. The general solution of the
complete equation is therefore:

= Z ez, (2.70)
n=0

where ¢, = a,, + p,. The first few coefficients are:

co = ag (2.71)
c1= gao - ;1771 (2.72)
co = % - 831% (2.73)
o = % ao — %. (2.74)

Matching with boundary conditions, the coefficient ag is found to be:

ag = 221 3\/— (LIQ(Z+)

,o = ——Y (2.75)

Lig(l)> —14iV3
2

27

In order to cover the whole physical region we have to expand around singular branch
points®. In the sunrise example the branch point is @ = —9, which corresponds to the three
particle production threshold. From unitarity we expect the solution to develop a branch cut

for x < —9. The Ansatz for the solution around z = —9 is:
o0
FO = (z 4+ 9) Z (z +9)" (2.76)

which, substituted in the homogeneous second-order differential equation, leads to the indicial
equation,
ala—2) =0. (2.77)

For the sake of simplicity the numerical coefficients have the same symbols of the ones in the
series solution around x = 0, even though they are different. The solutions of (2.77) constraint

the general homogeneous solution, which reads®:

FO =3 an(z+9)" +log(x +9) > balz +9)™. (2.78)
n=0 n=2

2An alternative would be expanding around complex values of the kinematics variables as implemented in
the program SeaSyde [34].

3See [32] for a detailed discussion on how to build the homogeneous solution starting from roots of the
indicial polynomial.
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We can fix all the coeflicients of the series in terms of the two coefficients ag and as. We look
for the particular solution of Eq. (2.59) around x = —9 of the same form of the homogeneous
one, with the difference that we can now set to zero the two free constants. The general
solution of (2.59) is therefore:

F1 = Z en(z+9)" + log(z +9) Z dp(z+9)", (2.79)
n=0 n=2

where the first few coefficients are:

Co = Qo (2.80)
31 1

_ 311 2.81
ST T (2:81)

_ dy = ——aq + > (2.82)
2= 27 132 T 384 '

17 1 107 1 5

= 93312 T 12% 7 32014 = £721% 1608 (2.83)

The coefficients ag and ag are determined by matching with the solution around x = 0. The
matching is performed by imposing that the two solutions, centered at x = 0 and z = —9,
assume the same value in the region where both series converge. In practice one can choose an
intermediate point, such as £ = —4.5, and match the solutions for both the MIs. The solution
for F» can be obtained from the solution for F; and Eq. (2.57).

To evaluate the solution (2.79) on its branch-cut we use the Feynman prescription, which
attributes to x a small negative imaginary part. Consequently the logarithm, for < —9, has
the following analytic continuation:

log(z +9) — log(s —9) — i, (2.84)
where s = —z. One can continue this procedure, for example expanding around the point
x = oo and matching with the solution in z = —9. To reach the wanted number of significant

digits one has to find the right compromise between the number of expansions and the number
of terms in the series used for the numerical matching, considering that lowering one of them
means increasing the other.

For multi-scale problems, for which there is a set of kinematics invariants {s;}, one usually
defines a path v(z) = (75, (), Vs, (), ...), where x is the line parameter. The differential
equation along the path is:

% fe.0 = Aw,flwe)  Alr =Y dZix)Asi (v(x), €). (2.85)

In the series expansion method, one considers multiple one-dimensional series solutions to

(2.85). A solution centered in a branch point or singularity (zp) has the following general form:

Nij oo
fy(i)(x) = >3 cijppw(@ — 20)F logh (z — x9), (2.86)

weW =0 k=ko
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where f]@ is the coefficient of €’ of the j—th master integral, and W is a finite set of algebraic
numbers, in almost all the applications W = {0, %} A detailed description on how to determine
(2.86) starting from the differential equation system in a complete general case can be found
in [32,33]. The analytic continuation of (2.86) can be performed by assigning an imaginary
part to the line parameter, in accordance with the Feynman prescription.

The method has been implemented in a number of codes [33,34,53], and succesfully applied
in several phenomenological applications [5,54-56].
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Chapter 3

Heavy quark contribution to
diphoton production at hadron
colliders

The production of photon pairs (diphotons) at the Large Hadron Collider (LHC) is a
very relevant process for phenomenological studies in the context of the Standard Model
(SM) [57-60] and in the search for new physics [61-66]. In particular, diphoton final states are
highly relevant for Higgs boson studies [67-74] (and played a crucial role in its discovery [75,76]),
as they constitute an irreducible background for a Higgs boson decaying into two photons.

Due to its physical relevance, the study of diphoton production requires dedicated and
accurate theoretical calculations, in particular including QCD radiative corrections at high
perturbative orders. The state of the art for diphoton production is represented by the next-to-
next-to-leading order (NNLO) accuracy (taking into account five light quark flavours) [77-80] in
perturbative QCD. Massless NNLO corrections enhance the NLO prediction for the invariant
mass spectrum of ~ 40% for m,, > 50 GeV, turning out to be important. The relevant
scattering amplitudes in the completely massless case have been known in the literature for
some time [81-91].

More recently, scattering amplitudes belonging to higher orders in the strong coupling as
(i.e. beyond the NNLO) have become available (in the massless case): the three-loop matrix
element [92]; the two-loop scattering amplitudes for a photon pair in association with one jet
in the leading colour approximation [93-95], and, very recently, the full colour case [96,97].
The two-loop scattering amplitudes for diphoton production in gluon fusion [98] together with
the recent computation of diphoton production in association with one jet [97,99] at NNLO
emphasise that all the building blocks are in place for the nezt-to-next-to-next-to-leading order
(N3LO) massless calculation. However, the implementation of slicing subtraction methods
to reach the N3LO accuracy could be challenging in this case, due to the presence of a high
number of particles in the final state and the use of a photon isolation prescription. More
clearly, the NNLO calculation of the diphoton cross section in association with one jet at small
diphoton transverse momentum could be very CPU demanding. First-order electroweak/QED

corrections are also known [100, 101].
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Regarding the diphoton background in Higgs boson production, it is possible to constrain
the Higgs boson width from interference effects of the continuum gg — 7y spectrum with the
signal gg — H — 7. The phenomenology behind this process has therefore been studied in
detail in the literature, with effective calculations at NLO (and beyond) [83,102-109].

The small transverse momentum region of the diphoton pair is also of interest in SM and
Higgs boson studies, in the determination of the Higgs boson width, etc. The transverse
momentum (g7) resummation for diphoton production is known at next-to-next-to-leading
logarithmic accuracy (NNLL) [110] and at N3LL [111] in association with fixed-order NNLO
results.

The possibility of measuring the top quark mass has been pointed out in the literature [112,
113], if massive scattering amplitudes in diphoton production are taken into account (via
loop corrections). These threshold effects of top quark pair production are manifested in the
diphoton-invariant mass spectrum around two times the value of the top quark mass.

In the massive case, the first non-trivial corrections appear at the NNLO, through the
inclusion of top quark loops and top quark radiation'. The mass effects of the so-called box
contribution (gg — y) were discussed in ref. [78] (together with partial N3LO contributions).
Due to the large gluon luminosity at the LHC, the size of the box contribution is of the
order of the Born subprocess qqg — 7. It is therefore of interest to calculate the corrections
of the following perturbative order to gluon fusion channel (formally N3LO contributions).
Regarding the gluon fusion channel only, the simplest approach (which captures very sizable
components) is to consider the NLO QCD corrections to the box contribution. In this context,
two recent papers have shown the impact of massive NLO QCD corrections on the gluon fusion
channel [114,115]. In the gluon channel the effective NLO top-quark correction turned out to
enhance the effective NLO massless prediction of ~ 7% for m., > 400 GeV.

Considering the full NNLO accuracy, with the top-quark mass dependence, there are
still three missing ingredients that were not available or not presented together in previous
phenomenological studies in the literature: i) the massive one-loop real-virtual contribution
(g7 — ~vvg and q(q)g — vvq(q)), the double real radiation of top quarks (q7 — ~yvytt and
gg — y7tt) and the two-loop virtual corrections to the Born sub-process qq — 7.

In section 3.1 we report on the computation of the two-loop amplitude for diphoton
production in the quark annihilation channel, where the full dependence on the heavy quark
mass, which appear in the loops, is retained. This is the last missing ingredient needed to a
full phenomenological study of diphoton up to NNLO in QCD. This work is presented also
in [4].

In section 3.2 we consider a phenomenological study of diphoton production at NNLO,
taking into account the full top quark mass dependence. This work has been presented for the
first time in [116]. We include all NNLO massive scattering amplitudes: i) the box contribution
in the gluon fusion channel [78], ii) the two-loop scattering amplitude qg — v presented in

section 3.1, and the real radiation contributions (double real and real-virtual).

!The inclusion of the massive b-quark contribution it is also possible in this context but it is often not
considered in the literature.
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3.1 Two-loop heavy quark QCD corrections to qg — v

To perform the computation described in this section we employed a number of techniques
for scattering amplitude calculations. We considered the partonic process gg — vy and the
relative two-loop Feynman diagrams, which contain a massive heavy quark loop, as shown in
figure 3.1. The associated amplitude is decomposed into a combination of tensors multiplied by
scalar form factors, as described in [117], and the scalar integrals appearing in the expressions
of the form factors are written in terms of a basis of master integrals (MlIs). The decomposition
in terms of MIs is performed using Integration-by-Parts (IBPs) identities [10, 11], via the
Laporta Algorithm [12], implemented in the computer code? KIRA [35,36]. The MlIs relevant
for this process have been computed by means of the differential equations method [13-20].
While for the integrals associated to the planar topologies analytic expressions are available in
the literature [51,118-123], the non-planar ones have been computed numerically in [114, 115].
Indeed, while the planar MIs admit an analytic solution in terms of Multiple Polylogarithmic
functions (MPLs) [25,124-128], it is known that the functional space for the analytic solution of
the non-planar double-box family [129] contains elliptic integrals [49,130—140]. In recent years, a
big effort has been devoted to the understanding of the analytic structure of Feynman integrals
which do not admit an expression in terms of MPLs. However, even in the cases in which an
analytic solution in closed form is available, the numerical evaluation of the functions associated
to such solution can be extremely challenging for phenomenological applications [141,142]. In
order to be able to overcome the issues previously described, we choose to exploit the generalised
power series method [32,143-148] to solve the system of differential equations associated to the
MIs. This technique, currently implemented in two public computer codes [33,34], has recently
attracted a lot of interest due to its wide range of applicability and it has been successfully
employed in several phenomenological applications [5,54-56]. Specifically, in the calculation
reported in this work, we used the software DiffExp [33] to obtain a semi-analytic solution for
the Mls.

In 3.1.1 we describe the general setup for the computation and we set the context in which
the two-loop amplitudes are relevant. We discuss the form factors computation along with
their UV singularity structure and the renormalisation procedure. In 3.1.2 we report on the
MIs calculation, describing the approach that we used to solve the differential equations, along
with a brief analysis on the geometry underlying the actual analytic solution.

3.1.1 Computational setup and amplitude structure

We consider the two-loop form factors for diphoton production in the quark annihilation
channel with a heavy quark loop. At the partonic level, the scattering amplitude proceeds as
the Born subprocess:

q(p1) +q(p2) +~(p3) +v(pa) — 0, (3.1)

2Other available implementations are described in [37-43]
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where all the momenta of the particles are incoming. The kinematics for this process is
described by the Mandelstam variables

s=(p1+p2)% t=(p1+p3)? u=(p2+p3)? withs+t+u=0, (3.2)

where the external particles are on-shell, i.e. p? = 0, and we indicate with m? the heavy-

(AAY 000 \AAY

(a) (b) (© (@ ©)

Figure 3.1. Representative set of two-loop diagrams with internal heavy-quark loops, which contribute
at NNLO QCD corrections to diphoton production in the quark annihilation channel. Thin black
lines represents light quarks, thick black lines heavy quarks, curly lines gluons and wavy lines
photons.

quark squared mass®. In order to obtain the scattering amplitude, we generated the relevant
Feynman diagrams using the FeynArts package [149]. We found a total number of 14 diagrams
contributing to the amplitude, the representative ones are shown in fig. 3.1. We write the
scattering amplitude in terms of form factors, which are decomposed into a basis of 63 MIs
exploiting IBPs reduction [10-12,35,38-44], as implemented in the software Kira [35].

The Feynman diagrams contributing to this process can be mapped into 5 different scalar
integral families: NPA, PLA, PLAx12, PLAx124 and PLAx1234, reported in appendix A.
After the reduction, the whole set of MlIs is described only by the families NPA, PLA and
PLAx12, and there are 5 top-sectors, shown in fig. 3.7.

Out of the 63 Mls, 57 admit an analytical expression in terms of Multiple Polylogarithms
and they have been studied in [51,122,123,145,150,151], the remaining 6, belonging to the non
planar topology NPA, are elliptic. Specifically, the non-planar triangle sector, which contains 2
MIs, has been solved analytically in [152] in terms of elliptic Multiple Polylogarithms (eMPLs),
a class of special functions which are a generalisation, in the elliptic case, of the standard
MPLs. On the other hand, the 4 double-box MIs of the non-planar top-sector (shown in fig.
3.6) have been computed numerically in [114,115]. Moreover, the homogeneous solution of
the non-planar double-box has been studied analytically in [153]. In the work described in [4]
and presented also in this section, we performed an independent calculation of all the MIs
by means of the differential equations method [13-20]. In particular we solved the system
of differential equations semi-analytically exploiting the generalised power series expansion
technique, as described in [32] and implemented in the software DiffExp [33].

The two-loop amplitude computed in this work constitutes a necessary ingredient of the
recently presented full massive NNLO QCD corrections to diphoton production at hadron

3For the rest of this paper we will refer to the heavy quark as top quark. We note however that our formulas
are general and they can be evaluated with a different value of the heavy quark mass.
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Figure 3.2. PLA(1,1,1,1,0,1,1,0,1) Figure 3.3. PLAx12(1,1,1,1,0,1,1,0,1)

Figure 3.4. PLA(1,1,0,1,0,1,0,1,0) Figure 3.5. PLAx12(1,1,0,1,0,1,0,1,0)

Figure 3.6. NPA(1,1,1,1,0,1,1,1,0)

Figure 3.7. The 5 top-sectors for the master integrals are shown: subfigures 3.2 and 3.3 are respectively
a planar double-box topology and its crossed one, 3.4 and 3.5 are respectively the massless box,
times the tadpole, and its crossed, while 3.6 is a non-planar double-box topology. Thin black lines
represents massless particles, thick black lines heavy particles.

colliders [5], which will be the topic of section 3.2. We anticipate that our two-loop form
factors, taking into account the full dependence on the top quark mass, are finite after
UV renormalization. Therefore, they can be included directly (without the use of any IR
regularization prescription) in any numerical implementation of the NNLO cross section. Below
we will illustrate the precedent statement with a specific example based on the gp-subtraction
method [154,155] (which can easily be extended to any other subtraction method).

To this end, we consider the following scattering process,

hi+ho = yv+ X (3.3)

where h; and hs are the colliding hadrons, and X denotes any additional radiation, we are
indeed considering the inclusive process. At the NNLO, the cross-section for this process can
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be computed using the gp-subtraction method [154-156] as follows

+jet
oo = Hikwo ® dofd + |[dod1 3™ — dokio (3.4)

The terms inside the square brackets daﬁrfgm and do{(}, represent the cross section for

diphoton plus jet production at NLO [91] and the corresponding counterterm, needed to cancel
the associated singularities in the small-gp limit. The coefficient function H{};o (defined
n [156]) is the so-called hard-virtual function and it includes the one-loop and two-loop
corrections to the Born subprocess. This object admits a perturbative expansion in terms of
the strong coupling ag:

ag

In our particular case (diphoton production) the one-loop contribution to eq. (3.5) was
calculated in [88], while the massless two-loop contribution was first calculated in [90] and
later in [92]. The explicit expressions of the hard virtual factor (computed with the previous
massless one- and two-loop amplitudes) in the hard scheme (see [155] for more details) are given
in Appendix A of ref. [155]. The inclusion of the new two-loop massive form factors proceeds
by simple addition to that of the massless case [90]. After regularising the IR divergences [155]
present in the massless two-loop amplitude [90], our massive two-loop contribution can be
added directly to the massless finite remainder.

