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Abstract

In this dissertation, I will present the calculation of next-to-next-to-leading order perturba-
tive QCD corrections to the production of a Higgs boson in association with a leptonically
decaying weak vector boson: pp — V(— ) + H+ X with V. = W* and V = Z. Two

subclasses of the processes are considered in two subsequent chapters:

| The Higgs boson decays as H — bb to a bottom quark-antiquark pair with no addi-
tional restrictions on X. NNLO QCD corrections are also included in the decay, which

is identified by requiring at least two b-jets among the final states.

2 The Higgs boson is produced on shell and X must contain at least one single unflavoured

hadronic jet.

A fully differential calculation is attained in both cases by implementing the processes into
the parton-level event generator NNLOJET, using the antenna subtraction formalism to reg-
ulate infrared singularities. Numerical predictions for fiducial cross sections and differential
distributions at 13 TeV LHC collision energies are presented for both associated Higgs pro-
duction classes. In most cases, the inclusion of NNLO corrections leads to a clear stabilization
of the predictions and they contribute substantially to the reduction of residual theoretical

uncertainties inherent to perturbative calculations.

Lastly, the implementation of a brand new flavour-tagging layer into NNLOJET is con-
sidered in a separate chapter. This was quintessential for identifying b-jets and computing

flavour-sensitive jet observables for LHC processes at NNLO precision in QCD.






Abrégé

Dans cette thése de doctorat, je compte présenter le calcul de corrections perturbatives
de second ordre (NNLO) survenant dans le cadre de la théorie de la chromodynamique
quantique (QCD) et liées a la production d’un boson de Higgs associé & un boson carac-

térisant 'interaction faible et se désintégrant en leptons : pp — V(— #¢) + H+ X avec
V=W*etV =2

Dans les deux chapitres a venir, je considérerai deux catégories de réactions :

| Le boson de Higgs se désintegre en une paire de bottom—anti-bottom quarks et
aucune autre restriction sur la nature de X n’est appliquée. Dans ce cas, les
corrections perturbatives de second ordre (NNLO) sont considérés également dans
le processus de désintégration du boson de Higgs qui est lui méme identifié par la
présence d’au moins deux jets contenant un quark bottom dans I’état final de la

réaction considérée.

2 Le boson de Higgs est produit sur sa couche de masse (on-shell) et 1'état final
(X) doit au moins contenir un jet hadronique dont la saveur (flavour) n’est pas

déterminée.

Dans les deux cas, un calcul entiérement différentiel est effectué en utilisant le formal-
isme de subtraction appelé : antenna subtraction nécessaire au traitement des singular-
ités infra-rouges et considéré dans le cadre du contexte théorique appelé : NNLOJET.
Ce calcul est réalisé a l'aide d’'un code numérique, simulant les évenements au niveau
des partons intervenant dans les réactions de particules élémentaires. Des prédictions
numériques pour les sections efficaces et distributions différentielles sont ainsi obtenues
et présentées pour ces deux types de réactions liées a la production d’un boson de Higgs
au LHC et correspondant a des énergies de collisions de 13 TeV. Dans la plus part des
cas, I’ inclusion de corrections perturbatives de second ordre conduit a une claire sta-
bilisation des prédictions et contribue a une nette réduction des incertitudes théoriques

résiduelles et inhérentes aux calculs perturbatifs.

Finalement, le développement et I'intégration d’une toute nouvelle méthode de tragage
de la saveur des partons dans le code NNLOJET est considérée dans un chapitre a part.
Cette méthode, permettant 'identification des jets contenant un quark de saveur par-
ticuliere est essentielle a la réalisation des calculs mentionnés précédemment ainsi que
pour le calcul de toute quantité physique au LHC incluant des corrections perturbatives
de second ordre et impliquant la production de jets hadroniques dont la saveur du quark

présent dans ceux-ci est bien déterminée.
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Introduction

I have been working on a theory aspect of high-energy physics where one of many primary
goals is to be able to produce precise predictions that are directly comparable to experiments,
which in this field usually mean collider experiments, specifically, as far as this thesis is
concerned, proton—proton collisions performed at the Large Hadron Collider (LHC) located

in Switzerland and France.

According to the current overall status of the field as of 2020, most of the crucial the-
oretical predictions of the Standard Model of particle physics [4] have been confirmed by
various experiments. The LHC has played a major role in validating core predictions of the
Standard Model, a prime example of this is the discovery of the Higgs boson, which was the
last missing particle of the Standard Model back in 2012. Due to cosmological and theoret-
ical considerations [5], the Standard Model is ruled out as a final theory, therefore a major
goal of the collider experiments is to find evidence for physics beyond the Standard Model.
Despite all the effort, no striking new discovery has been made in recent years, for example
in the form of a new particle previously not predicted by the Standard Model. Currently
there are only tensions with respect to the predictions, which have only been observed in a

few cases that need more confirmation.

A discovery of a new particle is usually made by identifying a clear resonance pattern in
a differential distribution of an observable quantity. The evident lack of such a clear signal
brought about continued efforts in precision physics, since effects beyond the Standard Model
might manifest in various other small systematic deviations than just a clear resonance signal.
For example, systematic deviations might appear if collision energies are insufficient and the
resonance pattern lies just barely outside the range of detection, or if the new resonance
is too wide to identify it clearly, etc. The key point is that if the theoretical predictions
are not precise enough then systematic deviations might fall within the uncertainty of the

calculations, making them very difficult to detect.

Observables in collider experiments are often expressed via cross sections: either differen-

tial in one or more variables or integrated over the fiducial region of the detector surrounding
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INTRODUCTION

the particle collision site. Without delving into detailed derivations of the basics of Quantum
Chromodynamics [6] (QCD) and collider physics, let us review the core concepts that are

required for the work presented in the upcoming chapters of the thesis.

