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ABSTRACT

The search for the pair-production of the Higgs boson and the precise study of its
properties are among the corner stones of the physics programme of the Large Hadron
Collider and its High-Luminosity upgrade.

This thesis focuses on the evaluation of higher-order corrections to Higgs boson pair
production: the effective two-Higgs boson—gluon coupling at four loops and next-to-next-
to-leading order corrections to the total inclusive cross-section including finite top-quark
mass effects.

In addition, finite top-quark mass effects in the Higgs boson—gluon vertex are studied
at the four-loop order and four-loop corrections to the Higgs boson decay into photons
are obtained.
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INTRODUCTION

In 2012 the two general purpose experiments at the Large Hadron Collider (LHC), ATLAS
and CMS, announced the discovery of a scalar boson with a mass of approximately
125 GeV [1, 2]. Since the Higgs boson’s discovery, measurements of its properties in
all production and decay channels accessible at the LHC have been carried out with
all evidence pointing towards the particle being the long-sought Higgs boson of the
Standard Model of elementary particle physics (SM) [3-14].

THE STATE OF THE ART: HIGGS BOSON PRODUCTION AND DECAY As the Brout-
Englert-Higgs mechanism might not be realized in its minimal form, scrutinizing the
properties of the Higgs boson might reveal the existence of new particles. In addition, it
might shed light on unsolved problems in particle physics, such as the dominance of
matter over anti-matter in the universe, neutrino masses or the existence of dark matter.

To this end, precise measurements of all production and decay channels accessible at
the LHC are carried out by ATLAS and CMS. In the past years all four major production
mechanisms have been established experimentally. In addition to the dominant gluon-
fusion mechanism, also the production in vector-boson-fusion, associated production
with a vector boson and recently even the production in association with a pair of top
quarks have been observed. Furthermore, all major decay channels, the decays into
third-generation fermions, t-leptons and bottom quarks, pairs of W- or Z-bosons, as
well as the loop-induced decay into photons have been observed. Recently, CMS even
found evidence for the decay into two muons [15] indicating that the Higgs boson also
couples to second-generation fermions. With the upcoming high-luminosity extension of
the Large Hadron Collider (HL-LHC) program, the statistical uncertainties on all of the
above processes will decrease, allowing for percent-level measurements.

To fully exploit the experimental precision, equally precise theoretical predictions
need to be available. Generally, predictions at next-to-next-to-leading order (NNLO) or
even next-to-next-to-next-to-leading order (N3LO) are required to accomplish this task.
Computations of corrections at this order are extremely challenging, but in recent years
all of the aforementioned production channels except the associated production with a
pair of top quarks have become available at NNLO. For a recent summary see e.g. [16].
The inclusive total cross-section for the production of a Higgs boson in gluon-fusion is
even known at N3LO [17, 18] in the limit of an infinitely heavy top quark.
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THE SCALAR POTENTIAL Despite the successes of the Higgs programme at the LHC,
the nature of the scalar potential remains elusive. In the unbroken phase of the sm, it
takes the form

V(®) = — 120t 0 4+ A (@*@)2 , (1.1)

where p? > 0, A > 0 and @ is a doublet under SU(2); with weak hypercharge Y = 1'.
The minimum of V (®) is located at

1 ({0 u?
Dy = — , Where v=14/"—. 1.2
-39 : ¥

This minimum breaks the gauge symmetry of the sM from SU(3), x SU(2). x U(1)y
to SU(3), x U(1)q leading to masses for the W- and Z-bosons and all fermions except
neutrinos. The vacuum expectation value v is related to Fermi’s constant by

v = b Rz 246.22 GeV . (1.3)
V2Gr

Expanding the scalar potential around its minimum yields the potential for the physical
Higgs boson field H

My 3, Ay

The mass of the Higgs boson is related to the parameters of the unbroken phase by

mi = 2u?. (1.5)
As a consequence, the self-coupling A is given by
2 202
A= == ~013 (1.6)
H miy

and thus the cubic and quartic terms in Eq. (1.4) are fixed within the SM.

In many Beyond the Standard Model (BSM) theories, the cubic and quartic coupling are
not directly related to mpy and v, but also recieve other contributions. As a consequence,
a precise measurement of the cubic and quartic Higgs boson interaction strength can
either severely constrain BsM theories or, in case a deviation from the SM expectation is
found, hint towards BsM phenomena.

ACCESSING THE CUBIC SELF-COUPLING INDIRECTLY The cubic self-coupling can be
constrained by comparing precise measurements of the different Higgs boson production
and decay channels with precise theoretical predictions. Higher-order corrections, such
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Figure 1.1: Higher-order contributions to Higgs boson production in gluon-fusion involving the
cubic Higgs boson self-coupling. Dashed, solid and curly lines denote Higgs bosons,
top quarks and gluons, respectively.

as the ones depicted in Fig. 1.1, involve the cubic self-coupling and are sensitive to
modifications of it. Based on the results presented in Ref. [19], the cubic self-coupling
is constrained within the range of —4.7 and 12.6 times the SM value [20] under the
assumption that no other Higgs boson couplings deviate from their SM value. Since in
BSM theories this is not the case in general, the constraint that can be obtained crucially
depends on assumptions about deviations in other Higgs boson couplings. To overcome
this issue, differential distributions of processes involving Higgs bosons have to be taken
into account in the future.

HIGGS BOSON PAIR-PRODUCTION A direct way to access the cubic Higgs boson
coupling is the process of Higgs boson pair-production. As in the case of single Higgs
boson production, gluon-fusion is the dominant production channel. Sample diagrams at
leading order (LO) can be found in Fig. 1.2, where only the diagram on the right involves
the cubic Higgs boson coupling. The two contributions interfere negatively with each

-- <
AN
- — - = N

Figure 1.2: The two LO contributions to Higgs boson pair-production in gluon-fusion. Only the
diagram on the right involves the cubic Higgs boson self-coupling.

other, leading to a significant reduction of the production cross-section in the sM. Taking
both contributions into account, the total Higgs boson pair production cross-section is
approximately three orders of magnitude smaller than the single Higgs boson production
cross-section. As a consequence, Higgs boson pair-production has not been observed to
date and current measurements allow the cubic self-coupling to lie between —5.0 and 12
times the SM value [21], which is comparable to the aforementioned constraint obtained
by measurements of processes with a single Higgs boson. Significant improvements will
be made with the HL-LHC and the significance of the observation might reach 4.0c [22].
This corresponds to upper and lower bounds of the cubic self-coupling of 0.1 and 2.3

1 Here, Q = T3 + Y/2 with Q being the electric charge and T3, the third Pauli matrix.
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times the SM value, respectively. This is comparable to the constraint that can be obtained
by measuring processes involving a single Higgs boson [20]. Combining both ways to
access the cubic self-coupling will provide an even stronger constraint.

Proposed future proton-proton colliders such as the hadron option of the future circular
collider are expected to reach a sensitivity on A of up to 5% [22].

On the theoretical side, computing higher-order corrections to Higgs boson pair-
production involves the challenge of evaluating four-point functions with an internal
massive particle. As a consequence the computation of exact next-to-leading order (NLO)
corrections was achieved only recently by employing numerical methods [23-25]. Before
exact NLO results became available, approximation methods were used. Two prominent
examples are the expansion in a large top-quark mass [26] and the combination of the
exact LO corrections with the exact real-radiation contributions and the virtual corrections
in the limit M; — oo [27]. Both methods have been extended to NNLO [28, 29] where
they supersede predictions based on the infinitely heavy top-quark limit [30]. N3LO
corrections in the limit of an infinitely heavy top quark also became available recently

[31, 32].

IMPROVING THE CURRENT PREDICTIONS The remainder of this thesis is divided
into two parts. In the first part, we discuss computations based on the large mass
expansion (LME) at four-loop order. We start with the computation of the effective
coupling of two Higgs bosons to gluons [33] in chapter 2, which served as an important
ingredient in the recent N3LO computation of the Higgs boson pair-production cross-
section [31, 32]. In chapter 3, we perform a LME of the Higgs boson-gluon vertex at four
loops [34] as a first step towards including finite top-quark mass effects at N3LO to the
production of a single Higgs boson. We conclude the first part by computing the N3LO
corrections to the Higgs boson decay into photons.

In the second part of this work we focus on the process of Higgs boson pair-production
and compute real-radiation contributions at NNLO in the limit s < 4M?. In order to
process the phase-space integrals arising in this context efficiently, we introduce the
versatile program LIMIT in chapter 5 and highlight its other applications. As the first
step towards the full real-radiation contributions including top-quark mass suppressed
terms, we consider the subset of contributions where both Higgs bosons couple to
different top-quark loops. We expand this subset through O(1/M?) [35] and combine
them with the corresponding virtual corrections, as described in chapter 6. In chapter
7 we discuss the remaining contributions and outline the full calculation, which is still
work in progress.

Appendices A and B of this thesis introduce several concepts relevant to the afore-
mentioned computations. Using the methods outlined in chapter 2 we computed further
quantities to four-loop order. They can be found in appendix C.
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FURTHER RESULTS OBTAINED DURING THESE DOCTORAL STUDIES  As the afore-
mentioned topics are all centered around the phenomenology of the Higgs boson, we
refrain from discussing further results that were obtained in the course of these doctoral
studies. These additional results do not fit with the other topics discussed in this thesis,
as they are centered around the computation of higher-order beta functions in the sm
and beyond.

As a major result, we obtained the four-loop gauge coupling beta functions in the full
SM [36]. Previous attempts to compute the top-quark Yukawa coupling contribution to
the beta function of the strong gauge coupling at this order were plagued by ambiguities
related to the treatment of 75 in dimensional regularization [37, 38]. We extended the
novel approach introduced in Ref. [39], relating the ambiguous contributions to certain
terms of the three-loop Yukawa coupling beta functions, to the full SM and combined it
with an explicit four-loop computation of all remaining contributions.






Part 1

INTERACTIONS BETWEEN HIGGS BOSONS AND GLUONS

In this part we compute two quantities at four-loop order, relevant to the
production and decay of Higgs bosons: the effective coupling of two Higgs
bosons to gluons and corrections to the Higgs boson—gluon vertex for a finite
top quark mass.

As by-products we also obtain the N3LO corrections to the Higgs decay rate
into photons, as well as several decoupling and renormalization constants at
four loops. The latter are presented in Sec. C.






THE EFFECTIVE COUPLING OF TWO HIGGS BOSONS TO GLUONS

Since the top quark is the heaviest particle of the SM with a mass of 172.76 GeV [40], its
coupling to the Higgs boson is larger than for all other particles of the SM. For many
phenomenological applications it is a sufficiently good approximation to consider the
top-quark mass to be much larger than all energy scales involved in the process under
consideration. This has several advantages, the most obvious being that the top quark
does not appear as a dynamical degree of freedom. This is advantageous for calculating
higher-order corrections to the production of one or two Higgs bosons in gluon fusion
where loops involving top quarks get replaced by Higgs boson—gluon couplings in the
effective theory. As a consequence one has to deal with one scale and one loop less in
such calculations.

In this chapter we compute the effective coupling of two Higgs bosons to gluons in a
diagrammatic approach through four loops, following [33]. This effective coupling enters
cross-section predictions for Higgs boson pair-production at N3LO. In the course of this
computation we also encounter the effective coupling of one Higgs boson to gluons,
which we compute in a diagrammatic approach.

STRUCTURE OF THE CHAPTER We introduce the effective Lagrangian governing
interactions between Higgs bosons and gluons in Sec. 2.1 and derive relations for
extracting the effective couplings from amplitudes in the full theory in Sec. 2.2. In Sec. 2.3
we introduce the computational setup used for evaluating the necessary amplitudes. We
present the result for the effective coupling of two Higgs bosons to gluons in Sec. 2.4 and
compare it to a relation between the effective coupling and the decoupling constant ..

Furthermore, in App. C we provide the on-shell wave-function renormalization con-
stant for gluons through four loops, higher order terms in the dimensional regulator for
the effective Higgs boson—gluon coupling Cx, as well as the effective coupling C; of a
Higgs boson to light quarks expressed through SU (N) colour factors . These results
have been obtained in the course of the computations of Ref. [33], but not explicitly given
there.

2.1 INTEGRATING OUT THE TOP QUARK

In the following we discuss Quantum Chromodynamics (QCD), which is the full theory
in the context of this chapter, only briefly. A more detailed discussion of several technical
aspects can be found in App. A. We then introduce the effective theory with its effective
Higgs boson—gluon couplings, commonly called Higgs effective field theory (HEFT) [41].
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THE EFFECTIVE COUPLING OF TWO HIGGS BOSONS TO GLUONS

2.1.1  The full theory

The Lagrangian density describing QCD with a massive top quark t and n; = 5 massless
quarks ¢; at the classical level is given by *

n S N _
ﬁéé])g =6 GW+;ququf+t(zD—Mt)t. (2.1)

Here, ny = n; + 1 is the number of active quark flavours, M; is the mass of the top quark
and the field strength tensor Gj, is related to the gluon field G, by

G, = 0,Gl — 9,G}, + 8. f" GGy, (2.2)

where the f%¢ are the structure constants of SU (3) and g is related to the strong
coupling constant & by

2
_ &
g = i (2.3)

The covariant derivative is given by
Dy, =0, — igsGyT", (2.4)
where the T* are the generators of the fundamental representation of SU (3).
The kinetic term of the Higgs boson H and its self-interactions are given by
Lo [ A
where mpy is the mass of the Higgs boson, v its vacuum expectation value and A the

quartic coupling. It couples to the top quark via

M; -
Lyukawa = _TtttH . (2.6)

Several modifications to the above discussion need to be made for a correct description
at the quantum level. Fields and parameters in Egs. (2.1) to (2.6) need to be replaced
by so-called bare quantities and a gauge fixing term and ghost fields need to be added.
Since they are not relevant for the qualitative understanding of the following, we refrain
from explicitly discussing them here but refer to Sec. A.1 and Sec. A.2.

The definitions in this section can be found in most quantum field theory (QFT) textbooks. Here, we follow
the conventions of [42].



2.1 INTEGRATING OUT THE TOP QUARK

2.1.2  Effective Higgs boson—gluon couplings

All fields and parameters in the previous section are defined in the full theory with
ny quark flavours. In the following, they will carry a label to make this explicit. By
integrating out the top quark one obtains an effective Lagrangian L., given by

Lew = L& (G, a0, al™) + Ly (H,my, A,0) + Lo , (27)

where L’(”é)D is the QCD Lagrangian in Eq. (2.1) without the top quark. Furthermore,

G, q(nf ) and aﬁ”f ) are replaced by effective n;-flavour versions. The relations between
tields and parameters in the full and effective theories are encoded in the so-called
decoupling constants, introduced in Sec. A.3. The Higgs boson Lagrangian Ly, as well
as its parameters and the Higgs field remain as in Eq. (2.5), since we do not consider
electroweak corrections.

EFFECTIVE INTERACTIONS The effective Lagrangian L contains an infinite set of
effective operators built from quark, gluon and Higgs fields. In the following we will
only focus on the effective coupling of one or two Higgs bosons to gluons at O(1/v),
thus the infinite set is restricted to just

Lil
(%

1 /H\?
CHOY + (v> Y ,09, (2.8)

LoD — 5

where the operator O gives rise to interactions involving two to four gluons and is
constructed from gluon field-strength tensors:

1
0f = (G (GO%, (29)

All radiative contributions of the top quark are encoded in the two Wilson coefficients
CY% and CY%,,. These coefficients govern the interaction strength between Higgs bosons
and gluons in the limit M; — oo.

For X € {H, HH} the renormalized operators and Wilson coefficients can be obtained

by

CO
C0) = ZX Z0,0) = Cx01, (2.10)
01
where the renormalization constant Zp, is related to the QCD beta function through all
orders in perturbation theory [43]:

Zo, = ¢ . (2.11)

e B <zx§"’))

11
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THE EFFECTIVE COUPLING OF TWO HIGGS BOSONS TO GLUONS

LOW-ENERGY THEOREMS The Wilson coefficient Cy was computed at two loops
almost forty years ago [41, 44]. Three loop results have been obtained by direct calculation
of the Higgs boson-gluon vertex [45], as well as by relating Cy to (,,, the decoupling
constant of a;,, via a so-called low-energy theorem [46]:

M; o

Cus - (2.12)
The derivation of this relation is non-trivial and requires the introduction of further
operators that do not contribute to physical matrix elements. In Ref. [46] this low-
energy theorem was combined with the QCD beta function and quark mass anomalous
dimension to obtain Cy at four loops. Similarly, with the five loop mass anomalous
dimension and beta function available, the five loop result has been derived [47-49].

Chp has been obtained at three loops only recently [50]. At one and two loops it
coincides with Cy but starts to differ at three loops. In contrast to Cy, no low-energy
theorem existed until recently a relation between the decoupling constant of &s and Cryy
was obtained [51]:

M2 32 M; 9 2
C — t w — 2 < N > X 2.1
HH =7 aMgg ; T, M, (2.13)

In analogy to Cp, five-loop results can be obtained by combining Eq. (2.13) with the
five-loop mass anomalous dimension and beta function.

2.2 MATCHING FULL AND EFFECTIVE THEORIES

To compute the Wilson coefficients we need to compare observables or amplitudes
in a kinematical limit where the full and the effective theories are both valid. In the
case at hand we are only interested in operators that are not suppressed by inverse
powers of the top-quark mass, thus we choose the infinitely heavy top quark limit.
Furthermore, we have to work with on-shell gluons and both gluon momenta unequal
to avoid contributions from unphysical operators appearing in L. In the following, we
will derive matching formulae, relating Cy and Cyy to amplitudes in the full theory.

2.2.1  Matching for Cy

THE AMPLITUDE The simplest amplitude involving gluons and the Higgs boson is
the amplitude for Higgs boson production in gluon-fusion. This amplitude has a rather
simple structure, given by

Zj‘ - ="l A (P12 MT) (2.14)



2.2 MATCHING FULL AND EFFECTIVE THEORIES

where the €; and p; are the polarization vectors and momenta of the two gluons. The
amplitude A, can be decomposed into three terms:

A" (p1, p2, Mtz) = g" A1 (p1, p2, Mtz) + phpi Az (p1, p2, M?)
+ € py yp20 Az (p1, P2, M7) . (2.15)

Any other combination of the external momenta does not contribute, since the gluon
polarization vectors are transversal and thus ef Pip = 0. The third term in Eq. (2.15) does
not contribute, since the Higgs boson is a scalar particle and perturbative QCD is a parity
conserving theory. Eq. (2.15) can be further simplified employing gauge invariance,
p?AW = pyA, = 0. As a consequence A; = —Ay(p1p2), leading to

- =" ((er-e2)(pr-p2) — (er-p2)(e2-p1)) A(s, MF) ,  (2.16)

where s = (p1 - p2)/2. The above discussion only depends on the external particles,
hence Eq. (2.14) is valid for the full theory as well as the effective one. To obtain Cy we
need to compute A (s, M?) in both theories, taking the limit M; — c.

EFFECTIVE THEORY In the effective theory the amplitude is independent of M; and,
at LO, is simply given by Cp/v. Higher-order corrections lead to single scale three-point
integrals with trivial dependence on s and can be written as 2

) Ch X s(,nl) ]/12 le
Aett (8, M7) = Zo,— [ 1+ ) () Aeti) | - (2.17)
v : T —s
Here, we renormalized the strong coupling constant in the modified minimal subtraction
(MS) scheme with n; active flavours

T (zxgnl),no as("’) , (2.18)

where the renormalization constant Z,, is known through five loops [52-55]. The A
still contain ultraviolet (UV) divergences which are cancelled by Zp, as well as infrared (IR)
divergences which remain. Since all quarks in the effective theory are massless, the on-
shell (0Os) wavefunction renormalization constant of the gluons is simply 1. Sample
diagrams contributing to A are shown in Fig. 2.1.

The s dependence can be derived by rescaling loop and external momenta by p — +/sp. Each loop

integration measures scales as \/5726 = 5~ ¢ and the resulting integrals do not depend on any kinematic
scale.

13
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THE EFFECTIVE COUPLING OF TWO HIGGS BOSONS TO GLUONS

%____ (m\ - %___m
Figure 2.1: Sample diagrams contributing to A.¢ through three loops. The black dot denotes the

effective Higgs boson—gluon coupling. Straight, dashed and curly lines denote light
quarks, Higgs bosons and gluons respectively.

FULL THEORY To compute the amplitude in the full theory while taking the limit
M; — oo, we perform an asymptotic expansion [56] in the large mass, also called LME.
The LME simplifies loop integrals by splitting each loop integral into a hard region,
in which the respective loop momentum scales like M;, and a soft region, where the
loop momentum scales like the external momenta and the Higgs boson mass. In each
region we can perform a Taylor expansion in the soft scales, simplifying the calculation
tremendously. Loop momenta flowing through massive lines are always hard, since for
a soft loop momentum the Taylor expansion would lead to vanishing integrals. The
method of expansion by subgraph allows one to perform the separation algorithmically
at the level of Feynman diagrams. Each diagram is decomposed into a sum of hard
subgraphs, which have to be Taylor expanded in all of their external momenta and then
re-inserted into their respective co-subgraphs. The procedure is illustrated in Fig. 2.23.
By applying the LME and taking the limit M; — oo we can write the full amplitude as

!
-1 ag"f) 2\ (I—k)e anke
- L8 () () (5 i e

where Z3OS is the Os gluon wavefunction renormalization constant given in Sec. C.3. The
I—kk)
Al

tur;  denote [-loop amplitudes with k soft-scaling loop momenta and / — k hard-scaling
ones. At one loop there only is a hard contribution, thus

2\ € ()

_ M Xs (10)

Cy=vwo ( > A - (2.20)
MZ) g Tl

The prefactor v cancels against a factor of 1/v in the full theory amplitude which
originates from the top-quark Yukawa coupling. Starting from two loops, also soft
contributions appear, which come with a prefactor of M; %*s~¢ and thus scale exactly like

3 Examples of the LME at four loop order an be found in Fig. 3.1 in the next chapter.
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+7q

i?ll

O
]
O % ko™

Figure 2.2: Expansion by subgraph of sample diagrams contributing to Ag,j through three loops.

T denotes Taylor expansion w.r.t. momenta and the hard subgraphs are re-inserted in
the co-subgraphs in the vertex denoted by the black dot. Straight, dashed and curly
lines denote top quarks, Higgs bosons and gluons respectively.
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the LO Wilson coefficient Cy combined with the one-loop corrections in the effective field
theory (EFT). Indeed, these two contributions are equal and thus cancel when comparing
Aese with Agy. To make this cancellation explicit, we renormalize a5 and the top-quark
mass in the MS scheme:

) = p*Z,, (“gnf),”f> fxgnf) , (2.21)
M =27, (agnf),nf> M;, (2.22)

where the renormalization constant Z,, is known through five loops [57-59]. Similarly at
higher orders the various soft contributions are equal to the higher-order corrections in
the EFT, when taking the different renormalization constants into account and translating
txs(,nf " to agn’). As a consequence, no higher-order corrections in the EFT and no soft
contributions in the full theory need to be considered for computing Cy. An intuitive,
pictorial way of arriving at this conclusion is given by the method of expansion by
subgraph: each co-subgraph corresponds to a diagram in the EFT, while each hard
subgraph corresponds to contributions to Cy. Since we do not need to consider soft
contributions in the full theory we can naively Taylor expand each integrand in the
external momenta.

MATCHING BOTH THEORIES By combining Eq. (2.17) with Eq. (2.19) we thus obtain
the matching relation

(Hf) ! 2\ le
CH o p (1,0)
ZO17 - Z?SZI: ( sn > (Mf) Afull,l . (2.23)

The integrals appearing in Agl’ﬁ’)l are single-scale vacuum integrals only depending on
Mg, so-called tadpole integrals.

2.2.2  Matching for Cyy

STRUCTURE  Deriving the matching relation for Cyy proceeds in a similar way as in
the case of Cy. Thus, we only have to take tree-level contributions in the EFT, as well as
hard contributions in the full theory into account. However, in contrast to the case of Cy
more than one contribution in the EFT has to be taken into account. The first contribution,
ALt 1p1, is one-particle irreducible (:PI) and involves the coupling of two Higgs bosons to
gluons and thus the Wilson coefficient Cyy. The other two contributions are one-particle
reducible (1PR) and either involve a gluon propagator or a Higgs boson propagator. The
first of the 1PR contributions, Aef 1pr A—0, is proportional to C?,, while the second one,
Aefi PR 1 20, inVOlves the trilinear Higgs boson self coupling A and thus is proportional
to CyA. The three different contributions are shown in Fig. 2.3.
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Figure 2.3: The three different contributions to the Higgs boson pair-production amplitude in
the EFT. The first one involves the sought-after two-Higgs boson—gluon coupling Cyp,
while the other two involve Cg.
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Figure 2.4: Three-loop diagram contributing to, both, Cyyy and C%,.

CONTRIBUTIONS WITH A TRILINEAR COUPLING Naively one might expect that
we only have to compute the hard part of the 1PI amplitude 'Algll,‘l,ﬁ,)lpl,l in the full theory
and can neglect all 1PR contributions. This is only true for diagrams involving the
Higgs boson self coupling, since in pure QCD they always match the corresponding EFT
diagrams. Thus the required calculation is exactly the same as in the previous section,
except for the Higgs propagator and the trilinear coupling, which do not affect the loop
integration, leading to

I}
Cu A o)

Zo, ——— =795 S ) pe o) . 2.2
Oy s —mz, ;( p- ) ¢ Al IPR A0, (224)

CONTRIBUTIONS WITHOUT A TRILINEAR COUPLING The second 1PR contribution
only contributes from two loops, where it exactly matches the EFT diagram proportional
to C%{. From three loops, the distinction between 1PI and 1PR contributions is not straight-
forward, as can be seen from the diagram in Fig. 2.4. The hard part of this diagram
clearly contributes to the 1PI contribution in the EFT, while the soft part is captured by
a one-loop correction to the 1PR contribution. As a consequence, we need to keep both
contributions for the computation of Cyp, since otherwise we would be left with UV
divergences.