After generating all the relevant Feynman diagrams for the process, the amplitude Agyq -
has been decomposed in terms of form factors [117], and the UV singularities have been
regularised in dimensional regularisation. The expression obtained has been used to compute

the NNLO corrections to the hard function H?? coming from two-loop diagrams which involve

(fin) of

a massive top quark loop. Specifically, from the knowledge of the finite remainder A, -,

the amplitude, we can obtain the hard function from the all-orders relation [155]:

(fin) |2
HY = ‘A(g)’W‘ (3.6)
AD 2
where 'Afzq)w is the Born-level amplitude for this process:
t  u

where ae, is the QED coupling, @, is the electric charge of the incoming quarks and V. is
the number of colours. We also performed a sum over initial and final polarisations and initial
colours.

This massive hard-virtual coefficient represents the last missing ingredient necessary to
perform a NNLO phenomenological study, for diphoton production at the LHC, which takes

into account the complete dependence on the top quark mass [5].
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Form factors

The bare scattering amplitude can be written? as

'Aqu»’Y’Y = Qem 5ij 61;3 (p3)EK4 (p4)Us, (pQ)AMV(S7 t,u, m?)uﬁ (p1)s (3.8)

where 9;; is the Kronecker delta function with ¢ and j the color indices of the incoming ¢g pair,
ef\LB (p3) and €, (ps4) are external photon polarisation vectors and vs,(p2), us, (p1) the quark
spinors.

We decomposed the amplitude in tensor structures, which embed the dependence on
external particle polarisations, and scalar form factors. In our computation we adopt the 't
Hooft-Veltman scheme, where the external momenta and polarisations are four-dimensional
objects while internal momenta and gamma matrices are D-dimensional. As outlined in [117], in
this scheme there is a correspondence between the number of independent helicity amplitudes
in the process and the number of tensor structures that remain independent when four-
dimensional external states are considered. For the process we are considering there are four
possible helicity configurations:

— ot ot At — ot At A
.A (quﬂ Qp27’}/p377p4> -'4- (Qp17Qp2)’7p37’Yp4) (39)
- =+ = At - =+ = A
A (qpl’ qp2’7p377p4) A (qp17qp277p37’7p4) . (310)
Right-handed quark configurations can be obtained by charge-conjugation transformation.

Therefore the amplitude (3.8) can be decomposed in terms of a set of four independent tensors

which are built using external momenta and polarisation vectors:

4
Aggry = Z Fi T, (3.11)
k=1

where the T}, are chosen as [117]:
(3.12)

The decomposition (3.11) has been achieved also by enforcing the physical transversality
conditions €y, - p; = 0 for the polarisation vectors, and by choosing as gauge fixing the

conditions €y, - p2 = €y, - p1 = 0, which imply for the photons the polarization sums:

Moy Moy Mo Hoy
+ +
2 :6‘;\ 6;’; — _guu 4 VY p3p27 E :6’;46;2: — _guu 4 P1Py T PyP1 ’ (313)
N P2 D3 " P14

where g" = diag(1, —1, —1, —1). The coefficients of T}, are the so-called scalar form factors, F.
These objects are functions of the kinematic invariants of the process, and of the space-time

4For the sake of simplicity we are omitting color indices on the left side of Eq. (3.8)
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dimension D, and they can be written in terms of scalar Feynman integrals. Their expression
can be obtained by applying a set of projectors, {Py}, to the amplitude Ayg~, and summing

over polarizations:

Fe= Y, PeAgyr (3.14)
51,52,A3,A4
The projectors are
4
Pi = Z (M_1>ij TJT’ M = ZT;TJ" (3.15)
j=1 pol

where M;; is called the projector matrix and it depends in general on the dimension D. The
inverse of M is smooth when D = 4, confirming that the tensors 3.12 are independent in four

dimensions. For completeness we give here the explicit expressions for the set of projectors
{Pr} with k =1,...,4,

= (Di?’)t :2uszT1T - 2:2tT3T] ’ (3.16)
2= (Di3)t :2:2tT§ * 2US2T‘J] ) (3.17)
Ps = (D 1 3)t _(D;zz;é%) T — 2:21tTlT + 252tT2T B (];;u:)TI ’ (3.18)
(SN - 3)t :_ (Z;ui)Tg * 21uT‘I] : (3.19)

We stress that the independent four-dimensional tensors 3.12 span the space of the helicity

amplitudes of the process we are considering. In [117] bases of four-dimensional tensors for

most of the processes relevant for collider phenomenology are built, and some of them have been

applied for recent multiloop multileg scattering amplitude computations, in particular the basis

3.12 was already successfully applied in the computation of the three-loop massless scattering

amplitudes for the production of a pair of photons in quark-antiquark annihilation [157].
The form factors Fj, admit the following perturbative expansion:

as

2

where ag is the strong coupling constant. At leading order we have:

Fl(o) = 47raem5ing _Tl ) (3.21)
.FQ(O) = 47Taem5ing % ) (322)
0 2
f-‘é ) = 47Taem(5ich21 E , (323)
(0) 5 (t—u)
= AT e ii . .24
FO = traunty@; 324

The massive corrections, we are interested in, appear starting from the two-loop order.
Therefore, they affect only the term ]-"IEQ). From now on we will focus just on this contribution,

which we will refer to as F, (2)

k. top" We generated all the relevant Feynman diagrams for this
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contribution using FeynArts [149], and we found 14 different two-loop Feynman diagrams, the
representative ones are depicted in fig. 3.1. We used FORM [158,159] to apply the projectors to
the Feynman diagrams and perform the Dirac algebra. The form factors, then, were expressed
as linear combinations of 63 MIs, which are defined in appendix A.

We find the following structure for the form factors ]-",g?) :

top”
2 2 2
‘Flg,f?op = ‘Flg,gop;[) + fli,t?op;? ’ (325)
Fi o0 = Am0emdi CPQ2 B Fion = 4m0temdyj CrQ? Cr, (3.26)

2
where By and C; depend only on the kinematic variables and the dimension D, Cr = ]\;CN_C !

is the Casimir of the fundamental representation of SU(N,) and @Q; is the electric charge of
the top quark running in the loop. The two contributions .7-",£2t)op;0 and }",Ei)opﬂ are related to

different powers of the top electric charge Q. The first contribution F: (2) s associated to

k,top;0

the diagrams of the type (c), (d) and (e) in fig. 3.1 in which the top quark pdoes not couple to

the external photons, while the second contribution ]__]gzt) op;2 COmMeEs from the diagrams of the
type (a) and (b) where the top quark actually couples with the photon.

We perform our computations in the context of dimensional regularisation. As a con-

sequence, potential ultraviolet (UV) and infrared (IR) singularities can appear in the form

factors as poles in the dimensional regulator € = (4 — D)/2. However, since the diagrams with

a top loop start contributing to the ¢g channel at the two-loop order, ]:,gzt) op does not have IR

singularities and therefore all the € poles are of UV origin. Furthermore, .7-",&23 op:2 18 also free of
UV divergences because the top electric charge does not appear at previous orders, then the
UV poles come only from the contribution .7-",522 opi0"

Helicity amplitudes

For the construction of the helicity amplitudes we followed [157], and we report here
the main steps. We can obtain the helicity amplitudes from our form factors by evaluating
the tensor structures T; for well-defined helicity states. We write for left-handed spinors

vr(p2) = (2] and ur(p1) = |1] and for the the photon j of momentum p;:

& (q)) (i3] . (71"

i =—=—7, €.(q)="F=".

b V2(gii) T T V2lg))

With these definitions and denoting with A, the helicity of the quark, we can compute the
helicity amplitudes Ay a;x,- For a left-handed quark, these are:

A B 2[34]2 . 2<24>[13]
== s M T e O (3.27)
2(23)[41] 2(34)* |

A== om0 T G



3.1 Two-loop heavy quark QCD corrections to gg — v 28

with

o =

t

5 (fg .7:3+]:4>

t (s
B = 2<2-7'—3+.7'"4>7

(3.28)

st t t

1= (R-F-gR- LA,
Uu 2 S

t t
5—2(f1+2f3—f4).

Note that the remaining amplitudes for a right-handed quark can be obtained by a charge-

conjugation transformation as follows,

Arxsns = Apx,x, (@) < [74) (3.29)

where )\; indicates —\;.

UV Renormalisation

We renormalise the bare form factors in a mixed scheme. The external quark fields are
renormalised on shell; the strong coupling constant is renormalised in a scheme in which
the massless contribution, coming from light quarks and gluons, is treated in MS, while the
heavy-quark contribution is renormalised on shell (at zero momentum). No renormalisation is
needed for the top quark mass m; at this order in perturbation theory and the same occurs
for the external photon field.

We have, then

Fr =2y F (s = 1> Zagas) | (3.30)

where the overlined objects Fj, g are the renormalised ones and  is the renormalisation

scale. The renormalisation factors Z, and Z,4 admit a perturbative expansion in the strong

s

coupling constant [160-163]:
— — \2
as 1 as 2 —3
Zy=1+ (W) §ZV + (W> 8ZP) + o(@y), (3.31)
Zos =1+ ( - > 57 + O(@2). (3.32)

In our renormalisation scheme, we have

sz\M =0, (3.33)
(2) 2e2 ,UQ * 1 )
020 =62V +32) . o, (3.35)

as,M
where 62" )W contributes only to the renormalisation of the massless amplitude, while

) C(MS) Ny,.0S proportional to the number of heavy quarks Ny, renormalizes exclusively the
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(1)

massive contribution to the amplitude. The expression of §Z als, N,,,08 18 given by

€
5z =7 T(1+e) ~) Na (3.36)
as,Np,08 mf 6e :

In our case we consider only the top-quark, so N, = 1, and we used Tr = %

Putting all together, the renormalised form factors read

—(2 2

fl(€71)3°P§2 = flf:,t)op;Q ’ (337)
J— 2 e 6

Flrapo = (102 Fiaoo + 126280 v o5 F) + 629 . (3.38)

The merely two-loop contribution of the renormalised finite form factors, 72272@;2 and 7,(3201,;0,
is written as a linear combination of e-expanded master integrals of the precanonical basis,
given in A, where the coefficients are rational functions of the Mandelstam, while the UV
counter term contribution is written in terms of harmonic polylogarithms (HPL). The analytic

expressions of the counter terms ;> §Z (g? N,.OS ]-",gl) + 52(52) .7:,50) are given in appendix B.

3.1.2 Master Integrals Computation

In this subsection we discuss the details of the MIs computation. The MIs are computed
through the differential equations method. The system of differential equations associated to
the MIs is solved semi-analytically employing the generalised power series expansion technique,
as described in [32] and implemented in the software DiffExp [33]. We also show that some
of the MIs that appear in the computation admit an analytic solution in terms of elliptic
functions.

We provide a single system of differential equations which includes all the Mls appearing
in the amplitude. This system is in canonical form just for the sectors whose analytic solution
could be given in terms of MPLs. We notice that the basis of MIs in which we solve the
differential equations, which we will refer in the following as f, and the one in which we write
the form factors are different. We choose this approach in order to avoid square roots of the
kinematic invariants in the expressions of the form factors. In appendix A, along with the
definition of the precanonical basis 7;, we provide the rotation to the basis f;.

The system of differential equations

The three integral families to which the MIs belong are defined as follows:

Dk1Dko
[topo(n17 ceey n9) = / D?l DgzDg3D2L4DQ5Dg6D?7Dg8D39 ’

(3.39)

where topo € {PLA,PLAx12,NPA} labels the families and the corresponding propagators
Dy, ..., Dg are given in appendix A. The computation is done in dimensional regularization
with D = 4 — 2¢ dimensions, and our convention for the integration measure is

D
ph= 0K 2

S E— 3.40
= T(1+e) (3.40)
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(a) (b)

Figure 3.8. Diagrams representing the two elliptic sectors in the non planar topology NPA. Thin lines
represent massless particles, while thick lines massive particles.

The number of MIs appearing in the form factors is 63. The system of differential equations
can be divided in two different subsets:

o (I) Canonical logarithmic: the subset of MIs whose differential equations are in
canonical logarithmic form;

« (II) Elliptic sectors: this subset contains MIs whose analytic solution involves elliptic

functions and it is not written in e-factorized form.

—

We refer to the basis used to solve the system as f(Z,€), where

2p1 - 2p1 -
f:{s,t}, 5 — p12p27 = p12p3
my my

(3.41)

is the vector of the kinematic invariants with respect to which we derived the differential
equations®. The subset (II) contains two sectors: the first one is a non-planar triangle with a
massive loop [152], shown in fig. 3.8 (a). This sector has 2 MIs, fss and f59, which admit a
representation in terms of elliptic multiple polylogarithms (eMPLs) [164]. The second sector
whose analytic structure is characterised by the presence of elliptic functions is the top sector
of the topology NPA, i.e. the non planar double-box integral, shown in fig. 3.8 (b), which
contains the 4 MIs fgo_g3. The subsystem of differential equations corresponding to the subset
(I) has been put in canonical logarithmic form [19], for the planar topologies this result has
been obtained for the first time in [51], while for the non-planar polylogarithmic subsectors
this is an original result. The whole system of differential equations reads

—

df(Z,€) = dA(Z, ) f(Z,€) dA(Z, ) = edA(T) + dAn(T, e), (3.42)

where d is the total differential with respect to the kinematic invariants, and the matrices
€Ar(Z) and Ap(#,€) are respectively the matrices of the subsystems (I) and (II). We stress
that the subsystem (I) does not involve elliptic MIs of the subsystem (II), conversely the latter
is coupled, as expected, to a subset of the MIs belonging to (I). The matrix A;(Z) does not
depend on € and it is a linear combination of logarithms:

A(%) = Z ci log(w; (7). (3.43)

®Note that s and ¢ defined in eq. 3.41 are adimensional and so different from the ones defined in eq. 3.2
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The ¢; represent matrices of rational numbers, while {w;(Z)} is the alphabet of the solution
and it is made by algebraic functions of the kinematic invariants. The knowledge of the
logarithmic canonical form for the subsystem (I) of the differential equations (3.42), would
allow us, in principle, to obtain a fully analytic representation for the non elliptic MIs,
ie. {f;} with i = 1,---,57. However, the presence of the set of square roots, given in
equations (A.72), makes the achievement of such analytic expression non trivial. Indeed,
these square roots are not simultaneously rationalizable. As a consequence, in order to
obtain a fully analytic representation of the solution one would have to exploit symbol level
techniques [165,166]. For the purpose of this project, we found that the semi-analytic evaluation,
which we achieved exploiting a generalised power series expansion method, was sufficient to
perform phenomenological studies.

In the upcoming work [167] the full-analytic form of two-loop massive amplitudes for
diphoton production in quark-antiquark and gluon fusion channels will be provided. The
elliptic MIs will be given in e—factorised basis, found through the technique described in [49].
In this thesis we adopt the same canonical basis for polylogarithmic MIs defined in [167]. For
the elliptic MIs we also use the precanonical form of [167]. A such definition of the integrals is
slightly different with respect to the one previously provided in [4]. Nevertheless, we decided
to rearrange the basis of MIs mainly for two reasons: a unique global system of differential
equations for all the MIs contributing to the amplitude (included permutations) improves the
efficiency of the numerical evaluation; we could easily provide intermediate analytical checks
for the amplitude computed in [167].

The boundary conditions for the system are provided in the origin of the space of kinematic
variables s = t = 0, where many simplifications occur, indeed the following canonical MIs
vanish in this point:

fi(0,0) =0 if 5<i<22V 25<i<57. (3.44)

For the remaining MIs, except for the tadpole, the origin is a singular point, consequentially
we have to provide at least an asymptotic behaviour. This can be easily achieved for the non
elliptic MIs: f1, fo, f3 and f4, respectively the tadpole and the massless bubbles in s, ¢ and u

channel, have simple well-known analytical expressions:

f=1 (3.45)
fo=— (—i) ?E (3.46)
_ ([ \ra-e?
fa= ( ) : (3.47)
(
(

(3.48)
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the canonical MI fa3 (fa24) is the massless box in the u (¢) channel, its analytical expression is

fzgz(—i>€£8_€2);{4—2eﬂ<o,z> — e 4 é { 7T2H(—1,Z>—|—
2H (0, D —oH (-1,0,0, Z’) +2H (0,0,0, Z) - QC(B)} +
[ 20(3)H ( >+2c() (0,2‘)—#}1( 17“>+

(3.49)
2H (—1,0, “) +72H (0, -1, “) —rH (0,0 “)
S S S

2H (—1,—1,0,0,“) +4H (—1,0,0,0, “> +2H< ~1,0,0, )
S S

u 71'4
4H10,0,0,0,— ) — —
(77778) 15 )

for foq just swap u <> t. The last expression has been known for many years and it can be
obtained, for example, integrating the corresponding differential equation and imposing the
regularity of the solution along ¢ = 0 (see [168] or chapter 2). The analytic continuation of
3.45-3.49 is given by the Feynman prescription: a Mandelstam invariant acquires a small
positive imaginary part as long as it becomes positive,

s — s+1id, t—t+1id, u — u + 19, (3.50)

where 0 is positive and small. The formula 3.49 was cross checked analytically with [168] and
numerically with AMFlow [53]. For the elliptic MIs fss_¢3 we adopted the following strategy:
i) introducing free parameters in the series solution around the origin; i) evolving to a point
(so,to) different from the origin; i) matching the series solution with the AMFlow numerical
solution, for the elliptic MIs, in the point (so, ), and so fixing the unknown parameters; iv)
using (sg,tp) as the new boundary point to evolve the system to any other point.