The renormalized cross-section element [7] of a proton—proton collision can be written as

d¢; d
do = %/;lfj o/, (&1, 117) fopp, (€2, p) A ap(as(ur), wr, LR)- (1)

The factorized partonic cross section for partons (i.e. quarks and gluons) a and b from protons
p1 and py is defined as dd 4, the parton distribution functions (PDFs) of parton ¢ from proton
pi is labeled as f./, , the momentum fractions §; carried by the partons are integrated over,
and finally we have to perform a sum for all contributing partonic channels (a,b =quarks,

antiquarks, gluons) where there is a valid (nonzero) partonic cross section.

This thesis focuses on perturbative calculations in QCD, i.e. expansions of the partonic

cross section in the strong coupling constant ay as
X L0, (s ) (as) L@ () e s
A6y =dé ) + o dé,, + % dé,, + o dé,; +O<as). (2)

Consequently, we talk about leading-order (LO), next-to-leading order (NLO), and next-
to-next-to-leading order (NNLO) cross sections, depending on up to how many orders the
partonic cross section is included in eq. (2). The leading-order, or in other words the Born
cross section, includes all underlying partonic cross sections associated with minimally de-
scribing the process in question. Higher order cross sections include radiative and virtual
corrections, manifesting in extra partonic emissions and the inclusion of loops in the underly-
ing Feynman diagrams. An all-order calculation would not depend on the factorization (up)
or renormalization (ugr) scales, but due to the finite truncation of the perturbative series,
such a dependence is unavoidable. Nevertheless, it is expected that the magnitude of this
dependence reduces as higher orders are included in the calculation. The theoretical uncer-
tainty of the prediction is usually associated with the change in value of the cross section
when manually varying the factorization and renormalization scales. Therefore higher-order
predictions come hand-in-hand with a better handle on the theoretical uncertainties, enabling
more accurate comparisons to experimental data.

The excellent precision of the LHC experiments nowadays necessitates the inclusion of
perturbative QCD corrections at least up to NNLO but often to even higher orders for a
meaningful comparison between theory predictions and experiments. However, these calcu-

lations come at the price of exponentially increasing computational complexity both on the
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INTRODUCTION

analytical and numerical sides. At higher perturbative orders one faces two basic obstacles:

e the ever-increasing number of Feynman loop amplitudes carrying ultraviolet and in-

frared divergences are more and more demanding to evaluate;

e the additional partonic radiation can involve soft or collinear partons that lead to

complex infrared structures in loop and tree-level amplitudes.

These divergences cannot be handled numerically and require complex evaluation schemes
to get rid of. The effort of many collaborations are focused on methodically tackling and
automating these obstacles so that higher-order predictions for collider physics may become

more accessible.

Doctoral Research

During my PhD program I was part of the NNLOJET collaboration, a collaboration built-
around the NNLOJET framework that specializes in systematically treating the aforemen-
tioned radiative infrared singularities arising in higher-order amplitudes up to NNLO preci-
sion. While there exist various slicing and subtraction techniques that handle these infrared
divergences, the primary choice of the NNLOJET collaboration is antenna subtraction, de-
tailed in a plethora of publications [3—-16]. As its name suggests, it is a subtraction technique
that captures and subtracts the infrared divergences with so-called antenna functions, leaving
the amplitudes that build-up the cross section divergence-free and ready for numerical evalu-
ation. The antenna function only depends on the number and type of partons involved in an
infrared configuration, essentially making them universal building blocks for a subtraction
scheme that is applicable to many different processes that occur during proton—proton col-
lisions at the LHC. As long as the relevant loop amplitudes are known, antenna subtraction

opens up the way to achieving NNLO predictions for a variety of physical processes.

All QCD antenna functions have been calculated and implemented into the multiprocess
parton-level event generator software called NNLOJET, sharing the name with that of the
framework and collaboration. The main focus of my research was on developing this software
to extend its predictive powers to new types of processes. The research projects I worked
on can be separated into three well-defined, yet interdependent pieces that I will address in

three different chapters of this thesis. These are

1 Associated Higgs Boson Production: an implementation of the parton-level pro-
cess up to NNLO precision where a Higgs boson is created in association with a leptoni-

cally decaying vector boson and the Higgs boson itself decays into a bottom—antibottom
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INTRODUCTION

quark pair. I will give a detailed introduction describing the importance and relevance
of this process, then I will recount the elements of the calculation within the NNLOJET
framework, including the clustering process of flavoured (bottom-tagged) jets used to
identify the decay of the Higgs boson. Lastly, I will present and validate results in the

form of fiducial cross sections and differential distributions.

2 Associated Higgs Boson Plus Jet Production: this is an extension of the previous
project where we additionally require a resolved hard jet among the produced final
states. I will also describe the relevance and implementation up to a NNLO precision
before presenting the results, again in the form of fiducial cross sections and a few
selected differential distributions. A difference compared to the previous project is
that decays of the Higgs boson are not included and numerical results will only be
shown for the case when the associated gauge boson in question is either the charged
W or W™ boson.

3 Flavour Tagging: a core infrastructural update to NNLOJET that enabled particle-
collision simulations for cases when we wish to detect flavoured particles among the
produced final states. It was an essential upgrade that made it possible to calcu-
late flavour-dependent differential observables for associated Higgs and Z plus b-jet
productions [3], but it is also a layer that is generic enough to be invoked for any pro-
cesses already implemented into NNLOJET. As this is a completely new feature of the
software, I will go into details of the under-the-hood workings of the implementation
besides the theoretical background. From the phenomenological perspective, parts of
this chapter can be considered an addendum but nevertheless it resulted in one of the
biggest changes in the codebase of NNLOJET and occupied a large portion of my work
as a doctoral student. Therefore, I intend for this chapter to act not only as part of
the report on my doctoral research but also as a reference manual on flavour tagging
in NNLOJET. I believe this will also be useful for other members of the NNLOJET

collaboration who wish to understand and perhaps further extend it in the future.
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Chapter 1
Associated Higgs Boson Production

In this chapter, I intend to describe the details of the implementation that went into produc-
ing NNLO predictions of observables related to the production of a Higgs boson in association
with a leptonically decaying charged (W*) or neutral (Z) vector boson. I will focus on the
new work I added myself but as the implementation is done in the NNLOJET framework, the
introduction of some established elements are required for a consistent context. Throughout
this chapter, I will use excerpts from ref. [1], my publication with other members of the
NNLOJET collaboration on associated Higgs production. The excerpts are often modified to
fit the logical flow of this thesis better.