17
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RENORMALIZATION OF AN OPERATOR PRODUCT One further complication, first
pointed out in Ref. [60]4, arises from the appearance of the product of two operators Oy
in the 1PR contribution. Naively, one would renormalize this product by

[0,01] = Z, [00]] . (2.25)

However, in Ref. [60] it was shown, with a similar derivation as for the case of only one
operator O; [43], that an additional term, linear in O; has to be taken into account:

[0101] = Z5, [OY0F] + Zj; OF . (2.26)

The renormalization constant Zh can be related to the QCD beta function [60]

1 w) 220 (B
zZh = R (1 - ﬁ;) oc?aTCS <‘i;) (2.27)
2

where B is the two-loop contribution to the QCD beta function. Thus, starting from
four loops in the full theory and O (DCEC%I) in the EFT, this non-trivial renormalization
contribution has to be taken into account.

MATCHING FORMULA  Applying Eq. (2.26) to our computation leads us to the final
matching formula for Cyp:

Cuu L Ch > Ch
Zp, — + Zn? At 1p1 + ZolﬁAemeR,A:o

)\ !
_ ~05 & —21 (1,0) (1,0)
=Z3 ;( : ) M (‘Afull,lPI,l+Afull,1PR,/\:0,l) : (2-29)

s

As Cp is known to four-loop order, we can insert the corresponding expression and
solve for Cyp. Let us emphasize again, that the additional contribution due to the
renormalization of the operator product only starts to contribute at four loops. As a
consequence, the three loop results for Cyy computed in Ref. [50] are not affected.
One more comment concerning the evaluation of the relevant amplitudes is in order.
While it would be tempting to take one of the external momenta to be equal to 0 to
simplify the evaluation, this would lead to additional complications in the matching
procedure. With all external momenta on-shell and different from each other, only O
contributes, but for unphysical choices, three additional operators, discussed in Ref. [43],
would contribute. As a consequence, they also would affect the renormalization of the

While the topic studied in Ref. [60] was not directly connected to Higgs boson pair-production, the author
noticed that this issue also will arise here.
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operator product and an extension of Eq. (2.26) would be required. However, keeping all
momenta different from 0 leads to an additional tensor structure, discussed in Sec. A.5.
Thus, we need to apply the projector in Eq. (A.20) which correctly projects on the
tensor structure of interest. After applying the projector and performing Lorentz and
Dirac algebra, as well as the integrations, we can simplify the resulting expressions by
expanding around g3 ~ 0, as no divergences in the limit g3 — 0 occur. The second tensor
structure does not contribute to Cypy, since it vanishes in the limit M; — oo.

2.3 CALCULATIONAL SETUP

To evaluate the hard parts of the relevant amplitudes through four loops tens of thou-
sands of Feynman diagrams need to be calculated. Each of these diagrams leads to
multiple Feynman integrals and thus hundreds of thousands of integrals need to be
computed. This situation calls for an efficient and highly automatized computational
setup that can handle diagram generation, algebraic manipulations and the reduction of
the number of integrals to a small set. An overview of the general workflow is depicted
in Fig. 2.5. In the following we will discuss the general structure of the computation, as
well as its key element: the use of superdiagrams.

2.3.1  General setup

GENERATING DIAGRAMS  We start by generating all relevant Feynman diagrams with
the program QGRAF [61]. In the next step Feynman rules are inserted by g2e and the
diagrams are mapped onto underlying graph topologies by exp [62, 63]. Using the FORM
[64] package COLOR [65] we compute the colour factors of each diagram, which are then
expressed in terms of the quadratic Casimir invariants and symmetric tensors of SU (N).
The individual diagrams are then grouped together into so-called superdiagrams, which
will be discussed in Sec. 2.3.2. One exception is the Green’s function involving two
Higgs bosons and two gluons. Since multiple independent tadpole integrals appear in
each 1PR diagram, they are not grouped together but computed individually. The 1PI
contributions are treated as for all other Green’s functions. The number of diagrams
and superdiagrams contributing to the individual Green’s functions at the relevant loop
orders can be found in Tbl. 2.1. Albeit modifications to suit the task at hand are necessary,
most of the steps are also relevant for chapters 3, 6 and 7

COMPUTING DIAGRAMS The superdiagrams are processed using FORM, which projects
onto the tensor structure of interest, and performs Lorentz and Dirac algebra. In the
next step the external momenta are nullified and all Feynman integrals are rewritten
in terms of scalar functions, which only depend on the heavy quark mass. The scalar
integrals are then reduced to a set of so-called master integrals (Mis) using integration by
parts (IBP) relations [66, 67]. For one- to three-loop tadpole integrals this is performed by

19
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Create superdiagrams

Algebraic manipulations
in FORM

Insert master integrals

Figure 2.5: General workflow of the computation. Steps in ellipses are performed in parallel for
the individual diagrams, superdiagrams or integral topologies.

Green’s function || 1-loop 2-loop  3-loop 4-loop
ggh 2| 1 |23|3]| 657 | 23| 23251 | 112
gghh 1P1 6| 1 |99 |3 |3102 | 23 | 124149 | 112
gghh 1PR o| - | 8|-| 216 | - | 7200 -
cc ol o |1 |1]| 25 6 765 27
qq ol o | 1|1]| 25 6 765 27
9 1| 1|7 |3]| 189 | 23| 6245 | 112
ccg ol o |5 |1 228 | 9 | 10118 | 74

Table 2.1: Number of Feynman diagrams and superdiagrams contributing to the relevant Green’s
functions. At each loop order the first column shows the number of regular diagrams
and the second one the number of superdiagrams. We also list the number of diagrams
contributing to the amplitudes relevant to the computation of decoupling constants,
discussed in App. C.
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the program MATAD [68], while at four loops the implementation of Laporta’s algorithm
[69] in the program FIRE [70] is used together with symmetries provided by LiteRed [71,
72]. The final step is the insertion of the four loop master integrals, which are known to
sufficiently high order in € [73-76].

2.3.2  Building superdiagrams

A crucial element in the organization of our computational setup is the use of superdia-
grams. They are the sum of individual Feynman diagrams with similar properties, such
as colour factors and underlying graph topology.

ADVANTAGES The most obvious advantage of this approach is the case of diagrams
cancelling exactly or becoming identical up to a prefactor at some stage during the
calculation. In the latter case, all manipulations after this step only take as much comput-
ing resources as in the case of a single diagram. Generally, this happens after applying
projecting operators and expanding in the external momentum, as demonstrated in the
following example.

Example 1 (Superdiagrams)

In the computation of the two gluon amplitude the following two diagrams share the same
colour factor and underlying topology:

D e

In Feynman gauge their Dirac structure is given by

4

where the line momenta are given by

p1=1"h, po=0hL—1, p3=h+q, pa=1p.
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After applying the projector (A.18) and expanding in the external momentum q, both diagrams
simplify to

5 o(/ dPl ,Tr (y*(mg — p,)v° (mg — py)ve(mg — py)vu(mg — py))
(

! (= 13)" (w—3) 13
/ dP1 Tr (g(mg — p1)7° (mg — pa) Yo (mg — p1) 4 (mg — p1))
2 (my=2) (it~ 12)

In the superdiagram approach, this simplification already occurs in a very early stage of the
computation. Thus, the computation time is only slightly longer than for computing one of two
diagrams alone, leading to a reduction of total computation time by roughly 50%.

While this example is rather simple, analogous cases appear at the three- and four-
loop level, where the impact of these simplifications is much larger. Another possible
simplification is connected to the gauge parameter ¢. Individual Feynman diagrams
might contain higher powers of ¢ than the final result, however in the superdiagram
approach ¢ already cancels in intermediate steps.

There are further advantages of more technical nature to superdiagrams. The most
simple one being the reduction of batch scheduling overhead. The number of superdia-
grams is several orders of magnitude smaller than the number of diagrams, see e. g.Tbl.
2.1, and thus the batch system has to deal with a few, longer running, jobs instead of
many short jobs. This also reduces network usage, since fewer input expressions are
read and less result files are written.

Furthermore, FORM is optimized to manipulate a large number of terms with each
instruction and capable of efficiently using multiple cores on a computing node. Hence,
applying the same manipulation to all diagrams in a superdiagram at once is more
efficient on a multi-core machine than subsequently processing batches of diagrams in
parallel on the same machine. In the task at hand and other calculations such as the
four-loop beta functions in the full SM [36], computing a single diagram typically only
requires a few Megabytes of memory. Thus most of the memory of a computing node is
unused, if diagrams are processed by single core jobs in parallel. Superdiagrams on the
other hand, allow to make use of the available memory and thus make far better use of
available computing resources.

Generally, the advantages of superdiagrams are more pronounced at higher loop
orders. While for the computation of the 1Pl g¢gHH amplitude at three loops 3192
diagrams get grouped into 23 superdiagrams, at four loops 124149 diagrams get grouped
into 112 superdiagrams. Thus, while the number of diagrams grows by a factor of 39,
the number of superdiagrams only grows by a factor of five when going from three to
four loops in this case. The picture is similar for all other Green'’s functions considered
in this chapter.
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CAVEATS However, there is one drawback to this approach. In situations with a large
number of diagrams, such as the amplitude involving two gluons and two Higgs bosons,
individual superdiagrams might contain too many terms to fit into the memory of one
machine. Thus they have to be split up and the cancellation at intermediate stages is
partially lost. In our current setup a maximum number of diagrams contributing to a
superdiagram can be specified and if this limit is reached, all further diagrams will be
added up in an additional superdiagram.

As simplifications and cancellations generally do not occur between all diagrams with
the same underlying topology and colour factor, but subsets thereof, a possible solution
to this problem would be to group diagrams not only by topology and colour factor, but
also by the number of fermion, ghost or gluon propagators.

2.4 Cygg 1o O(a?)

We are now in the position to present our result for the four-loop Wilson coefficient Crp.
The results for Cp, as well as the decoupling constants through four loops can be found
in App. C.

Some comments regarding the correctness of our results are in order. Our result is free
of the gauge parameter ¢ in the sum of :PI and 1PR contributions. In addition, taking
into account the nontrivial renormalization of the product of two insertions of O, as
discussed in Eq. (2.26), leads to a finite result.

Furthermore, we computed the PR contributions in two different ways yielding the
same result: by directly evaluating all contributing diagrams, as well as by constructing
them out of the Higgs boson-two-gluon—vertex with an off-shell gluon [77]. Finally, we
find agreement with the known three-loop result [50].

Our result for Cyy can be cast into the form

2 TEAY
CHH = _§TF ZCHH (2.30)
F 7T
where
ch —1, (2.31)
) 5 3
Cén){ = ZLCA - ZLCF , (2.32)
(3 _ 1567 , 83 27 2 _ 47 11
Chin = 576 4 g CaCr T gy CR e | = g Cat gCr
1m_, 7 1 u?
+ | = RCA + ECACF + ZTllTFCF] In <A/It2> 7 (233)

(1) _ (253537 1567 s 161687 5105 )
Chn = (41472 307293 |Ca Tt go12 T 512 3 ) CaCr
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4615 4943 407
+ <_ 1152 384C3> CaTe + ( 384 128€3> CaCy

+ (110792689 115@3) CaCrTr + (23116 C3> CaTE — %C%
+ < §+ Cs)CF F+ (4112; 37253>CFT1%+ <—§+§C3)%
+ (E - 2g3> da;diim Ty [( B % 256€3> C
" (127559225 131;5@3) CACr + (;Z ’ §3> CaTp + (— 7 127§3> c
* (IZL - 372&) Crlr+ (161 _4€3> % Ty 2&1322C 1523936 F
+ %Cg — % 2Cr — ggéCATp - EZCACF + ;;CACFTF + anF( iggci,
+ ZZCACF + 1Z4CATF - gC% - ECFTF> +niTf <1Z4CA - ECPH In <Ji‘/;)
ch ﬁicACF + nsz< 48c2 + CACF> — én,?cpn% In? <1tl/12%> .
(2.34)
Here, M; is the OS renormalized top-quark mass and
il (2.35)

is the Riemann Zeta function. The numerical values for the SU (N) colour factors are
given in Sec. A.4. Expressions for Cyp in terms of the MS renormalized top-quark mass
or aﬁ”f) are given in Ref. [33].

The result presented in Eq. (2.34) is in agreement with the prediction of the low-energy
theorem given in Eq. (2.13), thus confirming this relation through four loops. Under the
assumption that Eq. (2.13) also holds for higher orders, CS;{ can be constructed with
the help of the five-loop QCD beta function and mass anomalous dimension. As the
proper renormalization of operator products in the matching procedure has been taken
care of, we do not expect that further modifications to the Eq. (2.29) are necessary and,
as a consequence, that Eq. (2.13) is indeed valid also for higher orders. The five-loop

expressions can be found in the ancillary files of [33].



TOP-QUARK-MASS EFFECTS IN THE HIGGS BOSON-GLUON
FORM FACTOR AT FOUR LOOPS

Virtual corrections to the Higgs boson-gluon form factor are an important building
block for predictions of the Higgs boson production cross-section in gluon fusion.
In contrast to the previous chapter, we are interested in contributions beyond the
infinitely heavy top quark approximation. While exact analytic results for the form
factor are available through two loops [78-80], at three loops contributions with a closed
light quark loop [81], as well as the leading-colour contributions [82] became available
analytically only recently. To this end, two approaches to address the top-quark-mass
dependence at three loops are studied in the literature. First, a LME of the form factor
[83, 84] was performed, providing an analytic approximation in the phenomenologically
interesting kinematic regime for the production of a single Higgs boson. Furthermore,
these results were combined with a LME of the real radiation contribution [85-87]. The
second approach is based on numerical techniques, which allow one to describe the
full mass dependence. One numerical approach studied in the literature combines the
results of the aforementioned LME, including terms through O(1/M;*) [88] with an
expansion of the form factor around the top-quark threshold using Padé approximants
[89]. The second approach performs an IBP reduction of the form factor, evaluating
all MIs numerically [9o]. At four loops however, only the infinitely heavy top quark
approximation exists.

In this chapter we will, based on [34], provide the first ingredient for calculations of
the Higgs boson production cross-section in gluon fusion at N3LO beyond the infinitely
heavy top quark limit: the four-loop virtual corrections to the Higgs boson—gluon form
factor.

STRUCTURE OF THE CHAPTER In Sec. 3.1 we introduce the technical setup of the
calculation, followed by the discussion of the expected IR pole structure of the form factor
in Sec. 3.2. We present analytic results and discuss the numerical impact of higher-order
terms in the LME in Sec. 3.3.

3.1 LARGE MASS EXPANSION OF THE HIGGS BOSON—GLUON FORM FACTOR

The computation of the Higgs boson—-gluon form factor follows similar steps as the
computation of Cy, described in Sec. 2.2.1. However, we are now also interested in soft
contributions and terms suppressed by 1/M;. To this end, we can not naively Taylor
expand all integrands, but have to perform a full LME of the amplitude. In the following,
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we will describe the computation while focusing on the differences w.r.t. Sec. 2.2.1.
Furthermore, we will assemble the leading order term in the top-quark-mass expansion
in the EFT where the top quark has been integrated out.

3.1.1  Structure of the computation

GENERATING DIAGRAMS  We generate all contributing diagrams and process them as
described in Sec. 2.3 with the difference that exp performs an asymptotic expansion in
the top-quark mass instead of a naive Taylor expansion. As a consequence, we obtain
one or more subdiagrams for each original diagram, including the information about

the scaling of the loop momenta. Examples of the diagramatic LME through three loops
are shown in Fig. 2.2 and four-loop examples are shown in Fig. 3.1.

I QDD -
@D T
QD
7 OST -

i S D
T (OfD e X 3
T (B e X 3
T (O e XKDy

Figure 3.1: Expansion by subgraph of sample diagrams contributing to the form factor at four
loops. T denotes a Taylor expansion in the momenta and the hard subgraphs are
re-inserted into the co-subgraphs in the vertices, denoted by the black dots. Straight,
dashed and curly lines denote top quarks, Higgs bosons and gluons, respectively.

DIFFERENCES W.R.T. THE PREVIOUS CHAPTER In contrast to the computation of
the Wilson coefficients, we can not simply build superdiagrams, since diagrams with
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the same colour factor might lead to different subdiagrams with different momentum
assignments. We would need to construct the superdiagrams out of the subdiagrams
instead, which is more complex since a subdiagram might involve up to four different
loop integrals. While technically possible, we proceed without creating superdiagrams.
Computing each subdiagram individually was sufficiently fast in this case. Each subdia-
gram is processed by FORM. The main differences w.r.t. the computation of the Wilson
coefficients are the deeper expansion depth in terms of M;, increasing the number of
terms in each diagram, and the massless three-point integrals appearing.

TENSOR REDUCTION As a consequence of the expansion tensor integrals need to be
evaluated®, as shown in the following example.

Example 2 (LME leading to tensor integrals)

Let us consider the following two-loop diagram, where also the soft region contributes in the

T O
O P>

After projecting onto the scalar form factor and performing the numerator algebra, we are
left with scalar integrals I (o) where p = s/ M?. As shown in the figure above, the LME splits
these integrals into two-loop tadpole integrals and the product of one-loop tadpole and massless
three-point integrals:

—>pr/ Pi(qi -k, qi - 1)

KE(K2)Y ((k—1)2 = M2)" (12 = M2)°
1 Qj(qi~l,k-l)
Z"]/ (k)" ((k+q1)2)" (k= q2)2)" /1 (12— m2)Y

Here, the indices aj to d; are, possibly negative, integers which depend on the expansion depth.
The numerator polynomials P; and Q; generally depend on scalar products between the loop
momenta and momenta which do not arise in propagators of the respective integrals. As a
consequence, for the two-loop tadpole integral in the first line, we need to perform a tensor
reduction. For the integrals in the second line, we could either perform the tensor reduction for
the one-loop three-point function or for the one-loop tadpole.

1 This is already the case in the computations of chapter 2. However, the efficient treatment of tensor integrals
is more relevant when considering higher order terms in the LME.
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Since, in general, tensor integrals are rather cumbersome to evaluate, we perform a
so-called tensor reduction of the integrand. The method is based on the fact that the result
of the loop integration can only be a function of the external momenta present in the
denominators and numerators, as well as two Lorentz covariant tensors: the metric g,
as well as the totally antisymmetric tensor €,,,,s. Since QCD is parity invariant, the latter
can not occur.

In the case at hand, it is advantageous to perform the tensor reduction for the
tadpole integrals for two reasons. Firstly, since no external momenta are present in
their denominators, the tensor structure can only be composed out of metric tensors
and thus only tensors with even rank contribute. Secondly, since the tensor reduction
needs to be performed for the tadpole integrals in the fully hard subgraph anyway, the
routines can simply be used for all other subgraphs too.

TENSOR REDUCTION FOR TADPOLE INTEGRALS At one-loop order, a closed formula
for tensor-tadpole integrals with arbitrary rank is known [56]. For two-loop tadpole
integrals an algorithm for arbitrary tensor rank is known [91] and implemented in MATAD
[68]. At the three- and four-loop order, we derive relations reducing tensors through
rank eight using the program of [92]. This program derives relations by constructing
projectors onto the different tensor structures at each rank, which are then used to
decompose generic tensors. An explicit example for rank two and rank four tensors is
given below.

Example 3 (Tensor reduction)

As a warm up excercise, consider a rank two tensor tadpole integral 1"V, which can be written
as

" =1IgM".
To relate IV to I we contract both sides of the equation with the metric tensor, obtaining
guIt =dI.

Thus, to obtain I we have to apply the projector Py, = guv/ D to the integrand.
Now, consider the rank four tensor tadpole integral 1"VP?. This integral can be decomposed
into three terms

I}ll/po’ — IIT}IUPO’ + IZTypVU’ _|_ IaT}IU’Vp ,

where T*F7° = ¢*F¢7° Ty relate the I; to the original tensor integral, we contract both sides
of the equations with the three different versions of T:

TupeI"?" =D’ + D (L + I5) ,

TuoveI"?" =D*’L+ D (L + I5) ,
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This linear system of equations can be solved leading to the three projection operators
1
Prywpo = D(D-1)(D +2) (D4 D) Twpo = Typne = Tuevp)
1
Po,jvpr = D(D —1)(D +2) (= Tuvpe + (D + 1) Typve — Tuovp)
1
Pojpupo = D(D —1)(D+2) (ZTaupo = Tigo (D +1)Tiop)
with PZ',VVPUIVVPU = Iz"

SCALAR INTEGRALS After the tensor reduction, we are left with scalar tadpole
integrals up to four loops and massless three point integrals up to three loops. While
some diagrams, for example the second diagram in Fig. 3.1, also yield massless two-point
integrals, they can be simply treated as three-point integrals, with one denominator
power equal to zero.

APPLICATION OF IBP TABLES Due to the deeper expansion in 1/M;, each diagram
yields more tadpole integrals, as well as tadpole integrals with higher denominator
powers, compared to the calculation of Cy and Cyy. As a consequence, each diagram
requires a significant amount of storage space, posing a non-negligible challenge?.
To reduce the required disk space, as well as the algebraic complexity arising when
summing up all diagrams and inserting the IBP reduction tables, we do not perform
the LME up to O(1/M}) directly. Instead, we compute the O(M?) contribution first
and perform the reduction of the required integrals. We then compute the expansion
through O(1/M?) but already apply the IBP tables which we generated for the O (M)
contribution at the level of each subdiagram. Thus, each subdiagram is already smaller
than it would have been, had we not have inserted the already existing tables. In the
next step, we perform the reduction for the missing integrals only and add them to our
tables. The same procedure is repeated at O(1/M}). In total more than 40 million three-
and four-loop tadpole integrals are reduced.

BOOKKEEPING OF INTEGRALS To perform the IBP reduction without re-reducing
already known integrals, we implement a simple but powerful bookkeeping system,
depicted in Fig. 3.2. In a first step, the list of required integrals is compared with the list
of already reduced integrals to determine which integrals are actually unknown. The
next step is the reduction of the unknown integrals using FIRE, followed by converting
the output of FIRE to fill statements for FORM tablebases. Next, the new integrals are
appended to the list of known integrals and the fill statements are added to a file

Even after applying the optimization described here, all diagrams together require more than one Terabyte
of storage space.
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Required integrals

Unknown integrals

FORM
tablebase

Reduced
integrals

Reduction
output

AN

Reduction output converted to FORM

Figure 3.2: Bookkeeping system for tadpole reduction. Only the list of known integrals and their
reduction tables are stored in the end.

containing all of them. The final step is building a FORM tablebase from the generated
fill statements. Bookkeeping is done for each three- and four-loop tadpole integral
family independently, allowing us to speed up the computation by processing all families
in parallel. The largest table generated for the computaton at O(1/M}) contains more
than eleven million entries. During its generation a previously unknown bug in FORM
was uncovered and subsequently fixed. All MIs are known at sufficiently high orders in

€ [73-76].

MASSLESS THREE-POINT FUNCTIONS The massless three-point functions through
three loops are also reduced to MIs with FIRE. In total, three million three-loop three-
point integrals appear through O(1/M}) with, in contrast to the tadpole integrals, lower
denominator powers, but higher numerator powers. All master integrals are known, to
sufficiently high order in the e-expansion [93-97].

3.2 THE INFRARED STRUCTURE OF THE HIGGS BOSON—GLUON FORM FACTOR

The resulting expression for the form factor A (s, M7) still contains UV, as well as IR
singularities. We can remove the UV singularities by renormalizing the strong coupling
constant using Eq. (2.21), the top-quark mass using Eq. (2.22), as well as the external
gluon fields by multiplying the form factor with Z?S. Note that, Zg)s also contains finite
terms and we thus need higher-order terms in its € expansion. These terms have been
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computed in the course of the computations described in chapter 2 and we provide them
in Sec. C.3.

In the following we investigate the IR pole structure of the form factor. To this end we
discuss the expectation for the form of the IR poles in Sec. 3.2.1. Next, in Sec. 3.2.2 we
compare the expectation to our explicit calculation.

3.2.1  Expected infrared pole structure

In Quantum Electrodynamics (QED) the infrared pole structure is determined by the
emission of soft photons and can be obtained at higher-orders by exponentiating the
LO contribution [98]. For amplitudes in QCD the situation is more complicated, as
also collinear singularities appear and soft gluon emissions recieve higher-order loop
corrections [99, 100]. Still, in Refs. [101, 102] an all-order formula describing the IR
singularities of amplitudes in QCD was conjectured. In the following we briefly discuss
this conjecture and apply it to the Higgs boson—gluon form factor.

GENERAL STRUCTURE OF THE IR DIVERGENCES In Refs.[101, 102] the IR singularities
of an n-parton amplitude in QCD were related to the anomalous dimension matrix of
n-jet operators in soft-collinear effective theory and thus related to their UV singulari-
ties. Following [101, 102] we introduce a renormalization constant, which we call Zg,
subtracting all IR poles from an amplitude M:

M=ZgM. (3.1)

Here M is finite in the limit € — 0.
The key conjecture of [101, 102] is that the anomalous dimension I’, related to Zjr by

d
T({p} ) = =Zg (e, {p}, 1) @Zm (e.{rt.n) . (32)
is given by
T, -T; 2 nooo
T ({p}n) =) TJWC“SP In _LS +) 9. (3.3)

(i,f) ) i

Here {p} denotes the set of all parton momenta with s;; = 20;;p;p; +i0 and 0;; = 1 for
both momenta in- or outgoing and —1 for one ingoing and one outgoing momentum.
The (i,]) are all distinct pairs of partons, T; is the SU (N) colour generator for the
respective parton i, 7P is the cusp soft anomalous dimension and + is the collinear
anomalous dimension of parton i. In Refs. [101, 102] it is conjectured that Eq. (3.3) holds
to all loop orders and any number of external partons. For the case of two partons at
three loops Eq. (3.3) is proven to be valid.
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Specifying Eq. (3.3) to the case of the Higgs boson—gluon form factor yields

2
1388 (py, po, ) = —Cay™P lny + 298 (3-4)

The relation between I' and Zr in Eq. (3.2) can be inverted, resulting in

B % da ol (a) [~ da
Z = exp [‘ 0 B(we) <r("‘)+alny ﬁ(«xcaﬂ : G5)

thus exponentiating all IR singularities. Note, that B, (as,€) = B (a5) — 2eas where B (as)
denotes the regular four-dimensional QCD beta function.