Semi-Analytic solution with Generalised power series

We continue by describing the solution for the system of differential equations. As already
mentioned, we choose to exploit the generalised power series method, as described in [32] and
implemented in the software DiffExp [33], to obtain a semi-analytic solution for the set of
MIs. This method has the advantage of not being limited by the functional space in which the
MIs would be analytically represented. This feature allows us to avoid the issues connected
with the presence of MIs which admit an analytic solution in terms of elliptic integrals, for
which both the understanding of their analytic structure and the numerical evaluation can
still represent a bottleneck for phenomenological applications.

We exploit the method to build a grid of points for the contribution of the corrections
considered here to the hard function H}y 1o~ After interpolation, the grid has been used in
the fully massive NNLO phenomenological study for diphoton production in [5]. The grid has



3.1 Two-loop heavy quark QCD corrections to gg — v 33

been generated directly in the physical region of the phase-space for this process:
s> 0, t:—g(l—cosﬁ), —s<t<0, (3.51)

where 0, 0 < § < 7, is the scattering angle in the partonic center of mass frame. Since the

\/E @ ---- - ---@----@
|
PP
|
;. _____ o ---@---@
|
PP |
0

Figure 3.9. Schematic representation of the procedure exploited to optimise the grid construction
within DiffExp. Red dots represents the points in which the MIs are evaluated and the blue dashed
lines connect the sequential evaluations.

evaluation time, within DiffExp, for the MIs needed in this process is relatively low, we can
build the grid of points as follows®. We consider a total number of 13752 points in the following
range for the scattering angle # and the energy of the center of mass /s:

—0.99 < cosf < 0.99, 8GeV < /5 < 2.2TeV . (3.52)

The points p; j = (s;, tm)7 of the grid are defined as follows:

si =50+ (Sf — 50) 55

7 (3.53)
tij = —% (1 —cosf)

Pra cosf; = cos by + (cosfy — cos 00)213

where sy = 64 GeV?, sp=4.84- 10% GeV?, cos by = —0.99, cos 0 = 0.99 and the indices 1, j take
the values i € [0,572], j € [0,23]. We constructed the grid by performing sequential numerical
evaluations of the MIs in DiffExp as depicted schematically in figure 3.9. Starting from the
origin of the phase-space, we perform a first evaluation in the physical point pg . From this
point, at fixed value of s, we move along the 6 axis, from cosf = —0.99 to cos€ = 0.99, up to
the point pg 23. Then, we increase the value of s and we move in the other direction along the 6
axis up to the point pq 9, and so on so forth. In order to optimise the grid generation, for each
evaluation we use as boundary conditions the value of the MIs obtained at the previous point.
This procedure effectively increases the efficiency of the evaluation for the MIs. In particular,
we managed to evaluate the MlIs in all the points of the grid, with a 16 digits accuracy, in
about 13 hours, on a single core laptop.

SWe notice that for more CPU demanding computations more refined approaches have to be used.
"For the purpose of this discussion we use the dimensional Mandelstam variables defined in Eq. 3.2
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Figure 3.10. Numerical results for the dimensionless elliptic non-planar MIs Tss, Ts9, T60, T61, Te2 and
Te3. The plots show the order O(e?). Continuous blue and yellow lines represent, respectively,
the real and imaginary part of the MIs obtained with DiffExp, with a real top-quark mass
m; = 173 GeV. Dashed blue and yellow lines represent, respectively, the real and imaginary part
of the MIs obtained with SeaSyde, with complex top-quark mass with a width I'y = 1.76 GeV.
Dots represent numerical values obtained with AMFlow. The evaluations are performed for different
values of /s at fixed angle @ (in this case cosf = 0.5). The vertical dashed black line represents
the threshold at 2m;. We notice that the complex mass smoothens the singular behavior around
threshold, especially for Tg.

In order to validate our results, we performed numerical checks for the MIs against
independent numerical evaluations done with the AMFlow package [53], which implements the
auxiliary mass flow method [169,170]. The MIs have been checked for several points in the
physical phase-space region, finding an agreement between the two independent evaluations
of at least 16 digits of accuracy in each point for every master. As a proof of concept of the
numerical checks we show in figure 3.10 our results for the non-planar triangle and double-box
MIs of the topology NPA.

In addition to the analytical continuation (3.50) of the Mandelstam variables, we need to
know at which side of the branch-cut, s > 4m?, we have to evaluate the solution after having
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passed the top-quark threshold. To this aim, Feynman prescription once again comes to our
assistance:

4—5—4—s5—10, (3.54)

where we used the dimensionless variables (3.41).

In the Standard Model the top-quark is an unstable particle which decays through elec-
troweak interactions and has a decay width I';. Consequently dimensionless kinematic variables
assume complex values in the physical region. They are given, in the approximation I'; < my,
by the following substitution:

mi% = % p2 = m? — imLy. (3.55)
The task of finding the solution to the differential equation system as power series expansions
around complex values of the kinematic variables has been automatized in the program
SeaSyde [34]. The effect of the complex mass smoothens the behavior near the threshold of
the master integrals. However, in our case the impact of the top-quark width turns out to be
tiny and we have decided not to include it in phenomenological study.

The numerical grid for the master integrals has been used to construct a grid for each form
factor. The last are the building blocks to set up the grid for the hard function, which is given
by the following formula:
2> .7 My

top

‘A(O) ‘2 ’

qq,7Y

2.
HEroP) = (3.56)
where M is the projector matrix in D = 4 dimensions. A plot of the massive contribution to the
hard function is shown in figure 3.11. The grid of the hard function has been interpolated with
cubic splines, providing a Fortran routine for a fast numerical evaluation. The interpolation
deviates from the true result within 0.3%.

\s(GeV) 600

Figure 3.11. Contribution of the top-quark to the NNLO hard function is shown. We observe that
the top-quark mass introduces a dependence on the energy /s which is absent in the massless
contribution. We notice also the negative bump around two times the top-quark mass.
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Maximal cut of the elliptic sectors

We conclude this section analyzing the maximal cut of the elliptic sectors. The maximal
cut of an integral can be obtained from it by replacing each propagator with a delta-function,
then it is a solution of the homogeneous differential equation for the starting integral and
contains information about the functional space of the full solution.

The non-polylogarithmic structure of the non-planar double-box is two-fold. First, the
differential equations for the MIs fgo, fe1, fe2 and fg3 contain the triangle integrals fsg and
f59 in the non-homogeneous part of the system. As a consequence the analytic solution of the
differential equations requires the integration over kernels that contains eMPLs. Moreover,
also the homogeneous part of the differential equation itself contains elliptic functions. This
statement can be verified by studying the maximal cut of the double-box integral [20]:

Inpa(1,1,1,1,0,1,1,1,0). (3.57)

In order to perform such computation we adopted the loop-by-loop analysis [171,172] of the
Baikov [173] representation of the integral, we refer to refs. [171-174] for a description of the
method. In order to emphasize the common features between the solution of the non-planar
triangle and the double-box one, we also provide the maximal cut of the former. The results
for the maximal cut of the two non-planar integrals read

MCut (Ixpa(1,1,1,0,0,1,1,1,0)) / NEEE: 8)(Zd_z ——. (3.58)
MCut (Ixpa(1,1,1,1,0,1,1,1,0)) / PEWE jfz —— (3.59)

where z4 = % (—3 +4/s(s+ 16m%)>, and we dropped overall terms which do not depend on

z since they are immaterial for a qualitative study. As we can see from Eq. (3.59) the result of
the maximal cut for the double box non planar integral in fig. 3.8 (b) is a one-fold integral. It
is possible to show that Eq. (3.59) can be written in terms of complete elliptic integrals of
first and third kind, where the elliptic curve is given by the polynomial of fourth-order in the
integration variable z:

v =2(245)(z — 20)(z — z_). (3.60)

We observe that the elliptic curve (3.60) is the same curve of the non-planar triangle in
fig. 3.8 (a) [141,152,164].

3.2 Top-quark mass dependence in diphoton production at
NNLO in QCD

In this section, we consider diphoton production at NNLO, taking into account the full
top quark mass dependence [116]. We include all NNLO massive contributions to the cross
section: the box contribution in the gluon fusion channel [78], the two-loop corrections to
qq — v [4] described in the previous section, and the real radiation contributions (double
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Figure 3.12.  Different types of contributions to the massive corrections at NNLO for diphoton
production in perturbative QCD. The explanation of the different features is given in the text.

real and real-virtual).
In 3.2.1 we explain the setup of our calculation and in 3.2.2 we present selected numerical
results for the LHC phenomenology.

3.2.1 Organisation of the calculation

Since the massless (five light quark flavours) NNLO QCD corrections to diphoton production
are known [77], our approach is to consider all the remaining massive scattering amplitudes
and combine them in an appropriate way.

The first non-trivial massive corrections appear at NNLO. We classify the scattering
amplitudes into four types of contributions. In first place, we consider the known massive
one-loop box scattering amplitude gg — vy [78] as depicted in Fig. 3.12 a). The two-loop
(double-virtual) corrections to the Born sub-process g — v+ [4] are shown with a representative
Feynman diagram in Fig. 3.12 b), where in the loop we consider a massive top quark. We also
consider massive real-virtual contributions to diphoton production (see Fig. 3.12 c)), where
the diphoton pair is produced in association with real radiation (quarks and gluons). This
scattering amplitude is interfered with the corresponding tree-level matrix element (qqg — yvg
or qg — v7yq depending on the partonic channel). The partonic contributions to Fig. 3.12 c)
are finite, not only in four dimensions, but also after integration over the transverse momentum
of the diphoton pair (p7.). This amplitude is presented in the appendix of ref. [78], but it is
considered for its squared modulus (effective N®LO contribution). In our case we calculated
this contribution and we checked it numerically with OpenLoops [6,175-179]. The last element
that we considered (which completes the NNLO massive corrections) is shown in Fig. 3.12 d);
it is related to diphoton production in association to the emission of two on-shell top-quarks
(qq — 7yttt and gg — yvytt). We computed these double-real amplitudes and we checked
them numerically with OpenLoops. Although this sub-process can be effectively detected
experimentally and (therefore) then subtracted, we include it explicitly in our calculation.
Indeed, LHC measurements of diphoton production take into account any kind of additional
radiation accompanying the two isolated photons, and therefore this contribution must be
taken into account in any comparison with LHC data [57-60] that claim full NNLO QCD
massive corrections.

All our massive corrections are encoded in a new version of the 2yNNLO code [77], which
has been cross-checked with the MATRIX [180] numerical code (version 2.0.0) (which includes
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the massless NNLO QCD corrections to diphoton production). The new version of the 2yNNLO
code benefits from the fast integration routines of the DYTurbo framework [181,182].

The double-real and real-virtual sub-processes (see Fig. 3.12 ¢) and d)) are not only finite
in four dimensions, but they are also finite after integration over the transverse momentum of
the diphoton pair. We have checked numerically that under gr integration these contributions
are finite and numerically stable in the whole ¢ range.

3.2.2 NNLO results with full top-quark mass dependence

In this section, we present our results for the diphoton production at NNLO in perturbative
QCD, taking into account the full top-quark mass dependence. We fix the pole mass m; of the
top quark to the value m; = 173 GeV. Our computational setup that was explained in 3.2.1,
has been encoded in a new version of the 2yNNLO code.

We consider isolated diphoton production in pp collisions at the centre—of-mass energy
/s = 13 TeV. We apply the following kinematical cuts on photon transverse momenta and
rapidities: p}j%rd > 40 GeV, p%ﬁ’;t > 30 GeV and the rapidity of both photons is limited in the
range |y,| < 2.37, excluding the rapidity interval 1.37 < |y,| < 1.52. The minimum angular
separation between the two photons is Rglwm = 0.4. These are essentially the kinematical cuts
used in the ATLAS Collaboration study of ref. [57].

In the perturbative calculation, the QED coupling constant « is fixed at 1/a = 137.035999139.
We use the central set of the NNPDF3.1 PDFs [183] as implemented in the LHAPDF frame-
work [184] and the associated strong coupling with as(Mz) = 0.118.

The central factorization and renormalization scale is chosen to be equal to the invariant
mass of the diphoton pair 1 = ur = ur = M,~. The theoretical uncertainty is estimated by
varying the default scale choice for ur and pp independently by factors of {1/2,2}, while
omitting combinations with pur/pur = 4 or 1/4, resulting in the usual seven-point variation
of scale combinations. Our standard choice of the central scale, can be replaced with other

options, for instance the transverse mass of the diphoton pair, M;F7 = \/ (M+)? + (p7)2. Since
our aim is to show the impact of the new massive corrections, we refer the reader to more
detailed studies on scale variation (and scale choices) to refs. [79,80].

We use the smooth cone isolation criterion [185] (see also refs. [79,186,187]), which fixes
the size R of the isolation cone (drawn around the direction of the photon) and requires that

the hadronic activity E:}ﬁ“d allowed inside the cone satisfies

E}(r) < e pry x(r;R),  in all cones withr < R | (3.61)

where the function x(r; R) is defined as

x(r;: R) = (;Yn . (3.62)

The specific values of the isolation parameters in our case [57] are: R = 0.4, ¢ = 0.09 and we
take n = 1. The choice of the x(r; R) function as well as the particular value of the exponent
n is explained in ref. [79]. Since our aim is to present the effects of massive corrections, we

suggest that the interested reader consult the isolation studies in refs. [79,80]. The top quark
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Figure 3.13. NNLO invariant mass distribution with full top quark mass dependence. In the lower
panel we plot the ratio of the NNLO invariant mass distribution between the massive result and
that with only five light quark flavours. The bands are obtained (as explained in the text) using the
customary 7-point scale variation. The central scale is shown with a black dashed line.

threshold region (~ 346 GeV) is not particularly sensitive to the effects of the choice of isolation
parameters [79].

Since we rely on the gr subtraction method [154, 155] to perform our NNLO calculations,
we use the technical parameter® (a cut on the transverse momentum of the diphoton pair)
reut = 0.0005 < p}7 /M. The large diphoton invariant mass tail is not particularly sensitive
to Tyt variations around our chosen value [180]. Studies on the impact of the fiducial power
corrections and on the size of the 7., parameter in colour singlet processes can be found in
refs. [180, 188—190].

The rest of this section proceeds as follows: first, we anticipate our results for diphoton
production at NNLO in perturbative QCD, taking into account the full top quark mass
dependence. At the end of this section, we discuss the relative weight of the different massive
contributions involved in the NNLO calculation.