Firstly, I will introduce the experimental relevance and the current theory status of as-
sociated Higgs boson production with H — bb decay in Section 1.1. Next, I will move
on to describing the general framework of our theoretical predictions in Section 1.2. T will
enumerate all the ingredients that went into calculating the cross sections at leading order,
next-to-leading order, and next-to-next-to leading order through Sections 1.3—1.5. In these
chapters I will heavily rely on the notational conventions of the NNLOJET framework, espe-
cially for the amplitudes and subtraction terms concerned. I will discuss the amplitudes we
included in our prediction in detail but also mention those that we omitted due to negligible
numerical contributions. While the theoretical background and technical implementation of
flavour tagging in NNLOJET is the main topic of Chapter 3, the framework for identifying
b-jets in VH production is immediately relevant in this chapter before we can move onto
the discussion of numerical results. A brief discourse specifically concerning flavour-tagging
characteristics of the VH process will already be the main topic of Section 1.6 of this chap-
ter. The remaining Section 1.7 will present and analyze the numerical results acquired from
NNLOJET. The numerical setup for the simulations is presented in Section 1.7.1, the result-

ing fiducial cross sections in Section 1.7.2, along with their analysis on renormalization scale
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1.1. PROCESS INTRODUCTION CHAPTER 1. VH

dependence in 1.7.3. Lastly, I will present and discuss a few selected differential distributions

in Section 1.7.4 before concluding and summarizing this chapter in Section 1.8.

1.1 Process Introduction

One of the highest priorities of the LHC physics program is the detailed exploration of the
mechanism of electroweak symmetry breaking that predicts the existence of the Higgs boson
and its interactions with the fermions and gauge bosons of the Standard Model. In July 2012,
the ATLAS and CMS Collaborations at the LHC reported the discovery of a resonance with
a mass close to 125GeV [17, 18]. At the current level of accuracy, the discovered particle
is consistent with the Standard Model Higgs boson but the limited precision of some of the
measurements still leaves room for possible alternative interpretations. Measurements of
various properties of the Higgs boson have been carried out since then. One of the main
goals of the completed Run II at /s = 13 TeV and the future Run III at /s = 14 TeV of
the LHC is to test the coupling strength of the discovered Higgs-like particle to known SM
particles through the study of a variety of processes at increased luminosity and collisions

energies.

At LHC energies the VH processes are the third (W*H) and fourth (ZH) largest pro-
duction channels after the dominant gluon—gluon and vector-boson fusion ones. These Higgs
production modes probe the gauge boson-Higgs vertex (VVH) separately for the charged
W+ and neutral Z bosons. Moreover, a particularly relevant feature of associated Higgs pro-
duction is the possibility to study the Higgs boson’s decay into a pair of bottom—antibottom
quarks. Via this decay, it is possible to directly measure the Higgs boson’s coupling to
fermions, thereby testing the mechanism of fermion mass generation in the Standard Model.
Furthermore, since this decay mode dominates the total width of the Higgs boson, the uncer-
tainty on this branching ratio enters into other studies as well, for instance in measurements
of the decay of the Higgs boson to invisible final states, which are relevant for dark-matter
searches [19]. Such a decay is hard to measure in inclusive Higgs production through the
leading production modes like the gluon—gluon or vector-boson fusion channels due to the
presence of enormous QCD backgrounds. In associated Higgs production, the presence of
a vector boson decaying leptonically provides a clean experimental signature, which means

experimental analyses looking for a H — bb decay have a manageable background.

Direct searches for the Standard Model Higgs boson through VH production and H — bb
decay have been carried out at the LHC at center-of-mass energies of 7TeV, 8 TeV, and
13 TeV. While the use of Run I data at /s = 7TeV and 8 TeV by the ATLAS and CMS
Collaborations was not able to firmly establish the discovery of a Standard Model Higgs
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CHAPTER 1. VH 1.1. PROCESS INTRODUCTION

boson through this channel [20, 21], the use of Run II data at /s = 13 TeV enabled to do
so. In 2017, The LHC experiments [22, 23] announced the observation of a Standard Model
Higgs-like particle decaying to a pair of bottom—antibottom quarks precisely through these
VH channels, with a significance of 5.6 and 5.3 standard deviations for CMS and ATLAS
respectively. First differential measurements concerning a simplified template cross section
as a function of the transverse momentum of the vector boson have been reported in ref. [24]
and updated most recently with considerable reduction of the experimental uncertainty in
ref. [25].

In view of prospective measurements of associated Higgs production including data from
Run II and IIT at the LHC, it is important to have precise theoretical predictions for cross
sections and differential distributions in the kinematic regimes probed by the experiments.
This includes, in particular, taking QCD effects into account in both the production and
decay. The present status of theoretical predictions for observables related to V'H production
with the vector boson decaying leptonically and the Higgs boson decaying into a bottom—

antibottom quark pair can be summarized as follows:

The total inclusive cross section for associated V'H production is known at NNLO QCD
precision. It is available through the numerical program VHQNNLO [26] whose ingredients
have been reported in refs. [27, 28]. The electroweak corrections to the total cross section
are known at NLO [29, 30]. Differential distributions have also been computed at NNLO
QCD, including the computation of H — bb decay at different orders. In refs. [31-33],
the Higgs decay has been included at NLO while it is included up to NNLO in refs. [34,
35]. In addition, for massless bottom quarks, the fully differential decay rate for H — bb
known so far at NNLO QCD [36, 37] has recently been computed at N3LO accuracy in
ref. [38], although jet flavour is not identified in this calculation. Furthermore, a differential
computation at NNLO QCD of this Higgs decay rate using massive bottom quarks has been
performed in [39]. The combination of fixed-order QCD computations with parton showers

has also been the subject of phenomenological studies in refs. [40-42].