EXPLICIT FORM OF THE INFRARED COUNTERTERM The expression for Zjr for the
Higgs boson—gluon form factor in the infinitely heavy top quark limit is explicitly given
in Ref. [95]. Taking the logarithm we obtain

cusp g
_ J
262 €
2
N “s(nl) 3CA,BO'YCUSP_L ﬁ CA'}’CUSP _|_ﬁ
A 8e3 &2 \ Po7 4 2e

3 -
N <a§”1)> NG 1 <5c ABoyF 2CA517C“SP>

2 g
3662 363 2 thmT 3

1 Cary ¥ 7
_ 8 2 12
3€2 (lBO,yl + 6 + ﬁ 70) 3¢ (36)

Here B, ')/ICHSP, 'yf are the (I —1)-loop terms of the QCD beta function, the cusp soft
anomalous dimension and the gluon collinear anomalous dimension, respectively. Both
anomalous dimensions are known up to three loops [102, 103]. They are given by

Yol =4,
Y = (228 - gnz) - %Onz ,
(o 2 <4§0_ %”2"’_:: v §3> + Cany <—82376—|—§(; 2 _ 1;2C3>
Con (_1;0 +32€3> ;? 2 (3.7)
and
’yg = —ECA + gle P

3 3
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CAI( e+ — 4+Cs>+CACF”1<— - 4—€3>
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269 10
2 2 T2 — —
Ceny + Canj < 1258 + 81 §3> CP . (3-8

While the highest pole of the I-loop contribution to log Z is of O(e~'~!) the highest
pole of Z is of O(e~%).

3.2.2  Comparison with the explicit calculation

In the following we normalize the form factor to 1 at leading order in a;

A (s, M?)

F— T\
AW (s, M?)

~1+40 (as) , (3.9)

where AW (s, M?) is the one-loop contribution to the Higgs boson—gluon form factor.
Note that we also expand A" (s, M?) in 1/M;. In the following F plays the role of M
in Sec. 3.2.

Taking the limit M; — co we observe that, as expected, the two-, three- and four-loop
contributions of F start at O(e~2), O(e~*) and O(e~?), respectively. This is in agreement
with the expectation in Sec. 3.2, as in the infinitely heavy mass limit all top-quark
contributions are encapsulated in Cy, and we thus deal with one-, two- and three-loop
effective diagrams. When taking the logarithm of F we find that the IR poles are indeed
given by Eq. (3.6).

The higher-order contributions in the LME of F at two-, three- and four-loop order
start at O(e?), O(e~2) and O(e*), respectively. As the discussion in Refs. [101, 102]
does only rely on the external particles present, these poles should be products of lower
order terms of F and Zpg in Eq. (3.1) and thus should not be present in log F. Taking the
logarithm indeed shows that the poles of log F are free from higher-order terms in the
LME and, as a consequence, in agreement with the conjecture of [101, 102].

3.3 RESULTS

Having discussed the calculational details and the infrared pole structure of the result,
we are now in the position to present analytic results for the top-quark-mass suppressed
terms of the Higgs boson—gluon form factor. Our result passes several checks. Through
three loops we agree with the results available in the literature [83, 84, 88]. Furthermore,
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we project on the two terms in Eq. (2.16) individually and find full agreement between
both results.

COMPARISON TO THE EFFECTIVE FIELD THEORY RESULT  As discussed in Sec. 2.2.1
the form factor is given by Eq. (2.17) in the EFT. In contrast to Sec. 2.2.1 however, we are
now interested in all contributions to A (s, Mtz) and thus we also need the higher-order
contributions A in the EFT through three loops. We can extract the contributions in the
EFT in terms of (xgnl) from [93, 95]. Here, the renormalization of O; is already included
and thus we only need to combine the results with the Wilson coefficient Cy through
four loops. Note that, as in the case of Z?S, we need to include higher-order € terms in

Ch. They can be found in Sec. C.1.

)

By replacing aﬁ”f ) = Ca 11x£"’ in the leading term in the LME we find agreement with

the EFT result. When expressed in terms of aﬁ”’ ), the dependence on the top-quark mass
is fully determined by logarithms of the renormalization scale over the top-quark mass
stemming from Cp.

In the following we present the analytic result for the finite part of log F in Sec. 3.3.1

and discuss the numerical impact of top-quark—-mass corrections in Sec. 3.3.2.

3.3.1  Analytic results

In the following we write
log F = log F|poles + log F‘ﬁnite ’ (3-10)

where log F |poles = —log Zr as given in Eq. (3.6). We provide the result for log F|gpnite
with the top-quark mass renormalized in the OS scheme, N. = 3 and p = M;. Note
that in order to convert from the MS renormalized mass to the OS renormalized mass,
higher-order € terms in the conversion relation are needed, which we take from Ref.
[104]. The finite part of log F is given by

(ny)
14
log Flinite = (;)
(m)\ 2
al 6793 201 143 5 33 9 ) 67
i Sty PNt ! o4 z ! _ 7
+< T ) [288 R R e S tH( 37" 8€2+8€3>+ *H< 16

+g€ g _49160591+1g+1€a+1909181€_il
g2 ) 1t TP 2488320 ' 30°% ' 90°%" " 110592 16 'H

W, 3, Bp 17, 358 5
4 1% gt 135 T 5oe800

L 2 _ 340842656767 857 - 857 - 267179777 - 1663 |
78033715200 ' 2520072 ' 75600°> " 70778880 °° ' 403200 '
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Here, p = m%{ / Mtz, lin = log (Mt2 / m%{) +im, {, is the Riemann Zeta function as
defined in Eq. (2.35) and a, = Li,(1/2). Note that a; = In2. Results for F and log F
expressed in terms of SU (N) colour factors and for arbitrary u can be found in the
ancillary files of [34].

3.3.2  Numerical impact of mass corrections

We are now in the position to discuss the numerical impact of the mass suppressed
terms of the Higgs boson—gluon form factor. Since, in contrast to the form factor itself,
only the finite part of log F contains mass suppressed terms, we discuss log F|pnite in the
following.

NUMERICAL INPUT QUANTITIES In the following we study the impact of the mass
suppressed terms for the top-quark mass renormalized in the OS scheme as well as
the MS scheme. Furthermore, we will investigate the size of the corrections for several
different renormalization scales. To this end, we use the program (C)RunDec version 3
[105] to convert the top-quark mass between Os and MS scheme, as well as to evaluate the
MS renormalized mass at different renormalization scales. For the numerical evaluation
of Eq. (3.11) we use the default values in (C)RunDec:

my = 125.09GeV, M, =17321GeV, oY (My)=0.1181, (3.12)

where My = 91.1876 GeV.
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In a first step, we compute (x£6) (M) employing the five-loop QCD beta function [52-

55] and the four-loop decoupling constant of the strong coupling [33, 47, 48]. With M;
and a§6) (M;) available, we can compute the scale-invariant top-quark mass using the

four-loop MS-Os relation [104]. As a result, we obtain
ol® (My) = 0107732, my (my) = 163.382 GeV . (3.13)

The scale-invariant top-quark mass, together with the five-loop quark mass anomalous
dimension [57-59], can be used to obtain m; at any renormalization scale y.

RENORMALIZATION SCALE DEPENDENCE: 05 SCHEME  First, we consider 1og F|ginte
with the top-quark mass renormalized in the OS scheme and y = M;. Through four
loops the real part of log F|finite is given by

()
Re (log F) osu=m, = (“sﬂ ) (11.0681]‘00 + 0.065677|p1 + 0.004261|pz>

(m)\
a0y
+< - ) (22.60251po+1.01519\p1+0.0654393\p2)

(m)\ 3
49
+< = ) (—73.0929ypo+7.6059yp1+0.694711|p2) . (3.14)

The expansion in p converges rapidly. While at two and three loops the O (p!) contri-
butions are less than 5% of the leading term, at four loops the O (p') contributions are
more than 10% of the leading term, indicating that the impact of higher-order corrections
in the LME of the form factor is larger for higher loop orders. However, even at four
loops, the O (pz) are less than 1% of the leading contribution.

For different values of the renormalization scale, the relative impact of the higher-order
corrections in the LME changes considerably. In Fig. 3.3 we show the dependence of the
four-loop contribution to log F|fnite, renormalized in the OS scheme, as a function of y
for the expansion through O(p°), O(p!) and O(p?) respectively. The relative size of the
higher-order p corrections rapidly increases for u > M; and decreases for smaller values
of y. However, even for the commonly chosen renormalization scale y = my/+/2 the
mass corrections do not become smaller than 3%. Below yu = 200 GeV, the relative size of
p?* contributions w.r.t. those of p! do not exceed 2.5% as can be seen in the lower panel
of Fig. 3.3. Thus the p! contribution has, depending on the chosen renormalization scale,
an impact of O(10%), the p? contribution stabilizies the convergence of the LME.

RENORMALIZATION SCALE DEPENDENCE: MS scHEME Taking y = m; (m;) and
using the MS renormalized top-quark mass we obtain

(1)

Xs

Re (log F) |M75,yz:m — ( —

) (11.1719| o0 — 0.017369) ;1 — 0.002407] pz>
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Figure 3.3: Four-loop contribution of the real part of log F|gnite renormalized in the OS scheme as
a function of . The impact of higher-order 1/M; corrections grows with increasing
#. The upper panel shows the four-loop contribution including different order in the
LME. In the lower panel, the ratios between the result including the p! term and the
leading order, as well as between the result including both, the p! and p? term and
the leading order are shown.

(m)\ 2
o
+< > ) (209760 + 0557998 1 +0.0312618] )

(m)\ 2
o
+ < 5'7_[ ) (—90.2709|p0 + 1.31135|p1 —|—O.158557\p2> . (3.15)

As in the Os case, the convergence of the p expansion is very good. At all considered loop
orders, the O (p?) are approximately an order of magnitude smaller than the O (p')
contributions. Contrary to the 0S case however, the four loop O (p') contributions
only amount to 1.5% of the leading order contribution, while the three-loop O (pl)
contributions amount to 2.6% of the leading term. In both cases, the LME of the imaginary
part of log F|gnite converges faster than the real part.

The case of log F|nite With the top-quark mass renormalized in the MS scheme is
shown in Fig. 3.4. Overall, the convergence of the LME is better than in the OS case
and more stable w.r.t. to changes of u. For my < p < 200 GeV the relative impact of
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Figure 3.4: Four-loop contribution of the real part of log F|gpite renormalized in the MS scheme
as a function of yu. The convergence of the LME is better than for the OS case.

the p! contribution does not exceed 4% w.r.t. to the leading term. Furthermore, the p?
contribution remains below 0.5% throughout the whole range.

0 DEPENDENCE: 0S SCHEME For the on-shell production of a single sM Higgs boson
the center-of-mass energy is /s = mpy, however there are processes where the Higgs
boson-gluon form factor enters at higher center-of-mass energies. Examples are:

* processes with an off-shell Higgs boson propagator, such as Higgs boson or Z-
boson pair-production,

¢ production of BSM scalar particles with masses larger than my;.

It is thus instructive to study up to which value in p our expansion shows a convergent
behaviour.

In Fig. 3.5 we fix y = M; and vary p. The value for on-shell Higgs boson production is
indicated by the vertical red line. Around ,/p = 0.5 the real part of log F | crosses zero
and thus the relative size of higher-order corrections in the LME diverges. For ,/p ~ 1.04
which corresponds to the threshold for Z-boson pair production, the relative size of
the p! contribution amounts to 12.5% and the p? contributions are as big as 2.5% w.r.t.
those of p'. Going to values such as \/p ~ 1.44, corresponding to the threshold for Higgs
boson pair production, increases the relative sizes to 15.5% and 4.5% respectively.
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Figure 3.5: Four-loop contribution of the real part of log F renormalized in the OS scheme with
4 = M; as a function of /p. The red line indicates the value for on-shell Higgs boson
production.

0 DEPENDENCE: MS SCHEME As in the case of the u-dependence, higher-order
corrections in the LME with the top-quark mass renormalized in the MS scheme are less
sensitive to variations of p than for the Os scheme. In Fig. 3.6 we show the four-loop
contribution to the real part of log F|gnite With y = m;. For ,/p ~ 1.1, corresponding to
the Z-Boson pair production threshold, the mass corrections are below 2% and 0.5%
respectively. At the Higgs boson pair production threshold, ,/p ~ 1.53, the corrections
grow to 3% and 1.5% respectively.

SUMMARY In summary, the LME of the Higgs boson—gluon form factor through
O(1/M?) is sufficiently precise for the describtion of on-shell Higgs boson production
in gluon fusion, as well as the decay of a Higgs boson into gluons. Even for applications
with an off-shell Higgs boson, such as Z-boson or Higgs boson pair production near
the production threshold, the O(1/M}) contributions are below 5% and thus the LME
shows a good convergence in the region where it is valid. Overall, the MS scheme for the
top-quark mass shows better convergence behaviour than the OS scheme.

Note, that our discussion is purely based on the logarithm of the form factor, which
by itself is not directly linked to physical observables. To assess the real impact of
higher-order terms in the LME, we would need to combine the form factor with real
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Figure 3.6: Four-loop contribution of the real part of log F|gpite renormalized in the MS scheme
with p = m; as a function of /p. The red line indicates the value for on-shell Higgs
boson production.

radiative corrections to the process under consideration. This however, is beyond the

scope of this work.
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THE HIGGS BOSON DECAY INTO PHOTONS AT FOUR LOOPS

In this chapter, we investigate a process which shares similarities with the Higgs boson-
gluon form factor, but can be directly linked to a physical quantity: the QCD correction
to the Higgs boson—photon form factor. Despite the small branching fraction of 0.23%
[40], the decay into photons played a crucial role in the discovery of the Higgs boson [1,
2]. Due to the excellent mass resolution, it is one of the most precise channels for Higgs
boson mass measurements, see e.g. [106].

THEORETICAL STATUS Numerical [107] and analytical NLO QCD [78, 8o, 108] are
available. NNLO QCD corrections have been computed in the LME in [109], where only
contributions with photons coupling to top-quark loops have been considered, and in
Ref. [110], where also the contributions with photons coupling to massless quark loops
have been taken into account. Recently, also numerical results with the full quark mass
dependence have become availabe [111].

Furthermore, NLO electroweak corrections are known in a combination of LME and
exact results [112, 113], as well as fully numerical [114, 115].

WHAT WE CAN LEARN AT N3LO While the NNLO QCD corrections are probably
sufficient for phenomenological applications, the N3LO corrections we present in the
following allow the assessment of the impact of top-quark mass suppressed terms at
N3LO for a physical quantity. In addition to the convergence of the LME it is instructive
to study the convergence of the perturbative series in «; itself. As the perturbative series
is expected to behave like an asymptotic series [116], higher order corrections should
start diverging starting from some order. Not many observables are known at N3LO or
higher, especially including finite quark mass effects. As a consequence investigating
the convergence of higher-order corrections to the Higgs boson decay into photons is of
interest in its on right.

In Sec. 4.1 we briefly describe the computation of the N3LO corrections and in Sec. 4.2
we discuss the results.

4.1 COMPUTATION OF THE FOUR-LOOP CORRECTIONS

The Higgs boson—photon form factor can be rewritten as

- - =€leSAl) (p1,p2)
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= ((e1-€)(p1-p2) — (e1-p2)(e2-p1)) A" (s) , (4.1)

in analogy to Eq. (2.16). The scalar form factor A77 (s) is directly related to the decay
rate I of the Higgs boson into photons

M3 2
Dhsy = I;;g AT (M) ] (4-2)

and, when only considering QCD corrections®’, can be decomposed into diagrams with
W-boson loops, as well as top-quark loops

AT = AN 4 AT (4-3)

Sample one-loop diagrams are shown in Fig. 4.1.

e T T

Figure 4.1: Leading order Feynman diagrams contributing to the Higgs boson-photon form
factor. External wavy lines represent photons, internal wavy lines W-bosons, solid
lines fermions and dashed lines Higgs bosons.

DIFFERENCES W.R.T. THE HIGGS BOSON—GLUON CASE The computation of the
four-loop corrections to the Higgs boson—photon form factor proceeds in the same way
as for the case of external gluons as described in Sec. 3.1.1. In general, the computation
is less involved than in the gluonic case, since photons do not directly couple to gluons
and thus fewer Feynman diagrams contribute to the form factor. Furthermore, at one-
and two-loop order, only fully hard subgraphs contribute. As a consequence, the form
factor is real through two loops.

ADDITIONAL QUARK LOOPS Starting from three loops also diagrams where the
photons do not couple to the same quark loop as the Higgs boson, such as the second
diagram in Fig. 4.2, appear. This second quark loop can be either a top-quark loop

AVAVAVA

VAVAVAV,

Figure 4.2: Three-loop diagrams contributing to the form factor. In the second diagram, the
quark loop coupling to the photons can be massless.

and thus massive, or a light quark loop. For the light quark case, we have to take into

1 Here we neglect the Yukawa couplings of all quarks except the top quark.
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account the differing electric charges of up- and down-type quarks. At three loops the
tirst diagram in Fig. 4.3 also appears, involving a top-quark loop with one photon and
the Higgs boson coupling to it and a second, possibly massless, quark loop to which
the second photon couples to. Diagrams of this type involve fermion loops with an odd

Figure 4.3: The two Feynman diagrams in the first line vanish due to Furry’s theorem. The
diagram in the second line leads to a non-vanishing contribution.

number of gauge bosons attached to it. Due to charge conservation, the sum of such
diagrams, involving at most two gluons, add up to zero according to Furry’s theorem
[117]. At four loops, diagrams with an even number of attached gauge bosons, such
as the one in the second line of Fig. 4.3, appear. These diagrams lead to a non-zero
contribution and, in case the second quark loop is massless, terms proportional to the
electric charge of the top quark multiplied by the sum of light quark charges. The second
diagram in the first line of Fig. 4.3 with each external particle coupling to a different
quark loop add up to zero following Furry’s theorem.

4.2 RESULTS

We are now in the position to discuss the results obtained for the Higgs boson—photon

form factor at four loops. To this end we decompose .A!7 into four different contributions:

AT = A (efA§ +ef AT+ Y AL +e ZqutDJ) : (4-4)
q q

Here e¢; = 2/3 is the electric charge of the top quark, e; are the charges of the light
quarks and the sum over g runs over all five massless quark flavours. The quark charges
sum up to

1
;eq =3 and ;eé =35 (4.5)
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The overall factor is given by

Al = —Nc\/ V2Gr, (4.6)

where N, = 3, « is the fine-structure constant and Gr is Fermi’s constant. Furthermore,
A! denotes the contributions where both photons couple to the same top-quark loop and
Al denote contributions where both photons couple to the same massless quark loop.
Finally the contributions arising at the four-loop level with only one photon coupling
to a different loop than the Higgs boson and the second photon, such as the one in the
second row of Fig. 4.3, are denoted as AtD’t/ L

4.2.1  Analytic results

CHECKS We perform several checks of the result. First, through three loops, we find
agreement with [109, 110]. At four loops, the leading terms of A! and AtD’t in the LME
are known [118] with which we find agreement. As in the case of the Higgs boson—gluon
form factor, we project on both terms of the tensor structure in Eq. (4.1) individually,
obtaining the same result. Finally, we explicitly check the cancellation of diagrams with
both photons and the Higgs boson coupling to different quark loops.

ANALYTIC RESULTS For the four terms in Eq. (4.4) we obtain

7
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Here the top-quark mass is renormalized in the OS scheme, y = M; and n; = 5. Note
that both AtD’t and AtD’l, contain l;y = log(M%/ m%{) + i and thus have an imaginary
part, whereas A" and A are real at four loops. The massless cut of the contributing
diagrams vanishes, since the only external scale involved in the box-type contribution is
an on-shell photon momentum.

4.2.2  Numerical results

In the following we discuss the impact of the N3LO corrections on I'j,_,,, as well as the

convergence of the LME at four loops. To this end, we expand I'j,_,,, in ocs("’ ) making use

of the fact that the one- and two-loop contributions are real:

M3 2 (x(”l)
Py — h(ng) 2% g

641 7T
“gn,) ’ ro\? Ty Y
R ( (‘At,NLO> +2A4[Re (At,NNLO> >

N
* <“£7(l)> <2‘AZKILOR€ (AZKINLO) +2A]Re (AZKBLO)) > . (g.11)

Here we only take QCD corrections to A7 into account. The exact expression for the LO
amplitude defined in Eq. (4.3) is taken from [110]. For the numerical evaluation we use
the values as in Eq. (3.12), as well as [40]

x=1/137.036, Gr =1.1663787 x 107> GeV~2, My = 80.379 GeV, (4.12)

where My is the W-Boson mass. For the Higgs boson decay rate into photons at N3LO
with the top-quark mass renormalized in the MS scheme and u = M), we obtain

Ty X 10° GeV = 9.11767 + 0.16423 + 0.00697 — 0.000199 = 9.28867 . (4.13)

Clearly, the N3LO corrections are too small to have any phenomenological impact. The
N3LO contribution can be decomposed into

iy INaLo X 10° GeV = 0.05608|n1oxnnto — 1.72666; + 1.27532,
+0.09738|, + 0.09914| , (4.14)

where the subscripts of the last four terms refer to the four terms in Eq. (4.4). It is worth
noting, that there is a large cancellation between the N3LO contribution to A! and all
other terms. Compared to the approximation in Ref. [118], where only contributions
where both photons couple to top quark loops are taken into account, our result for the
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four-loop corrections is an order of magnitude smaller. Adopting the Os scheme for the
top-quark mass leads to

T)iyy X 10° GeV = 9.12998 + 0.15635 + 0.00300 — 0.00107 = 9.2883 (4.15)

and

Tjyqy INsLO X 10° GeV = 0.01995|N10xnNNLO — 2.3858]¢ + 1.10544];
+0.0973| + 0.0989%4|; , (4.16)

showing the same convergence and cancellation patterns as for the top-quark mass
renormalized in the MS scheme.

For the top-quark mass renormalized in the MS scheme, the N3LO contribution to
I'4—-, shows a different convergence pattern as log F, w.r.t. higher-order terms in the p
expansion. The three terms contribute as

Ty INaLo X 10" GeV = —3.72262| 0 + 1.75822| ;1 — 0.02468| 2 (4.17)

and thus the next-to-leading term in the expansion is half as big as the leading one but
opposite in sign. However, as in the case of log F, the p? contribution is smaller than 1%,
signaling a good convergence.

As in the case of log F the convergence for the top-quark mass renormalized in the OS
scheme is not as good as when renormalized in the MS scheme. The N3LO contributions
renormalized in the OS scheme are given by

Ty INaLo X 10" GeV = 0.936] 0 — 10.004|,1 — 1.585] 2 . (4.18)

In this case, the p! contribution is an order of magnitude larger than the leading term
and has a different sign. The p? contribution is still 50% larger than the leading term. A
similar behaviour can be observed at NNLO, where the p? and the p! contributions are of
similar size and have an opposite sign w.r.t the p° term [110].

As a consequence, we would need to compute more terms in the p expansion to
have a stable prediction for the size of the N3LO contributions with the top-quark mass
renormalized in the OS scheme. The major bottleneck for computing more terms in the p
expansion is the tensor reduction. As the tensor rank of the involved tadpole integrals
increases with the expansion depth, we need to implement reduction routines for tensors
of rank ten to compute the p3 contribution. While this is, in principle, possible, for the
program of [92] to generate the relevant rules, we would need to split the tensors by the
number of equal loop-momenta. This means, we would derive separate rules for, e.g.,
tensors composed of ten equal loop momenta and tensors composed of five copies of
two different loop momenta, and so on, making it a rather daunting task.
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coNCLUSION The N3LO corrections to the Higgs decay into photons amount to
O(107°) times the LO contribution when the top-quark mass is renormalized in the MS
scheme and is more than an order of magnitude smaller than the NNLO corrections. Thus
there is no sign of divergence of the asymptotic series at N3LO. Individual contributions
amount to O(10~*) times the LO contribution, however they cancel largely against each
other. While the p! amounts to O(50%) of the p° term, the LME shows a good perturbative
behaviour and the p? term is clearly negligible.

With the top-quark mass renormalized in the OS scheme, the N3LO contributions
amount to O(10~*) times the LO contribution. As the p? contribution is larger than the
e contribution however, higher-order terms in the LME would be required for a stable
answer.

In both renormalization schemes, top-quark—-mass corrections seem to have a bigger
impact than for log F in the previous chapter. In both quantities however, the suppressed
mass terms have a larger impact in the Os scheme than in the MS scheme.

A final comment regarding possible IR divergences is in order. As the three-point
integrals entering A} contain soft singularities, one might expect them to not be finite.
On the other hand, since the external photons are not carrying colour charge Eq. (3.3)
implies that there are no IR divergences. Our explicit calculation shows that there are
indeed no IR divergences.



Part 11

HIGGS BOSON PAIR PRODUCTION

A prime objective of the HL-LHC and also of future hadron colliders is the
study of Higgs boson pair production. This process enables a direct measure-
ment of the trilinear Higgs boson self-coupling and thus a direct probe of
electroweak symmetry breaking.

The dominant channel for the production of a pair of Higgs bosons is gluon
fusion and thus, as in the case of single Higgs boson production, higher
order QCD corrections are necessary to make reliable predictions and unveil
possible deviations from the SM expectations.

To this end, we compute the inclusive Higgs boson pair-production cross-
section at NNLO in the LME, improving upon existing results in the literature.
In particular, we compute the real radiative contributions beyond the limit of
an infinitely heavy top quark using the method of reverse unitarity.






APPLYING MULTI-LOOP TECHNIQUES TO PHASE SPACE
INTEGRALS

To obtain the fully inclusive hadronic cross-section for pp — HH + X we need to
compute the individual inclusive partonic cross-sections for the different initial states
contributing at NNLO in QCD. The various contributions at NNLO can be split into the
following subsets:

¢ Double-virtual corrections: three-loop amplitudes contributing to the partonic
process g¢ — HH. They are known at O(1/M?) in the LME [88].

¢ Real-virtual corrections: two-loop amplitudes contributing to the partonic processes
g9 — gHH, q¢ — qHH and q9 — gHH. Example diagrams are shown in the first
row of Fig. 5.1.