In Fig. 3.13 we present our results regarding the invariant mass distribution of the photon
pair at NNLO using the kinematical cuts described above. In the lower panel, we show the
ratio between the fully massive NNLO result and the NNLO prediction for five light quark
flavours (51f). Around the region M,, ~ 2m; (the top-quark pair threshold), the invariant

8We have also checked that in the extrapolation to rcyt = 0 the associated results for the total cross sections
and the differential distributions vary less than 1% when 7yt = 0.0005 is used.
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Figure 3.14. Ratios of diverse massive corrections to the massless case. In the upper panel we show
the ratio of the two-loop (qq — ~7y) massive contribution to the massless one. In the lower panel we
show the corresponding ratio but for the 1-loop box (g9 — ~vy) contribution. The central scale is
shown with a black dashed line.
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Figure 3.15. Invariant mass distribution of the double-real (pp — yytt) contribution to the NNLO
fully massive result. In the lower panel we show the relative size of each one of the partonic channels
that form the total double-real contribution. Only central scale results are shown.
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mass distribution exhibits its negative peak ? due to a superposition of effects coming from
the loop contributions. In the low-mass region (M., < 2m;), the massive result is still slightly
larger than the massless case since the real corrections can resolve the top quark loop because
the total centre—of-mass energy can be larger than 2m; [114]. Beyond the negative peak, the
massive NNLO prediction presents its maximum (positive) deviation from the massless result
at about 2.3 times of the value of the top quark pair threshold. The position (and shape) of
this positive peak is the result of a competition between two opposite behaviours of (mainly)
two contributions: the box scattering amplitude (gg-channel) and the two-loop form factor
(gg-channel) (see Fig. 3.14). We postpone the discussion of the decreasing tail in the ratio
between the massive and massless result, to the end of this section. The effect of the massive
corrections (within the fiducial cuts discussed above) in the invariant mass from 1 GeV to
2 TeV is a deviation from the massless result in the range [-0.4%, 0.8%]. The effect may be
larger if we use different selection cuts and for values of M, > 2 TeV.

We now comment on the two-loop contribution to the NNLO invariant mass distribution'’,
underlining the common features with the one-loop contribution in gluon-fusion channel. In
Fig. 3.14 (upper panel) we show the ratio between the fully massive two-loop contribution and
the massless case. The ratio is performed explicitly using the hard virtual factors H® defined
in the hard resummation scheme as explained in ref. [155] and in our paper of the two-loop
massive form factors [4], reported also in 3.1. The bands are computed implementing the usual
7-point scale variation as described above. As we can see from both of the panels in Fig. 3.14,
in the region below the top-quark threshold (M,, < 2m;) the presence of a heavy-quark

6" massless flavour. As in any massive loop

flavour inhibits the effect that would have a
contribution, the ratio exhibits the typical peak around the top quark threshold. In this region
of the invariant mass the perturbative result mimics the production of a top-antitop pair
on-shell which would tend to enhance the cross-section. This effect, combined with the common
destructive interference between massive and massless amplitudes, results in a negative peak
around the top-quark threshold. The size of both ratios, one-loop gg and two-loop, around the
negative peak is quantitatively similar and amounts to roughly —15%. For invariant masses
larger than 2m, (and after a peak around M, ~ 2.3 x 2my;), the tail decreases. At this point
we observed also, that the massless two-loop contribution obtained with six light quark flavours
is smaller (in the whole invariant mass range) than the result with five light flavours and a
massive one, confirming the mitigating effect of the top-mass. Moreover, at large invariant
masses, the ratio between the massless results (H® (n; = 61f)/H®) (n; = 5)) tends to get
closer, as expected, to the corresponding massive result shown in Fig. 3.14 top panel. We
postpone to future developments an exploration to larger values of the photon-pair invariant
mass, which would allow us to determine the region where the massive and the six-flavour
massless result overlap.

In the bottom panel of Fig. 3.14 we show the known behaviour of the ratio between the
fully massive one-loop box contribution and the corresponding contribution with five light

quark flavours. In the gluon-fusion channel there are two kinds of massive contributions:

9In the ratios, the corrections larger (smaller) than the unity are named positive (negative) since they are
larger (smaller) than the five light flavour result.
10The representative Feynman diagram of this two-loop contribution is shown in Fig. 3.12 b).
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Figure 3.16.  Invariant mass distribution of the one-loop real emission massive contribution at
NNLO. Only the massive top quark circulates in the loop. The light quark flavours are already
considered in the massless part of the calculation. We show the different partonic channels and a
comparison with the size of the double real correction shown in Fig. 3.15.

the interference between the massless one-loop box and the massive one, and the squared
modulus of the massive one-loop box. In this case, for large values of M., > my, the ratio
asymptotically'! approaches the value

(Z”f:6 Q3)2 _ 22
(an:5 ng 121

implying that the massive contribution behaves as if it were composed of 6 light quark

(3.63)

flavours [78]. The one-loop in gluon-fusion and two-loop in quark channel are the two most
sizable massive contributions at NNLO accuracy. The distinctive and opposite behaviour
of these two contributions at large values of M., (taking into account also the vanishing
luminosity of the gluon) determines the position of the positive peak in the ratio of Fig. 3.13.

We now consider the massive double real corrections (pp — yytt + X). In Fig. 3.15 we
show the invariant mass distribution obtained from the partonic sub-processes gg — ~y~vtt and
qq — ~~ytt. Since we produce two on-shell top quarks, and since we are dealing with tree-level
scattering amplitudes, there is no top quark threshold in the distribution (it has a continuously
decreasing (logarithmic) tail as in the massless case). The only peak in this invariant mass
distribution is due to kinematic effects (it peaks at about 2 x p%awrd cut — 80 GeV, as in the
massless case). This kinematic effect is explained in detail in ref. [79] for the massless result.
In the bottom panel of Fig. 3.15 we show the relative size of the different channels (the ¢g
and gg channels) with respect to the total. For large values of M., the luminosity of the
gluon decreases and the total contribution is (mainly) due to the ¢g channel. The vanishing

1For the kinematical cuts considered here, the asymptotic regime is reached at (roughly) 3 TeV, which is not
shown in these plots.
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luminosity (at large invariant masses) of the gluon explains why the ¢g channel dominates at
large values of M., in the total NNLO invariant mass distribution. The prevalence of the qq
channel in the tail, explains why the ratio in Fig. 3.13 decreases at large values of M., even
though the fully massive box contribution (gg channel) is almost twice the massless box in the
tail (see Fig. 3.14 bottom panel). At large invariant masses the partonic channels containing
at least one gluon vanish and the massive real corrections are almost negligible. Conversely,
the negative corrections coming from the ¢g channel (massive two-loop contribution) are still
present, and in the full result the ratio turns out to be negative in this kinematic region (see
the ratio in Fig. 3.13 around M, ~ 2 TeV).

In the following, we discuss the real-virtual contribution of the one-loop NNLO massive
corrections to diphoton production (pp — vvj + X). In Fig. 3.16 we compare the invariant
mass distribution of the different channels with respect to the total correction. The gg and gg
channels show very different behaviour (being the gg initiated sub process the channel that
dominates the contribution around the top quark threshold). The positive peak behaviour
around the top quark threshold is also found in the box contribution when only a massive top
quark is circulating in the loop [114]. As the remaining five light flavours are also included
in the loop, the destructive interference between these two types of terms dominates the box
contribution, producing the typical negative peak (as it is shown in Fig. 3.14 bottom panel).

Here (in the real-virtual case), since the one-loop scattering amplitudes (see Fig. 3.12
c)) are interfered with the corresponding tree-level matrix elements, there is no such mixing
between massive and massless quarks circulating through the loop. For large values of the
invariant mass (M, > 500 GeV) the contribution of the real-virtual term is negative, slightly
enhancing the decreasing behaviour in the tail of the ratio in Fig. 3.13.

In Fig. 3.16 we also show the contribution of the whole pp — yytt + X sub-process. The
size of the real-virtual and the double-real contributions are roughly of the same order, and
they are subdominant with respect to the one-loop box and two-loop form factors.

Finally, in Fig. 3.17 we show the ratios of each of the massive contributions (schematically
drawn in Fig. 3.12) with respect to the massless NNLO differential prediction. As expected
from the previous paragraphs, the two-loop ¢q (dot-dashed black line) and the one-loop box
corrections (solid red line) dominate throughout the invariant mass range. The effect of the
real-virtual contribution (dashed green line) is subdominant and reduces the size of the negative
peak at the top quark threshold. The effect of the massive double real corrections (emission of
two on-shell top quarks) is tiny and not relevant for the phenomenology (dotted blue line).
The correction introduced by the two-loop massive contribution at large values of the invariant
mass is negative and reduces the cross section. For M., > 2 TeV it is the dominant massive
effect.
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Figure 3.17. Ratios of each one of the massive contributions with respect to the NNLO massless
cross section as a function of the invariant mass.
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Chapter 4

Two-loop mixed QCD-EW
corrections to quark-induced Higgs
production at hadron colliders

After the discovery of the Higgs boson with the Large Hadron Collider (LHC) at CERN
in 2012 [1,191], the work of the LHC community has focused on the study of the Higgs
sector, which provides a stringent test of the Standard Model of particles (SM) and a fertile
environment for the search of New Physics (NP) signals [192-204].

Two of the most relevant observables in Higgs studies are the Higgs total cross section
and the Higgs transverse momentum (pr) distribution. The dominant Higgs production mode
at the LHC is the gluon fusion channel. In the production via gluon fusion, the coupling of
the Higgs boson to gluons is mediated by a heavy-quark loop. This gives the opportunity to
test the Standard Model of particles and to look for possible deviations from it, if the NP
particles couple to the Higgs boson. Since Higgs coupling with the gluons is proportional to
the Yukawa coupling 3¢, and thus to the mass mg, of the heavy quark circulating in the loop,
in the Standard Model the largest contribution comes from the top-quark loop, making the
Higgs production cross section roughly proportional to y?.

The Higgs production cross section was computed at leading order in the *70s [205], and
at next-to-leading-order (NLO) in strong coupling constant «; in the *90s [206,207], where
the exact dependence on the heavy-quark mass has been retained. NLO QCD corrections are
sizable (~ 100%) and considering higher-orders is thus indispensable. The next-to-next-to-
leading-order (NNLO) [208-210] and the next-next-to-next-to-leading-order (N*LO) [211,212)]
corrections in as have been computed in the Higgs Effective Field Theory (HEFT) approach,
i.e. in the limit of a top quark much heavier than the Higgs boson, m; > my, assuming
all other quarks are massless. HEFT replaces the loop-mediated coupling by an effective
tree-level coupling, reducing by one both the number of loops and the number of scales in
the computation of the relevant amplitudes. NNLO and N3LO corrections are found to be
respectively of the order of ~ 20% and ~ 3% of the cross section.

The NNLO and N3LO corrections in oy to the Higgs total cross section are respectively
O (aa) and O (aa?). Since a ~ a2, the last two corrections call the mixed QCD-Electroweak
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(QCD-EW) contribution, which starts at O (a?a?), and the corresponding NLO corrections in
as (O (a?a?)). In the light-quark mixed QCD-EW contribution the Higgs is produced through
its gauge coupling to the EW bosons V' = W, Z. Introducing a heavy quark, we open other
two channels for Higgs production: the Yukawa coupling to the heavy quark and the trilinear
self-coupling. Mixed QCD-EW contribution with full heavy-quark mass dependence [213-216]
increases the N3LO cross section by about 2% [217]. As for QCD corrections also for the
QCD-EW contribution the dominant mode for the Higgs production is the gluon fusion channel
because of the high gluon luminosity at LHC. Since the largest part (~ 98%) of the increase
at O (04204?) is due to the light-quark part of the mixed QCD-EW contribution, the evaluation
of the NLO corrections has been aimed at the light-quark part. These have been computed
in [218] for gg — H, and, as it is usual for QCD NLO corrections in gluon channel, turned out
to be sizeable, in this case of the same magnitude of the O (« 2 2) contribution. Briefly, mixed
QCD-EW corrections (LO+NLO) increase of ~ 5% the total Higgs cross section.

In [217] all the main effects mentioned so far have been combined, where approximated
results have been used for those that had not yet been determined. As result the following
prediction for the gluon-fusion cross-section at the LHC, with a center-of-mass energy of 13
TeV, for a Higgs boson with a mass mj; = 125 GeV, was presented:

+2.22 pb (+4.56%
o =48.58pb 5 52by (Fg 207 (theory) & 1.56 pb (3.20%) (PDF-+as). (4.1)

The breakdown of the different effects is:

48.58pb = 16.00pb  (+32.9%) (LO, rHEFT)
+20.84pb  (+42.9%) (NLO, rHEFT)
— 2.05pb (—4.2%) ((t,b,c), exact NLO)
+ 9.56pb  (+19.7%) (NNLO, rHEFT) (4.2)
+ 0.34pb (+0.2%) (NNLO, 1/my)
+ 2.40pb (+4.9%) (EW, QCD-EW)
+ 1.49pb (+3.1%) (N3LO, rHEFT),

where rHEFT is the contribution in the large-m; limit, rescaled by the ratio Ryo of the
exact LO cross-section by the cross-section in the HEFT:
LO

g
Rro = Legt — 1.063. (4.3)
OFEFT

Specifically, the first line, (LO, rHEFT), is the cross-section at LO taking into account only
the top quark. The second line, (NLO, rHEFT), are the NLO corrections in the rescaled
HEFT, and the third line, ((¢, b, ¢), exact NLO), is the correction that needs to be added to
the first two lines in order to obtain the exact QCD cross-section through NLO, including
the full dependence on top, bottom and charm quark masses. The fourth and fifth lines
contain the NNLO QCD corrections in the rescaled HEFT: (NNLO, rHEFT) denotes the



48

NNLO corrections in the HEFT rescaled by Rro, and (NNLO, 1/m;) contains subleading
corrections in the top mass at NNLO computed as an expansion in 1/m;. The sixth line, (EW,
QCD-EW), contains the two-loop electroweak corrections, computed exactly, and three-loop
mixed QCD-electroweak corrections, computed in an effective theory approach. The last
line, (N3LO, rHEFT), contains the N3LO corrections rescaled by Rro. Resummation effects
contribute at the per mille level and are therefore negligible.

Physical effects of the exact dependence on the quark masses beyond NLO (O (a2)) have
been considered for a few years. The one-loop Higgs + 4 partons amplitudes with exact
dependence on the heavy-quark mass have been computed in [219] and [220]. The three-loop
gg — H amplitudes have been computed in [221] with only one top loop, and in [222] with
one and two top loops, while in [223] two scales amplitudes, with a loop of top-quark and a
loop of bottom-quark, have been considered. However the main obstacle when calculating the
total cross section with full heavy-quark mass dependence are the two-loop Higgs + 3 partons
amplitudes. These have been calculated numerically in [224] and [225], and semi-analytically
in the form of one-dimensional generalised power series in [226]. In [225] the phenomenological
impact of the full top-quark mass dependence on the total cross section has been studied,
and in [227] also the top-bottom interference has been included. The NNLO (O (o)) top
correction is found to raise the central value of ~ 0.3%, while top-bottom interference at the
same perturbative order increases the cross section of ~ 1%. It has also been noticed that
top-bottom interference is as large at (O (af)) as it is at (O («?)), but with opposite sign. On
the other hand, the NNLO top correction is smaller than the NLO one, with still an opposite
sign.

If, from the QCD frontier, one aims to better understand the quark masses effects, also the
electroweak corrections are being studied, in particular the efforts are focused on the reduction
of the theoretical uncertainty coming from the NLO mixed QCD-EW corrections. To this
task, the attempts of the community go towards the computation of the relevant two-loop
one real emission amplitudes in all the partonic channels with an exact dependence on the
electroweak boson masses. The O (aQag) corrections consist of three parts: the one-loop
2 — 3, the three-loop 2 — 1, and the two-loop 2 — 2. In [228], the one-loop 2 — 3 processes
were computed and found to yield a negligible contribution. The three-loop contribution
was evaluated analytically and expressed in terms of multiple polylogarithms (MPLs) [229].
In [230], the two-loop 2 — 2 process in the soft emission approximation was added and in [231]
the total cross section was evaluated in the small EW-boson mass limit my < my. The
complete helicity amplitudes, with the exact EW-boson mass, for gg — Hg were presented
in [232], where the calculation was done analytically, expressing the results in terms of MPLs.
In [233] an independent computation of the same amplitudes, based on the series solution
method of [32], was done.

Including the two-loop real-emission gg — Hg with exact EW-boson mass dependence, the
EW contribution to the Higgs cross section in gluon fusion channel at LHC13 is [233]:

2.2 3.2
ol ) = 1.467(2) TI9TE (g var.) +2% (PDF) pb,

which represents 5.1% of the NLO QCD cross section, result very close to the 5.2% obtained in
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the infinite weak boson mass limit [231]. This result therefore allowed to reduce the uncertainty
of +1% assigned previously to the EW gluon-induced contribution in order to reflect the
absence of an exact weak boson mass treatment at NLO. Furthermore, the rescaling of the cross
section with higher-order QCD corrections, computed in HEFT, and the evaluation of other
partially unknown effects yields the best estimate of 6.914+0.93% (relative to the gluon-induced
NLO QCD) for all the corrections of EW origin to Higgs production at LHC [233].