Fully differential NNLO predictions for V'H observables obtained via the combination of
Higgs production and decay to bottom—antibottom processes have been presented in ref. [34]
for WTH and ZH and in ref. [35] for V = W~ H. These computations have essential features
in common: at parton level, both consider massless bottom quarks except for the Higgs
Yukawa coupling and use the same flavour-k; algorithm [43] to define b-jets. Furthermore,
the Higgs decay is treated in the narrow-width approximation and the Higgs Yukawa coupling

Yy, is computed at fixed scale ug{ec' = myg. Renormalization and factorization scale variations

are only considered in the production subprocess, using the central scale choice uf—,’{md' =

M%rod. = Myy, the dynamical mass of the VH system.
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The aforementioned computations differ instead in the theoretical framework employed
to regulate infrared divergences at NNLO level: in ref. [34] the gp-subtraction formalism [44]
is used for the VH production cross section combined with the CoLoRFulNNLO subtrac-
tion method [45] for the H — bb decay. In ref. [35] the nested soft—collinear subtraction
scheme [410, 17] is used—an extension of the residue subtraction scheme [48]—in both pro-

duction and decay subprocesses.

The aim of this thesis is to present fully differential computations of V'H observables for
all three processes, i.e. V.= WT, W~ and Z, including NNLO corrections to both production
and decay. These are calculated using the antenna subtraction formalism [8-16] via the
NNLOJET framework [49].

1.2 General Framework

In this section, I will present the main ingredients that enter the calculation. The collision
process we consider is pp — VH + X, where the vector boson further decays as V. — £/
and the Higgs boson as H — bb. The X in both the production and the Higgs decay side
indicates the possibility of additional partonic emissions that can be recombined into final-
state jets. In all cases, we demand the process to always produce at least two hard b-jets as
part of its definition, because phenomenologically this identifies the Higgs boson. Two basic

configurations at different orders of ag are depicted diagrammatically in Figure 1.1.

The NNLO QCD observables include radiative (real) and loop (virtual) corrections up
to O(a?) in both production and decay subprocesses. The cross section element at O(ak)

can be expressed in the factorized form

k d ) ;
doykro = Z @ pn Aol x do? 7, . (1.1)
NLO T 2o | (2m)d TOVH H—bb Y2
HLJJ%k

The term da@H corresponds to the production part at O(a!) and encompasses the matrix

elements and Lorentz-invariant phase-space elements for the creation of a leptonically de-
)
' H—bb
to the decay part at O(af) and includes the Higgs propagator connecting the production to

caying vector boson and an on-shell Higgs boson. The term denoted by do corresponds
the decay and matrix elements and phase space for the subsequent decay of the Higgs boson
to a bottom—antibottom quark pair. The decay does not contain initial states, therefore it
does not involve any convolution with PDFs, such as the one shown in eq. (1). This factor-

ized form does not allow crosstalk between the production and decay subprocesses, in other
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\ Y,
0\\ Aligh‘c /b-jet

light /b-jet \

|
~

Figure 1.1: Possible event configurations for associated Higgs boson production. The arrows
on the left in (a) represent incoming partons sampled from the colliding protons, the wavy
and dashed lines indicate the vector and Higgs bosons, respectively. The former decays
into a lepton—antilepton pair, while the latter into a pair of bottom—antibottom quarks.
The presence of at least two hard b-jets is always demanded but higher order corrections
can bring about additional emissions, resulting in additional jets. For example, at NNLO,
i.e. O(a?), the configuration (b) is permitted, where multiple b-jets and/or light jets can be

emitted from both the production and decay sides.

words there are no amplitudes describing interference between them. This is a reasonable

approximation due to the extremely narrow decay width of the Higgs boson.

While the matrix elements and phase-space factors factorize as production x decay and
are encapsulated in their respective subprocess cross sections, overall momentum conserva-
tion must be demanded on the entire process level. This is ensured by the term [ d%py /(27)%
in eq. (1.1) which will connect the phase spaces via the momentum of the Higgs boson. I
would note at this point that all final-state quarks and leptons are considered massless, which
is a reasonable approximation at energies as high as /s = 13TeV. The jet function Ja, 18
responsible for assembling at least two b-jets in the final state and it is a non-factorizable
term because we have to allow the jet algorithm to recombine radiated partons into final-
state jets, regardless of whether they are emitted from production or decay sides. In fact,
identifying flavoured jets needed major infrastructural changes in NNLOJET which I will
describe in Chapter 3. As the number of particles at each order varies for real and virtual
corrections, Ja in eq. (1.1) is merely a shorthand notation whose exact form depends on
each subcontribution. This will be indicated precisely while investigating the cross sections

at each order in Sections 1.3 through 1.5.

In the aforementioned sections, I will go through all the amplitudes and subtraction

terms needed for the NNLO calculation order-by-order, while introducing the workings of
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the NNLOJET framework whenever needed. I will rely heavily on the notations and con-
ventions used in the NNLOJET framework in order to directly reflect the implementation of
the calculation inside the codebase so that these sections can also be used as a documen-
tation of all the work I did on the VH process. All amplitudes presented in the next few
chapters have been independently validated against established particle-physics tools, such
as MadGraph [50], MCFM 8 [51], and OpenLoops [52, 53], where it was possible.

1.3 Leading Order

The leading-order or Born cross section is built with contributions related to the underlying
basic partonic processes that characterize the process under consideration. Beyond leading
order, at higher orders in O(as), additional partonic processes that possibly involve more
partons will have to be taken into account to compute the cross section. Understanding
all elements of a leading-order cross-section calculation is necessary before we can proceed
to higher orders. Therefore this section will introduce all elements and guiding principles
step-by-step, some of which will be important in efficiently constructing higher-order terms

as well.

The leading-order cross section in the production x decay framework outlined in Sec-

tion 1.2 can be written as

dde 0 0
dopo = / oo dol% x dol® - . (1.2)
d’p 25 2
-/ a0V (10 23:3,,47) x dof Ly (54 60) 725, 6). - (13)

It has only a single Born production x Born decay subcontribution. The arguments of the
cross sections and the jet function are shorthand notations for particle momenta and flavour
while the extra circumflex accents on the numbers indicate that the given particle is in the
initial state. In the NNLOJET framework these are always numbered as particles 1 and 2.
The jet function j;f) has two QCD final-state partons available (indicated by the upper

index) for flavoured jet reconstruction.
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Figure 1.2: Leading-order VH production amplitude.