¢ Double-real corrections: one-loop amplitudes contributing to the partonic processes
88 — g¢HH, g¢ — qqHH, 9¢ — qgHH, 99 — g¢HH, qq4 — qqHH, 99 — qqHH
and qq" — g9’ HH. Example diagrams are shown in the second and third row of
Fig. 5.1.

The real-virtual corrections can further be split into contributions with both Higgs bosons
coupling to different top-quark loops and contributions with both Higgs bosons coupling
to the same loop. We discuss the former set of corrections in chapter 6 and the remaining
real-virtual, as well as all double-real contributions, in chapter 7.

GoAL The goal of this chapter is to discuss the application of techniques developed
for multi-loop integrals to phase-space integrals, arising in the computation of the
contributions of the real-virtual and double-real amplitudes to the total cross-section.
In the following we employ the EFT introduced in Chap. 2, as the mass-suppressed
terms in the LME, which are discussed in chapters 6 and 7, only change the numerator
structure of the involved integrals which does not matter for the present discussion.
Furthermore, we focus on the two-gluon initial state, since it exhibits all relevant features.

THE INCLUSIVE CROSS-SECTION  The inclusive partonic cross-section for the two-
gluon initial state can be written as

1 2 1 2
Uge—+HH+X :?S/dPSZ ‘Agg%HH’ + ?S/dPSS ‘AggHHHg‘

1
+?S Z /dPS4 ’AggﬂHHxlz , (5.1)
x¥=88.49
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----  ———000000>

Figure 5.1: Sample diagrams of real-virtual and double-real corrections. The last diagram in
the first row belongs to the subset discussed in chapter 6. All others are discussed in
chapter 7.

where averaging over the initial state gluon polarization and colours as well as summa-
tion over the final state particle polarization and colours is implied. The D-dimensional
phase-space integration measures are given by

1 i+2
dps; = (2m)" I—! WTE}'(S( (611 +42— Z Pk) : (5.2)
]:

Here, g1 and g, are the momenta of the ingoing gluons with g7 = 0 and 2g1 - 2 = s, p3
and py are the momenta of the Higgs bosons with p3 /= m?2,, while the other p; are

massless. The D-dimensional delta function 6(P) ensures total energy and momentum
conservation. The (D — 1)-dimensional integrations are over the spatial components of
the four vectors.

By rewriting

1 1
2F; /dm,om:"]-‘S (Pio — Ej) = /d”f?‘)e (Pio) @ (#7 = 1)

= [ dpjodt (p - m2) (5.3)

Eq. (5.2) becomes

i+2

s
dPs; = (277)1 )P [T (dDPj) 5t (PJZ - m;) 5P) (fh +q2- ), Pk) , (5-4)

k=3
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where my = ms = 0. Thus we are left with the evaluation of i-fold D-dimensional
integrals of the squared amplitudes. These integrals seem to have a completely different
structure than the loop integrals arising in the previous chapter. In Sec. 5.1 we, however,
show that they can be treated using similar methods and in Sec. 5.2 we introduce a
program capable of simplifying calculations involving phase-space integrals.

5.1 COMPUTING PHASE SPACE INTEGRALS BY REVERSE UNITARITY

To apply the tools developed in the context of loop integrals to the problem at hand, we
need to relate Eq. (5.4) to a form in which methods like IBP reduction can be directly
applied. An example of such a relation is the optical theorem, relating the total inclusive
cross-section of two particles with momenta p; to the imaginary part of the forward-
scattering amplitude of the two particles:

1
Wmm%X::ghn(Amm%mm)' (5.5)

Thus the sum of all phase-space integrals arising in the computation of ¢}, ;,.x can be
rewritten as the imaginary part of a loop integral.

REVERSE UNITARITY Since we are only interested in contributions coming from the
production of a pair of Higgs bosons and massless partons, we need a way to select these
contributions. To this end, we follow the so-called method of reverse unitarity introduced
in the context of the production of a single Higgs boson at NNLO [119]. First, we perform
one of the phase-space integrations and resolve the energy-momentum conserving delta
function:

(1—m)D+n T (4D L)
dPS; = (2m) I (d pj> 5+ (p]- - m]->
=3
it \?2
x6(+) (lh +a2— ) Pk) — i, | (5.6)
k=3

In the next step, we replace each remaining delta function by a cut propagator

I
pr—m?+i0  p>—m?2—i0  [p?—m?], "

2is™) (p* — m?) — (5.7)
For the application of methods based on IBP relations, these can be treated as regular
propagators with one exception. In case the power of a cut propagator becomes zero
or negative, the integral vanishes and we can discard it. Powers greater than one are
treated as in the case of regular loop integrals, however in this case we can not directly
apply Eq. (5.7) to re-write them as phase-space integrals again. As a consequence, we
choose our MIs to not have cut propagators raised to higher powers.
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APPLICATION TO HIGGS BOSON PAIR-PRODUCTION The method thus turns phase-

space integrals for # final states into (n — 1)-loop integrals. The procedure is illustrated
in the following example:

Example 4 (NLO real radiation correction to gg — HH)

Let us consider the following contribution to }Agg_> HHg‘Z:

N

The phase-space integral for this contribution is, after integrating over the final-state gluon
momentum, given by

— 2 [ 4P, 40, S P = ) 0T (4 = ) &) (%)
(91— p3 — pa)

where the numerator structures have been omitted and ps = q1 + q2 — p3 — pa. Applying
Eq. (5.7) leads to

2
- ‘Agg%HHg‘z :

2

-],

dPpsdPpy (271)° 2P [..]
[(72 = m3)] (P8 = md)]. [0+ 02— ps = pa)?] (@1 = ps —pa)’

where the blue dashed line denotes the cut. The resulting integral can be treated as a normal
loop integral and reduced to master integrals.

As a consequence of Eq. (5.7), Eq. (5.1) turns into

where Disc denotes the discontinuity associated with the two Higgs boson threshold,
indicating that exactly two cut Higgs bosons and possibly cut massless parton progators

are present. Example diagrams contributing to Disc (Agg—gg) in the EFT are shown in
Fig. 5.2.
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Figure 5.2: Forward-scattering diagrams for g, gy +x. The first row contains LO, the second
row NLO and the other rows NNLO diagrams. Some diagrams have multiple possible
cuts.

GENERATING DIAGRAMS To generate and evaluate the diagrams contributing to
Ugq—+HH+Xx We can now resort to the tools used in the previous chapters. We generate
all diagrams contributing to the relevant forward-scattering amplitude using QGRAF [61]
and select only those diagrams with a valid cut, following the algorithm presented in
Ref. [120, 121]. In the next step we use g2e to insert Feynman rules and use exp [62, 63]
to map onto integral families. Since exp can not handle forward-scattering kinematics,
we need to define proper four-point integral families with three independent external
momenta, 41, 42 and g3. Then, we use FORM [64] to perform algebraic manipulations
and identify the momentum g3 with —g,. Thus, we turn the four-point families into
forward-scattering families. However, before performing an IBP reduction and evaluating
the Mis, we first need to resolve two issues arising in the context of reverse unitarity:
linearly dependent propagators and the minimization of integral families. These two
topics are discussed in Sec. 5.1.1 and Sec. 5.1.2.

5.1.1  Linear dependence among propagators

As a result of applying the method of reverse unitarity, many of the forward-scattering
Feynman integral families contain linearly dependent denominators. Since, in the context
of IBP reduction, it is crucial to have a linearly independent set of denominators to
uniquely express scalar products between loop momenta and external momenta, we
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thus have to find and eliminate such linear dependencies by partial fractioning. The
procedures described in this section are loosely based on the methods discussed in
Ref. [121].

FINDING LINEAR DEPENDENCIES To this end, we start with a four point integral
family used by exp and set g3 = —¢» in the definition of its propagators and irreducible
scalar products *. In the following we choose all irreducible scalar products to be of the
same form as propagators, i.e. to be squared linear combinations of momenta, and refer
to them as numerators. Next, we derive a n X m dimensional matrix Ms,, relating the
vector of denominators D = (Dj, ..., D,y) with the vector containing all m possible scalar
products § = (I; - I;,I; - q;) by:

D= Msps + O (mp,s) , (5.9)

where terms involving the Higgs boson mass or s are neglected. The terms of O (my;,s)
can be easily reconstructed, as briefly discussed at the end of example 5.

If Rank (Msp) = r < n, then there are n — r independent linear relations among the D,;.
To find these relations, we construct the augmented matrix Ngp = (Msp|Lyx,) allowing
us to write Eq. (5.9) as

0 = Ngp (;) . (5.10)

By performing Gaussian elimination on Ny, we cast it into upper reduced row echelon
form. As a consequence, its last n — r rows only contain entries for the denominators,
thus revealing linear relations among them up to terms involving s and mp, which can
be easily restored.

An explicit example is given in the following:

Example 5 (Linear dependence at NLO)

Let us consider the following contribution to \Agg_> HHg \2:

2Re< e x < J/> > C }AggaHHg‘Z :

Using the method of reverse unitarity, the phase-space integral can be written as

N ¥ 3-2D
Jarsare( Y () ) - iR .-

The six propagators appearing in the integral are given by

Di=p5—my, Dy=pi—mi, Ds=(q1+q2—ps—ps)?,

1 Note, that the described procedure also works for incomplete sets of denominators.
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Dy=(q1—ps—pa)*, Ds=(q2—ps—ps)*, De=(ps+ps)?—my

and are not linearly independent.
The matrix relating the denominators and scalar products is given by

100 0 O 0 O
010 0 O O O
B— 112 -2 -2 -2 =2 s ,
112 -2 -2 0 0
112 0 0 -2 =2
112 0 0 0 O

where s = (p3, p3, P3 - Pa, P3 41, P4 - 1, P3 - G2, Pa - G2) . Its rank is 5 and thus we have one
linear relation among the D;.

To find it, we construct Nsp = (Msp|lgxe) and perform Gaussian elimination. The last row
of the manipulated Nqp yields

0=D3— Dy — D5+ Dg .
Setting
x=D3—D4g— D5+ Dg .

and inserting the definitions of the D; gives x = s — m?,.

ELIMINATING LINEAR DEPENDENCIES In the next step, we need to eliminate the
linear dependencies. They are of the form

i€l
where the ¢; are rational numbers and x is either 0 or a linear combination of s and m%{
The set I denotes the indices involved in the linear relation. We have to consider two
distinct cases: x = 0 and x # 0.
In the case that x # 0 we can divide both sides of Eq. (5.11) by x and all the D;. We
thus arrive at the partial fractioning relation
1 1 Ci

_ =) . (5.12)

[Tt Di x ; [Tjen\(iy Dj
By employing Eq. (5.12) we can express every integral involving all denominators present
in the linear relation as a sum of integrals with one denominator fewer. In case a linear
relation involves one or more cut denominators, one or more of the integrals resulting
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from applying the partial fractioning relation will vanish. In the following we continue
the previous example by employing this method.

Example 6 (Linear dependence at NLO, continued)

The linear relation among denominators in the previous example is given by
s —m% = D3 — Dy — D5+ Dg .

Hence, we can divide by all denominators and obtain

1 1 1 1 1 1
D3D4D5D6 - S — m%{ <D4D5D6 B D3D5D6 B D3D4D6 + D3D4D5) ’

Representing the integrals involved in a pictorial way, this equation becomes

R = - -
= - N
Ty o= ¥-- L -
-

N n ’

— = ’

v /7 .
- LY < T~
. > -

Note that the momentum qy enters all diagrams through the lower-left line and leaves it
through the upper-right one. The first diagram on the right-hand side can be discarded, since it
does not have a valid cut. The other three diagrams only have linearly independent propagators.

The case x = 0 requires more care. In this case Eq. (5.11) can be re-written as
0= Z #D ’ (5.13)
ict Ljeniy Pj
showing that, in contrast to the case of x # 0, there is no unique way of eliminating the
linear dependence. A choice has to be taken of which combination of denominators to
eliminate.
The implementation in a program of the described procedure and its applications are

discussed in Sec. 5.2.
5.1.2  Minimization of integral families

As a result of partial fractioning, we are left with a large set of possibly equivalent,
incomplete integral families. We thus introduce additional propagators appearing only
as numerators to complete each family. Furthermore, it is advantageous to minimize the
set of families to a minimal set before performing IBP reduction and other manipulations.
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FINDING EQUIVALENT FAMILIES To identify equivalent integral families, we follow
the method outlined in Ref. [120] with minor modifications. First we compute the two
graph polynomials U and F for the top-level sector of each family. In the next step,
we form the Lee-Pomeransky Polynomial G = F + U [122] and canonically order the
variables by employing the algorithm described in Ref. [120]. Next, we compare the
canonically ordered polynomials G of all families and search for identical ones. Thus,
we are left with sets of identical integral families.

Finally, we identify shifts of the loop momenta to map all members of a set of identical
families onto one representative family. Le. for the loop momenta [; of an n-loop family
we need to find a shift

_ n 2
= 2 Cijlj + Z dijq]‘ (5.14)
j=1 j=1

such that all denominators match a denominator of the representative family. The c;; and
di]- can, in principle, be arbitrary rational numbers. In the cases considered in this work,
they are either 1, —1 or 0. This task is simplified by the presence of cut denominator
factors which drastically reduce the possible momentum shifts, since each cut denomi-
nator has to map onto another cut denominator. Massive factors furthermore need to
map onto massive factors. Thus, we first constrain the c;; and d;; by demanding that
denominators which are both cut and massive map onto cut and massive denominators.
Then we further constrain them by demanding massless cut denominators mapping
onto massless cut denominators, followed by uncut massive denominators mapping
onto uncut massive ones. Finally, if some freedom remains, we deal with massless uncut
denominators. Once all momenta have been fixed, the remaining factors are checked for
compatibility of the transformation.

EXTERNAL MOMENTUM SYMMETRIES Not all families with the same canonically
ordered polynomials can be mapped onto each other by this procedure, however. The
reason for this is symmetry transformations of the external momenta, i.e. transformations
which leave all kinematic invariants appearing in the problem unchanged. In the case at
hand, the only invariant is s = 2¢; - q» and thus transformations such as

(71,92) = (=q1,—92) ,  (91,92) = (q2,91) ,  (91,92) — (—q2, —q1) (5.15)

leave s unchanged. Thus, we can find a valid mapping by first applying a symmetry
transformation of the external momenta followed by the search for a loop momentum
shift.

Example 7 (Minimization at NLO)

One such example is given by the second and the third family on the right-hand side of the
partial fractioning relation of the previous example. Neglecting numerators, their denominators
are given by

Dy =p3—my, Dy =pi—my, D3 = (q14q2— p3s— pa)”,
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Dy = (91— ps—ps)*, Ds = (p3+ ps)* — myy

Dy=p3—mi, Dy =3 —miy, Ds = (q1+492— Ps — pa)?,

Dy = (g2~ Ps—Pa)*, Ds = (P3 + Pa)* — m; .

Here the D; belong to the first and the D; to the second family. The denominators with
i € {1,2,3} are cut. The requirement of the cut, massive denominators being equal fixes all d;;

to vanish. Combining this with the requirement for the massless, cut denominator leaves two
solutions:

1. ﬁg = p3 and ﬁ4 = P4
2. p3 = paand ps = p3

Both solutions are compatible with Ds = Ds but do not lead to Dy = Dy. This situation
is resolved by first applying the transformation (q1,q2) — (q2,q1) to the D;. This leads to
Dy = (q1 — P3 — pa)? while all other denominator factors remain the same. Thus, both possible
solutions for the p; are valid shifts in this case and we can pick either of them.

Having identified a valid momentum shift for a family, we now can re-write all
numerators. First we apply the relevant symmetry transformation, as well as momentum
shift to them and then re-express the terms as linear combination of denominators and
numerators of the representative family.

As a result of the above procedure, we arrive at a small set of integral families.
However, this might not yet be a minimal set. It is possible that some families have more
numerators than others, as a consequence of the involved linear relations. In this case,
these families might be embeddable into the families with fewer numerators. To this end,
try to identify the top-level sector of families with more numerators with subsectors of
families with a lower amount of numerators. Thus we can find mappings to identify
families with subsectors of other families.

As in the case of finding linear relations and partial fractioning, this procedure has
been implemented in the program described in Sec. 5.2.

5.2 LIMIT

In this section we discuss the implementation of the methods discussed in Sec. 5.1 in the
Mathematica package LIMIT (Linearly Independent and MInimal Toplogies). First, we
briefly describe its structure in Sec. 5.2.1, followed by an in-depth example focusing on
Higgs boson pair production in Sec. 5.2.2. We conclude by presenting applications of
LIMIT to different problems.
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5.2.1  Structure of the program

The program package is divided into two independent modules. The first deals with
partial fraction decomposition and the second with the minimization of families.

PARTIAL FRACTION DECOMPOSITION The first module is centered around the
function ProcessTopology which performs all operations described in Sec. 5.1.1 in an
automated manner.

INPUT It takes the following eight arguments:
1. orig: list of denominators of the original family.
2. name: name of the original family, used in the code generation only.

3. cut: list of cuts that should be taken into account. Each of them has to be a list
with the same length as orig, where a 0 indicates an uncut propagator and a1 a
cut one.

4. int: list of internal (loop) momenta.

5. ext: list of external momenta.

6. mass: list of masses of internal lines.

7. kinrep: list of replacements for products of external momenta.

8. numerators: list of numbers indicating denominators only appearing as numerators.
Each entry is a position of a denominator in the orig list.

wWORKFLOW  To find the linear relations, the function ProcessTopology now performs
the following steps:

1. Form all possible scalar products between momenta in int and ext.
2. Compute Msp using the propagators in orig following Eq. (5.9).

3. Following Eq. (5.10) construct Nsp and apply the built-in Mathematica function
RowReduce, resulting in linear relations among denominators.

4. Restore the masses and external invariants involved in the linear relations.

Instead of directly eliminating linear dependencies by deriving partial fractioning
relations of the form Eq. (5.12), two more intermediate steps are applied first:

5. Pick all linear relations which involve at least one numerator and solve them for
one of those numerators.
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6. Select linear relations relating exactly two denominators and no masses or external
invariants. These directly map one denominator onto another one.

These two steps reduce the set of linear relations for which partial fractioning relations
of the form Eq. (5.12) need to be derived. In both steps FORM code is generated that
applies the relations found in each step to scalar integrals of the form name(n1,...,nx)
where x is the number of elements of orig and the nx are the powers of the individual
denominators in orig.

Finally, for one of the remaining linear relations the partial fractioning relation, as
well as replacement rules for cases where some of the denominators arise with negative
powers, are derived and FORM code is generated. The way denominators with negative
powers are treated is based on [120, 121]. In the case of x = 0 discussed in Sec. 5.1.1, solve
the linear relation to eliminate cut propagators if possible, as this reduces the number
of generated terms. If none of the involved propagators is cut, we simply eliminate the
lexicographically highest propagator.

Since only one of the remaining linear relations is eliminated, the resulting families
might still be linearly dependent. Instead of also eliminating these linear dependen-
cies in the same step the output of ProcessTopology might need to be processed by
ProcessTopology again. While this requires several calls of ProcessTopology on the
user side, it keeps the involved Mathematica code simple and the generated FORM code
transparent, due to its iterative nature.

ouTpuUT The output of ProcessTopology is a list with the following entries:

1. names: list of names of the resulting families, based on the original name of the
input family.

2. props: list of denominators of the resulting families.
cuts: list of cuts of the resulting families.
numerators: list of numerators of the resulting families.

form: FORM code string with all replacement rules.

SRR L

done: 0 in case one ore more of the resulting families is still linearly dependent, 1
otherwise.

Both cuts and numerators are in the same format as for the input.

After performing partial fractioning the function DeleteZeroTopos can discard all
families from the returned list which do not possess a valid cut. To this end, the output
of ProcessTopology as well as the input cut are passed to DeleteZeroTopos, which then
checks if the cuts of the output families contain the same number of cut line as the input
ones. In case none of the cuts agree with the input cut, the family is discarded and a
FORM statement which nullifies the family is appended to the code string.

As an example consider the family of example 6:
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Example 8 (Application of LIMIT I)

To demonstrate the partial fractioning module of LIMIT we take the integral family defined by
the denominators in example 6 as an input and add three more numerators

D7 = (91— p3)*, Ds = (q2— ps)*, Do = (2 — p3)* .
To perform partial fractioning we load LIMIT and define the input as

Get["LIMIT.m"];

props = {p372 - mh2, p4”2 - mh2, (9l + g2 - p3 - p4)"2,
(ql - p3 - p4)"2, (92 - p3 - p4)"2, (p3 + p4)"2 - mh2,
(ql - p3)°2, (92 - p4)"2, (g2 - p3)"2};

cuts= {{1, 1, 1, 0, 0, 0, 0, 0, 0}};

nums = {7, 8, 9};

loopmom = {p3, p4};

externalmom = {ql, q2};

masses = {mh2};

kinrep = {q1™2 -> 0, g2"2 -> 0, ql*q2 -> s/2};

Here, mh2 is m%{ Finally we call ProcessTopology by

ret = ProcessTopology[props, "examplefam", cutorig,
loopmom, externalmom, masses, kinrep, nums];

LIMIT finds two linear relations:

0=s4+D14+Dy—D3+ Dyg+2D5—2Dg — Dg — Dy,
0=s5—m% — D3+ Dy+ Ds— D .

The first relation involves two numerators and thus is solved to generate the replacement rule
D9 — s+ D1+ Dy — D3+ Dy +2Ds —2Dg — Dg .
The FORM code generated in this case reads

repeat id

examplefam(nl?,n2?,n3?,n4?,n57,n67,n7?,n8?,n97?neg_)
(-1)*(examplefam(nl,n2,n3-1,n4,n5,n6,n7,n8,n9+1)) +
(-1)*(examplefam(nl,n2,n3,n4,n5,n6,n7,n8-1,n9+1)) +
(2)*(examplefam(nl,n2,n3,n4,n5-1,n6,n7,n8,n9+1)) +
(-2)*(examplefam(nl,n2,n3,n4,n5,n6-1,n7,n8,n9+1)) +
examplefam(nl-1,n2,n3,n4,n5,n6,n7,n8,n9+1) +
examplefam(nl,n2-1,n3,n4,n5,n6,n7,n8,n9+1) +
examplefam(nl,n2,n3,n4-1,n5,n6,n7,n8,n9+1) +
(s)*(examplefam(nl,n2,n3,n4,n5,n6,n7,n8,n9+1));
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In the next step the second relation is transformed to partial fraction integrals involving the
denominators D3 through Dg by

repeat id

examplefamno0(nl?,n2?,n3?pos_,n4?pos_,n5?pos_,n6?pos_,n7?,n87) =
(-Den(mh2 - s)xexamplefamno®(nl,n2,n3-1,n4,n5,n6,n7,n8)) +
(Den(mh2 - s)*xexamplefamno®(nl,n2,n3,n4-1,n5,n6,n7,n8)) +
(Den(mh2 - s)xexamplefamno@(nl,n2,n3,n4,n5-1,n6,n7,n8)) +
(-Den(mh2 - s)xexamplefamno@(nl,n2,n3,n4,n5,n6-1,n7,n8));

id examplefamno®(nl?,n2?,0,n4?,n5?,n67,n77,n87?)
examplefamno@Opl(nl,n2,0,n4,n5,n6,n7,n8);

id examplefamno0(nl?,n2?,n37,0,n5?,n67,n77,n87?)
examplefamno0p2(nl,n2,n3,0,n5,n6,n7,n8);

id examplefamno®(nl?,n2?,n37?,n4?7,0,n67,n7?7,n87)
examplefamno0p3(nl,n2,n3,n4,0,n6,n7,n8);

id examplefamno®0(nl?,n2?,n3?,n4?,n57,0,n77,n87)
examplefamno0p4(nl,n2,n3,n4,n5,0,n7,n8);

Thus we are left with the four families shown in example 6.

MINIMIZATION The second module uses the Mathematica package LiteRed [71, 72]
to perform the minimization of the integral families.

GENERATING INPUT FOR LITERED To this end, the function GenerateLiteRedData
generates all information relevant to find mappings between families with LiteRed. Its
arguments are
1. fam: list with the following four entries:
a) name: string with the name of the family.

b) propagators: list of propagators in LiteRed format, i.e. with scalar products
denoted by sp.

c) cut: list of cut propagators. Note that in contrast to the partial fractioning,
LiteRed can only handle one cut per family.

d) numerators: list of positions of numerators in Propagators.
2. loopmonms: list of loop momenta.
3. dir: string with the directory name to hold all files.

4. sym: external momenta symmetries. If omitted, built-in LiteRed routines are used
to search for them instead.
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FINDING EQUIVALENT FAMILIES After calling GeneratelLiteRedData for all families
under consideration, the function GroupTopologiesBySignature can compute the canon-
ically ordered Lee-Pomeransky polynomial G for the top-level sectors and group the fam-
ilies by them. The input should be a list of all fam lists passed to GenerateLiteRedData.
Its output takes the form

{{signature, topsectors,numerators}, ...}

where signature is an internal identifier for the polynomial G of each set of equivalent
families, topsectors is a list containing the top-level sector of each family in the group
in LiteRed notation and numerators is the number of numerators.

MAPPING EQUIVALENT FAMILIES Based on this output, the function MapTopoGroups
takes a group of equivalent families and calls the LiteRed function FindExtSymmetries to
map all families onto one representative family. The second argument of MapTopoGroups
is a list of symmetry relations between external momenta, such as the ones in Eq. (5.15).
Its output takes the form

{{signature,NameOfFirstEntry, NumberOfNumerators},
{signature,UnmappedFamilies, NumberOfNumerators}}

and an example is shown in example 9. Here NameOfFirstEntry is the name of the repre-
sentative family, NumberOfNumerators is the number of numerators and UnmappedFamilies
is a list of all families which have the same signature as the representative family, but

could not be mapped onto it by FindExtSymmetries. There are two possible reasons for

UnmappedFamilies not being an empty list. Firstly, in most cases, a external momentum

symmetry is missing. The second problem might arise when dealing with cut propaga-
tors. In this case safety measures in FindExtSymmetries are active, such that no possibly

wrong mappings are done. This also excludes some correct mappings and thus some

families might remain unmapped. In this case, MapTopoGroups can be called again, with

the families in UnmappedFamilies as an input.