At this stage an important source of uncertainty comes from the NLO quark-induced EW
contribution. The relevant two-loop amplitudes, qg — Hq, gg — Hq and qq¢ — Hg, with
exact EW-boson mass dependence, have been computed analytically and expressed in terms of
multiple polylogarithms (MPLs) in [234]. However the complexity of the amplitudes results in
a large evaluation time: for a single point in the phase space and requiring 20 digits accuracy
the evaluation with Ginac [27] takes about 30 minutes. Then, in order to reduce the evaluation
time and facilitate a phenomenological study of the NLO quark-induced EW corrections, we
performed an independent calculation of qg — Hgq, and crossed channels, where the relevant
MIs have been computed exploiting the differential equations method and one-dimension
generalised power series expansions.

In 4.1 we describe the structure of the light-quark two-loop amplitude qg — Hq. We
discuss the form factors computation along with their UV and IR singularity structure. In 4.2
we report on the MIs calculation, describing the basis and the system of differential equations.

4.1 Amplitude structure

We consider the light-quark part of the NLO quark-induced EW corrections to Higgs
production with one real emission, retaining the exact electroweak-boson mass dependence.
At the partonic level, the relevant two-loop scattering amplitudes are g¢ — Hq, gq — Hg and
qq — Hg. We computed the first of them and obtained the others by crossing. We assigned
the momenta as follows,

g(p1) +q(p2) = q(ps) + H(pa). (4.4)

The kinematics for this process is described by the Mandelstam variables
s=(p1+p2)?® t=(p1—p3)’ uw=(p2—ps)? withs+t+u=nmj, (4.5)

where the external particles are on-shell, i.e. p? = p3 = p3 = 0 and p? = m%, and we indicate
with myp, and my (myz) respectively the Higgs and W (Z) mass. The bare scattering amplitude
can be written as

ia3/2

W) ZTZ €§1 (pl)U83 (p3)~'4,uu82 (pQ)a (4'6)

Mg, g = (27r)4 < 2sin® Oy

where T} is the generator of the fundamental representation of SU (N¢) (being N, the number
of colors), with a and i(j) the color indices of the gluon and the outgoing (incoming) quark
respectively, a is the QED coupling and 0y the Weinberg angle, eﬁl (p1) is the gluon polarisation
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and s, (p3), us,(p2) the quark spinors.

1000, ---

Figure 4.1. (a) Figure 4.2. (b) Figure 4.3. (¢)

Figure 4.4. Representative diagrams contributing to the amplitude gqg — Hyq.

The Feynman diagrams which contribute to the amplitude are of two classes: the diagrams
which contain a fermion loop, and the diagrams which have only an open fermion current.
We will refer to the latter as "open" diagrams, and to the former as "closed" diagrams. A
representative open diagram is shown in fig. 4.1, while fig. 4.2 and 4.3 show two closed diagrams.

The amplitude will be the sum of the two contributions,
Ay = AP Aglosed, (4.7)

The contribution to the amplitude coming from the open diagrams, .Azpen, can be decomposed
in a left-handed and a right-handed part

APt = AT+ AR (4.8)

The left-handed (L) and the right-handed (R) projectors are defined as

I[—7s [+
P, = Pp = . 4.9
b= Bt (4.9
The left-handed open fermion current reads
T, (p3)T17* (99 + 71595)7° T2 (g0 + 1595 TsPrus, (p2), (4.10)

where I'1, I'y and I's are chains of an even number of v matrices and v*(g{, + ¥s59{-) is the
coupling of the electroweak boson V with the quark. As always, in our computation we use
dimensional regularization with d = 4 — 2¢. Furthermore, we adopted the naive dimensional
regularization scheme (NDR) [235] which assumes that the usual anticommutation relations

valid in four dimensions hold also in d dimensions

V) =20, {7 =0, =L (4.11)

Anticommuting 5 in (4.10) until it gets contracted with a chiral projector, and using 5P =

—Pr, the open fermion current can be written as

(9% — 9) Wsy (p3)T17* Y T2y T3P s, (p2). (4.12)

Similarly, the right-handed open fermion current,

sy (p3) 17 (9% + 15987 Tov? (98 + 1598 ) T3P Rus, (p2), (4.13)
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can be written as
(9% + g8) Ty (p3) D17y Ty T3P s, (p2). (4.14)

From (4.12) and (4.14) we observe that we can replace the electroweak boson coupling with
an effective vector coupling: (g7, — gi,)y" for the left-handed open amplitude and (g{, + g{-)y*
for the right-handed one. Then the computation proceeds through the usual techniques
that we would adopt in the pure QCD case: determine the tensor structures, construct and
apply projectors to extract the form factors. We adopt the 't Hooft Veltman scheme with

four-dimensional external states. So we have two independent four-dimensional tensors

Ti =eh, (p1) a(ps) 71, u(p2), (4.15)
Ta =€}, (p1) u(p3) T2, u(p2), (4.16)

where
Tty = P P2 — P2 P17V s Tou = Py P3p — D1 D3V - (4.17)

With these definitions of the tensors the projectors are

2-d i 4-d _,

b= 2(d — 3)s2u "t + 2(d — 3)stuT2 ’ (4.18)
4-d o 2-d
T e S Tr e v R (4.19)

Choosing ps as the reference vector for e#(p;), the sum over the polarisations of the gluon is

* P1uP2v + P12
> eulp)e (1) = =g + —* “ (4.20)
! P1-p2
PO
According to the normalization (4.6), the electroweak boson couplings gi, and g{, are
1 u 1
=5 =c 4.21
Iw B Iw 9 ( )
V2 (T, V2 T,
7= 1 _sin?f o — _V° ‘4 4.22
92 = o2 Ow < g ~ oW WQq) 92 = o2 Ow 2’ ( )

where (), and T}, are respectively the electric charge and the third generator of the quark q.
Finally, using (4.21) and (4.22), we arrive to the following structure for the left-handed and
right-handed open amplitudes:
2
Aopen _ (
Lop cos? Oy

Q% sin’ 9W> (7L Fo + 72, FSoen | P (4.23)

open __ open open
AR,H = {Tl,uFl,mW + 72,#F2,mw] Pr

) 2 open open (4'24)
cos? HW (Tq - Qq S HW) |:T1,#F1,mz + T?,HFQ,mZ:| IP>R-
We notice that the left-handed amplitude receives contribution only from the Z boson. We

stress that we extracted the form factors Fy'p "

and Fy)" applying the projectors (4.18) and
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(4.19) to the amplitude after having replaced the electroweak boson coupling with the effective
vector coupling. The dependence on the quark polarization is embedded into a rescaling of the
coupling constant.

An exact evaluation of the entire contribution coming from the closed diagrams is chal-
lenging, essentially due to the top-quark circulating in the loop, which, with a mass of the
order of the electroweak scale, is much heavier than all the other quarks. Considering an exact
analytic dependence on the top-quark mass is a highly non-trivial task, first of all for the
reduction to the master integrals, and it is beyond the scope of this thesis. However, as already
mentioned, the heavy-quark contribution has been found to be a few percent of the light-quark
correction for Higgs production via gluon-fusion, and it is believed to be small also in quark
initiated channels. Still, we postpone to future developments an approximated estimation of
the heavy-quark contribution, for example exploiting the infinite top-quark mass limit of the
HEFT. For now, in order to capture the most sizeable contribution to the next-to-leading
mixed QCD-EW corrections to quark-induced Higgs production, we ignored the top-quark
and considered contribution coming from five massless quark flavours u, d, s, c and b.

The closed diagrams are, in turn, of two types, depending on how many vector bosons
are attached to the quark-loop. The vector part of the diagrams with only one electroweak
boson attached to the quark-loop (see Fig. 4.2) vanishes for Furry’s theorem, the corresponding
axial vector part vanishes summing over complete degenerate isospin doublets. The third
generation, which is incomplete, gives rise to an axial vector anomalous contribution, that,
in the calculation presented in this thesis, has not been included. Consequentially, closed
diagrams with one-boson insertion, shown in Fig. 4.2, do not contribute to our form factors.

The closed non-anomalous contribution comes entirely from diagrams with two electroweak
bosons attached to the quark-loop, as the one shown in Fig. 4.3. Anticommuting 5 inside
the Dirac trace, we can find a vector contribution proportional to (g¥)? + (g¢)?, and an axial
vector contribution proportional to gy, g{,7vs, which vanishes summing over complete degenerate
isospin-doublets. As in the case of one-boson insertion, the b-quark contribution gives rise to an
anomalous term, which, for the computation described in this thesis, has not been considered.
We notice that, as far as we neglect any kind of top-quark contribution, the anomaly arises
only from diagrams with a Z boson. We plan to include this anomalous contribution, both for
one- and two-boson insertion, in further developments of this work, exploiting the prescription
given in [236,237] to treat ;.

We computed the (non-anomalous) contribution to the amplitude coming from closed
diagrams replacing (as for the open diagrams) the electroweak boson coupling with an effective
vector coupling. We took into account different light-quark flavours: the first two generations
((u,d) and (c, s)) for diagrams with a W boson, the first two generations and the single b-quark
for diagrams with a Z boson. Using the coupling constants (4.21) and (4.22) we find the
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Figure 4.5. Representative diagram contributing to the leading order amplitude gq¢ — Hgq.

following structure for the closed amplitude,

closed __ g closed closed
AN’ - NISO |:T11#Fl,mw + TQ»HFQ,TTLW:|

2 2 .4 s 2 Tc%
+ 7COS4 O [Nd <Qd sin® Oy — Qg sin” Qw1 + 7 (4'25)

T2
+ N, (Qi sin? Oy — Qu sin? Oy Ty, + 2“)] [7’17uFf},‘f§d + 727MF2C71,(,’f§d} ,

where Nig, is the number of generations circulating in the loop for the W boson contribution,
and N, (V) is the number of up-like (down-like) quarks circulating in the loop for the Z boson
contribution. In accordance with what was stated above, we have set for phenomenological
applications Njs, = 2, Ny, = 2 and Ng = 3. The form factors Ff}ﬁfﬁd and Fflgf“id have been
obtained applying the projectors (4.18) and (4.19) to closed diagrams with two bosons attached
to the quark-loop (Fig. 4.3).

The form factors Fj, ™" and Ffl,?f‘fd admit an expansion in the strong coupling constant

open open,(1) Qg open,(2) 2

N (4.26)

Flt = v [(52) Fet® w0 (o)
where F ;ﬁs‘i’(l) is the [-loop contribution of the corresponding class of diagrams and my can be
either mz or myy. The open contribution starts at leading order (see Fig. 4.5), while the closed
contribution is a next-to leading order effect. While Fﬁfrfg’(l) and F jc’ﬁs"jd’@) have a trivial color

open,(2)
structure, ijV

open,(2) 1 ' s t  wu o S t  wu
Fj7mv - mi%/ [Nc C],mv (7,”%/7 mi%/7 mi%/’ 6) + ﬁc D],mv m7%/7 mi%/, mi%/’ € y (4.27)

can be decomposed in a leading and a subleading color contribution,

where Cj,,,, and Dj,,, are dimensionless functions of the kinematic invariants and the
dimension regulator e.

In order to obtain the scattering amplitude, we generated the relevant Feynman diagrams
using qgraf [238]. The Feynman diagrams contributing to this process belong to 6 different
scalar integral families: PL, PLx13, PLx123, NA, NB and NBx132, reported in appendix
C.1. We used FORM [158,159] to apply the projectors to the amplitude and perform the Dirac
algebra. We have used a Mathematica script to map each diagram to one of the families
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defined in appendix C.1, the same script converts the qgraf output into FORM expressions.
The scalar integrals appearing in the expressions of the form factors are written in terms
of a basis of 180 master integrals. The decomposition in terms of MIs is performed using
Integration-by-Parts identities [10,11], via the Laporta Algorithm [12], implemented in the
computer code KIRA [35,36]. After the reduction, we end up with 10 seven-denominator
top-sectors including permutations of external legs (all of them are shown in fig. 4.16).

In the calculation we employed two bases of master integrals: the precanonical basis, {7;},
and a partially canonical basis, {G;}, both defined in appendix C. Form factors are expressed
in terms of the e—expanded J;, while the basis {G;} has been used to solve the system of
differential equations, described in section 4.2. In the rest of this section we report on the
construction of the finite remainders.

4.1.1 UV renormalization and infrared structure

We need only the renormalization of « which, in MS scheme, is

g1, [ (T Bo —3
s = QgS; [1 (27r> ; } + O (as) , (4.28)
where @; is the renormalized coupling, Se = (47)%€ ™" and
11C4 — ANT,
By = —A ; ity (4.29)

where Uy = N is the casimir of the adjoint representation, Ny is the number of active flavours,
in our case 5, and T = %
The renormalized form factors are then:

nl —vi ’ 1 a T 3 2 B
T =V T + (52) T v 0 (a2). (130
—closed — Qs \ -=closed, (2) _
Fiet = \/a, K%) Fiot? 40 (oﬁ)} , (4.31)
where
—=open,(1) n,(1)
Fimy " = Fimy (4.32)
—closed,(2) losed, (2
Fime ' = it ® (4.33)
(2) @ 180 (m}\’ )
Topen, _ open, Vv open,
Fimy " = Fjm, " — 2 ¢ </~62> Fin, (4.34)

@) still contains IR poles. The structure of such singularities

After renormalization, F?;ir;’
for QCD virtual NLO corrections is well-known and is fully captured by Catani’s operator
I [239]. After subtraction of the infrared singularities, the finite reminder is

J,my Jmy 2 Jmy
i

2\ €
fgpen,(2) _ Fopen,(Q) _ I(l) (W) Fopen,(l)’ (435)
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where Catani’s operator IV reads

€y ) _ 2\ €
- L_e" {ngg(e)QCFCA (;’“‘) T

2T(1 —¢) Cr
P2\ P2\
(5) + ()]}

where Cp = (N2 —1)/(2N.) is the casimir of the fundamental representation and the "8

are given by the following,

, g (4.36)
- sing YA ysing
+3 (vg O+ Vs (e))

Cr  3C
_Cr  3CF

Vi) = = + S (4.37)
n Ca  11C4 —2N;

According to Feynman prescription Mandelstam invariants carry an implicit small positive
imaginary part. Finally, the finite remainders have the following structures,

Foren(l) _ ml4VAj,mv (n;V n;v n%) (4.39)
me® = L Wb, (e 2 ) (110)
+ N.Cjmy (SQV n;v 17’1;%, 7‘;;/) (4.41)

where the functions A; .., Bjmy s Cimy s Pjmy and &, depend only on the kinematics.

4.2 Master Integrals Computation

In this section we discuss the details of the MIs computation. The scalar integrals appearing
in the amplitude can be reduced to a basis of 180 master integrals. All the seven-denominator
top-sectors, including those obtained with a permutation of the external particles, are shown
in fig. 4.16.

The MIs of the planar seven-denominator topology of fig. 4.6 (and permuted configurations)
have been solved analytically in [240] in terms of Multiple Polylogarithms, integrating the
canonical form of the differential equation system. For the non-planar topology NA, shown
in fig. 4.13, the analytical solution, in terms of MPLs, has been found in [232], and a semi-
analytical solution of the canonical MlIs, as one-dimension generalised power series, is also
available [233]. All the other master integrals, not mentioned so far, which contribute to the
process studied in this chapter, have been computed analytically, in terms of MPLs, in [234],
where a direct integration over Feynman parameters has been adopted.
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In [234] the authors provide analytical expressions for the different parts of the two-loop
finite remainder. In particular, the different components of the form factors are expressed,
after non-trivial simplifications, as sum of independent algebraic prefactors multiplied by
(non-zero) transcendental functions with maximum weight 4. Despite the efforts made to
simplify and reduce the size of the NLO form factors, the expressions provided in [234] still
contain several thousands of different MPLs. The numerical evaluation, performed with Ginac,
is time consuming (30 minutes for a single phase-space point requiring an accuracy of 20
digits), preventing the possibility of a direct implementation of the analytic expression of
the amplitude inside a Montecarlo integrator. The objective of our work is to overcome
this time issue, facilitating a phenomenological study of the corrections computed. To this
purpose, we performed an independent calculation of all the MIs by means of the differential
equations method [13—20]. In particular we solved the system of differential equations semi-
analytically exploiting the generalised power series expansion technique, as described in [32]
and implemented in the software DiffExp [33]. In our approach, the number of expansions
needed for a numerical evaluation of the amplitude is lower since the number of non-zero entries
of the differential equation matrix is typically smaller than the number of different MPLs'.
Furthermore, in the differential equation approach, each evaluation point can be related to the
previous one, with an effective decreasing of the evaluation time (up to a minimum given by
the time needed for a single expansion). In the following we describe the construction and the
solution of the differential equation system.