1.3.1 Leading-Order Production doyy (14, 24; 3., 47)

The leading-order or Born cross section for the production subprocess has only the contri-

bution of the gg-initiated channel

Ny
(2N.)?

~ d. VH, 02 4
do—\%H,q(j = d@gro (plap% D3, P4; pH) BO (1(]7 26; 3(7 42) . (14)

The normalization factor ./\/"I/BH contains most of the constant factors that do not depend
on the given kinematics. This can be separated into the normalization factor of the Drell-Yan
(vector-boson production) process and an additional vector-boson—Higgs coupling according

to

1
Nba = NP Xyn = ?S(QCV)QNC v (1.5)

where the vector-boson—fermion couplings are'

1 4na 4o
Cw=—-——r— d Cg=——7—— 1.6
W= sin26vw an z sin26vw cos26w (1.6)
and the vector-boson-Higgs couplings are
I Ao
)\WWH = mw and )\ZZH = my (17)

sin26vw sin26v cos26vw’
for W+ and Z, respectively. The constants appearing are the electromagnetic fine-structure
constant «, the Weinberg angle 6y, the masses of the charged and neutral vector bosons my

and my, and finally the number of colours N, = 3. The symbol s appearing in eq. (1.5) is

IThe part that is independent of the handedness in the Z case. The helicity-dependent factors are absorbed
into the amplitude BY ™° as shown in eq. (A.11) of Appendix A.1.

31



1.3. LEADING ORDER CHAPTER 1. VH

the hadronic center-of-mass energy, therefore the factor 1/2s combines with the momentum

fractions 1 and x2 in the PDF convolution (1) to yield the partonic flux factor.

The factor 1/(2N.)? in eq. (1.4) comes from averaging over the colours and spins of the

incoming quarks as the detector is agnostic towards this information.

The phase-space notation chosen in eq. (1.4) is slightly unconventional in the NNLOJET
framework. It is a two-particle phase-space element for the final-state massless leptons with
a conservation term that allows momenta to flow out via pp, the momentum of the Higgs
boson. In general, this type of (n — 2)-particle production phase space that we will use for

higher production orders as well is written as

d@rrod- (Pl poi {ps )" 'pH) — ﬁ &
n2 ’ , ! =3 f=3 (27T)d71 2Ef

(27m)? 6D (p1 +po — pu — X35 ).

(1.8)
The phase space populated by the decay products of the Higgs boson is explicitly accounted
for in the decay cross sections. Overall momentum conservation is taken care of by the
integral over py during the assembly of the production and decay subprocess cross sections
as seen in eq. (1.3).

The symbol B(‘)/ 1.0 is the squared amplitude” describing this process. The only Feynman
diagram contributing to it is depicted in Figure 1.2. The labeling of the amplitudes follows
the conventions of the NNLOJET framework: a B-type amplitude has a single quark current;
the upper index indicates the extra VH production and that 0 loops are present; the lower

index marks the presence of 0 radiated gluons. The amplitude can be expanded as
VHO (5 5 . AN 2 pV0(3 5. )
By ™ (1,243, 4) = [P (s3a)” By (14 243 35, 47) (1.9)

where we separated the vector boson propagator

1
Sp7 — m%, + imy Ty

Py (sp7) = (1.10)

between the Higgs VVH and the lepton V¢ vertices. The remaining term is the Drell-Yan
amplitude Bé/’o found in Appendix A.1.

2 Amplitudes in general mean real-valued squared amplitudes in the main body of the thesis even if the
word “squared” is omitted. Complex-valued helicity amplitudes are only presented in Appendix A and they

are consistently labelled with a calligraphic typeface.
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1.3.2 No Momentum Conservation

One of the key ideas of this project was to formulate the production amplitudes and related
cross sections in a way that are just extensions of the already fully implemented and validated
Drell-Yan process in NNLOJET. At leading order, this deconstruction works trivially by
the insertion of a gauge-boson propagator in eq. (1.9) and accounting for the difference
in normalization factors due to the additional VVH coupling in eq. (1.5). This extension
is possible owing to the scalar nature of the Higgs boson: spin correlations between the
initial-state partons and the final-state leptons are not affected by the insertion of a Higgs

vertex.

Furthermore, higher-order corrections in the production only affect initial-state QCD
particles and therefore we can define Drell-Yan-like amplitudes similarly to eq. (1.9) at all

orders accordingly, i.e.

A

A 2 A A
Mg\l;l—like (17 27 37 ce (n - 1)87 TL[) = |,PV(3€Z)‘ Mr‘l/mc. (17 27 37 SR (n - 1)87 n[)' (1'11)

These Drell-Yan-like amplitudes contribute to the bulk of the cross section up to NNLO
precision. This is mainly because other contributions are simply not allowed until O(a2)—
there are no contributing Feynman diagrams besides Drell-Yan-like ones at O(af) and O(a}).
Additional contributions related to closed fermion loops of top and bottom quarks become
relevant at O(a?) and therefore we will recount them in the appropriate sections of NNLO
production. Their numerical contribution however is only a small percentage of the Drell-

Yan-like amplitudes, which makes the latter ones crucial and the cornerstone of this thesis.

These Drell-Yan-like amplitudes, however, have two important caveats and they are
not equivalent to the amplitudes implemented for the actual Drell-Yan process. These

distinguishing features are the following:

1. Momentum conservation between the initial- and final-state particles for Drell-Yan-
like amplitudes is not allowed because momentum has to flow through the Higgs boson
vertex, into the decay as well. The subscript “nme.” in eq. (1.11) thus stands for “no

momentum conservation”.

Generally speaking, utilizing momentum-conservation relations during the calculation
of amplitudes allow for final formulee with simpler analytic expressions. This simpli-
fication is a loss of information that cannot be reverse-engineered: besides being able
to exploit the same generic properties as those of the conventional Drell-Yan helicity

amplitudes, the non-momentum-conserving ones need to be derived anew.