EMBEDDING FAMILIES Should we only deal with families with the same number of
numerators, we could now generate FORM code for all mappings. In the case that there
are some families with more numerators than others, we can try to embed them into the
families with fewer numerators. To this end, we group the representative families for
each signature by the number of numerators by calling SortMappedTopos with the list of
all mapped groups as input. The output takes the form

{{NumberOfNumerators,Names}, ...}

where Names is the list of names of the representative families with the same number of
numerators. The output now can be passed to EmbedMappedTopos which tries to embed
the families with more numerators into the ones with fewer numerators.
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GENERATING CODE Finally, after mapping all families onto a minimal set, FORM code
applying all mappings can be generated. For this purpose we provide several functions
converting LiteRed rules to FORM identification statements, each of them returning a
string for including the generated files:

® ReturnZeroFORM[fams_,dir_]: writes out rules for nullifying vanishing integrals

in the families fams into the directory dir.

ReturnSymFORM[fams_, dir_, dirzero_]: writes out rules for mapping integrals
in equivalent sectors in each of the families in fams to minimize the number of
integrals before mapping. dir is the ouput directory and dirzero is the directory
where the rules generated by ReturnZeroFORM can be found.

ReturnMappingFORM[group_, dir_]: writes out rules for mapping integrals from
families with the same signature into a representative family. group should be
an output group of MapTopoGroups and dir is the directory to hold the FORM
statements.

ReturnSymandEmbedFORM[embeddedfams_, dir_, dirsym_, dirzero_]: writes out
rules for symmetrizing and embedding the representative families with more nu-
merators into families with fewer numerators. The rules generated by ReturnSymFORM
and ReturnZeroFORM need to be in dirsym and dirzero, respectively.

In the following we display the use of the minimization module on the example of the
families resulting from example 8

Example 9 (Application of LIMIT II)

In the first step, we load LIMIT which subsequently loads LiteRed and define the momenta
and variables appearing in the problem:

Get["LIMIT.m"];

SetDim[d];

Declare[{p3, p4, ql, g2}, Vector, {s, mh2}, Number];
splql, ql] = 0;

splg2, q2]
splal, q2]

0;
s/2;

In the next step, we define two further integral families which do not appear in example 8:

{{"T1", {splp3, p31, splp4, p4l, splp3 + ql, p3 + ql],

splp4 + ql, p4 + ql], -mh2 + sp[p3 + ql + g2, p3 + gl + 2],
-mh2 + sp[p4 + ql + g2, p4 + ql + q2],
-mh2 + sp[p3 - p4, p3 - p4l},

{OI 1’ 0’ 0! 1! 0! 1}! {}}I
{"L2", {splp3 + ql, p3 + qll],
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sp[p4 + ql, p4 + ql], -mh2 + sp[p4 + ql + g2, p4 + ql + q21,
splp4 + g2, p4 + q21, sp[p3 + g2, p3 + q2],

sp[p3, p3], -mh2 + sp[p3 - p4, p3 - p4l},

{0, 0, 1, 0, 0, 1, 1}, {}}}

They can be depicted as

' '
Sk i S S e o i i e
] / ] I / I
| |
| / | |

- -

where solid lines are massive with mass my and dashed lines are massless. The momentum
q1 enters and leaves via the lines with the arrows. In the next step we add the new and old
families together in one list fams and run all necessary LiteRed commands by

GeneratelLiteRedDatal[#, {p3, p4}, "LR"] & /@ fams;
Now, we compute the signatures of each family and group them:
uniquefams = GroupTopologiesBySignature[fams];

The result is stored in uniquefams and given by

{{20216085449316752538415658696276286202,
{js[T1, 1, 1, 1, 1, 1, 1, 11}, 0},
{118632354605253600004828853610037442495,
{js[L2, 1, 1, 1, 1, 1, 1, 1]}, o},
{297847790944173985318275321513850848248,
{js[examplefamnoOp2n006, 1, 1, 1, 1, 1, 0, 0],

js[examplefamno0p3no0®, 1, 1, 1, 1, 1, 0, 01}, 2},

{224975629750526536673378408099951220967,
{js[examplefamnoOp4no0®, 1, 1, 1, 1, 1, 0, 01}, 2}}

showing that two of the three non-vanishing families of example 8 are actually equivalent. They
can be mapped onto each other by

mappedfams =

MapTopoGroups[#, {{ql -> ql, 92 -> g2}, {ql -> g2, g2 -> ql},
{ql -> -q1, q2 -> -q2}, {ql -> -q2, q2 -> -q1}}] &
/@ uniquefams;

Here the list containing the external momentum mappings contains all symmetries of Eq. (5.15).
As a result, examplefamnoOp3no0 is mapped onto examplefamnoOp2no0. In the next step,
we discard the empty information about unmapped families:
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cleanedfams = First[Drop[Transpose[mappedfams], -111;
The output is given by

{{20216085449316752538415658696276286202, T1, 0},
{118632354605253600004828853610037442495, L2, 0},
{297847790944173985318275321513850848248, examplefamno®p2no®, 2},
{224975629750526536673378408099951220967, examplefamnoOp4no0, 2}}

Next, we try to embed the two remaining families with two numerators into the two families
without numerators that we added above:

sortedfams = SortMappedTopos[cleanedfams];
finalfams = EmbedMappedTopos[sortedfams,

{{al -> ql, 92 -> 92}, {ql -> 92, g2 -> ql},

{91 -> -ql, 92 -> -q2}, {ql -> -q2, 92 -> -ql}}];

As a consquence, examplefamnoOp2no0 is embedded into T1 and examplefamno®@p4no0 into
L2. The final output reads

{{0, {{20216085449316752538415658696276286202, T1l, 0},
{118632354605253600004828853610037442495, L2, 0}}},

{2, {}}}

indicating, that there are no families with two numerators are left.

5.2.2  Application to Higgs boson pair production

In the following we discuss the application of LIMIT to the process of Higgs boson pair
production. There are three different sets of forward-scattering integral families with
one or more cuts which appear during the calculation:

¢ Two-loop families with one or two three-particle cuts that appear in the real
corrections at NLO and real-virtual corrections involving three top-quark loops at
NNLO.

¢ Three-loop families with a three particle cut, appearing in the remaining real-virtual
corrections at NNLO.

¢ Three-loop families with one or two four-particle cuts contributing to the double
real emission corrections at NNLO.

For each of these sets of integral families LIMIT is applied to the four-point families
required for exp to map all diagrams.
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Figure 5.3: Sample template integral family. Solid lines denote Higgs bosons and dashed lines
massless particles. The blue dashed lines indicate the cut.

GENERATING FOUR-POINT FAMILIES To generate all four-point families for exp,
first a set of template families are chosen, such as the one depicted in Fig. 5.3. These
families have four external momenta rq, ro, r3 and r4. The template momenta enter the
family in an anti-clockwise manner, starting from the upper left leg. In the next step,
the template momenta are replaced by permutations of the momenta used by exp: g,
g2, g3 and g4 = —q3 — g2 — q1. Only permutations which exchange q1 < 42, g3 < qa,
or 41,42 <+ q3,q4 are needed and thus we are left with eight versions of each template
family.

TWO-LOOP PHASE-SPACE FAMILIES The real corrections at NLO and the subset of
real-virtual corrections at NNLO with either three effective Higgs boson—-gluon vertices
and LO Wilson coefficients, as discussed in chapter 6, or two effective vertices with one
LO and one NLO Wilson coefficient, as discussed in Sec. 7.2.2, each lead to two-loop
phase space integral families with three-particle cuts.

The required template families are depicted in the leftmost column of Fig. 5.4. Note
that eight copies are required only for the first template family. The second template
family is symmetric under 1,7 <> r3,74 and thus only four copies of it are needed.
Similarly, the last family is symmetric under rq <+ r,. Thus, 16 families are required in
total. After specifying forward-scattering kinematics by setting g3 = —g» and partial
fractioning, the eight families resulting from the first template family are mapped onto
the three temporary families depicted in the middle column. Each of them has six
lines and one numerator. In the next step, the four copies of each of the other two
template families are minimized, resulting in the families T;, T, and X; in the rightmost
column. Finally the three temporary families can be embedded into the families T}
and T,, as well as the family L,. Thus, LIMIT mapps the 16 original families on four
final forward-scattering families. Note, that the families with two cuts are split into two
distinct families in intermediate steps, so that LiteRed can process them, and merged
again in the end.

THREE-LOOP PHASE SPACE FAMILIES, THREE-PARTICLE CUTS The remaining real-
virtual corrections at NNLO with two effective vertices and LO Wilson coefficients lead to
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Figure 5.4: Integral families relevant for the two-loop phase-space contributions at NLO and
NNLO. Arrows on external lines indicate where g1 enters or leaves the integral. The
lines follow the conventions of Fig. 5.3.

three-loop integrals with three-particle cuts. In contrast to the previous case, we deal
with families involving one actual loop integration. All relevant template families are
depicted in the leftmost column of Fig. 5.5. While the first three template families yield
eight actual integral families each, the fourth one is symmetric under r; <+ r, and thus
only yields four. In total, the four template families lead to 28 actual families. The partial
fractioning of the second and third group of families leads to three new families with
eight instead of nine lines. Two of each of them can be embedded into the two families
T3pt,1 and Tsp2 resulting from the minimization of the first group of template families.
We keep the remaining two families with eight lines as they are and do not add extra
lines. As in the case of the two-loop families all non-planar four-point families map onto
one non-planar forward scattering family.

THREE-LOOP PHASE SPACE FAMILIES, FOUR-PARTICLE CUTS The integral families
with four-particle cuts can be divided into three subsets. Two of them contain planar
families and the third one non-planar ones.

The first planar subset contains four template families, depicted in Fig. 5.6. The second
template family is symmetric under 11,72 <+ r3,74 and thus leads to only four distinct
four-point families. Overall, there are 28 four-point families resulting from this subset of
template families. Partial fractioning of the template families generates eight families
with one line fewer, of which seven are embedded into the families P;, P, and Ps. The
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Figure 5.5: Integral families relevant for the three-loop real-virtual phase-space contributions at
NNLO. The lines follow the conventions of Fig. 5.3.
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Figure 5.6: Subset of the planar, three-loop real-real phase-space contributions at NNLO. The
lines follow the conventions of Fig. 5.3.
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Figure 5.7: Second subset of the planar, three-loop real-real phase-space contributions at NNLO.
The lines follow the conventions of Fig. 5.3.

one remaining eight-line family can not be embedded into any of the other families and
thus is chosen as one of the final forward-scattering families.

We start off with three template families in the second set of planar families, depicted
in Fig. 5.7. The first two template families are symmetric under rq,7, < 73,74 and
1,13 > 12,14, thus leading to two four-point families each. In total, there are 12 four-
point families resulting from this set of template families. For LIMIT to perform the
minimization using LiteRed, we need to split up the families resulting from the first
template family, since they have two valid four-particle cuts. Thus, in the end we are
left with four final families resulting from the first template family. Partial fractioning
leads to four temporary families with one line fewer that can be embedded into the final
forward-scattering families. Furthermore, the last of the template families leads to the
final family Py.

Finally we have the four non-planar template families depicted in the first column
of Fig. 5.8. The first two of them are symmetric under r; <+ r and ry, 12 < 73,74
respectively, thus leading to four four-point families each. The other two possess no
external momentum symmetries and we are thus left with 24 non-planar four-point
families. Partial fractioning leads to two temporary families which can be embedded
into the final five non-planar forward-scattering families.

75



76

APPLYING MULTI-LOOP TECHNIQUES TO PHASE SPACE INTEGRALS

Figure 5.8: Non-planar, three-loop real-real phase-space contributions at NNLO. The lines follow
the conventions of Fig. 5.3.
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suMMARY The application of LIMIT to all integral families contributing to the real
corrections for Higgs boson pair production at NLO and NNLO provides us with FORM
code to perform all mappings described and depicted above. In total, LIMIT maps
16 two-loop four-point families onto four forward-scattering families, 28 three-loop,
three-particle cut families onto five forward-scattering families, as well as 64 three-loop,
four-particle cut families onto nine forward-scattering families.

5.2.3  Further applications

In this section we briefly discuss the application of LIMIT to other problems requiring
the partial fractioning of integral families: matching coefficients for non-relativistic QCD
and the relation between the MS renormalized quark mass and the kinetic quark mass.

MATCHING COEFFICIENTS FOR NON-RELATIVISTIC QCD In Ref. [123], two-loop
matching coefficients between QCD and non-relativistic QCD of four-fermion operators
are computed. These operators are relevant e.g., for top-quark pair production close to
threshold in electron-positron collisions. To compute higher order corrections to these
operators, the scattering amplitude of a massive quark and its anti-quark needs to be
computed in the limit where both of them have the same momentum p and are on-shell:
p? = m?. This kinematic setup can be obtained from the forward-scattering kinematics
relevant for phase-space integrals by also setting g1 = q» = p. Furthermore, no cuts are
involved. Thus, the application of LIMIT is straightforward.

KINETIC MASS In Ref. [124] the relation between the kinetic quark mass, which is
commonly used to study semi-leptonic B-meson decays, and the MS renormalized quark
mass is computed through three loops. In this problem, forward-scattering amplitudes
of a heavy quark with mass m, as well as momentum p, and an external current with
momentum g need to be computed. Here, p> = m? and (p + ¢)? = s. To simplify the
computation, a threshold expansion [56, 125] is performed and each loop momentum
either scales as m (hard) or as y/m (ultra-soft), where y = m? —s. Only the purely
ultra-soft region is relevant and the expansion in y leads to linearly dependent integral
families. At three loops, performing partial fractioning of the 510 linearly dependent
families contributing to the purely ultra-soft region leads to 2650 linearly independent
families. Subsequently minimizing the linearly independent families leads to 14 three-
loop families in the purely ultra-soft region.
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CONTRIBUTIONS WITH BOTH HIGGS BOSONS COUPLING TO
DIFFERENT TOP-QUARK LOOPS AT NNLO

Having established a powerful and flexible tool-chain for handling phase-space integrals
within the context of reverse unitarity in chapter 5, we are now in the position to compute
the partonic cross-sections contributing to the pair-production of Higgs bosons at NNLO.
In this chapter, we will focus on the interference contributions of amplitudes where both
Higgs bosons couple to different top-quark loops with amplitudes where both Higgs
bosons couple to the same top-quark loop as computed in Ref. [35]. Sample contributions
for the gluon-initiated channel at NLO and NNLO are shown in Fig. 6.1.

.- ., .-
~_ 1 ~_ 1 ~_ 1
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Figure 6.1: Contributions under consideration. Diagrams in the first row show NLO, as well as
double-virtual NNLO contributions. The diagrams in the second row are real-radiative
contributions.

The main objective of this chapter is the computation of the real-radiative contributions,
i.e. diagrams like in the second row of Fig. 6.1, in the LME. To this end we introduce so-
called building blocks to perform the LME of the cut five-loop forward-scattering diagrams
in an efficient manner. Furthermore, the use of reverse unitarity allows us to apply IBP
reduction to the phase-space integrals, reducing them to a small set of MiIs, which we
need to evaluate. These Mis are then computed as an expansion around the production
threshold ¢ ~ 0 with

m2
6 =1—4x with szH, (6.1)

as well as exact in x.

The real-radiative contributions then have to be combined with virtual contributions,
i.e. diagrams such as the ones in the first row of Fig. 6.1, and collinear counterterms to
cancel soft and collinear divergences, respectively.
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STRUCTURE OF THE CHAPTER  We discuss the individual steps for the computations
of the real-virtual contributions under consideration in Sec. 6.1. The computation of the
phase-space master integrals is presented in Sec. 6.2. Finally we present analytical and
numerical results for the different partonic channels in Sec. 6.3.

6.1 CONTRIBUTIONS TO THE TOTAL CROSS-SECTION

The subset with both Higgs bosons coupling to different top-quark loops arises first at
NLO. We can write their contribution to the total partonic cross-section for Higgs boson
pair production as

2 (

5) ’
as” (1) (1) as” (1) ) o @ (s, 0) 6.2)
ij 4 ' ’

Uij—>HH+X(s/ P)|nz = 75ig5jg0_gg (5/ P) + <

7T 7T

Here p = m%;/M? with the top-quark mass M; renormalized in the OS scheme and

3
ij € {g9,98,9%,99} denote the partonic sub-channels. Note, that since o7 i absent,

1
1)1 . I
Uég) "I effectively acts as a LO contribution.

In the following we introduce the different partonic channels in Sec. 6.1.1 and dis-
cuss the computational setup in Sec. 6.1.2. Furthermore, we briefly discuss the virtual
corrections entering the gluon-gluon initial state at NNLO in Sec. 6.1.3, as well as the
counterterms dealing with collinear singularities in Sec. 6.1.4.

6.1.1  Real-radiative corrections

(2), (1),

3 3
To obtain the various contributions to c; y nh, as well as g, nh, we need to average over
the possible colour and helicity states of the initial-state partons. For each initial-state
gluon we get a prefactor of

1
ag = W—ZG) ’ (6-3)
while for each initial-state quark we get
1
ag = ON. (6.4)
Cc

The flux factor is given by 1/(2s).

Since in the final state we always have two identical Higgs bosons we need to introduce
a factor of 1/2. This factor is, however, implicitly accounted for by the symmetry factor
of the forward-scattering Feynman diagrams we consider.
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THE GLUON-GLUON INITIAL STATE In order to simplify the treatment of external
gluons and handle the propagators of cut gluons on the same footing as regular gluon
propagators we use

ZGH (‘72) — —&w (6.5)

as sum over polarizations. Since this choice of the polarization sum is not physical, we
also need to compute forward-scattering amplitudes with ghosts as external particles
and consider cuts involving ghosts.

At NLO the ghost channels do not contribute to the subset with both Higgs bosons
coupling to different top-quark loops. We can therefore write this contribution as

2
Wn} g —— (1),13
O " = ngsc <Aggﬁ§g) . (6.6)
Disc denotes the contributions to the discontinuity of A stemming from cuts involving

two Higgs bosons and possibly massless partons, but no cuts involving top quarks or
(1)1

only one Higgs boson. In the case of og,”"" only one cut with exactly two Higgs bosons
contributes.

At NNLO we need to take into account all possible ghost forward-scattering amplitudes
and subtract their contributions from the gluon-gluon forward scattering amplitude

()15

obtained with the polarization sum in Eq. (6.5). As a consequence, g, " is given by

(Tg’)'”g _ 2% Disc (.Aé?ﬁ;g) Disc (Ag)ﬁ;) Disc (AE?;@,)
— Disc (Aéil;) Disc (AE;L;) Disc (AE?LCC) Disc ( AE?);Z ) ] '

(6.7)

Note, that the averaging factor for ghosts is identical to the one for gluons and the

amplitudes Accﬁcc and ACC "z only contribute to the subset under consideration from
N3LO. All contributions with one external gluon and one external ghost or anti-ghost are
equal, since the amplitudes are invariant w.r.t. g1 <+ q» and relative signs between ghosts
and anti-ghosts cancel. Similarly, A = Azc—ec-

Since we integrate over the full phase-space of the final-state particles, the real-radiative
contributions contain IR singularities stemming from the region of phase-space where
the massless final-state parton is soft, i.e. its energy is vanishing, or collinear to an
initial-state parton. As a consequence, the real-radiative contributions have explicit poles
in €. The soft singularities lead to 1/€? poles, whereas the collinear singularity leads to
contributions starting at 1/e. Soft singularities cancel against soft singularities present
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in the virtual corrections. To cancel the collinear singularity we need to introduce a
so-called collinear Coum‘erterm.2
In the following we split O'(ég) "I into three pieces:

@n _ _@m | @ (2
Ugg - Ugg,virt + Ugg,real + Ugg,coll : (6.8)
i - , 2)13 : .
The computation of the real-radiative corrections o>’ are discussed in Sec. 6.1.2, the
p ggreal

virtual corrections 0(2)’n’31
ggvirt
(2)n

3
T <ol is introduced in Sec. 6.1.4.

are briefly discussed in Sec. 6.1.3 and the collinear counterterm

THE QUARK-GLUON INITIAL STATE Contributions to the subset under consideration
with a quark or anti-quark, as well as a gluon in the initial state first arise at NNLO. Due
to Eq. (6.5) we would also need to consider forward-scattering amplitudes with ghosts
and quarks in the initial state. However, these do not contribute to the subset with both
Higgs bosons coupling to different top-quark loops at this order. As a consequence,
ofg " = o " = B Dise (A ) - 69)

While there are no virtual corrections we need to take into account for the quark-gluon
channel, it has collinear singularities and thus we need to take into account a collinear

2) 3
counterterm (7( )i

4g,coll a8 N the case of the gluon-gluon channel.

THE QUARK-ANTI-QUARK INITIAL STATE The third channel contributing to the
subset with both Higgs bosons coupling to different top-quark loops is the quark-anti-
quark channel. Its partonic cross-section is given by

2
@)n ay — (2),13
o = ngsc (Aqﬁﬂ’;ﬁ (6.10)

and neither recieves contributions from virtual corrections nor has collinear divergences.

6.1.2  Computational setup for the real corrections

To compute the various partonic channels we need to consider five-loop forward-
scattering diagrams such as the one in Fig. 6.2. Directly applying the LME to five-loop
diagrams is very challenging since the LME leads to a large number of terms for each of
them.

BUILDING BLOCKS To simplify this computation we introduce so-called building blocks
following [126]. First, we observe that the LME of all 1PI one-loop amplitudes with two
or three off-shell gluons and one or two Higgs bosons is local, i.e. polynomial in the
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Figure 6.2: Sample contribution to the subset under consideration at NNLO. The hard subgraph
leads to three one-loop tadpole integrals and a two-loop phase space integral.

external momenta, since the co-subgraphs are tree-level graphs. As a consequence we
can write the LME of the Higgs boson-two-gluon vertex as

(6)
[ — M LZ eTpéupricu(g)Tﬁv(ql 5]2) (6.11)
U M? ij ! ij \1s ’

(1) <H2

€
MZ> Tro™ (Cmgw(fh - q2) + coaqi )
t

+ 0 |c119igh (91 - 42) + c120395 (77 + 3) + c13q) g5 (q1 - 92) + 148" 7193

+ c158" (91 - 92) (91 + 93) + c16(7i95 95 + 3347 9Y) + 178" (41 - 42)°

+ (9(92)) :

Here v is the Higgs vacuum expectation value and the momenta q; and g, are taken to
off-shell, since in the actual forward-scattering diagram they might correspond to a loop-
momentum. At LO in the LME the coefficients are given by cyy = —cop = —8/3T(1 +¢),
leading to the well known result for Cy. At higher orders the coefficients are rational
functions in €, while the tensors T;; are polynomial in the external momenta. For the
cases with three gluons or two Higgs bosons the results take a similar form. We expand
each of the building blocks through p*.

As a consequence, we can precompute the LME of the four relevant off-shell amplitudes
and use them as a set of effective vertices to generate forward-scattering diagrams. This
means, that, instead of five-loop diagrams, we deal with two-loop forward-scattering
diagrams which resemble diagrams in the EFT introduced in chapter 2. Hence, the
phase-space integral families introduced in chapter 5 are sufficient for describing the
phase-space integrals appearing in the LME.

Not only does the use of building blocks reduce the number of loops, it also makes
cancellations of terms in the p-expansion with negative powers, that appear in individual
diagrams, but vanish in their sum, explicit at the level of each building block, thus
reducing the total number of terms. Furthermore, the number of diagrams is greatly
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reduced. As an example consider the diagram in Fig. 6.2. Once we account for all possible
inequivalent ways to attach gluons to the top-quark boxes and take into account the
different directions of the fermion line, we are left with 288 diagrams contributing to the
same effective diagram.

seTuP Having established an efficient way to handle the forward-scattering diagrams
relevant to the subset under consideration, we are now in the position to compute them.
To this end, we generate one-' and two-loop four-point diagrams using QGRAF [61] and
select diagrams with a valid cut and non-vanishing colour factor using additional scripts.
The selected diagrams are then processed by q2e [62, 63] which inserts placeholders
for the building blocks for the various Higgs boson—gluon vertices and mapped onto
the permutations of the template families described in Sec. 5.2.2 by exp [62, 63]. The
one-loop tensor tadpole integrals appearing in the computation of the building blocks
are evaluated using MATAD [68]. In the next step, the output of exp is processed by FORM
[64] and the colour factors are computed by color [65].

As a result, we are left with expressions for the amplitude in terms of four-point
integrals depending on 41, g2 and g3. Next, we specify forward-scattering kinematics by
setting g3 = —¢2 and perform the partial fractioning of the linearly dependent integrals
with the FORM code provided by LIMIT. We then discard all resulting linearly independent
integrals with negative powers of at least one cut propagator and map the remaining
integrals on the minimal set of families found by LIMIT. Graphical representations for
the two-loop families can be found in the rightmost column of Fig. 5.4.

The integrals in the resulting families are then reduced to a set of two Mis at one
loop and 16 Mis at two loops using FIRE5 [70]. We discuss the computation of the Mis in
Sec. 6.2.

6.1.3  Virtual corrections to g§ — HH

virt

The double-virtual amplitudes Ag", 1

for Higgs boson pair production are known at

3
NNLO in the LME through p* [28, 88]. To compute o2

virt
absolute value of Ag?; g and select all contributiorfg with three closed top-quark loops.
These contributions also contain diagrams where both Higgs bosons couple to the same
top-quark loop. However, these contributions do not have soft divergences at NNLO so
we can safely add them. As they are already included here, we do include them in the
subset discussed in chapter 7. In the next step, we need to perform the two-particle

phase-space integration

2
(2),n?, _ 1 1 virt 2
Tggvitt = 5 \ Na(2 — 2¢) / dFS, ‘AggHHH

3
1,

we compute the square of the

, (6.12)

(1),m;,

1 We also recompute oge
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where dPS; is defined in Eq. (5.2). All angular integrals but the integral over the angle
between one final-state Higgs boson and an initial-state gluon can be performed, since
the squared virtual amplitude depends on the Mandelstam variable t and thus has a
non-trivial dependence on this angle. The remaining angular integral can be re-written
as an integral over f [126]:

@ [ it |2
Tggrirt & /t ) dt ‘AggLHH e (6.13)
The integration boundaries . are given by
s
b= (1 +OF 2\/?5) . (6.14)
Substituting
t= —Z (1+5+2f5(1—2§)) (6.15)

transforms the integration interval to ¢ € [0, 1] and allows one to perform a systematic
expansion in ¢ of the integrals involved. The remaining integrands are rational functions
and logarithms in ¢, allowing for a straight-forward evaluation.