We have built the system of differential equations including all the MIs coming from the
amplitude, considering permutations of the external legs. The six integral families to which
the MIs belong are defined as follows:

Dk1Dks
ItOPO(nla ) ng) = / D{Ll DgzDgnsDZMDgng(sD??Dgngg ’

(4.44)

where topo € {PL, PLx13, PLx123, NA, NB, NBx132} labels the families and the corresponding
propagators D, ..., Dg are given in appendix C.1. The computation is done in dimensional
regularization with d = 4 — 2e dimensions, and our convention for the integration measure is

We derived the differential equations with respect to the kinematic variables:

t 2
mV mv mv

Master integrals of the precanonical basis, {7;}, defined in appendix C.2, solve the system of
differential equations,

—

dJ (& €) = dA(F, )T (F,¢), &= (S,T,w), (4.47)

!The redundancy in the numerical evaluation of the analytical expression can be eliminated expanding once
for all the independent kernels of the MPLs.
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where d is the total differential with respect to the kinematic invariants S, T' and w. After
rescaling each integral J; with a suitable power of €, the matrix dA(Z,e¢) admits a Taylor
expansion in €,
4
dA(Z,€) = dAg(Z) + Y _ €l dA;(Z) + O(e°). (4.48)
j=1

We observed that integrating out dAg(Z) leads to a speedup, by a factor of four, of the series
expansion algorithm. Indeed, for a null Ay(Z), the solution can be directly expressed as iterated
integrals®. Then we define a new basis, {G;}, reported in C.2, which satisfies the following
differential equation system,

—

dG(Z,€) = dB(Z,€)G(Z,€), dB(Z,€) = edBy (%) + € dBa(7), (4.49)

G(T,¢) = AT, )T (T, ¢), (4.50)

where Q(Z, €) is algebraic in the kinematics variables and the G; admit a Taylor expansion

in e. The basis {G;} is an e-factorised basis up to the non-planar top-sector of fig. 4.14

(and the permuted 4.15), which contains three MIs. Indeed (dBs);; is non-zero only for

(173 <3 <175,1 < j <172) and (178 <14 < 180,1 < j < 177), i.e. the non-homogeneous part

of the differential equation system for the non-planar top-sectors of the topologies NB and
NBx132.

In general, in the polylogarithmic case, for a given sector, there exists a basis of MIs,
which, rescaled by suitable powers of €, decouple as soon as € = 0, this is usually referred to as
the precanonical basis. This happens also in our case, up to a non-planar six-denominator
sub-sector of the topology NA, shown in fig. 4.17, whose two out of the three MIs remain
fully coupled even at € = 0 (the same occurs for the permuted sector shown in fig. 4.18). The
same sector appears also in the electroweak corrections to gg — Hg. To find an e-factorised
basis for this sector, we adopted the same non-standard change of basis used in [54], in which
the interested precanonical MIs are multiplied by polynomials in € where the coefficients are
functions of the kinematics invariants.

We exploit crossing symmetry to evaluate the different amplitudes, g¢ — Hq, gq§ — Hq
and q@ — Hg, needed for the cross-section. Each amplitude corresponds to a specific physical
region in the plane (s,1t):

{s < 0,t <0} for qgqq— Hg (4.51)
{s<0,t>—s+m7} for  ¢gg— Hq (4.52)
{t<0,8>—t+mi} for  gq— Hgq (4.53)

A graphical representation of the scattering regions is given in fig. 4.20.

We computed numerical boundary conditions, exploiting the auxilary mass flow method,

using the package Amflow. A boundary condition has been computed in each physical region.

*We note that such a solution has not necessary a uniform transcendentality according to the definition
given in [46].
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From the boundary point we evolve the solution expanding in one-dimension power series in
the plane (S,T') using Diffexp. No physical thresholds have to be crossed since the center-
of-mass energy is greater than the Higgs mass which is greater than W and Z boson masses.
Nevertheless, we had to provide, for the evaluation in Diffexp, the following prescription:

Vi—S—T —4—-S—T—ié. (4.54)

To numerically evaluate J; we need to evaluate square roots C.92—-C.103 on their branch-cut
using Feynman prescription. The square roots that have a small positive imaginary part in the
physical regions are automatically processed by Diffexp, which attributes to them a +id by
default. While we have to manually provide the analytic continuation of square roots which
have both a branch-cut in the physical regions and a small negative imaginary part, in our
case only (4.54). However we observe that changing prescription consistently in the series
solution for the G; and in the numerical evaluation of the J; would not affect the final result
since no physical thresholds are crossed.

The time needed to evolve the solution in Diffexp between two points which in the (s, t)
plane are 3 - 10* GeV? distant, with 16 digits accuracy and making a single expansion, is 30
seconds on avarage on a single core laptop. In the following table benchmark values for the
different components of the LO and NLO form factors and for the different physical regions
are reported.

a9 qg qq
A w —0.002079 + 0.0005374 —0.001350 + 0.001737% 0.010919
Biw —0.001551 + 0.000981% —0.000644 + 0.0017673 0.005944
Ciw 0.010654 — 0.007064:¢ 0.006335 — 0.010879¢ —0.004454 — 0.0002064
Diw 0.001225 — 0.021369¢ —0.004808 — 0.0112427 0.011864 + 0.0397801
Ew 0.142207 + 0.012437¢ 0.142207 4 0.012437¢ 0.000561 — 0.0012064

In the table we used the following values of the kinematics variables:

q9 : {s =10° GeV?, t = —944915.8824 GeV?} (4.55)
q9 : {s = —944915.8824 GeV?,t = 10° GeV?} (4.56)
7q : {s = —944915.8824 GeV? t = —39371.4951 GeV?}. (4.57)
We used the following values for the W mass and the renormalization scale:
my = 80.3850 GeV 1= 85.7863 GeV . (4.58)

Finally, we compared numerically our results with [234] and found complete agreement in
all the phase space regions.
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P1 P3 P1 Ps3
P2 P2
Figure 4.6. PL(1,1,1,1,1,1,1,0,0) Figure 4.7. PL(0,1,1,1,1,1,1,1,0)
P3 P1 P3 P1
P2 P2

Figure 4.8. PLx13(1,1,1,1,1,1,1,0,0) Figure 4.9. PLx13(0,1,1,1,1,1,1,1,0)
p2 pl p2 pl
Ps3 P3

Figure 4.10. PLx123(1,1,1,1,1,1,1,0,0) Figure 4.11. PLx123(0,1,1,1,1,1,1,1,0)

P1 Ps3 Ps3 P1
P2 P2

Figure 4.12. PL(1,1,1,1,1,0,1,0,1) Figure 4.13. NA(1,1,1,1,1,1,1,0,0)
b2 P3 P1 P2
P1 P3

Figure 4.14. NB(1,1,1,1,0,1,1,1,0) Figure 4.15. NBx132(1,1,1,1,0,1,1,1,0)

Figure 4.16. The figure shows the seven-denominator top-sectors for the master integrals. All the
possible permutations of external legs arising from the amplitude are shown. Subfigures 4.6 to 4.12
are planar topologies, while subfigures 4.13 to 4.15 are non-planar topologies. Thin black lines
represents massless particles, thick black lines heavy particles and dashed line the Higgs.
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P3 P1 P2 P1
P2 P3
Figure 4.17. NA(1,1,1,1,0,1,1,0,0) Figure 4.18. NA(0,1,1,1,1,1,1,0,0)

Figure 4.19. The figure shows the sectors whose precanonical MIs remain coupled at € = 0 (see
the text for more details). Thin black lines represents massless particles, thick black lines heavy
particles and dashed line the Higgs.

Tﬂ,i

2
my,

Figure 4.20. The figure shows the physical regions for the different partonic subprocesses contributing
to the cross-section. The green region corresponds to qg — Hg, the blue region corresponds to
gq — Hq and the yellow region corresponds to gg — Hq. The orange region corresponds to the
decay H — qqg.
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Conclusions

In this thesis we presented two-loop corrections, with exact dependence on internal masses,
to two relevant processes at hadron colliders.

In chapter 3 we presented the diphoton production at NNLO with top quark mass depen-
dence. In particular, in section 3.1 we described the computation of the two-loop form factors
for diphoton production in the gg channel, where Feynman diagrams with a loop of top quark
have been considered [4].

The non-planar topology which contributes to this process contains two sectors of Mls
whose analytic representation cannot be given in terms of MPLs. In order to be able to exploit
our results for phenomenological applications, we computed the MIs by means of differential
equations, exploiting the generalised power series technique. This method proves to be of great
use for phenomenological applications, especially in cases where the functional space for the
MIs contains not only polylogarithmic functions.

In section 3.2 we presented a phenomenological study for diphoton production at NNLO
which fully takes into account the dependence on the top quark mass in all the relevant
channels [5]. We presented a detailed study of the impact of the massive corrections in the
invariant mass distribution around the top quark threshold. We have shown the different
components of the total NNLO QCD massive result. The two most significant contributions
are the one-loop (g9 — 7y) box term [78] and the two-loop (¢q — ~7y) massive amplitude [4].
The negative peak around the top quark threshold is, therefore, the result of (mainly) these
two contributions showing the same (negative peak) behaviour. The moderated size of the
positive peak introduced by the real-virtual contribution (see Fig. 3.16) only slightly modifies
the size of the negative peak. The position of the positive peak in the ratio of Fig. 3.13 is the
result of the two competing opposite behaviours of the two dominant contributions (see Fig.
3.14).

The precedent discussion suggests that the massive corrections presented are relevant not
only for the invariant mass region around the top mass threshold but also for larger values
(m~~y > 2my). This kinematic region (m.~ > 500 GeV) is of interest for BSM searches.

We leave the inclusion of partial N3LO massless and massive effects to further studies.

In chapter 4 we presented the two-loop mixed QCD-Electroweak corrections to qg — Hq
and its crossed channels, gg — Hq and qq — Hg, considering the light-quark contribution and
the exact dependence on the electroweak boson mass. The relevant master integrals have been
computed by means of the differential equations method and exploiting the semi-analytical

approach based on generalised power series expansion. Compared to the analytical result in
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terms of Multiple Polylogarithms [234], our Diffexp implementation allows to considerably
reduce the evaluation time of the relevant scattering amplitudes. On the other hand our
expressions do not see all the cancellations that happen in the analytical formulae.

We are going to include these corrections, in the near future, in a phenomenological
study of Higgs production, investigating their impact on the Higgs total cross section and pp
distribution.
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Appendix A

Integral families and master
integrals for diphoton

A.1 Integral families

The two-loop Feynman diagrams with a loop of heavy-quark, contributing to the process
q(p1) +q(p2) +v(p3) +v(ps) — 0, can be mapped into 5 different scalar integral families, NPA,
PLA, PLAx12, PLAx124 and PLAx1234. We define the scalar integrals as

Dk1Dko

Fropolrt1, -y 100) = / D' Dy D5 Dy* D5 Dg° Dy Dg* Dy .

where depending on the topology the set of the propagators {D;} can be one of the following:

o family NPA

D3 = (—k‘z + k1)2 — m?

Dg = (—pa — p1 + k1)?
D7 = (p3 — ko + k1)* —m?
Ds = (—p3 — p2 — p1 + k2)* — m}

e family PLA
Dy =k?
Dy = ki —mj

D3 = (*k‘g —+ k1)2 — m?
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Dy
Dy
Dg
D+
Dy
Dy

(
(
(
(
(
(

—p1 + k1)?

—p1 + k2)?

—p2 — p1 + k1)*

—p2 — p1 + k2)? —m}
—ps —p2 —p1 + k1)?

—p3 — P2 — p1 + k2)? — m}

e family PLAx12

Dy = (

)

4 =

)

5 =

>

6

)

7

)

8

>

9

(
(
(
(
(
(

—ky + k)% —m?
—pa + k1)
—p2 + k2)?
—p2 — p1 + k1)*

—py — p1 + ko)? — m?

—p3 —p2 — p1 + k1)?
—p3 —p2 — p1 + k2)? —m?

o family PLAx124

Ds = (p3 +p1 + k1)?
D7 = (p3 +p1 + k2)? —mj
Ds = (p1 + k1)?
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= (=
(=
(
= (

p3 — p2 + k1)

p3 — p2 + ko)* — m;
p1+ k1)?
p1+ k2)® —m;

2

2

A.2 Precanonical basis

After IBPs reduction all the scalar integrals coming from the amplitude can be reduced to

a basis of 63 master integrals, that we chose as following:

Ti = Ippa(0,2,2,0,0,0,0,0,0)
Tz = Ippa(2,2,0,0,0,1,0,0,0)
T3 = Ippa(0,2,2,0,0,1,0,0,0)
71 = Ippa(0,2,1,0,0,2,0,0,0)
= Ippa(0,2,2,0,0,0,1,0,0)
76 = Ipra(0,2,0,2,0,0,0,1,0)
T = Ipraxi2(0,2,0,2,0,0,0,1,0)
Ts = Ipr(0,0,2,2,0,0,0,0,1)
To = Ipra(0,0,2,1,0,0,0,0,2)
Tio = Iprax12(0,0,2,2,0,0,0,0,1)
Ti1 = IpLaxi2(0,0,2,1,0,0,0,0,2)
Tia = Ipa(0,1,2,1,0,0,1,0,0)
Tis = Ipra(0,1,1,2,0,0,1,0,0)
Tia = Ipa(0,2,2,1,0,0,1,0,0)
Tis = IpLa(2,2,0,0,0,1,1,0,0)
Ti6 = Ipa(0,1,3,1,0,0,0,0,1)
Tir = IpLaxi2(0,1,3,1,0,0,0,0, 1)
Tis = IpLa(1,0,2,0,0,1,0,0,1)
Tio = Ipra(2,0,2,0,0,1,0,0,1)
Too = Ipra(0,1,3,0,0,1,0,0,1)
T = Ipra(0,1,2,0,0,0,1,0,1)
Tao = Ipa(1,1,1,0,0,1,1,0,0)
Tos = Ipa(1,2,0,1,0,1,0,1,0)
Toa = IpLaxi2(1,2,0,1,0,1,0,1,0)
Tos = IpLa(1,1,1,0,0,1,0,0,1)
Tas = Ipra(1,0,2,1,0,1,0,0,1)
Tor = Ipa(1,0,2,1,0,1,0,—1,1)
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Tos = Ipr.ax12(1,0,2,1,0,1,0,0,1)
To9 = Ippax12(1,0,2,1,0,1,0,—1,1)
T30 = Ip1a(0,1,1,1,0,1,0,0,1)
Ts1 = Ippa(0,1,2,1,0,1,0,0,1)
T32 = Iprax12(0,1,1,1,0,1,0,0,1)
Tss = Iprax12(0,1,2,1,0,1,0,0,1)
T34 = Ip1a(0,1,2,1,0,0,1,0,1)
T35 = Ir1.a(0,1,3,1,0,0,1,0,1)
Ts6 = Ippa(0,1,2,1,—1,0,1,0,1)
T37 = Iprax12(0,1,2,1,0,0,1,0,1)
Tss = Ipr.ax12(0,1,3,1,0,0,1,0,1)
Ts9 = Iprax12(0,1,2,1,—1,0,1,0,1)
T10 = Ir1a(2,1,0,0,0,1,1,0,1)
Ta1 = Inpa(1,1,1,0,0,0,1,1,0
Tao = Inpa(0,1,1,1,0,0,1,1,0
Tas = Inpa(0,1,1,1,0,0,1,2,0
(
(

—_ — — —

Taa = Inpa(0,1,1,2,0,0,1,1,0
Tis = Ipra(1,1,1,1,0,1,0,0,1)

Tas = Ipraxi2(1,1,1,1,0,1,0,0,1)
Ta7 = Ippa(1,1,1,0,0,1,1,0,1)

Tas = Inpa(1,1,1,1,0,0,1,1,0)

Ta9 = Inpa(1,2,1,1,0,0,1,1,0)

Ts0 = Ippa(1,1,1,1,0,1,1,0,1)