Overall momentum conservation is guaranteed numerically on the entire process level at
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Figure 1.3: Leading-order H — bb decay amplitude.

all orders. It is taken care of by integrating with respect to the Higgs boson momentum

pu as outlined for leading order in eq. (1.3).”

2. The Drell-Yan process is conventionally defined for a neutral current mediation of
Z/~* bosons between the initial-state partons and final-state leptons. The Higgs boson
however does not couple to photons, therefore we need to restrict the gauge boson to
a Z only. For the sake of convenience, we also overload the term “Drell-Yan-like” to

encompass charged current interactions of W+ mediators as well.

Although these aforementioned caveats require recalculating the amplitudes from near
a priori considerations, the infrared structure of the non-momentum-conserving Drell-Yan-
like amplitudes are identical to the regular Drell-Yan ones. This permits us to reuse all
subtraction terms which were originally calculated and implemented for standard Drell-
Yan production. I will introduce the basics of antenna subtraction in Section 1.4 where it
will be apparent that subtraction terms are essentially constructed from universal antenna
functions and reduced matrix elements, which are lower-order amplitudes of the same process.
Consequently, swapping out the original Drell-Yan reduced matrix elements with their non-
momentum-conserving counterparts makes the subtraction scheme of the Drell-Yan process

readily available for VH production as well.

This fundamental concept behind the project naturally extends to VH-+jet production
as well, which will be the topic of the next chapter.
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1.3.3 Leading-Order Decay doy_,; (i, i)

As the H — bb decay concerns only final states, there is always only a single channel, and
naturally, no PDF convolution. The leading-order cross section for the H — bb decay is
0 dec. 2 HO,. .

dU;)_)bB = daEI—)bB = NP?—%B d(I)QeC (pH;pi,pj) ‘PH(p%{)‘ BO (’Lb,]]—)). (1.12)

This decay will be attached to higher-order production cross sections as well, which could

shift the particle numbering depending on the number of particles in the production subpro-

cess. Consequently, instead of fixed alphanumerical shorthand notations for the momenta

and flavour assignments of the decay particles, I am using generic Latin-character placehold-

ers.

The normalization prefactor

(1.13)

contains the Yukawa coupling that gives rise to the Higgs—bottom-quark interaction, which
can be expressed in terms of the mass of the b quark. The coupling—and therefore the mass
my,—is subject to renormalization in the MS scheme, which is the scheme we used for higher-
order virtual amplitudes as well. It thus depends on our choice for the renormalization scale

udReC' of the decay.

Despite the presence of a non-zero MS mass in the Yukawa coupling, we still treat the
bottom quarks as light quarks from the kinematic perspective, i.e. massless as far as the
phase space and the amplitudes are concerned. The expression for the massless two-body
decay phase space dq>ge° allows for momenta inflow via py. In general, such an n-body decay

phase space is written as

e in ddflp ;
d‘bg (PH;Diys -5 Diy) = [H m (27T)d 5@ (PH - an:@'l pf)‘ (1.14)
f=i1
The Higgs boson propagator
1
Pu(snp) = (1.15)

SH — m2H +imyly

3In practice, it is manifest by appropriate phase-space sampling.
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in eq. (1.12) is required to connect the production and decay subprocesses. As the Dirac

delta in the phase space (1.14) implies, the Higgs momentum is always expressed as

in
pu= Y ps and sy =pp. (1.16)
f=i1

At leading order this is just sg = 2p; - p;.

The only Feynman diagram contributing to the leading-order amplitude B(I){ 0 i shown

in Figure 1.3 and given explicitly in Appendix A.11.

1.4 Next-to-Leading Order

The aim of this section is to go through all the elements in detail for a next-to-leading order
calculation. First, I will write down the formula that assembles an NLO production x decay
cross section. Real corrections to production are found in Section 1.4.1, virtual corrections
to production in Section 1.4.2. Sections 1.4.3 and 1.4.4 contain real and virtual corrections

to the decay subprocess, respectively.

Through the detailed description of real and virtual subtraction terms in this section, we
will confirm what I have already outlined previously in Section 1.3.2: it is indeed possible to
recycle most elements of the regular Drell-Yan process when calculating subtraction terms
for the production part. As these principles will hold at NNLO as well, I will not address
production subtraction terms as thoroughly at O(a2)—converting them from ordinary Drell-
Yan ones follows the exact same principles. Nevertheless, I think it is necessary to understand
how this conversion is done and why it holds at a lower order, where the analytic expressions
are more compact. Therefore, I will present all required elements here and build upon this

when discussing formulation at NNLO in the next section.

The additional cross section at next-to-leading order—also called NLO coefficient—
contains a combination of real and virtual cross sections from the production with the Born

decay cross section and vice versa:

dp 1 0 0 1
dO—NLO coef. — / (27T)P(Ii {dU%I){ X dO’;LbB + d(7$/1){ X dU%LbB} ij (117)

ddp 5
-/ 2y L (47 = AoVt ) x doyy_ i 72 (3:6,,T5)

—

2
+(doVy — dofAf©) x dopi_ 5 T8 (5, 65)
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B R SNLO (3)
+dopy X (dUH_mB —do H—>bb) jzb (5bv Og, 71_))

2
+ doPy x (doy_p — dopiQ) 757 (5,,,65) - (1.18)

The arguments indicating particle momenta and flavour are omitted for the cross sections
and kept only for the jet functions for the sake of readability. The flavour of the particles is
not indicated when it can take multiple values depending on the partonic channel and the
amplitude, in which cases, the flavour association with the momenta is implicitly implied

based on the amplitudes.

Both the real (R) and virtual (V) cross sections contain infrared singularities, which need
to be regulated by the real (SNLO) and virtual (TNLO) subtraction terms, following the
notational convention of antenna subtraction used in the NNLOJET framework. Upon inte-
gration over the appropriate particle phase spaces, these subtraction terms cancel, essentially
helping the evaluation of the individual real or virtual subcontributions but not modifying

the final integrated result:

o= / do® + doV = / (daR - dUSNLO> —l—/ (dav - dUTNLO> . (1.19)
(bn+1 (Dn (I)n-l»l

n

infrared finite infrared finite

This is due to the Kinoshita—Lee-Nauenberg (KLN) theorem that tells us that at a given
perturbative order infrared divergences coming from loop integrals cancel with those coming

from phase-space integrals.