6.1.4 Collinear counterterms

DEFINITION The collinear counterterms for the gluon-gluon and quark-gluon chan-

. . . — Hnd .
nels can be obtained by convoluting the effective LO contribution ag(g) "I with the one-loop

gluon or quark splitting functions®. These splitting functions can be found, e.g, in
Refs. [128, 129] and are given by

(5)

Pij(z) = 0657.[(;11)131‘(]'0) +0 (&), (6.16)
P (z) = Ca (Ll_z]+—2+i+z—z2> + Bod(1—2z), (6.17)
P (z) = Cr (i ~1+ ;) , (6.18)

where By is the one-loop term of the QCD beta function and the plus distribution is
defined by

/o1 @ [1 iz]j@ - /01 a: 15210 (6.19)

for a function f(z) which has at most a logarithmic singularity for z — 1.

2 See [119, 127] for the case of a single Higgs boson.
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The two collinear counterterms are given by

2,713 2 2 ‘ 1 1,n3
Tggeoi = = <5>  dvdze1/4 =250~ y2) B ()"
f
2 (12\" 1 o W
= ;T} 17(5dngg (z)ogg " (x/2) , (6.20)
2

€
2 1 ! 1)1
U';g/)CZﬁ == <V> /0 dydz6(1/4 —z)6(x — yz)Pq(g) (Z)O'g(g) " ()

K
€
Ve [ 4z pl0 (g0
== (MJ%) - dz Py’ (z)oge " (x/2) , (6.21)

where y is the renormalization scale, jif the factorization scale and the factor of 2 in the

gluon-gluon counterterm comes from the two ways to convolute Pg(g) with the effective
LO cross-section. The lower boundary of the remaining integration is set by the 6-function
and corresponds to the Higgs boson pair-production threshold s = 4m?;, below which
the cross-section vanishes.

INTEGRATION To perform the integration involving the plus distribution we re-write

1 1
/ dz [1 1 z} Ug(?,nz (x/z) = / dz [1 1 z} Ué;),ﬂi (x/z)
=0 1 (L)1}
_/0 dz [H}Jragg (x/z) . (6.22)

Next, we apply Eq. (6.19) to the first integral on the right-hand side of the above equation.
Since the plus distribution regulates divergences in the limit z — 1, which is not part
of the integration interval of the second integral, we can treat the plus distribution as a
regular function. As a consequence we obtain

(1) 1), (1),
1 1 (1)1 1 g "(x/z) —0gg " (x) 1=0 g (x/2)
/1_5dz [1_2] +agg (x/z) = /0 dz T - /0 dzﬁ
1 ,n3, 1 ,n3 1 ,n3l
e i
1-5 1—-z 0 1—z
(1) (1)1}
_ Ugg " (X/2) =0 "M (x) | ymd
=, dz - +0gg " (x)In (6) . (6.23)

The remaining integral can now be computed by substituting z =1 —J (1 — ) [26]
and expanding in J. Integrals over terms regular in the limit z — 1 can be computed
by simply performing the aforementioned substitution and expansion, whereas the
integration involving the delta distribution is trivial.
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Infinite series representations for the two counterterms are given in Ref. [35] and
results through 519972 can be found in the ancillary files.

6.2 COMPUTING THE MASTER INTEGRALS

The IBP reduction leads to two one-loop two-particle cut MIs, depicted in Fig. 6.3, and
16 two-loop three-particle cut Mis, depicted in Fig. 6.4. Both one-loop MIs have been
computed in an expansion around é ~ 0 in Ref. [26]. Out of the 16 two-loop Mis I;, I, and

(1)

3
Figure 6.3: One-loop Mis contributing to g, " The momentum g1 enters and leaves the di-
agrams through the external lines with an arrow. Dashed and solid lines depict
massless and massive lines, respectively.

I7 contribute to the NLO cross-section and have been computed in an expansion around
0 ~ 0 in Ref. [26]. The remaining integrals have not been considered in the literature, to
the best of our knowledge. In the following, we discuss the computation of all 18 Mis.

Figure 6.4: Two-loop Mis to the real radiative contributions with both Higgs bosons coupling to
different top-quark loops. Dots on lines denote squared propagators, whereas crosses
on lines denote propagators raised to a negative power.

In Sec. 6.2.1 we compute each MI in an expansion for § ~ 0 by direct integration of the
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final-state phase-space. Some of the results obtained in this section serve as boundary
conditions for the exact computation by means of differential equation in Sec. 6.2.2.

6.2.1  Expansion around the production threshold

seTur  To compute the 16 two-loop three-particle cut MiIs? in an expansion around the
Higgs boson pair-production threshold, we express them as phase-space integrals

I =C%* / dPS;Q;
5
_ / [1Dpi(27)P6®) (g1 + g2 — ps — pa — ps5) Qi - (6.24)
i=3

Here, the pre-factor C is chosen to account for MS subtraction:

e'}’E 2
C= T:[‘ . (6.25)

The momenta p3 and py4 are the momenta of the two final-state Higgs bosons and the
respective integration measures can be written as
D-2 3/4
Dypa,, — F3/4 dps/a dQ%)—l)
Pasa 2E3/y  (2m)P17

(6.26)

whereas ps is the momentum of the massless final-state parton and the respective
integration measure is given by

_ 5
_ P5D 3dp5 dQ(D)—l

D . .
Ps 2 (2m)P-1 (627)
We express the D-dimensional angular integration measure ngll as [130]
o _ 2mT s 1 bs
/dﬂéfl = —p 3 / (1—cos?6;) 2 dcosb / (1—cos®¢;) 2 dcos¢; .
r(%2) /= -1
(6.28)

Each of the Q; is composed out of the uncut propagators of the I;. As an example

-1

(92— pa)?’ (6.29)

Q1=1, Q=m}—(p3+ps)*, Q=

while the other 13 Q; can be found in Ref. [35].

3 The two one-loop integrals J; and J, can be computed along the same lines.
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SIMPLIFYING AND EXPANDING THE INTEGRALS We are now in the position to
perform the integrations over angles and momenta. First, we integrate over p4 by
exploiting the ¢ distribution:

/ DpsDpsDps(2m)P5P) (g1 + 92 — p3 — pa — ps) Qi
:/DP3DP5E7£5 (\ﬁ— E3 — E4 — |ﬁ5‘) Qi . (630)

Thus, we express the spatial components of p4 as ps = —p3 — p5. The four remaining
D-dimensional momenta can be written as

1 E3
\[ 0 \[ 0 : 0
S S
q1 = 7 ; 2 = 7 s P3 = : ; P5 =
0 0 k sin 63 cos ¢ I'sin 65
-1 k cos 63 I cos 05

(6.31)

With this parametrization of the momenta, Eq. (6.30) becomes

I =

2 /kD—dedQS>11D—3d1dQ§§>l
4(27‘[)2D—3 E3E4

%0 (ﬁ— V4 k2 — 2, k2 4 2K cos oy + 12 —z> Q,
(6.32)

where cos y = cos 03 cos 05 + cos ¢3 sin 03 sin 5.
The I-integration can now be performed by exploiting the remaining é distribution
and we obtain

o cE / " / kP-31P-30,d0f 40y | ‘
4(2m)?P—3 \/WO—kkcos'y—l— \/m%+k2+2kl Cos'y—HZ) =
(6-33)

where 5 is the value of I for which the argument of the ¢ distribution vanishes. It is
given by

I;

NG [_zkz —2m? + kcosy (\/E—zm) - ﬁ\/mﬂ}

i — 6.
0 2 [s+2y/skcosy —m? + k? (cos?y —1)] 624

Up to this point no expansion has been performed. The remaining integrations in
Eq. (6.33) depend on the exact form of the Q; and are in general too complicated to be
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performed without any approximation. To perform an expansion around 6 ~ 0 we first
notice that the upper boundary of the k-integration is determined by the value of k for
which Ej is maximal. The energy E3 is maximal when both Higgs bosons are produced
back-to-back and given by /s/2. Exploiting energy momentum conservation we thus
find k < V/s6/2.

As a result we substitute k — &v/s0/2 and expand the integrand in J. The &-integration
and the remaining angular integrals are now straightforward, since the resulting inte-
grand is polynomial in ¢, cos 63, cos 05 and cos ¢3. As an example, the leading term in
the 4 expansion of the first two integrals is given by

2(3¢—4) 26——
e EEIE I o ()]

I (5 —3¢))

32264 g2 =31 (1 —€) 5_s 7
_—stzl T(7- >( )53 3 +O(53) , (6.35)
where
_ (¢
N = ( s > . (6.36)

The remaining 14 integrals can be found in Ref. [35]. As the number of terms in the
integrand at higher orders in § quickly grows we resort to a more efficient approach in
Sec. 6.2.2.

6.2.2  Exact computation by differential equations

CANONICAL BASIS OF MASTER INTEGRALS To compute the two one-loop and the 16
two-loop integrals exactly in §, we employ the method of differential equations [131-133].
In a first step, we take the derivative of the MIs w.r.t. to x. The result of taking the
derivative is a linear combination of Feynman integrals. These can be reduced to MIs
again and we obtain a closed set of differential equations (DEs) of the form

0] =M(x,e)l. (6.37)

Here, M is rational in x and € and takes a lower block-triangular form. Furthermore, in
ourcase [ = (J1, o) or I = (I, - -, I1).
While Eq. (6.37) can be solved with various different methods, we are aiming at finding
a new basis of MIs, a so-called canonical basis T[134], in which the DEs take the form
o MO o
axJ:er_x‘jEeM(x)j. (6.38)
i 1
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The formal solution of Eq. (6.38) is given by

- -

J(x) = U(x, xo0,€)](x0) , (6.39)

where the evolution operator U is defined as
U(x, xo,€) = Pexp <e/dxM(x))

~ 1+e/3:dy/\/l(y)+ez/x:dy/xoydz/\/l(y)/\/l(z)+(’) (e%) . (6.40)

Thus, the MIs can be computed to any order in € in terms of iterated integrals if a
canonical basis ] is found and suitable boundary conditions T(xo) are known. In our case,
the -expanded Mis can serve as boundary conditions. In the following we discuss the
procedure of finding a canonical basis. The class of functions arising from the iterated
integrations in Eq. (6.40), the so-called Goncharov polylogarithms (GPLs), are discussed
in Sec. A.6.

REDUCING THE SYSTEM TO FUCHSIAN FORM A change of the basis of MIs can be
written as a, in general x- and e-dependent, transformation matrix T

I=T(x,e)]. (6.41)
Under such a basis change, the matrix M transforms as:
M=T"'MT—-T719,T. (6.42)

An algorithm for finding a rational transformation T, such that the system of DEs is in
normal Fuchsian form, i.e. only has simple poles in x, has been introduced in Ref. [135].
We apply its implementation in the program EPSILON*> [137] to arrive at

axT:Z

i

M ()

X — X J- (643)

The residues M) only depend on e. In our case the letters x; are given by
x; €{0,1/4,1,r = ™/3,ry =e /3, -1/3}) . (6.44)

The first three letters correspond to the kinematic limits s — oo, s — 4m%1 and s — mpy,
respectively. In the DEs for I through Is as well as the one-loop Mis only the first two
letters appear. In the DE of I7 also x3 = 1 appears, which is due to the uncut massive line.
In the DEs for Ig through I14, in addition to the first three letters, also the fourth and fifth
letter are present, whereas the last letter only appears in the DEs of the non-planar Mis
115 and 116'

4 The example in the manual is sufficiently detailed for our case.
5 We re-derived the canonical basis using LIBRA [136] as a test for its use in chapter 7.
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NORMALIZING THE EIGENVALUES Next, we want to find a transformation relating
the basis | for which the system of DEs is in normal Fuchsian form to the canonical basis
J . To this end, we observe that for a matrix which is proportional to €, all its eigenvalues
need to be proportional to €. In our case, the eigenvalues take the form a + be where b
is an integer and a is either integer or half-integer. Thus, to find a canonical basis, we
need to find transformations nullifying the non-e-dependent part of the eigenvalues of
all residues.

Due to the block-triangular structure of the DEs, we only need to focus on the eigen-
values of the blocks along the diagonals of the residues. In Ref. [135] a second algorithm
is discussed which constructs so-called balance transformations. These transformations
take the form

X — X

B(x;, xj) =P + P, (6.45)

X — X]'
where IP depends on € and projects onto the subspace of the eigenvalues under consid-
eration, P2 =P and P = 1 — P. The projection operator P is constructed based on the
diagonal block under consideration. Applying such a balance transformation lowers the
eigenvalue of M) by 1 and raises the one of M) by 1. By successively applying balance
transformations all eigenvalues of the residues of the DEs can be either brought to the
form be or j:% + be.
An explicit example is given in the following.

Example 10 (Normalizing eigenvalues)

Consider the following system of two DEs:

6-7¢ € _6(e-1)
_ x—1 X x—1
M= —€e—2 + 7e—6 3(e-1)  2¢
6x 2(x—1) x—1 X

It has three singular points: x = 0, x = 1 and x = co. The eigenvalues of the corresponding
residues are given by

MO —e, —2¢,

MW ;0,3 —4e,

M) : —2 4 4e,—1+ 3¢ .

To lower the second eigenvalue of M) and raise the first eigenvalue of M(™) by one, we

need to compute the left eigenvector v of M(Y) and the right eigenvector u of M) to the
corresponding eigenvalues. They are given by

7e — _3
U= ¢ 6,1 and u = 2 .
6e — 6 1
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As vt u = (2—3¢€)/(4e — 4) # 0, we can construct a balance transformation. To this end
we can construct the projector P = uv® /(v - u) and thus the balance transformation reads

1 —4(e—1) —6(e—1)
Bl ) (36—2)<§(7e—6) 7e — 6 )

+(x—l) 7e — 6 6(e —1)
3¢ =2\ —2(7e—6) —4(e—1)

CHANGING THE VARIABLE To also reduce the eigenvalues of the form +3 + be to be
proportional to € we need a different kind of transformation. So far, all basis changes T
have been rational functions of x. One way of rendering half-integer eigenvalues fully
integer would be to allow square roots of the form /x — x; in the transformations. This
however, would introduce square roots in addition to the simple poles in x in Eq. (6.38)
and as a consequence, the iterated integrals would no longer evaluate to GPLs.

Another possibility is to change the variable in which we differentiate. Such a variable
change y(x) should have the property that it transforms all /x — x; to functions rational
in y. Let us start with the system of the two one-loop Mis. Here we only have one letter,
for which the corresponding residue has half-integer eigenvalues: x = 1/4. Choosing

yoVIEE-L 646
V1—4x+1 (vy—1)
renders all e-independent parts of the eigenvalues of the system integer. The pair-
production threshold in y is at y = —1 and for s — co y approaches 0. As a consequence
the set of letters of the one-loop system is now given by y; = {0,1, —1} and a transfor-
mation to a canonical basis can be found using EPSILON. Note, that this variable change
increases the numbers of letters, e.g. x; € {0,1/4} is mapped onto y; = {0,1, —1}.

The variable change in Eq. (6.46) also is sufficient to rationalize the system of DEs
for I; through I;4. In addition to the letters appearing in the one-loop case, x3 = 1 is
mapped onto y4 = r; and ys5 = rp. Furthermore, x4 and x5 are mapped onto the roots
of the polynomial y* — 3y® + 5y? — 3y + 1. The two Mis I;5 and 4 require special care.
In the original variable x not only the residue at 1/4 but also the residues at —1/3
and 1 in the homogeneous part of the DE of [;5 have half-integer eigenvalues. We were
not able to find a variable change rationalizing all three square roots at once, even by
applying the algorithm of [138]. Instead, we keep the variable y and factor out € in the
homogeneous part of the DE of I;5 by a non-rational basis change. As a consequence
the inhomogeneous part contains the root \/y* — 6y3 + 7y2 — 6y + 1. The homogeneous
part of the DE of Ij¢ does not contain half-integer eigenvalues other than at 1/4 thus,
no special care is needed. However, the inhomogeneous part proportional to I;5 also
contains the aforementioned square root.
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In the contributions to the Higgs boson pair-production cross-section studied in this
chapter, iterated integrals involving the aforementioned square root only enter the
cross-section starting from O(e) and thus do not contribute at NNLO.

One more comment regarding the change of variables is in order. Instead of partial
fractioning the polynomials P, = y> —y + 1 and Py = y* — 3y® + 5y — 3y + 1, which
would give rise to simple poles at 1/, and the roots of P;, we instead define the
integration kernels

n k
Formpy =5 and sy = 22 (6.47)
P2 P, 4
By partial fractioning the above integration kernels, iterated integrals involving them
can be re-written to linear combinations of GPLs:

2
G(-- W,y = ch(”)g(... iy
i=1

4
i=1

In the following we give an explicit example:
Example 11
(n)

Iterated integrals In the case of r™) the constants c; ' are given by

cgl) = cgl) =1 and ng) = —cgz) = _ 2 .

As a consequence, we can write the iterated integrals G(0,7™V),1;y) and G(r®,r(V;y) as

G(r?,rV;y) = G(r?,r;y) + G(r®, ry;y)
2i

= — (G(ro, r;y) — G(r1,ri;y) + G(ro, 125 y) — G(r1,12;Y))
V3

While all iterated integrals involving the letters {0,1, —1,7("),5()} are real-valued for
—1 <y <0, the individual GPLs on the right-hand side of Eq. (6.48) are not.

FIXING THE BOUNDARY CONDITIONS Finally, we need to fix the boundary conditions
J (o). To this end, we choose yo = —1, corresponding to § = 0. Studying the poles of
the inverse of the transformation matrix between the original basis I and 7 allows us to
determine which of the original integrals is required to which order in 4. This is due to
the fact, that expanding the canonical MIs around y ~ —1 leaves us with

Ji(y) = (y+1)" Y €t + Oy +1), (6.49)
j=0
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where the 1; are integers and the ¢;;, possibly complex, numbers. When transforming
the expansions of the original Mis for § ~ 0 to the canonical basis by

J=T7", (6.50)

only contributions of the form in Eq. (6.49) are relevant. As a consequence, the highest
pole in (y + 1) in the ith column of T~ determines to which power in 6 I; is needed. In
the case at hand, the highest pole in (y + 1) is 5 and is present in the first two columns.
Thus, the 62 contributions of I; and I given in Eq. (6.35) are required, but no higher
order terms of them. Furthermore, the § expansions of I3 through I;4 are not needed,
since the respective columns are either finite, such as in the case of Mis I; through I,
or the poles are lower than the respective starting power, such as in the case of Mis I3
through I¢.

RESULTS FOR THE MIs We computed all Mis to sufficiently high order in the e-
expansion exactly in y. The maximum weight of the GPLs contributing to the three
partonic cross-sections is 3. An exception are the integrals Iy and I;». Both integrals are
required through O(e?) where they contain weight-4 GPLs. However, only their difference
Iy — I15, which only contains weight-3 GPLs, is required through O(e?), whereas their
sum only contributes through O(e). Exact expressions for the Mis can be found in
Ref. [35].

To obtain expansions of the MIs around ¢ ~ 0 the Mathematica package PolyLogTools
[139] can be used. While this approach is sufficient for obtaining expansions up to §2!/2
in a moderate amount of time, obtaining more expansion terms is cumbersome. To
overcome this obstacle and provide an additional cross-check of the exact solutions, in
Ref. [35] a second approach for obtaining expansions up to §2!%/2 is used. Instead of
transforming the system of DEs to a canonical form, the variable is changed from x to ¢
and an ansatz for the Mis of the form

I = Zcijklejé(k+1)/2 In' 6 (6.51)
kI

is made. Plugging this ansatz in the DEs leads to recurrence relations for the coefficients
c. As boundary conditions the leading terms in the J-expansion are required, which are
computed in Sec. 6.2.1.

We are now in the position to discuss the convergence of the J-expansion of the Mis. To
this end, we consider the finite parts of the Mis I and I1p, which are shown as a function
of § in Fig. 6.5. The exact result is evaluated using a implementation of GPLs in GINAC
[140, 141] and is depicted as a solid line. The various expansion orders are shown as
dashed lines.

Since for § < 0.8 the difference between the exact result and the expansions is below
1%, we focus on the higher energy region. Starting from ¢ ~ 0.8, the expansion up to
510 deviates from the exact solution by more than 1%, whereas the expansion up to
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Figure 6.5: Finite parts of the Mis I and [; as a function of é. The exact solution is shown as a
solid line, whereas the dashed lines show the different expansion depths. Taken from

[35].

6% agrees with the exact result up to § &~ 0.9. This already corresponds to /s ~ 800
GeV and thus a region where the parton distribution functions are already rather small.
Increasing the expansion depth to 6% is sufficient to describe the J-dependence up to
0 ~ 0.97. This convergence pattern is similar for all 16 MIs and can be traced back to the
fact that the DEs do not have any singular points between y = —1 and y = 0. Thus, the
expansion around y = —1 is expected to converge well in the physical y-range.

6.3 RESULTS

We are now in the position to present results for the NNLO contributions to the total
Higgs boson pair-production cross-section with both Higgs bosons coupling to different
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top-quark loops. In Sec. 6.3.1 we present the leading terms in the p and § expansion for
the three channels and discuss their numerical impact.

6.3.1  Partonic cross-sections

In the following we present the leading terms in the § and p expansion for the three
partonic channels. In all three cases the leading term in the J expansion only arises
starting from O(p), showing the significance of mass-suppressed contributions directly
at threshold. This is in agreement with the observations made at NLO [26]. The leading
terms are given by
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42,2
@)m _ 4 Gemy
q T

64 1 32 9 1552 1 B 4
3525085° +’0{688905‘Sz + 12629925 }] +0 <‘52'p ) /
(6.54)

where a1 = In2, {3 is the Riemann Zeta function evaluated at three, a; = aéS)/ﬂ,
Ly = In(p?/m3;), Lyp = In(p?/Mf) and we set pf = p. Terms through p* and
6%19/2 for general renormalization and factorization scale can be found in Ref. [35]. We
expanded the virtual corrections through 68, which is sufficient for the center-of-mass
energies under consideration in the following discussion.

NUMERICAL RESULTS We are now in the position to discuss the convergence of the
p expansion in the subset under consideration. The individual partonic channels are
shown in Fig. 6.6 together with the known LO and NLO results [26] which we reproduced
in the course of this computation. The gluon-gluon initiated NNLO correction follows
the convergence pattern of the LO and NLO results. Above the top-quark threshold
we observe no convergent behaviour, as expected. However, up to /s ~ 340 GeV the
result shows a converging behaviour. The p?, p* and p* lines agree well with each other,
signaling a stabilization of the LME.

In Fig. 6.7 the ratio of the higher order terms and the LO contribution in the p expansion
is shown. Higher-order terms are sizeable, even at moderate center-of-mass energies,
such as /s ~ 300 GeV. The expansion up to p* is more than 40% larger than the leading-
order term in the range between 250 GeV and 340 GeV. Closer to the Higgs boson
pair-production threshold, higher-order p terms have an even bigger impact. This is due
to the p° contribution vanishing as 6%/2 for 6 — 0, whereas the mass-suppressed terms
vanish as 61/2.

For the quark-gluon initial state a similar pattern is observed as for the gluon-gluon
initial state. The quark-anti-quark initial state shows no sign of convergence, as at NLO.
However, the contributions coming form initial states with quarks are much smaller than
the pure gluon-gluon contributions.

A final comment about the size of the partial NNLO discussed in this chapter are in
order. At NLO, the contributions with both Higgs bosons coupling to different top-quark
loops are much smaller than the other contributions. Thus, we expect the remaining
contributions, which are discussed in chapter 7, to have a bigger numerical impact.
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Figure 6.6: LO, NLO and NNLO partonic cross sections as a function of /s. The renormalization
scale is y = mpy and the vertical black line shows the top-quark pair-production
threshold.
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Figure 6.7: Ratio of higher-order expansions of the gluon-gluon initial state of the NNLO con-
tribution under consideration in p and the LO term in the LME as a function of /s.
The renormalization scale is ¢ = my and the vertical black line shows the top-quark
pair-production threshold.



TOWARDS HIGGS BOSON PAIR PRODUCTION AT NNLO WITH
FINITE TOP-QUARK-MASS EFFECTS

In this chapter we discuss the computation of the double-real radiation contribution
to Higgs boson pair production in the LME at NNLO, as well as the computation of the
remaining real-virtual corrections which have not been discussed in chapter 6.

In chapter 5 we laid the groundwork for the computations in this chapter by partial
fractioning the linearly dependent three-loop phase-space families arising in this context
and their minimization. Furthermore, most methods and concepts necessary for the
computation of the contributions in this chapter are already introduced in chapter 6. As
a consequence, we focus on differences w.r.t. the contributions discussed in chapter 6 in
the following.

ADDITIONAL PARTONIC CHANNELS In addition to the gluon-gluon, quark-gluon
and quark-anti-quark initial states at NLO and in the subset under consideration in
chapter 6, two additional quark initiated partonic channels contribute. Furthermore, we
also need to take into account additional ghost initial states.