Ts1 = Ippa(1,1,1,1,-1,1,1,0,1)

Tso = Ippa(1,1,1,1,0,1,1,-1,1)

Ts3 = Ippa(1,1,1,1,-1,1,1,—1,1)
Tsa = Ipraxi2(1,1,1,1,0,1,1,0,1)
Tss5 = Ipraxi2(1,1,1,1,—-1,1,1,0,1)
Ts6 = Ipraxi2(1,1,1,1,0,1,1,—1,1)
Ts7 = Ippaxi2(1,1,1,1,—-1,1,1,-1,1)
Tss = Inpa(1,1,1,0,0,1,1,1,0)

Ts9 = Inpa(1,2,1,0,0,1,1,1,0)

Teo = Inpa(1,1,1,1,0,1,1,1,—-1)

Te1 = Inpa(1,2,1,1,0,1,1,1, 1)

Teo = Inpa(1,1,1,1,0,1,1,1,-2)

Tes = Inpa(1,1,1,1,0,1,1,1,0).
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A.3 Semi-Canonical basis

The basis f;, canonical only for the non-elliptic MIs fj_57 which are the same of [167], has
the following definition in terms of the 7;:

h=€T (A.2)
fo=5€62T, (A.3)
fs=t&Tr (A.4)
fi=—(s+1)¥Tg (A.5)
fs=m1€Ts (A.6)
fo=s€Ts (A7)
1
fr=gmeT+meT (A.8)
fe=t€Tn (A.9)
1
f9:7“2627—10+§7“2627-11 (A.10)
f10 = —(8+t) 6275 (A.ll)
1
f11=T3€27§+§T3€27§ (A.12)
f12 =S 63 7'12 (A.13)
fis =56 Tis (A.14)
1
fu=re T+ omne Tiz+me Ty (A.15)
fis=r15€Tis (A.16)
fie =s€Tis (A.17)
3T,
f17=7“48627-19—if;+21 A.18
fis = s¢* Tao A19
fio =t Tir A.20
fao=—(s+1) € Tis A.21
for=s€ T A.22

(A.18)

(A.19)

(A.20)

(A.21)

(A.22)

foo = —5€3(2e — 1) Tay ( )
foz3 = —s(s +1) € Ta (A.24)
foa=ste® Toy (A.25)
fos =r35€ Tog (A.26)
fos = 5(s +1) € Tog + 5€> Tor ( )
for =r2s€ Tis (A.28)
fos =€ Tag — ste Tog (A.29)
(A.30)

foo = s¢t Tos
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fao =te* Tao (A.31)
far =rge® Ta (A.32)
fi2=—(s+1t) e Tao (A.33)
fss =17 € Ta3 (A.34)
far =r10€ Tau (A.35)
f3s5 =18 € T3y + 13 € T35 (A.36)
fas =€ Tag (A.37)
far =r11€ Tar (A.38)
fag = 17 € T3 + 17 € Tag (A.39)
fa9 = s € Tz (A.40)
fio=5"€ T (A.41)
fn=s"Ty (A.42)
fio=s5€ Too (A.43)

s(4—1t)e* Tho B s(s+t+4)e* Ty 263 T3

Jis = =5 He—1) i
253 Tig(—(s+1t)(e—1) +2e—1)  seTi1(2te — 2¢ + 3)
tle—1) 2t(e — 1)
53 Tg(2(s +t)e + 2¢ — 3) B 2563 Tiz(t(e — 1) +2¢ — 1)
2t(e — 1) t(e—1)

f1a =19 € Tay

fis =r15€ Tar

fi6 = —s(s+1) e Tus
fir=ste Tig

4
fag =16 € Tag

1 1
f49:—18263733—1

4
fso =rgs€e Tso

f51 = 5264731 - 5264730

f52 :7“18(84-15)647-504-7"18647-52—7"1 (8+t)637§1+27“1 (S—I—t)637§4—|—

27’1 (8+t)627§5

1 1 1
fszs =25t T30 — =5 Tar + = s2(s+ 1) € Too + = (s — 2)s € Too+

2

1 1
set Tog — *8637'22—*8(8+t)637§1+8(8+t)637§4—

2 2

sted Ty +s(s+1) € Tas

4
fsa=r75€ Ts4

fos = 8% Top — 52 € Tra

f56 = —7’18t647-54+T18647-56+7’1t637§,3—2T1t637§7—27’1t627§8

(5+ )23 Tt — s(s+ 1) & Tag %s(s—i—t) (46 +1)€* Tis
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for = —2s€* T30 — 382647217 — %S2t647-54 + % (s — 2)s €t Tae+ (A.63)

864737—%863752-%%87563733—57563757-# (A.64)

s(s+1t) e Ty — st e Tag (A.65)

fos = s€* Tsg (A.66)

fro = 53(s + 16) ¢ g (A.67)

feo = €* Teo (A.68)

for = €' To1 (A.69)

for = €' T2 (A.70)

fez = € Tes, (A.71)
where r1,- -+, 716 are square roots of the kinematic invariants:

r=Vs—4/s (A.72)

o = VI — 4Vt (A.73)

r3=Vs+t/s+t+4 (A.74)

ra=+/sVs+4 (A.75)

r7 = /sVty/st —4(s + 1) (A.76)

rs = V/5v's + t\/s(s +t) — 4t (A.77)

rg = Vivs + 1\ /t(s + 1) — 4s (A.78)

r1o = V5 s(s + ¢+ 1)2 — d(s + t)? (A.79)

r11 = Vs\/s(t — 1) — 442 (A.80)

rig = Vaviy/ (s +1). (A.81)
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Appendix B

Counter terms for the heavy-quark
contribution to qg — v
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Appendix C

Integral families and master
integrals for Higgs production

C.1 Integral families

The two-loop Feynman diagrams, contributing to the process g(p1)+q(p2) — q(p3s) + H(p4)
and described in sec. 4.1, can be mapped into 6 different scalar integral families, PL, PLx13,
PLx123, NA, NB and NBx132. We define the scalar integrals as

Dk Dk,
Itopo (n17 ceey n9) / Dm DS2D33DZ4 D?5 DgGDn7D§LS Dn9 ’

(C.1)

where depending on the topology the set of the propagators {D;} can be one of the following:

o family PL
Dy =k}
Dy = k3 —mj,
D3 = (k1 — ko)?
= (k1 —p2)°
= (k1 — p2 — p1)*
= (k1 — p1 — p2 + p3)?
= (kg — p1 — p2 + p3)* —my
= (k2 — )
= (kg — p2 — p1)?
e family PLx13
Dy =k?
Dy = k3 —

D3 = (k1 — ka)?



C.1 Integral families

(
(
Dg = (k1 — p1 — p2 + p3)*
D7 = (ka —p1 — p2 + p3)* — mi,
(
= (

o family PLx123

Dy = k%
Dy = k3 —mi,
Dy = (b — ko)
Dy = (k1 + ps)®
= (k1 — p2 + p3)
= (k1 — p1 — p2 + p3)*
= (k2 —p1 — p2 +p3)* — mp,
= (k2 +p3)
= (kg — p2 + p3)*
o family NA
Dy = k%
(k1 — k2 +p1)
D3 = (k1 — p2)

2

Dg = (ka —p1 — pa +p3)? —mi
D7 = (k1 — ka)?
Ds = (ky — p1 — p2)? —mi,
Dy = (k1 — p1 — pa)?
o family NB
Dy =k}
= (k1 — k2 + p1)?
D3 = (k1 — pa)?
Dy =k; —

Ds = (k

—Dp2+ p3)2
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Dﬁ—(k‘Q*pl p2+p3)? —mi,
= (k1 — )
= (k2 — p1 — p2)°
D9 = (k1 — p1 — p2)°

o family NBx132

Dy =k?
Dy = (k1 — k2 — p3)
D3 = (k1 — p1)?

D7 = (ky — ko)?
Dg = (kg — p1 + p3)?
Dy = (k1 —p1 +p3)?

C.2 Bases of Mls

After IBPs reduction all the scalar integrals appearing in the amplitude can be reduced to
a basis of 180 master integrals, that we chose as following:

Ji = Ip(2,1,1,0,0,0,0,0,0) Tz = IpL(2,2,0,0,1,0,0,0,0) (C.2)
J3 = Ip1,(0,1,2,0,2,0,0,0,0) Js = Ip1,(0,2,2,0,1,0,0,0,0) (C.3)
Js = Ip(2,2,0,0,0,1,0,0,0) Js = Ir1,(0,1,2,0,0,2,0,0,0) (C.4)

J7 = Ip1,(0,2,2,0,0,1,0,0,0) Jz = Ip1,(0,2,0,2,0,1,0,0,0) (C.5)
Jo = Ir,(0,1,2,1,0,1,0,0,0) Jio = Ip1(0,2,2,1,0,1,0,0,0) (C.6)
Ji1 = Ip,(1,2,0,1,1,1,0,0,0) Ji2 = Ip,(0,1,2,1,1,1,0,0,0) (C.7)
Jis = Ir,(0,2,1,1,1,1,0,0,0) Jia = Ir1,(2,1,1,0,0,0,2,0,0) (C.8)
Jis = Ip1(0,0,2,2,0,0,1,0,0) Jie = Ip1(0,0,1,2,0,0,2,0,0) (C.9)
Jir = Ir1,(0,1,2,1,0,0,1,0,0) Jis = Ir1,(0,1,2,1,0,0,2,0,0) (C.10)
Jio = Ip,(1,1,1,1,0,0,1,0,0) J20 = Ir1,(2,2,0,0,1,0,1,0,0) (C.11)
Jo1 = Ipp,(1,0,2,0,1,0,1,0,0) Jo2 = Ip1,(1,0,2,0,1,0,2,0,0) (C.12)
Jo3 = Ip,(0,1,2,0,1,0,1,0,0) Joa = Ip1,(0,2,2,0,1,0,1,0,0) (C.13)
Jos = Ipp,(1,1,1,0,1,0,1,0,0) Ja6 = Ip1(1,1,2,0,1,0,1,0,0) (C.14)
Jor = Ip1(2,1,1,0,1,0,2,0,0) Jos = Ir1,(1,1,1,0,1,0,2,0,0) (C.15)
Jao = Ipr,(1,0,2,1,1,0,1,0,0) J30 = Ip,(1,0,1,1,1,0,2,0,0) (C.16)
J31 = Ip(0,1,1,1,1,0,1,0,0) J32 = Ipp,(0,1,2,1,1,0,1,0,0) (C.17)
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J33 = Ipr,(1,1,1,1,1,0,1,0,0) Jaa = Ipr,(1,1,1,1,1,-1,1,0,0) (C.18)
J35 = Ip(1,1,1,1,1,0,2,0,0) J36 = Ip1(2,2,0,0,0,1,1,0,0) (C.19)
J37 = Ir,(1,2,1,0,0,1,1,0,0) Jss = Ip1,(0,2,0,2,0,1,1,0,0) (C.20)
J39 = Ip,(0,1,1,1,0,1,1,0,0) Jao = Ir1,(0,1,2,1,0,1,1,0,0) (C.21)
Jn = Ip(0,2,1,1,0,2,1,0,0) Juo = Ipp,(0,2,1,1,0,1,1,0,0) (C.22)
Jus = Ir1,(0,1,1,0,1,1,1,0,0) Jus = Ipr,(1,1,0,1,1,1,1,0,0) (C.23)
Jus = Ip,(0,1,1,1,1,1,1,0,0) Jue = Ipr,(—1,1,1,1,1,1,1,0,0) (C.24)
Jar = Ip,(0,2,1,1,1,1,1,0,0) Jus = Ipr,(1,1,1,1,1,1,1,0,0) (C.25)
Juo = Ir1,(0,0,2,0,0,2,0,1,0) Js0 = Ir1,(1,0,2,0,0,1,0,1,0) (C.26)
Js1 = Ip1(0,1,2,0,0,1,0,1,0) Js2 = Ip(1,1,2,0,0,1,0,1,0) (C.27)
Js3 = Ip(1,2,1,0,0,1,0,1,0) Jsa = Ip1,(1,2,1,0,0,2,0,1,0) (C.28)
Jss = Ir,(0,1,1,0,1,1,0,1,0) Js6 = Ir1,(0,1,2,0,1,1,0,1,0) (C.29)
Js7 = Ip1(1,0,2,0,0,0,1,1,0) Jse = Ip(1,1,2,0,0,0,1,1,0) (C.30)
Jso = Ir1,(0,0,2,0,1,0,1,1,0) Jso = Ir1,(0,1,1,0,1,0,2,1,0) (C.31)
Js1 = Ir,(0,1,2,0,1,0,1,1,0) Js2 = Ir1,(0,0,2,0,0,1,1,2,0) (C.32)
Js3 = Ir1,(0,1,2,0,0,1,1,1,0) Jea = Ip1,(0,0,0,1,0,2,1,2,0) (C.33)
Jes = Ir1,(0,1,0,2,0,1,1,1,0) Je6 = Ir1,(0,0,1,0,1,1,1,1,0) (C.34)
Jer = Ip(0,1,2,0,1,1,1,1,0) Jeg = Ipr(—1,1,1,1,1,1,1,1,0) (C.35)
Jso = Ir1,(0,1,1,1,1,1,1,1,0) Jro = Ipr,(0,1,1,1,1,1,1,1, — (C.36)
Jn = Ir,(2,0,2,0,0,0,0,0,1) Jre = Ip1,(2,1,1,0,0,0,0,0,2) (C.37)
Jr3 = Ip1,(0,1,2,1,0,0,0,0,1) Jra = Ipp(1,1,1,1,0,0,0,0,1) (C.38)
Jrs = Ir1,(1,1,0,0,2,0,0,0,2) Jre = Ir1,(1,0,2,0,0,0,1,0,1) (C.39)
Jrr = Ir,(1,1,2,0,0,0,1,0,1) Jrg = Ip1,(1,0,1,1,0,0,1,0,1) (C.40)
Jr9 = Ip,(1,0,2,1,0,0,1,0,1) Jso = Ip,(0,1,1,1,0,0,2,0,1) (C.41)
Js1 = Ir,(0,1,2,1,0,0,1,0,1) Jso = Ip1,(1,1,2,1,0,0,1,0,1) (C.42)
Js3 = Ip1,(2,1,0,0,1,0,1,0,1],) Jsa = Ip,(1,0,1,0,1,0,1,0,1) (C.43)
Jss = Ipy,(1,1,1,1,1,—1,1,0,1) Jse = Ipr(1,1,1,1,1,0,1,0,1) (C.44)
j87_IpL(l,l,l,l,l,O,l,—l,l) Jss = Ip1,(0,1,2,0,0,1,0,0,1) (C.45)

%9 = Ip1,(0,1,2,0,0,1,1,0,1) Joo = Ip1,(0,1,2,0,0,1,0,1,1) (C.46)
Jo1 = Ir1,(0,1,2,0,0,1,1,1,1) Jo2 = Ip1,(1,0,2,0,0,0,1,1,1) (C.47)
Jos = Ir,(1,1,2,0,0,0,1,1,1) Joa = Ir1413(2,2,0,0,1,0,0,0,0) (C.48)
Jos = Ir1,13(0,1,2,0,2,0,0,0,0) Jos = Ir1x13(0,2,2,0,1,0,0,0,0) (C.49)
Jor = Irrx13(1,2,0,1,1,1,0,0,0) Jog = Ip1413(0,1,2,1,1,1,0,0,0) (C.50)
Joo = Iprx13(0,2,1,1,1,1,0,0,0) J100 = Irrx13(2,2,0,0,1,0,1,0,0) (C.51)