Let us summarize the normalization factors at NLO before proceeding to the individual

subcontributions.
é asNe\ =
Nl = M (%5 ) N = M (%5 ) e, (1.20)
R B 6 vV B asN:\ A
NH—>bb _NH—>bb< (6 NH—>bb _NH—>bB< o )C(e)’ (1.21)

with constants

Cle) = (4n)e=® and C(e) = L)

(1.22)
carrying the dimensional regularization parameter d = 4 — 2¢ and the Euler—-Mascheroni

constant g arising from the MS renormalization scheme.

A common feature of all appearing amplitudes at NLO is that the leading-colour ampli-
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Figure 1.4: Real VH production amplitude.

tudes, which carry a prefactor 1, are equal to their subleading-colour counterparts, which
carry a prefactor 1/N2. Therefore an overall prefactor 1 — ﬁ will be ubiquitous in front of

all the amplitudes.

1.4.1 Real Production doyy (1,2,3;4,,5;)

The production cross section now contains radiative corrections related to the emission of
an additional gluon, which means that the production side has channels initiated by these

gluons as well. The three partonic channels that contribute are

_ (1 - 5)

~R
dUVH,qé - (2Nc)2

M (1~ 5z)

C

A6V g =
VT (2NG[2(NE - 1)]

IV = QN )[2(NZ - 1)]

d. VH,0 (% 43
dq)gm <p17p27{pf}t}:37pH> Bl O<1qa3ga2§; 467557)7 (123)

d. VH,0(2 4
5" (p1, po; {ps}5—sipm) BI ™0 (142,354, 50),  (1.24)

5ot (pl,pz; {pf}?=3;PH) B (347 26 1g: 4, 55)‘ (1.25)

The averaging factors in the denominators depend on the initial state and account for the
two spin and N, colour states of quarks; and the two polarization and N2 — 1 colour states

of gluons.

A Feynman diagram representing the amplitude BY 10 is shown in Figure 1.4 with its

exact expression found in Appendix A.2.
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antenna: Ag L
. VH,0 s VH,0
real matrix element: B reduced matrix element: B ™

Figure 1.5: Structure of the SNLO VH production subtraction terms.

Subtraction Terms dohr© (1,2, 3; 4,,57)

The real subtraction terms for the production side, accompanying their respective real par-

tonic cross-section channels are
Nia(1-
~ & rod. & A
do$ALO = (2(]\7)2) DY (p1, po; {ps}f—s: pn ) aabBIGBVHSNLO Ty, 3, 24:4,,5),
C
(1.26)
R _ 1
~SNLO __ NVH(l N?)

prod. . 5 1 5 . _
JVH,qg - (2NC)[2(N2 — 1)] d(b?) (pl»pZa {pf}f:37pH> qu1gBVHSNLO(1Q) Qg’ ?’Q) 4[7 5@)7

C

(1.27)

Na(1- %)
~SNLO __ VH NE prod. ) 5 . 5 7. _
Ao = GNIBN =T d®P (pl,pQ, {pf}f:3,pH) qbgB1gBVHSNLO (3q, 9, 1454, 54).

C

(1.28)

The subtraction amplitudes indicated with monospace text are composed of antenna
functions—which mimic the infrared structure of the corresponding real amplitude—and
reduced matrix elements. Note that in the NNLOJET codebase these are present specifically
for V=Z or W but for the discussion here I am keeping the notation generic where possible.

The subtraction amplitudes are

quB1g@VHSNL0(iq, 34, 24:4,, 517) = A9 ,4(1,3,2) B(‘{H’O(iq, 2.4, 55), (1.29)
qu1gaVHSNL0(iq, 9y, 3414, 5g) =AY 1 raa(1,2,3) BY O (iq, 25,4, 55), (1.30)
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B1gBZHxByBgBH(Tq, 34, 25, 41,5760, 75) B1g8ZHxByBg8H (1, 35, 25, 41,57, 60, 75)
3 soft 2113 collinear
Teege - = x = 197 3000 - e x = 1975
& o %
0 x =10 [ x = 10

= p=

e x = 1873 e x = 1077

Number of points
Number of points

= .
1- 1073 % —__—

Figure 1.6: Spike tests for a soft 3, gluon limit (B3 = z/s — 0) in (2) and a 2; || 34
antiquark—gluon collinear limit (Fa3 = zv/s — 0) in (b) of the real production amplitude
Ble’O (iq, 3, Qq; 4,, 52)- A total of 10000 configurations were probed in all cases. As visible
in the naming scheme and flavour assignment above the histograms, the amplitudes in the

codebase already have the leading order H — bb decay attached.

qbgB1gBVHSNLU(3q, 9., 14:4,, 5,3) = A} o 0a(1,2,3) By O (iq, 15,4, 55). (1.31)

The AJ-type (three partons and zero loops) antenna functions are one of the many
antenng mimicking infrared structures and they are calculated as a ratio of essential matrix
elements required to reproduce the given soft and collinear limits. Graphically the structure
of these subtraction terms can be visualized in Figure 1.5. The full list and exact expression

for the antenna functions up to NNLO are enumerated in refs. [8—15].

Besides the introduction necessary for a well-structured train of thought, it is not the
intention of this thesis to go through all the peculiarities and details of antenna subtraction.
For our purposes, it is enough to note that all subtraction terms contain universal antennae

and process-specific reduced matrix elements of lower orders.

Eqgs. (1.29)—(1.31) are exactly the same as the subtraction terms for the Drell-Yan pro-
cess, except that the reduced matrix elements are swapped for those of VH production. As
discussed earlier in Section 1.3.2, they are non-momentum-conserving Drell-Yan amplitudes
decorated with some extra factors. Performing a replacement of reduced matrix elements
readily yields all subtraction terms for the Drell-Yan-type VH production subcontributions.
In practice, this meant creating a module for NNLOJET that recycles the implemented Drell-

Yan subtraction terms by swapping out the reduced matrix elements.
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Figure 1.7: Virtual VH production amplitude.