Starting from NNLO also quark-quark initial states with same or different flavour
quarks contribute to Higgs boson pair production. A sample diagram is shown in
Fig. 7.1. There are no real-virtual corrections to the two partonic channels and both are
UV finite. Their respective contribution is given by

2
2 ay — 2
créq) = Z—ZDlsc (A((ML,]O , (7.1)
@) _ Y= (@
O = 2—SD1sc (Aqq/—mq’) . (7.2)
4 - 4 -
L4 4
’ ’
- 7 ~ - 7 ~
’ y
7_ _ ~ 7_ _ ~
’ ’
L4 L4

Figure 7.1: Contribution with two quarks in the initial state. In case of different-flavour quarks
only the first diagram appears.
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Furthermore, we need to take into account collinear counterms for both channels which
coincide and are given by

2e
2 2 2 [ p? 1
‘Tf;q,)coll - ‘To;q’),cou = (ﬂ > dzPéEg) (z)ag(;) (x/z)

@) s
AN ! 0) 1\ p(0) y -(0)
te (#f:) /de _; 32Per (V) Peq (2)0gg (x/(2y)) - (7:3)

In addition to the quark-quark contributions, new ghost contributions arise. At NNLO,
also ghost-ghost and quark-ghost initial states contribute and thus we have to modify
Eq. (6.7) and Eq. (6.9) to

of2) = 55 | Bisc (AR ) — Dise (A2 ) — i (AL
i (A2 ) D (AL ) D (42
e (42.) - D (421.) ~ e (42| 4
and
o = 5t D (A) D (A2 ) - D (42.,) | 75)
respectively.

STRUCTURE OF THE CHAPTER First, in Sec. 7.1 we discuss the computation of
the double-real radiation contributions. We then discuss the remaining real-virtual
contributions in Sec. 7.2. Finally, in Sec. 7.3, we conclude by discussing the remaining
steps required for obtaining the total, inclusive Higgs boson pair-production cross-section
at NNLO including terms through O(1/M?9).

7.1 DOUBLE-REAL RADIATION

In this section we discuss the computation of the contributions due to two massless
partons in the final state. We introduce two additional building blocks which arise in
the double-real contributions in Sec. 7.1.1. In Sec. 7.1.2 we discuss the evaluation of the
four-particle cut Mis. Finally, we present results for the gq and g4’ channels, which only
receive double-real radiation contributions in Sec. 7.1.3.
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QQQQ/

Figure 7.2: Sample contribution with four gluons coupling to the same top-quark loop. In total
there are 3600 diagrams contributing to the diagram on the right side.

7.1.1  Four-gluon building blocks

Starting from NNLO diagrams with four gluons and one or two Higgs bosons coupling
to the same top-quark loop, such as the one in Fig. 7.2 contribute. As a consequence, we
also need to introduce building blocks with four external gluons. Following [142] we
can write the four-gluon amplitude with one or two Higgs bosons as

bed
Al Jon = sz OUAMIUDE (7:6)

where, as in Eq. (6.11), the T;; contain the dependence on the momenta of the gluons
and Higgs bosons. However, the cij are tensors in colour space in case of the four-gluon
building blocks. Thus, we can not separate the colour- and Lorentz-structure trivially
from each other, unlike for the two- and three-gluon building blocks.
The c;; can be written as linear combinations of traces over SU (3) generators in the
fundamental representation:
L (T“TchTd) + ¢y Tr (T”TdeTC) +cyjaTr (T”T“Tde)

o cijaTr (TTITTY) 4 cysTe (T'TTT" ) + cyyTr (TT'TVT)
- Z e (7.7)
Thus, we can write

6
bed kk' prabed
?]C Z C,‘]',k(s Cka ¢ , (78)
kk'=1

where ¢ is the Kronecker symbol.
We can now write Ay, 1,25 as

A = <ch1]k T"”P%{qj})éj) x (25kk’c,zﬂbcd> , (7.9)

ijk K
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effectively separating colour- and Lorentz-structure. We can now use the second factor
in Eq. (7.9) to compute the colour factors of the diagrams and the first factor for the
Lorentz structure. When multiplying both structures together, we can perform the sum
over k.

7.1.2  Computing the four-particle cut master integrals

In the following we discuss the computation of the four-particle cut Mis. As in chapter 6,
we compute them in two way: exactly, by finding a canonical basis, and as an expansion
around J ~ 0, by making an asymptotic series ansatz. While, for phenomenological
applications, the expansion around § ~ 0 is sufficient, the size and algebraic structure of
the system of DEs complicate the determination of the coefficients in the series ansatz.
Furthermore for the series ansatz the leading term in J for all Mis needs to be known.
However, a priori, it is unclear if all of them can indeed be computed. On the other hand,
in a canonical basis typically only the leading terms of a small subset of Mis needs to be
known and deeper series expansions can be obtained with less computational effort.
Thus, in the following we derive the canonical basis for all involved Mis.

MASTER INTEGRALS Using LiteRed we find that all integrals of the 14 four-particle
cut integral families introduced in chapter 5 reduce to a set of 57 Mis, depicted in Figs. 7.3

and 7.4. The analytical expressions for the MIs Iz(é) to 13(2) are the same as for the Mis Iég)

to I ﬁ). We keep them separate in the IBP reduction since they originate from the families
Ps and Py, as well as P; and Po', respectively, which are nothing else than different cuts
of the same family. The reason for keeping them separated is explained in Sec. 5.2.2.

Furthermore, we did not identify any equivalent sectors of the families P, through Py
(4)

with other families. As a consequence, the Mis I g) and I g) can be identified with 12;1

and 12(3)

, respectively.
DIFFERENTIAL EQUATIONS Due to its singular points, the system of DEs for these
MIs requires a more careful treatment than the system discussed in Sec. 6.2.2. As a
consequence, we use the program Libra [136] to perform manual manipulations on the
system of DEs?.

In contrast to Epsilon, Libra does not process systems of DEs in an automated manner.
It rather provides the user with the relevant information on the system of DEs, such
as its singularities and eigenvalues of the residues, and is able to construct balance
transformations. The choice which eigenvalues to balance and the order in which manip-
ulations are performed is left to the user. Thus, while it does not directly implement Lee’s

1 The families P through Py are depicted in Fig. 5.7.
2 Epsilon is only able to handle quadratic polynomials in the denominator. However, we need to deal with
quartic polynomials, as will become evident later.
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Figure 7.3: Four-particle cut master integrals contributing at NNLO. Crosses on lines denote

numerators. Internal solid and dashed lines denote massless and massive particles,

respectively.
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Figure 7.4: Four-particle cut master integrals contributing at NNLO. Crosses on lines denote
numerators. Internal solid and dashed lines denote massless and massive particles,
respectively.

algorithm, it implements all required operations. This allows us to deviate from Lee’s
algorithm, which would first bring the diagonal blocks into Fuchsian form, followed by
performing a variable change to render half-integer eigenvalues integer, then normalizes
all eigenvalues and only then performs manipulations to the off-diagonal terms.

The rational functions in x and € appearing in the off-diagonal terms have numerator
and denominator degrees as large as 20 and as a consequence, algebraic manipulations
of the system are rather involved. Furthermore, variable changes such as the one in 6.46
will increase the degrees of the rational functions further. Thus, we depart from the strict
application of Lee’s algorithm to minimize the number of terms in off-diagonal entries.
We proceed by

1. derive the system of DEs w.r.t. x = m%l /s 3

2. bring all diagonal blocks to Fuchsian form,

3. bring all off-diagonal entries to Fuchsian form,

4. reduce all eigenvalues of the residues of the diagonal blocks to 04 1,
5. bring all off-diagonal entries to Fuchsian form again.

By following these steps we arrive at a form which is close to a canonical form. The
reason for having to bring the off-diagonal entries to Fuchsian form twice is, that the
balance transformations required for reducing the eigenvalues of the diagonal blocks
may change off-diagonal entries in a non-trivial way, introducing higher order poles
again.

In the next step we investigate the poles of the system of DEs. Here, five letters appear:
x; € {0,1,—1,1/4,—1/4}. Note, that the poles at x = —1 and x = —1/4 appear in the

3 In practice we set s = 1 and take the derivative w.r.t m%,.
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Figure 7.5: Four-particle cut master integral with the letter x = —1/4. The momentum (g7 — 42)

flows through the cut depicted by the red dashed line.

DEs of diagrams like the one depicted in Fig. 7.5 and correspond to the kinematic limits
s — —m?2; and s — —4m?,, respectively. This is because the momentum (g; — 42)* = —s
flows through the massive lines, instead of (41 + 92)* = s, leading to the change of sign.

The eigenvalues for the residues at x = £1/4 are half-integer and thus we need to
find a variable change to make them integer. To this end, we introduce the variable ¢,
related to x by

1

¥ (7.10)

The relevant kinematic regime for Higgs boson pair production expressed in the variable
t lies on the unit circle between 1 and exp(irt/4). In t, the three letters x; € {0, £1/4}
take the form t; € {0, £1, £i, £ exp(zint/4)}. The letters x; € {1, —1} are mapped onto
the roots of

Pyy=t*—8*+1 and Py =t"+82+1, (7.11)

respectively. After the variable change, only integer eigenvalues of the residues appear
and we can proceed to bring the system of DEs to canonical form. We do so by applying
balance transformations to normalize all eigenvalues of the residues to be proportional
toe.

Next, we bring the off-diagonal elements to Fuchsian form once again. Since now
quartic polynomials appear in the denominators, algebraic manipulations, similar to
the balance transformations, to reduce the off-diagonal elements to Fuchsian form are
computationally involved. By bringing all off-diagonal elements to Fuchsian form in x
tirst, we reduced the amount of required manipulations in ¢ to a minimum and, as a
consequence, also the computational complexity. Finally, we factor out € from the system
of DEs, thus arriving at a canonical form.

BOUNDARY CONDITIONS Having arrived at a canonical form, we need boundary
conditions for solving the system of DE. To this end, the leading term in the J expansion
of some of the MIs need to be computed explicitly. To simplify this task, the 57 Mis were
chosen such, that all numerators appearing, but the one in Mis I§4) and Il(g), reduce to a
linear combination of s and m?; at LO in §.
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In [143], the four-particle phase-space was parametrized in a similar manner as the
three-particle phase-space in Sec. 6.2.2. The main difference w.r.t. the three-particle
phase-space is, that we now deal with two massless momenta, instead of one. As a
consequence, we need to integrate over the two additional angles 65 and ¢s. However,
none of the propagators depends on the angles 63 and ¢3, since both Higgs bosons
couple to the same top-quark loop. Thus, after expanding around ¢ ~ 0, the integration
over 03 and ¢3 is trivial.

These integrals are then solved with the help of [130] 4 and evaluate to gamma
functions, as in the previous chapter. Using DEs in J, expansions around 6 ~ 0 through
O(6%) are obtained [143].

As described in Sec. 6.2.2 we can infer which of the MIs are required as boundary
conditions in the limit § — 0 for solving the system of DEs. In total, the entries of 18 MIs
in the transformation matrix T contain a negative power of J, after expanding in ¢ ~ 0.
However, the explicit computation of the LO term in 6 in [143] shows that for six out of
these 18 integrals, the leading power in ¢ is higher than the power of the pole in the
inverse transformation. As a consequence, only twelve of the 57 MIs need to be known
as boundary conditions for the DEs. Taking into account the choice of scalar products,
only six independent angular integrals have to be performed.

ITERATED INTEGRALS To obtain exact solutions for the Mis we define the quartic
polynomial

P4,0 = t4 +1, (7.12)

in addition to the two polynomials in Eq. (7.11). In analogy to Eq. (6.47), we define the
integration kernels

okp kP okp, _
f®0) = 522, foWy) = 2 and - fle(ky) = 52, (713)

which appear in the iterated integrals in which the exact Mis are expressed.
As in Eq. (6.48), iterated integrals containing one or more of these kernels can be
written as a sum of GPLs:

4
G( .. ’w(k)’. .. ’y) — ZCZ(,EZG( ce Wy, ’y) , (714)
i=1

4 During this computation a typo in Eq. (50) of [130] was discovered. The last term should read cos?( )(él) /2).
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where the u; are the roots of Py, the v; the roots of P41 and the w; the roots of Py _;. An
explicit example for this treatment can be found in example 11. After applying Eq. (7.14)
to the iterated integral under consideration, the numerical evaluation using GINAC [140,
141] is straightforward.

Since we compute the collinear counterterms as well as the double-virtual contributions
in an expansion around ¢ ~ 0, we also need to expand the MIs. However, so far, we
have not been able to expand iterated integrals containing the kernels v and w®)
around ¢ ~ 0. Since most publicly available packages capable of expanding GPLs, such
as PolyLogTools [139], are not able to properly handle complex polynomial roots such
as the v; and w;.

7.1.3  Results for the quark-quark initial state

As the gq and g4’ channels only recieve double-real radiative corrections, we are now in
the position to present results for them. We obtained results through O(p*) and O(5%7/2).
Only the integrals 11(4) through 15(4), as well as Iz(é) and 12(411) contribute to the g4’ channel.
As also the second type of diagrams in Fig. 7.1 contributes to the gq channel, also integrals
12(421) through Iz(i) contribute to it. The remaining double-real emission integrals contribute
to the other channels, such as the g7 channel discussed in Sec. 7.2.4.

The collinear counterterm is equal for both channels and was obtained in [144]. In the
following we present the leading terms in § and p for the initial-state with quarks of

different flavours

o @G [ o[ 5631473 7748 4, 7748
o = 2 — a + ——=a] — ———=——=1Iné
99 - 4557106575 4822335 T 5103"1 ~ 14467005
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N6+ — 26— —=— 2 ) s
153001 M0 T 15027 ™ © T 150077 ) e { ’ (15746400000
B e, 4, 3B
87480000"" " 1944000"1 ~ 34992000 ~ 262440000
. s 29 o\ s 145608059 101317
2916000 17496000 195304567500 103335750

L2, 101817 o 56 o 28 L 14
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Y Y A - B N S
15746400000 87480000 " ' 1944000 ' 34992000
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(7.15)

as well as the difference between the result for equal and different flavours:

402 ,,2
o)~y =~ st o+ rmseion |

= 2
99’ T 1968300 104976000 11573604000

(7.16)
Here py = y = my, as = a§5)(mH)/7r and a1 = In2. Note, that the pO contribution of

the difference starts only at §11/2. The leading term in the limit § — 0 for both channels

is of O(p?). We show subsequent terms in the LME of 0'655), o2

a9’
O'q({?) - 0";;,) as a function of /s in Fig. 7.6. Both channels seem to slowly converge below
the top-quark threshold. The ratio between the p° contribution and the subsequent
terms in the LME for Uq(;) is shown in Fig. 7.7. In the lowermost plot of Fig. 7.6, we
show the difference between the same- and different-flavour initial states. The difference
corresponds to the second class of diagrams in Fig. 7.1, which are smaller by two orders

of magnitude than the first class of diagrams.

and their difference

7.2 REAL-VIRTUAL CONTRIBUTIONS

In this section we discuss the real-virtual contributions at NNLO which have not been
considered in chapter 6. We need to evaluate contributions with a three-particle cut and
two top-quark loops, such as the left diagram in Fig. 7.8 or three top-quark loops, such
as the diagram on the right. Diagrams with three top-quark loops which all couple to a
Higgs boson are discussed in chapter 6.

The loop momentum running through the massless lines in the diagram on the left
can be either hard or soft. As a consequence, the LME leads to the two contributions
shown in Fig. 7.9. The first contribution contains a one-loop and a two-loop tadpole
integral in the hard subgraph and a two-loop phase-space integral with a three-particle
cut in the co-subgraph. The two-loop phase-space integral falls into the integral families
already discussed in chapter 6. In the following we call this type of contribution hard
real-virtual corrections. We discuss their computation in Sec. 7.2.2. As second contribution
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Figure 7.6: NNLO results of the two quark-quark channels as well as their difference as a function
of \/s. The renormalization scale is = mpy and the vertical black line shows the
top-quark pair-production threshold.
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Figure 7.7: Ratio between higher-order terms in the LME and the leading term. The renormaliza-
tion scale is 4 = mpy and the vertical black line shows the top-quark pair-production
threshold.
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Figure 7.8: Sample real-virtual contributions under consideration in this section. The third quark
loop in the diagram on the right can be either a top-quark loop or a massless quark
loop.

Figure 7.9: Real-virtual contribution leading to a two-loop three-particle cut phase-space integral
and a three-loop three-particle cut phase-space integral.
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a hard subgraph with two one-loop tadpole integrals and a three-loop integral with
a three-particle cut in the co-subgraph arise. We call this contribution soft real-virtual
corrections. Their computation, as well as the evaluation of the relevant MIs, is discussed
in Sec. 7.2.3.

The second diagram in Fig. 7.8 has an additional quark loop. This quark loop can be
either massless or a top-quark loop. In the former case, the LME leads to a hard subgraph
with two one-loop tadpole integrals and a three-loop three-particle cut phase-space
integral, whereas in the latter case, the hard subgraph contains three one-loop tadpole
integrals and a two-loop phase-space integral. They are discussed in Sec. 7.2.1 and
Sec. 7.2.3, respectively. In Sec. 7.2.4, we present results for the g7 channel, in which all
different real-virtual contributions appear.

7.2.1  Contributions with a third top-quark loop

Contributions with a third top-quark loop, that does not couple to any Higgs boson
line, contribute to the gluon-gluon, quark-gluon and quark-anti-quark channels. Sample
diagrams are depicted in Fig. 7.10. These diagrams yield three one-loop tadpole integrals

*
4

l’ » »

Figure 7.10: Real-virtual contributions with three closed top-quark loops that are not part of the
subset discussed in chapter 6.

and a two-loop three-particle cut phase-space integral in the LME. The resulting two-loop
phase-space integrals all fall in the families discussed in chapter 6 and reduce to the Mis
11 ’ 12 and 17.

LARGE MASS EXPANSION To compute these contributions, we need to extend the
building block approach introduced in [126]. There are two possibilities to do so:

1. introduce two-gluon and three-gluon building blocks, or

2. generate diagrams with two building blocks for the top-quark loops coupling to
Higgs bosons and a top-quark loop, such as the one depicted in Fig. 7.11.
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Figure 7.11: Diagram with a top-quark loop and two building blocks.

While the first approach technically would be feasible, we can not distinguish between
regular gluon propagators and two-gluon building blocks when generating diagrams. To
this end, we would need to introduce dressed gluon propagators which all correspond to
two-gluon building blocks and introduce book-keeping routines to discard any products
of terms stemming from the LME of two different propagators. The same holds for the
three-gluon building block.

We thus choose to go with the second option and generate diagrams with two building
blocks and a top-quark loop, such as the one depicted in Fig. 7.11. These diagrams can
be processed by exp like when we would perform a regular LME without any building
blocks. Using this approach allows us to expand the subset under consideration through
1/M8. This already has been done for the g¢ channel, which is the most involved one.

7.2.2  Hard real-virtual corrections

In the following, we discuss contributions involving one one-loop and one two-loop
tadpole integral, such as the first term on the right side of Fig. 7.9. These contributions
arise when the loop-momentum flowing through the massless lines is hard, i.e. is of
the order of M;, and lead to two-loop three-particle cut phase space integrals. As in the
subset discussed in Sec. 7.2.1 the phase-space integrals reduce to I;, I and I7.

Again, there are two possibilities to compute these contributions:

1. introduce two-loop building blocks, or

2. generate diagrams with one one-loop building block, as well as one top-quark loop
and perform the LME with exp.

For the first approach, we need to extend the building block code to allow for two-
loop building blocks. While this does not pose any major obstacles for building blocks
with only gluons and Higgs bosons as external particles, diagrams such as the one
depicted in Fig. 7.12 require building blocks involving external off-shell quarks. Fur-
thermore, similar diagrams with ghosts instead of quarks need to be taken into ac-
count and thus we also need to take into account building blocks involving external
ghost particles. In total, we would need to introduce eight additional building blocks:
qqH, qqHH, qqgH, qqgHH, ccH, ccHH, ccgH and ccgHH. This is because building
blocks involving quarks contain a non-trivial structure of Dirac matrices and involve
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Figure 7.12: Diagram leading to a two-quark—two-Higgs boson building block.

off-shell spinors at the beginning and end of every Dirac matrix chain, which need to be
taken into account correctly.

While in principle, all the above issues could be overcome, it is simpler to generate
diagrams with one building block and using exp to perform the LME of the remainder. In
a proof-of-principle calculation, the contribution to the g7 channel has been successfully
computed through 1/Mz?.

One comment regarding the g¢¢ channel is in order. As there are no hard real-virtual
contributions involving quark- or ghost-building blocks in this channel, we could com-
pute it using two-loop versions of the building blocks appearing in chapter 6, in case the
LME of diagrams with one building block is computationally too demanding.

7.2.3  Soft real-virtual corrections

The final subset of real-virtual corrections has a loop-momentum that is soft, i.e. is of
the order of my or /s, such as the second contribution in the second line of Fig. 7.9.
These diagrams can be computed using the same building blocks as in the case of the
double-real corrections and lead to three-loop three-particle cut integrals. As discussed
in Sec. 5.2.2, partial fractioning and minimization of the integral families required for
this subset leads to five linearly independent integral families. Using LiteRed we find
the 17 Mis depicted in Fig. 7.13. In the following we discuss the computation of the Mis.

EVALUATION OF THE BOUNDARY CONDITIONS The 17 Mis are evaluated in [143],
following a similar procedure as for the three-particle cut Mis in Sec. 6.2.1. In the
following we highlight the differences w.r.t. Sec. 6.2.1.

The major difference in this calculation, as compared to the two-loop three-particle cut
phase-space integrals, is given by the extra loop integration which has to be performed.

Most of the loop integrals involved, such as the one appearing in Mis Ié3) and 16(3), lead
to e-dependent powers of polynomials in cosf5 and ¢, a feature not present in the
calculation in Sec. 6.2.1. The more complicated loop integrals appearing in Mis I§3) and
11(? need to be evaluated using the strategy of regions [125], to obtain the leading term
in the ¢ expansion.
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Figure 7.13: Three-loop three-particle cut Mis contributing at NNLO. Crosses denote numerators.

Furthermore, some of the loop integrals also lead to an imaginary part. One example

is the loop integral appearing in MI 13(3)

LZZ/(de 1 1 1 l"(e)l"z(l—e)(_s)_e.

2m)D K2 (k+q1+q2)2  (4m)2—¢ T(2—2¢)

(7.17)

The factor (—s) ¢ expands to 1 — eIn(—s) + O(€?) and thus has a non-vanishing imagi-
nary part. On the contrary, the partonic cross-sections are manifestly real. This apparent

problem is resolved by the fact that also the complex-conjugate of 13(3) contributes. As
an example consider the two diagrams in Fig. 7.14. After performing Lorentz algebra,
partial fractioning and minimization of the involved integrals, as well as IBP reduction,
the sum of the two diagrams in the first row is expressed through a linear combination
1’

of the four integrals in the second row. The prefactor of and its complex conjugate

(13(3) )* agree with each other. The same holds for I ‘ES) and (I f) )*. As a consequence, only
the real parts of the three-loop three-particle cut Mis enter. Since we already identify
integrals with their complex conjugates when minimizing families, we need to take the
real part of each loop integral in the boundary conditions>.

5 Greater care has to be taken when treating double-virtual corrections in the reverse unitarity approach, see
e.g.[145].
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Figure 7.14: The diagrams in the top row reduce to a linear combination of the diagrams in the
bottom row. The first two Mis are complex conjugates of one another and have the
same prefactor as do the second two.

Finally, in [143] the differential equations in § were solved by the series ansatz in
Eq. (6.51).

SOLVING THE DIFFERENTIAL EQUATIONS  We process the DEs for the 17 Mis following
the procedure outline in Sec. 7.1.2. After bringing the system of differential equations
to Fuchsian form, three letters remain in the system: x; € {0,1,1/4}. While x = 0 and
x = 1/4 appear in the DEs for all 17 MIs, x = 1 only appears in the DEs for Mis ten
through 17. As in the case of the four-particle cut and the two-loop three-particle cut
Mis, the eigenvalues of the residue at x = 1/4 are half-integer. Thus, we introduce the
variable z, given by

x = _z (7.18)

(z+1)2
Note, that the variable change in Eq. (6.46) would also have worked. However, at the
time we did perform the computations in chapter 6, we did not realize that the variable
change to z would have mapped the kinematical range under consideration to z € (0, 1],
leading to slightly simpler expressions when dealing with GPLs involving the letter 0.
After the variable change, we are able to bring the system of DEs to canonical form and
express all iterated integrals by GPLs with the letters z € {0,1, —1, — exp(£int/3)}.

From the basis change between the original and the canonical basis we can deduce
that the leading terms of the first ten Mis enter as boundary conditions.

The solutions obtained by solving the exact differential equations can be numerically
evaluated using GINAC. In contrast to the double-real Mis we can expand this set of Mis
around ¢ ~ 0 using PolyLogTools, as the relation between 6 and z is simple enough. We
obtained expansions through O(6%) and found agreement with the results obtained by
solving the differential equations in ¢ [143].
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7.2.4  Results for the quark-anti-quark initial state

In contrast to the two channels discussed in Sec. 7.1.3, the quark-anti-quark channel also
receives real-virtual contributions. The three contribution discussed in Sec. 7.2 (hard
real-virtual, soft real-virtual and corrections with three top-quark loops) contribute.
We renormalize the top-quark mass in the OS scheme and express the strong coupling
constant in the five-flavour scheme. For jif = y = mp, the leading ¢ terms through O(p')

read
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(7.19)

Here n; = 5 is the number of light flavours.

The result including terms up to 62°/2 is shown in Fig. 7.15 as a function of /5.
The first two terms in the p expansion show a similar behaviour as in the case of the
contributions discussed in chapter 6. However, they have a different sign and are two
orders of magnitude larger.

7.3 OUTLOOK

As mentioned in the beginning of this chapter, the computations discussed here are
still work in progress. In Sec. 7.3.1 we discuss the remaining steps to complete the
computation of all partonic channels and the necessary steps to obtain the total Higgs
boson pair-production cross-section in proton-proton collisions at the LHC. Finally, in
Sec. 7.3.2 we discuss the validity of the LME and possible ways to improve our results.

7.3.1  Completing the computation

In the following we discuss the remaining steps to obtain the total Higgs boson pair-
production cross-section in proton-proton collisions.
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Figure 7.15: NNLO 47 inital-state cross sections as a function of \/s. The renormalization scale is
# = mpy and the vertical black line shows the top-quark pair-production threshold.