Jio1 = Iprx13(1,0,2,0,1,0,1,0,0) Ji02 = Iprx13(1,0,2,0,1,0,2,0,0) (C.52)
J103 = Iprx13(0,1,2,0,1,0,1,0,0) Jio4 = Ip1x13(0,2,2,0,1,0,1,0,0) (C.53)
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Jios = Iprxs(1,1,1,0,1,0,1,0,0) Jios = Iprx13(1,1,2,0,1,0,1,0,0) (C.54)
Jior = Irrx13(2,1,1,0,1,0,2,0,0) Jios = Iprx13(1,1,1,0,1,0,2,0,0) (C.55)
Joe = Iprx13(1,0,2,1,1,0,1,0,0) Jio = Ip1x13(1,0,1,1,1,0,2,0,0) (C.56)
Ji11 = Iprx3(0,1,1,1,1,0,1,0,0) Ji12 = Ip1x13(0,1,2,1,1,0,1,0,0) (C.57)
Juis = Irrxas(1,1,1,1,1,0,1,0,0) Jia = Iprxas(1,1,1,1,1,—-1,1,0,0) (C.58)
Jiis = Iprxas(1,1,1,1,1,0,2,0,0) Jii6 = Ip1x13(0,1,1,0,1,1,1,0,0) (C.59)
Jir = Iprxas(1,1,0,1,1,1,1,0,0) Jiis = Ip1x13(0,1,1,1,1,1,1,0,0) (C.60)
Jig = Iprxas3(—1,1,1,1,1,1,1,0,0) Ji20 = Ip1x13(0,2,1,1,1,1,1,0,0) (C.61)
Ji21 = Iprxas(1,1,1,1,1,1,1,0,0) Ji22 = Ip1x13(0,1,1,0,1,1,0,1,0) (C.62)
Ji2s = Irrx13(0,1,2,0,1,1,0,1,0) Ji24 = Ip1x13(0,1,1,0,1,0,2,1,0) (C.63)
Ji2s = Iprx13(0,1,2,0,1,0,1,1,0) Ji26 = Ip1x13(0,1,2,0,1,1,1,1,0) (C.64)
Ji27 = Iprxas(—1,1,1,1,1,1,1,1,0) Ji2s = Ip1x13(0,1,1,1,1,1,1,1,0) (C.65)
Ji29 = Iprx13(0,1,1,1,1,1,1,1,—1) Ji30 = Iprx123(1,2,0,1,1,1,0,0,0) (C.66)
Ji31 = Iprx123(0,1,2,1,1,1,0,0,0) Jis2 = Ip1x123(0,2,1,1,1,1,0,0,0) (C.67)
Ji3s = Iprx123(1,0,2,1,1,0,1,0,0) J13a = Ip1x123(1,0,1,1,1,0,2,0,0) (C.68)
Jiss = Iprx123(0,1,1,1,1,0,1,0,0) Ji36 = Iprx123(0,1,2,1,1,0,1,0,0) (C.69)
Jis7 = Iprx123(1,1,1,1,1,0,1,0,0) Jiss = Iprx123(1,1,1,1,1,—1,1,0,0) (C.70)
Ji39 = Iprx123(1,1,1,1,1,0,2,0,0) Ji10 = Iprx123(1,1,0,1,1,1,1,0,0) (C.71)
Jia1 = Iprx123(0,1,1,1,1,1,1,0,0) Jia2 = Iprx123(—1,1,1,1,1,1,1,0,0) (C.72)
J143 = Iprx123(0,2,1,1,1,1,1,0,0) J1aa = Iprx123(1,1,1,1,1,1,1,0,0) (C.73)
Jias = Iprx123(0,1,1,0,1,1,0,1,0) Jia6 = Iprx123(0,1,2,0,1,1,0,1,0) (C.74)
Jia7 = Iprx123(0,1,1,0,1,0,1,1,0) Jias = Ip1x123(0,1,2,0,1,0,1,1,0) (C.75)
J149 = Iprx123(0,1,2,0,1,1,1,1,0) Jis50 = Iprxis(—1,1,1,1,1,1,1,1,0) (C.76)
Jis1 = Iprxi23(0,1,1,1,1,1,1,1,0) Jis2 = Iprx123(0,1,1,1,1,1,1,1,—1) (C.77)
Jis3 = Ina(1,1,1,1,0,0,1,0,0) Jisa = Ina(1,1,0,1,1,0,1,0,0) (C.78)
Jiss = Ina(0,1,1,1,1,0,1,0,0) Jis6 = Ina(0,1,1,2,1,0,1,0,0) (C.79)
Jis7 = Ina(1,1,1,0,0,1,1,0,0) Jiss = Ina(1,1,1,0,0,2,1,0,0) (C.80)
Jis9 = Ina(1,1,1,1,0,1,1,0,0) Jieo = Ina(1,1,1,1,—-1,1,1,0,0) (C.81)
Jier = Ina(1,1,1,2,0,1,1,0,0) Jie2 = Ina(0,1,1,0,1,1,1,0,0) (C.82)
Jies = Ina(1,1,0,1,1,1,1,0,0) Jiea = Ina(0,1,1,1,1,1,1,0,0) (C.83)
Jies = Ina(—1,1,1,1,1,1,1,0,0) Jiee = Ina(0,1,1,1,1,2,1,0,0) (C.84)
Jer = Ina(1,1,1,1,1,1,1,0,0) Jies = Ina(1,1,1,1,1,1,1,0,—1) (C.85)
Jieo = Ina(1,1,1,1,1,1,1,0,—2) Jiro = Ina(1,1,1,1,1,1,1, -1, —1) (C.86)
Jinn = Ins(1,1,1,1,0,0,1,1,0) Jire = Ing(1,1,1,0,0,1,1,1,0) (C.87)
Jirs = Ing(1,1,1,1,0,1,1,1,0) Jira = Inp(1,1,1,1,0,1,1,1,-1) (C.88)
Jirs = Ing(1,1,1,1,—-1,1,1,1,—-1) Ji76 = Inx132(1,1,1,1,0,0,1,1,0) (C.89)
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j177:INBX132(]-7171707071,17170) j178 :INBX132(1a]-a]-a]-aoa]-a]-vlvo) (Cgo)
Jir9 = INx132(1,1,1,1,0,1,1,1,-1)  Jis0 = INpx132(1,1,1,1,-1,1,1,1,-1).  (C.91)

The basis {G;}, which makes simpler the differential equation system, has the following
definition in terms of the J;:

G1 = Ji(e — 1)

Go = JoS€?

Gs = J3(S — 1)é* — 24¢”

Gy = JuS¢€

Gs = Jswe?

Gs = Jo (w—1) € — 27

Gr = Jrwe?

Gs = JRT€

ggZGJQ(T—w)ES_QJG(w—l)EQ 277 (w 4+ 2) €2

w—T+42 w—T+42 w—T+2
CJoww-T-1)(w-T1) € 23T €?

w—T+2 S w—T+2
Gio=Ty (T —w)é
G = JuSTé®
G2 = J12(S — 1)T€’ — JizTe’
Gi3 = J135T¢€°
Jrw-Dae  Tigle—1)e  Jo(w-1)qe

Gia = J1aqrqac® —

QQQ 2(]2 4Q2
Gis = Ji5(T — 1)e? — 2J16€
Gis = Ji6T €
G — 3Trqqe (w—T)e>  Tisqiqe (w(T — 1) —T?) 62+
17 2 (w—2T) w— 2T
Tiqrqe(e — 1) Tisqrae(T — 1) Tisqrage(T — 1)
2 (w—2T) 2 (w—2T) 4(w—2T)

Gis = Ji7 (T —w) €

Gio = Jo (T — w) €'

Goo = J20q1425€>

6721 (S —w) € 2T (w—1) N (w+2)62_

G2 w—954+2 w—584+2 w—S842
jQQ (W—S—l) (w—S)e2 _ 2j2562
w—S+2 w—84+2

Goo = Jo1 (S —w) €3

_ 3Inag(w—9) € I (w(S—1)— 5% 62+

Gas 2 (w —25) w— 28




C.2 Bases of MlIs

81

Tiqrge(e — )2 Tuqiga(S — 1) Tzqiga(S — 1)€?
2 (w—289) 2 (w—285) 4 (w—25)

Gos = Jo3 (S — w) €

2j21w (w -5 —- 1) 63 jggw (7S — 5w) 63

1
Gos = 2Jaswet + §J28w (w+9) €+

w—S+2 2 (w—29)
2 2 o | JowSe? Jaow (—w + S + 1) €
Jiawe™ + JoowSe” + JorwSe +w—S+2 5

Js (w—1) (Bw+ S —2) € +J24w(—5w+w+52)e2

4(w—S+2) w—28
T ((Bw—S+5)w+ 8 —2)¢ _jl(w—S)(e—l)e2_
2(w—S+2) w—28

Jaw(S — 1)€? _ Jaw(S — 1)e?
2 (w—289) 4 (w —285)

Gos = Josq1q2 (S — w) €

Gar = Jo5 (S —w) €

Gog = Jog (S — w) €

Gag = Ja9S(T — 1)€® — J30S¢€

Gs0 = J30STe*

Gs1 = Ja1(S + T)e

Gao = Js2(~TS + S +T)e*

sz = J335 (T — w) €*

Gsa = JsswSe* + JsaSet + Ja1 Tt

= J2aq1 (W<S —1)— 52) € (w)3/2 _ ;71461162 (w)3/2 _ \720q1562 (w)3/2

G5 (w — 25) (w — 2T) w— 2T w—2T
Torq1 S ()*?  Tosr (w + 9) & ()*? | TuqueSet  Tioqrgz (w —T) €4+
w—2T 2(w—2T) w—2T w—2T
T33q102S 2w —T) et Ts1q1qa(S + 3T)e? N T2q1q2(=TS + S +T)e
w—2T 2 (w—2T) 4(w—2T)
T3501¢25 (W(T = 1) =T?) € Jirquga (T — w) 63+
w—2T 2(w—2T)
J20q12S(T — 1) T30q1025(B3T — 1)e® Tasq1go (2w? — 28w — S?) €3
6 (w — 27) 6 (w — 27) (w—25) (w — 27
N (1w —165) (¢ — Vet Tisaep(T — Vet | Jo (1= 3w) appSe
6 (w—29) (w—2T) 8 (w—2T) 3(w—85+2)(w—2T)
J2qiq2(w—5—1)(Tw—-95)e  Trqig2a (3w? +w+3(w+1)S —10) €
6(w—S+2)(w—2T) 6(w—S+2)(w—2T)
Tuq1q2 (2 (w+1) S — 3w) €2 N Tsq1q2(S — 1) Bw =28) ¢  Josqiqp (W +5) e
4(w—2S5) (w—2T) 8 (w—2S5) (w—2T) w—2T

Jo1q1q2 (2w — 28 —3)w + 9) €3 B Jo (w—1)q1q2 (9w + 38 — 10) €2 B TJ16q1G2€>

(w—=9842)(w-2T) 12(w—S5+2) (w—2T) 4w — 8T
Gas = Ts6 (w)*? g
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1 1
Q37 = ._73662002 — j14€2w =+ j3762(26 — 1)0.) + ZJG (w — 1) 62 =+ §j7 (w — 1) 62+
1
§j1(€ —1)é?

Gas = Jssq1q2Te”
2Jow (w—T —1) €
w—T4+2

1
G3g = 2j39w€4 + §j42w (w+1T) e+

T T _
3 (w = 27 + Jawe” + JzgwTe” + Inwl'e +w—T+2
Jiow (—w + T +1) €2 jg(w—l)(3w—|—T—2)62+j18w(—Tw+w+T2)62_
w—T+2 4(w—-T+2) w—2T

Jr(Buw-T+5w+T-2) Ji(w-T)(c-1) Tew(T -1  Ji50(T - 1)€

2(w—T+2) w—2T 2(w—2T) 4 (w—2T)

Gio = Ti2q1qz (T — w) €°
G = T39 (T —w) €t
Gao = Juo (T —w) €
Giz = T3 (S — w) €
_ J11q2STé€? n Juaq2ST (26 — 1)e?
q1 q1
Gas = Ju5 (S — w) Te*
Gig = JaswTe* — Ty Te* + TuTe
_ Jisq (w(T— 1) — T?) ¢ (w)*/? ~ Juqé (w)*? _ T Te (w)*?

G4

Gar (w—29) (w—2T) w—28 w—28 a
Ina T W)*?  Tpg w+T) & W | Jsneple | Ii0ig (2w — 8) Te*
w— 28 2 (w—29) w—28 w—28
J31q1q2(3S + T)e N Ta3q1q2 (w—S) et N TJrq1q2 (w(S — 1) — 52) T€3+
2 (w—285) w—28 w—28
Ji2q192(S — DT | Tizq192(3S — V)T Tsoq192(~TS + S+ T)e?
6 (w—25) 6 (w—29) 4(w—285)
Tir1qe (2w? —2Tw —T?) 8 Josqiqa (S —w) €
(w—285) (w—2T) 2 (w—29)
Jongz(w T -1 (Tw-T) K1 =3w)qaple
6(w—25)(w—T+2) 3(w—25)(w—T+2)
TJrq1q2 (Bw? +w+3(w+1)T -10) €2 Tisq1q2(T — 1) (3w — 2T') €2
6(w—25)(w—T+2) 8 (w—2S5) (w—2T)
J1q1q2 (11w — 16T) (e — 1)e2 T3q1q2(S — 1)62+
6 (w—2S5) (w—2T) 8 (w —285)
Jieie 2w+ DT =3w)®  Toqiga (W +T) e Jaqugae®
4(w—2S5) (w—2T) w— 28 4w —8S
Joqig2 (2w = 2T =3)w+T) e Js(w—1)qig2 (9w + 3T —10) €*
(w—=25)(w—T+2) 12 (w—285) (w—T+2)

Gag = JsawSet + TuswTet + TyswSTer
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Gag = TaoT€

Gso = Jso (T —w) €
Gs1 = T51 (T —w) €
Gso = T52 (T — w) €

Gs3 = J53 (T — w) €

Gsa = —2T51 (w—T)* —2T50 (w —T)? € — 253 (w —T)? € + Tsw (w —T) 2
Tsaw (=T = 1) (w—T)® + Tag (w —T) Te* + Jrw (T — w) €

Gss = Tos (—w+ S+ T) €

Gs6 = Js6(S — 1)T€

Gs7 = Js7 (T —w) €

Gss = Jos (T — w) €

Gs9 = TsoTe€’
Geo — 3Jos (w—5) (w—2T)e3  Jog (w(S—1) —S?) (w—2T) e2+
60— 2 (w — 29) w— 28
Ju(S—1)(w—-2T)e  FHS-1)(w-2T)e  Ji(w-2T)(c-1)&
2 (w—29) 4(w—25) 2 (w—29)

Joo (w(T =1) = T?) (2¢ = 1)é?
Go1 = Jo1(-TS+ S +T)é
Jo2(T —1)Te? Ji(e — 1) 34T
T+1 T+1 2(T +1)
Go3 = Jo3 (T — w) €
Joa(T —1)T%e2 JgTe?

Ge2 =

Go1 = T+1 T+1
Ges = JosT (T — w) €
Gos = JooT€*

Gor = —Ts6as€” + 2T1qs¢” + Tsrgse”
1 1
Gos = —TeoT?e* — Tos(T — 1)Te* + 556 (w = S)(T - 1)e — 5 J67 (w = ) (T = 1)e’—
1
5732T63 +To1 (Tw+w+S(T—1)+T)¢€

Geo = JooT (=TS + S +T)e
Gro = J70T (T — w) €*

G = Jn Sé?

Gy — _j72(5’ —1)9¢? B Ji(e —1)e? B 3J715¢€
S+1 S+1 205+ 1)

Gr3 = Jr39¢€°

Gra = JruSe*

_j75(S— 1)5262 j2562

G5 = S+1 TS+
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Gr6 = Jr6 (S —w) €

Grr = T (S —w) €’
Grs=Ts(—w+S+T)e*

Grg = JroS(T — 1)€

 JuS(S(T—-1) — T)ed 3J735%€

—Swtw+S2+S —Swtw+S2+S

Gso

3J17 (WS —1) =28) (w—=9) (w—T)e®  Jgo(w—9) (w(S—1)—=5%) (2¢ = 1)e*

2(@(S —1) —8(S + 1)) (w_2T) DS —1)—S(5+1)
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where {g;} are the following square roots:
g=vi-w (C.92)
g2 =Vw (C.93)
v = /S (C.94)
g1 =VT (C.95)
Gs=vV—-S—T+4 (C.96)
g6=VS+T (C.97)
g7 = /25T (~wS +w+ 2 + 1) + §2(~w + 5 + 1)2 + (S — 1)2T? (C.98)
gs = \/25T(w — 5) + (w — S)? + (S — 4)ST? (C.99)
@ = /4w — 8)(S + T) — 2T (C.100)
G10 = /4w — T)(S + T) — w2 (C.101)
@11 = Vw? + 20ST — 20T + S2T2 — 4S?T — 2ST? + T2 (C.102)
qi2 = /25T (—wT +w+ T? + 1) + T2 (~w + T + 1)2 + SX(T — 1)2. (C.103)
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