COMPLETING THE PARTONIC CHANNELS With the quark-quark and quark-anti-
quark initiated partonic channels available through O(p*) and O(p?!), respectively, the
next step is to extend the computation of the quark-anti-quark channel through O(p?).
To this end, corrections leading to a two-loop tadpole integral, the hard real-virtual
corrections, discussed in Sec. 7.2.2, need to be extended through O(p?). All other
contributions can be computed by the available setup and do not pose additional
challenges.

However, the main task is to complete the calculation of the contributions with gluons
in the initial state, i.e. the gluon-gluon and the quark-gluon channel. Here, the following
contributions are already available:

¢ For both channels, the contributions with an additional top-quark loop, discussed
in Sec. 7.2.1, are known through O(p*).

¢ The expressions for the double-real and soft real-virtual contributions are availabe
through O(p!).

e The collinear counterterms are known [144].
¢ The virtual corrections to the gluon-gluon channel are also available.

Thus, for these two channels we need to extend the computation of the double-real
and soft-real virtual corrections to higher powers in p and compute the hard real-
virtual contributions. Once we are able to extend the expansion depth of the hard real-
virtual contributions in the quark-anti-quark channel through O(p*), the computational
setup should, in principle, be able to also handle the quark-gluon channel without
modifications. For the gluon-gluon channel further optimizations might be required.
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FOUR-PARTICLE CUT MASTER INTEGRALS As described in Sec. 7.1.2, obtained a
canonical form of the DEs and thus could express all double-real Mis exactly in m%q /s.
However, as other contributions have only been obtained as an expansion around
6 ~ 0, we need to obtain higher-order expansion terms in ¢ for the four-particle cut
Mis. Obtaining them by means of recurrence relations using the differential equations
in 6 is computationally expensive and thus we want to perform an expansion of our
exact solutions. As mentioned in Sec. 7.1.2, this is a rather challenging task by itself, but
preliminary studies with the Mathematica package HarmonicSums [146-148] show, that it
might be feasible without the need of developing a new program to do so.

To expand the iterated integrals with HarmonicSums, we do not apply the relations in
Eq. (7.14) but let HarmonicSums operate on the iterated integrals with quartic polynomials
in the integration kernels. In the first step, we change to the variable ' =t — 1, letting
HarmonicSums perform all necessary transformations of the integration kernels. In the
next step we expand around ' = 0, corresponding to an expansion around ¢ ~ 1 and
thus § ~ 0. In the next step we would need to express the expansion in ' by J and
expand around J ~ 0 again.

The major open question regarding this procedure is the expansion depth in § we can
reach.

THE HADRONIC CROSS-SECTION Once all partonic channels are known through
O(p*), we have to obtain predictions for proton-proton collisions. To this end, we need
convolute the partonic cross-sections with parton density functions f:

Opp—sHH+X = Z/dxldx1f(x1)f(x2)UiHHH+x(X1X25) . (7.20)
ij
Here, the sum runs over all possible partonic initial-state configurations. With the results
for the partonic cross-section expanded in ¢ the necessary numerical integrations do not
pose additional challenges.

7.3.2  Beyond the large mass expansion

The results obtained in this chapter and in chapter 6 using the LME only describe
the partonic cross-sections for partonic center-of-mass energies below the top-quark
threshold. At higher energies, the LME diverges and we need additional methods to
improve our predictions. To this end, it was found in [26] at NLO, that on the level of the
total hadronic cross-section it is possible to obtain a reasonably converging behaviour by
factoring out the exact LO result. Since the exact NLO result for the gluon-gluon channel
is available [23—25], this analysis can be extended to NNLO.

In the following we discuss two additional ideas, which might allow for further
improvements.



7.3 OUTLOOK

PADE APPROXIMANTS In [149] the full top-quark-mass dependence of the NLO form
factors contributing to single-Higgs boson production and Higgs boson pair production
is reconstructed from the LME and an expansion around the top-quark threshold of the
form factors. To this end, the top-quark-mass dependence is encoded in the variable w
with

s 4w (7.21)
AM?2 (14 w)? ’
and an Padé ansatz of the form
Yo aiw'
n/mlw)=--"="="—— 22
n/ml(w) = TS (722)

is made. The coefficients 4; and b; are then determined by comparing the ansatz to the
LME and the threshold expansion.

This method has also been successfully applied to the Higgs boson—gluon form factor
at NNLO [89] and Z-boson pair-production off-shell interference [150].

In [89] it was shown, that the knowledge of several expansion terms in the LME is
crucial for correctly approximating the form factor. With a LME of similar depth available
for the hadronic Higgs boson pair-production cross-section, a similar approximation can
be constructed once information on the behaviour at the top-quark threshold becomes
available.

TOWARDS DIFFERENTIAL DISTRIBUTIONS  Another possibility to improve upon the
LME is to combine all contributions which can be computed without an approximation
in M; together with LME results for those that can not. At NNLO such a combination
was conducted in [29], where exact results through NLO were combined with exact
results for the double-real radiation contribution, which can be obtained numerically
with programs such as OpenlLoops 2 [151], and the real-virtual and purely virtual NNLO
corrections in the limit M; — oco. As a result, the authors of [29] were able to obtain
results for differential distributions through NNLO.

To improve upon these predictions, LME results for the purely virtual and real-virtual
NNLO corrections could be used. While the form factors for g¢ — HH are known through
O(p*), the real-virtual contributions are missing. As a first step towards the inclusion of
higher order terms in the LME we thus would compute the LME of the form factors for
¢¢ — gHH and gq — qHH through O(p*).
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CONCLUSION

The topic of this thesis is the computation of NNLO corrections to Higgs boson pair
production and higher-order corrections to processes involving Higgs bosons. In this
section, we summarize the two parts of this thesis and the results obtained.

The first part of this thesis is devoted to the computations of three quantities, at the
four-loop order, which are relevant to Higgs boson physics:

¢ In chapter 2 we obtain the effective coupling between two Higgs bosons and gluons.
We published the result, including all decoupling constants in QCD at four loops,
in Ref. [33]. Our result served as an important ingredient in the recent computation
of the Higgs boson pair-production cross-section, in the limit M; — oo, at N3LO [31,

32].

¢ In chapter 3 we expand the four-loop Higgs boson—gluon vertex for M; > my
through O(m%,/M}) and found that the mass-suppressed terms add corrections of
O(10%), for the top-quark mass renormalized in the OS scheme, compared to the
leading term. This result is the first step towards including terms suppressed by
inverse powers of the top-quark mass in cross-section predictions for the production
of Higgs bosons in gluon-fusion at N3LO. The results obtained in this chapter are
published in Ref. [34].

¢ Based on the computational setup established in the course of the computations of
chapter 3, in chapter 4 we compute the N3LO QCD corrections to the decay rate of a
Higgs boson into two photons through O(m%,/ M}). While these contributions are
small, the mass-suppressed terms are comparable to the leading term, showing the
significance of the higher-order terms in the LME at N3LO for a physical quantity. A
publication of the result is in preparation [152].

In the second part, we focused on the computation of real-radiation corrections to
Higgs boson pair production at NNLO by expanding the integrals involved for a large
top-quark mass. We divided the computation into three individual pieces:

¢ In chapter 5 we discuss the computation of real-radiation contributions using the
method of reverse unitarity. In this context linearly dependent Feynman integrals
arise, which need to be partial fractioned in order to apply regular Feynman
integral techniques. To this end, we developed the program LIMIT to partial fraction
linearly dependent Feynman integral families and minimize the resulting linearly
independent ones. LIMIT not only proved useful in this context, but was also
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successfully applied to the computation of two-loop matching coefficients in non-
relativistic QCD [123] and the relation between pole mass and kinetic mass at three
loops [124].

¢ Using the techniques established in chapter 5, we compute a subset of the real-
virtual contributions in chapter 6. This subset involves all diagrams with both
Higgs bosons coupling to different top-quark loops. It is gauge independent and,
when combined with the corresponding subset of virtual corrections, finite. At
the partonic level, the corrections due to terms suppressed by inverse powers of
the top-quark mass are of O(30% — 40%) compared to the leading NNLO term. We
published the results in Ref. [35].

e In the final chapter, we provide results for the gq, g9’ and gg channels. Furthermore,
we discuss the state of the g¢ and gg channels. In particular we find a canonical
basis for all Mis involved. Furthermore, we discussed possibilities to improve the
knowledge of top-quark-mass dependent terms beyond the pure LME.

While the computation of the real-radiation contributions is not yet complete, the main
technical challenges have been solved in the course of this thesis and the computation
of the missing pieces is underway. Once all partonic channels are completed, the total
inclusive cross-section for Higgs boson pair production in proton collisions can be
obtained.
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DEFINITIONS

In this appendix we discuss several definitions used throughout this thesis. We start by
introducing ghost fields in Sec. A.1 and continue with the renormalization of fields and
parameters in Sec. A.2. In Sec. A.3 we introduce decoupling constants. We conclude by
defining the various colour factors arising in QCD calculations in Sec. A.4 and specifying
the tensor structures and projectors required in the computation of Cyy in Sec. A.5.

A1 GHOSTS AND GAUGE FIXING

Deriving the gluon propagator solely based on Eq. (2.1) is not possible due to gauge
invariance. To this end we choose to quantize QCD using the covariant Lorentz gauge
and add an additional term to the Lagrangian density Eq. (2.1)":
GF 1 a 2

£ =y (amy) : (A1)
The gauge parameter ¢ can take arbitrary values and physical observables do not depend
on it. There are two special gauge choices commonly used: ¢ = 0, also known as Feynman
gauge and ¢ = 1, known as Landau gauge.

For abelian gauge theories, such as QED, Eq. (A.1) is enough to quantize the theory
and derive Feynman rules. In the nonabelian case however, we furthermore need to
introduce so-called Fadeev-Popov ghost fields to quantize the theory using the path-integral
formalism. The ghost fields ¢* are anticommuting scalar fields described by

L8 = (9#'c") Dyc” (A.2)

While ghosts seem to be a mere mathematical trick to quantize the theory, they also play
a more physical role. Without ghosts, loop computations with internal gluons would
lead to the wrong result, due to unphysical timelike and longitudinal polarizations, see
e. g.the example in Ref. [153]. Ghosts exactly cancel these unphysical degrees of freedom.

A.2 RENORMALIZATION OF QCD

The fields and parameters present in Eq. (2.1) and Eq. (A.1) can not be measured directly
but have to be connected to observable quantities. Furthermore, Green’s functions beyond
LO expressed in terms of bare quantities typically diverge in the UV regime. To this

1 Our choice of the gauge parameter is related to the choice in Ref. [42] by a =1 — .
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end, renormalized, as well as bare fields and parameters are introduced together with
renormalization constants Z, to absorb the UV divergences and obtain finite results.

The renormalization constants may not only contain UV divergences, but can also be
chosen to contain finite pieces. In the widely used MS scheme [154] also finite terms
of the form In (477) and g, which always appear together with poles in dimensional
regularization, are absorbed. In the MS scheme the bare quark, gluon and ghost fields
are connected to their renormalized counterparts via [46]

E]?c =V qujr , G](/)[,a =/ Z3Ga , ¢ = \/ Z3Ca . (A3)

The bare parameters are connected to the renormalized ones via
8 = MZg s, m?[ =Zpmy , O =1+23(&-1). (A.g)

Here p is the so-called renormalization scale which is introduced to keep the coupling
constant gs dimensionless. As a consequence all renormalized fields and parameters
depend on p. The renormalization constants in Eq. (A.3) and Eq. (A.4) can be related to
the UV divergences of two- and three-point Green’s functions, by demanding cancellation
of UV poles. They are known through five loops [55, 57-59, 155].

THE ON-SHELL SCHEME Another commonly used scheme for the renormalization of
masses and external fields is the so-called Os scheme. In this scheme the renormalization
constants for the fields and masses are chosen such that the bare propagators behave
like the free propagators near the mass shell. For gluons and massless quarks using this
implies that

1 1
708 _ 7905 _ A.
T N (ORI T S (1) I (A5

where Yy is the vectorial part of the light quark self-energy and I1 is the transversal part
of the gluon self-energy. Since the self-energies are evaluated for p?> = 0 contributions
involving only massless particles vanish and thus, only contributions involving massive
particles enter Z9° and Z$°.

For massive quarks the relation between self-energy and Z9° is more involved and
can be found e.g. in Refs. [104, 156], together with the relation for Z9°. In contrast to
the MS scheme all renormalization constants in the OS scheme contain finite parts and
positive powers in €. The quark mass in the MS and OS scheme can be related using the
renormalization constants in the two schemes. This relation is known through four-loop
order in QCD [104, 156-162]

MO Sz

(A.6)



A3 DECOUPLING CONSTANTS

A3 DECOUPLING CONSTANTS

Furthermore, in many QCD applications all scales involved are much smaller than the
top-quark mass. In this case, large logarithms occur, which in the effective theory can be
absorbed into parameters and fields.

Example 12 (Large logarithms)

To see the effect of large scale hierarchies, consider the electromagnetic R-ratio

R(S) _ Ue+e~—hadrons )

01@*‘?7%#”‘7

This observable is known up to O (a¥) [163, 164] and plays a crucial role in the determination
of ws. Pure QCD corrections can be related to the imaginary part of the photon vacuum
polarization

R(s) = 12t ImII (—s — ie)

and thus only two-point diagrams such as the ones below contribute.

e (P AP

The contributions of massless quarks up to O (a2) can be easily evaluated and yield

_R(s) ; 365 1 2
NE O —1+ 2+ (2) [m‘“&’*”l(‘u*s@ﬂ'

where the renormalization scale yz =s, (3 is the Riemann {-function evaluated at 3, N, is the
number of colours, n; is the number of massless quark flavours, and Qy is the electric charge of
the quark flavour f. If we now also consider a heavy quark with mass mg which is much larger
than s, it only contributes through diagrams like the last one in the above figure. Its leading
contribution in s/ mZQ is given by

1. 2
R<Q>(s):—6NC;Q} (%) In <nfé> .

For large values of mq, this contribution can become dominant and even spoil perturbativity if

= ln(s/mZQ)‘ > 1.
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When integrating out a heavy quark also the parameters and fields of the full and
effective theories have to be related to each other. This is done by introducing the
so-called decoupling constants, which in their bare form can be defined by [46]

Gg,(nl) _ ggGOI(”f)’ o) — \ﬁ 0.(np) qf \/Ezqf ") ,

= g™, @ =1 gy (00 1) (A7)

where 11y = n; + 1 and no colour indices are shown.
Replacing bare fields and parameters by renormalized ones using Eq. (A.3) and
Eq. (A.4) yields for the parameters® [46]

)\ 2
n Z n
th - ( ) X = Cabag f)/
g

(nf)

e =1 T (0 1) =g (e 1) (A8)

3

where the renormalized decoupling constants depend on ws(nf ), In(p?/ mé) and, in the

case of {3, on ¢ ("f), Note that in the n;-flavour renormalization constants the parameters
need to be replaced by their n¢-flavour versions using the above relations.

Example 13 (Absorbing large logarithms)

Recall the NLO corrections as well as NNLO involving massive quarks to the R-ratio

ny ’ chnf)
R S) = NCZQf T 7
f

n (”f) 2
1 ZI o s
RO(s) = —gN. 7 QJ%( F ) " (7’%) ,

where now the number of quark flavours ny = n; + 1 is explicit. Up to one loop the inverse of
the decoupling constant of s is given by

(m) 2
L4l 1n<”2>+(9(«x§),
7T m

where we replaced ucs(nf ) by iteratively applying Eq. (A.8). Expressing (xﬁ”f ) in R(s) through
ocgnl ) absorbs the large logarithm in the coupling constant.

2 Similar relations hold for {» and (3.



A4 COLOUR FACTORS

MATCHING FOR THE DECOUPLING CONSTANTS Following the same reasoning as
in the previous two subsections the bare decoupling constants for the gluon and ghost
fields are given by their vacuum polarization I1(p?) and I1(p?) [46]

g =1+11"0), (A.9)
33 =1+11"0) . (A.10)
Combining Eq. (A.9) and Eq. (A.5) we obtain
os _ 1
757 =5 - (A.11)
G5

The bare gauge coupling decoupling constant §g can be extracted from the 1PI part of
the gauge boson-ghost vertex I'ce(p, 9) by [46]

Z(l) =1+ I-|lf1cg,7
ZO
o =—"1 (A.13)

3y

A.4 COLOUR FACTORS

(0,0), (A.12)

In this section we provide explicit expressions for the colour factors appearing in our
computations. We provide expressions, both for a generic number of colours N, and the
case of QCD (N, = 3). In the following we normalize

5ab
arrb\ __ ab __ Y

Tr (T T ) = Tpo" = =, (A.14)

where the T are generators in the fundamental representation.

The dimension and quadratic Casimir operator in the fundamental representation are

given by
Np=N,=3 C—N‘?_l—é (A.15)
F=Ne=2, MF=—N T3¢ 15

whereas the corresponding quantities in the adjoint representation read
NA=N>-1=8, Ch=N.=3. (A.16)

Furthermore, the following contractions of symmetric rank-4 tensors arise at four
loops:
dpldpet  Ne(NZ+6) 45  dp“dP  NE—6NZ+18 _ 5

- —- 2 A.
Na 48 48 Na 96N2 9% (A-17)
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A.5 PROJECTORS AND TENSORS STRUCTURES

Here, we provide the Lorentz tensor structures and projectors appearing in Higgs boson
and Higgs boson pair-production.

In the case of single Higgs boson production, there is only one contributing tensor
structure, discussed in Sec. 2.2.1. We project on this structure, by applying

P = =T (g1 02)g" — giah — alah) - (A.18)

In the case of Higgs boson pair-production two tensor structures arise. They can be
found, e. g.in Ref. [126], and are given by

v H

AP — v _ T2 )
! (91-42)
2
AW — gyv + 93 qv wo_ (512 ) 5]3) (Ell ) q3>
’ gr(1-92) "7 431 42) 77(01 2)
where g% = 2(g1 - 93)(q2 - 93)/ (41 - 92) — q3. Note, that the first tensor structure is the
same, as in the case of single Higgs boson production. However, the projector can not be
re-used, as it is not orthogonal to the second structure.
As a consequence, we need two new projectors, given by

2
i — q5qh + ?ngg , (A19)
T

v 1 q2 qvqﬂ
p=__- ”V—[l—e _36] 192
bo2(D-3) (g (1=e) g 1 (q1-q2)
2e 2e
— ————— [(q2- q3)9%95 + (91 - 93)9595) + =5 49595 |
q%(ql,qz)[q 93)q1q5 + (91 - 43)9593] 700
v 1 qZ qvqﬂ
P = w_[e_ 1_63]12
> 2(D-3) (g 3 oy
2(1—¢)

2(1 — 6)
v H# " v [/,
— (g2~ + (1 - + :

(A.20)
In the calculation of Cxp, we only need Pf " as the form-factor of Agv vanishes in the

limit m; — oo. Still, we need Pf Y and have to keep the three external momenta different
from each other and zero, to avoid mixing with unphysical operators.

A6 GONCHAROV POLYLOGARITHMS

The phase-space MIs discussed in chapters 6 and 7 can be expressed in terms of so-called
GPLs [165]. They can be defined recursively as

*d
G(ay, ..., an;x) :/0 y_yalG(az,...,an;y), (A.21)




A.6. GONCHAROV POLYLOGARITHMS

with G(x) = 1. The a; are called letters and the set of letters @ = {ay,...,a,} is called a
word. In case the rightmost letter is zero, special care has to be taken. To this end one
generally defines

G(0;x) = log(x) . (A.22)

The product of two GPLs of the same argument with the words 7 and b can be written
as a sum of GPLs:

G(@;x)G(b; x) = Y. G(@Ex). (A.23)

e=alp
The sum runs over all shuffles of the letters in 7 and b. In the following we give an
explicit example of this property:
Example 14 (Shuffle algebra)

The shuffle of two words keeps the order of the letters in each individual word unchanged. In
the case of two words with length two, the above sum becomes:

G(a,b;x)G(c,d;x) = G(a,b,c,d;x) + G(a,c,b,d; x) + G(a,c,d, b; x)
+ G(c,a,b,d;x) + G(c,a,d, b;x) + G(c,d,a,b;x) .

Further properties of GPLs are reviewed in Ref. [139].
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LARGE MASS EXPANSION

Throughout this thesis we apply the large mass expansion (LME)" to various problems in
Higgs boson physics. Here, we want to briefly describe the method.
The expansion of a Feynman diagram I in the large mass M takes the form

T(M, {q}, {m}) "= T /v ({g} Am}) © T imy (M gy}, {my}), (Ba)
Y

where {q} and {m} denote the sets of small momenta and masses, respectively. The sum
goes over all sub-graphs v of I' with the following properties:

1. <y contains all lines carrying the large mass M,
2. 7 is 1Pl in its connected parts after contracting all lines carrying the large mass.

The operator 7y, } (,,} denotes a Taylor expansion in the small momenta and masses
appearing in the respective subgraphs, before loop-integration is carried out. The set
{q,} also contains the loop momenta that are external to the subgraph. The notation
I'/v ® T means that we first Taylor-expand < in the small parameters and then re-
insert the Taylor-expansion into the diagram I" where the lines in -y are contracted. The
subgraphs <y are generally referred to as hard subgraphs, where as the I'/+y are called
co-subgraphs.

This procedure allows us to systematically perform an expansion in a large mass at
the level of Feynman diagrams. Thus, we reduce the involved integrals by one scale
already before performing IBP reduction.

Sample applications of the procedure are shown in Figs. 2.2 and 3.1.

1 This method is also known as the hard mass procedure in the literature.
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ADDITIONAL RESULTS

In this section we present additional results that have been obtained in the course of the
computations of Ref. [33], but have not been presented there. In Sec. C.1, we present the
effective coupling of a Higgs boson to light quarks. In Sec. C.2 and Sec. C.3 we provide
additional terms in the € expansion of Cy and the OS renormalization constant of gluons,
respectively.

C.1 EFFECTIVE COUPLING OF A HIGGS BOSON TO QUARKS

The discussion of chapter 2 and Sec. A.3 can be extended to account for the leading
effects of the masses of light quarks. To this end, we introduce the quark mass decoupling
constant {,,, relating quark masses in the n 7 and n; flavour theories:

(m

(™ = gmm}”f) . (C.1)

Four-loop results for {,, have been obtained for general N, in Ref. [166] and in terms of
SU (N) colour factors in Ref. [33].

At LO in the light-quark mass, the effective coupling of the Higgs boson to light quarks
can be written as

H
LoD —Cg; Y migia;, (C2)
f

where the sum runs over all light quark flavours, the m? are the bare quark masses and

the q? the bare quark fields.
In Ref. [46] a low-energy theorem connecting the effective coupling constant C, to {,
was derived:

0
f

The effective coupling C, can be written as

A7)

Cr=1+T¢) (n> cl?, (C.4)
i=1

where the coefficients Céi) are given by

c! =o
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Cf) - iCF /
C£3) = C? (13 — és) +CrCa (—352 + ;@) + giCFTF + QWICFTF ,
cW=c3 <_§}8Z SZ@ C5> + CFTr (—2; +8as + %a‘f 2at0> + fgzg %f@l)
L, (335819 20— E s 11 Lz, - 8591123g +21765 0 Cs>
+Cey (Do + tast ot - i+ 10700 - - 2t
+ CpCuTr (igézz —day — éaihr a3 — 4;:835 C4> +CrTf < 2?2 + 53)
+ 1, CpCATE (155155552 —4ay — %a‘f +ails — @53 + 4§€4> + %TZICFTI%
+njCrTr (ggg; - ZC3> , €5

Here, u = my, n; is the number of light quark flavours, ¢ is the Riemann (-function
Eq. (2.35) and a, = Li,(1/2).
The four-loop term C§4)

the literature so far.

in terms of SU (N) colour factors has not been presented in

C.2 EFFECTIVE COUPLING OF A HIGGS BOSON TO GLUONS
To construct the EFT expression of the Higgs boson—gluon form factor in chapter 3 we
require the one-, two- and three-loop contributions to the effective Higgs boson—gluon

coupling Cy to higher orders in €. In particular, we require terms up to €32 for the
[-loop contribution. We write

(m) i
2 s i
- (w) o <o
i=1 T

where the coefficients Cg) are given by

1 1 1
C =1+ lLue+ ( 0o+ 712 ) e+ (— 3€3+2€21mt+6l%t>€3

1 1 1 1
+ <4§4 + g@% - gCBlmt + iCzl%t 24131 ) §
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+ ( — 505 = 0l + gGabwi + 503t — ¢TaB + 15 Calh + Tl )
- (2@ + g5l glale+ 508 — 5lshn — clalsbu + 5l
T gz mt C3lr3rzt+ igzlfnt lr6nt> e,
18 48 720
(z)( S z)
( 523 5. 4. 43

5 8 5 53 3
108 6§3 3€2 + 9 lmt + 2@217111‘ 3lmt + 3lmt>€

C? =y

6223 35 8 43 523 8
<648 + EQ + §€3 + E@Z - 574th - ggBlmt - ggzlmt

43 5 16, 5
+ ?lrznt + Egzl%’lt l 61;}'”) 64]

3 (13 35 3. 13, 15, )\ ,
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Here n; is the number of light quark flavours, { is the Riemann (-function Eq. (2.35),
ay = Liy(1/2) and Ly = In(p?/m?(u?)), where m; is the top-quark mass renormalized
in the MS scheme.

C.3 ON-SHELL RENORMALIZATION OF GLUONS

In chapters 2 and 3 we need the gluon wave-function renormalization constant in the OS
scheme, including higher orders in the € expansion. It is connected to the inverse of the
bare gluon decoupling constant, as discussed in Sec. A.3. Analogously to the gluon case
in Eq. (A.11). As in the case of Cy in Sec. C.2, we require the [-loop contribution up to
€821, We write the renormalization constant as

(nf) i ,
Z§ =1+Tr)_ (“Sn(”)> 2 (C.8)

(i)

The coefficients z,’ are given by
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Here n; is the number of light quark flavours, { is the Riemann -function Eq. (2.35),
ay = Liy(1/2) and Ly = In(p?/m?(u?)), where m; is the top-quark mass renormalized
in the MS scheme. Furthermore s¢ is given by [75]

_1\m+k

i 1
se= Y, ), (m?“’k ~ 0.987 . (C.10)
m=1k=1
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