While the aforementioned theoretical reasoning is without a doubt correct, the ultimate
test for real subtraction terms are the so-called “spike tests” in the NNLOJET jargon. These
are numerical tests designed to calculate the ratio of the real and real-subtraction amplitudes,
probing random momentum configurations in all possible unresolved limits. The more we
approach the unresolved limit, the closer the ratio should be to 1, regardless of the exact
configuration.” This results in a visually pronounced spike in the histogram of the ratio for a
fixed number of configurations. Such test results are visualized in Figure 1.6 for a soft-gluon

and an antiquark—gluon collinear limits as examples.

1.4.2 Virtual Production doyy (14, 24; 3, 47)

Virtual cross sections are loop corrections to the Born amplitude, thus they contain only the

same single g partonic channel

Mu(1 - 3)

2N.)? d®5"°Y (p1, pa; ps, pai pu) BoVH’l(iq, 2z; 34745)7 (1.32)
C

~V _
Aoy e =

The expression for the one-loop, zero-gluon amplitude B(‘)/ 1 s found in Appendix A.3 and

the new loop Feynman diagram contributing to it is illustrated in Figure 1.7. This diagram
has to be interfered with the leading-order diagram of Figure 1.2 to get the expression for the
B(‘)/ H,1 amplitude. It is already renormalized in the MS scheme and thus carries no ultraviolet
divergences, but consequently depends on the renormalization scale ulﬁmd‘ of the production
subprocess. However, it still has infrared divergences expressed as 1/e and 1/€? poles in the
dimensional regularization parameter, which need to be subtracted by the TNLO virtual

subtraction term derived below.

4Up to limits in numerical precision. NNLOJET uses double precision everywhere.
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Subtraction Term daTNLO (14,24:3,,47)

Virtual subtraction terms not only need to subtract the explicit poles of the loop amplitudes
but also the poles that appeared due to the phase-space integral of initial-state infrared
singularities in the real-subtraction (SNLO) amplitude. These are the mass-factorization
counterterms and they do not have a loop-amplitude equivalent; they are absorbed by re-
definition of the physical PDFs. Therefore the virtual subtraction terms contain as many

channels as their real counterpart:

d.
D5 (21p1, T2p2; P3, Pa; PH) X

OTVH.eq = P

qqbBBg1VHTNLO (iq, 2413, 45), (1.33)

v 1
45 TNLO _ NVH(I B Ni?) day dzo

_ dq>prod %
OVH,qg (QNC)[Q(Ng—l)] r1 T (x1p1, T2p2; D3, P4; PH)

qu@gWHTNLU(iq,Qg;3£,4l7), (1.34)
N N2 dr; d

A~ 1 dx2

A6 g = 2Ny / fid‘@pmd (z1p1, T2p2; P3, P43 PH) X

qbgBAgTVHTNLO (Qq, 4:3,,47). (1.35)

The subtraction amplitudes

quBagWHTNLo(iq, 9413, 4,;) = —Jy o (s12) By O(iq, 9413, 4,5), (1.36)
A A 1),11 VH,0(3 4

agBOg1VHTNLO (1, 24331, 47) = —J5 050 e saa(512) By (10,2253, 47),  (1.37)

abgBBgTVHTNLO (27, 143, 47) = —J5 50 g saq(512) By ™0 (24, 143, 47) (1.38)

are expressed with integrated dipoles J2(1) and reduced matrix elements. The integrals over
x1 and x9 in egs. (1.33)—(1.35) indicate convolutions with the latter. It is implicitly under-
stood that the momenta set appearing in the subtraction amplitudes—both in the reduced
matrix elements and integrated dipoles—have initial-state momenta of x1p; and xops. The

dependence on the factorization scale pyr and the production renormalization scale Mpmd is
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Figure 1.8: Real H — bb decay amplitude.

also not indicated explicitly, but it is always understood that
TV () = I8V (s, 21, w2, pp, uBO). (1.39)

The exact expressions for the integrated dipoles in terms of integrated antennse and mass-

factorization kernels are found in ref. [16] and I will not reiterate them here.

Overall, the same reasoning as for the real subtraction terms holds: virtual subtraction
terms can be generated by replacing the original Drell-Yan reduced matrix elements with
the non-momentum-conserving ones. Nevertheless, the expected 1/¢ and 1/€? pole cancel-
lations between the regenerated virtual amplitudes and their subtraction terms have been

analytically validated with a built-in module of NNLOJET.

1.4.3 Real Decay doy_,; (iy, je, ki)

Real corrections to the decay cross section are expressed as
1
R R dec. . HOe, . g
doy 15 = NMiwh (1 - N2> d®5° (pu; pi, pj, Pk) By (i, Jgs ki)- (1.40)
C

The amplitude BF’O is illustrated in Figure 1.8 with its full form given in Appendix A.12.

Subtraction Term da%\ih% (i, Je» ki)

The real subtraction term for the decay part is

1

SNLO R dec. . .
doy in = NH—>bB (1 — N2> d®5° (pu; pi, Py, D) BYy19BHSNLO(4, , o, K )- (1.41)
C
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antenna: Ag

. H . H
real matrix element: B; 0 reduced matrix element: B 0

Figure 1.9: The simple, almost tautological structure of the SNLO subtraction term of the
H — bb decay.

The subtraction amplitude, whose structure is visualized in Figure 1.9 is expanded as
. . .. HO/~ =
By1gBHSNLO(iy , jg, ki) = AY(i, j, k) B (zb,jg). (1.42)

In the NNLOJET codebase the decay subtraction amplitudes never appear in the form above,
but rather always together with their respective production channels. The Born production
cross section contains only a gg channel, therefore a Born x SNLO subtraction term is
evaluated by the subroutine qqbB8g8VHxBy1g8HSNLO with V=Z or W. The decay subtraction terms
are completely new and not just replacements of reduced matrix elements. To verify these

subtraction terms, we carried out spike tests, two of which are visualized in Figure 1.10.

1.4.4 Virtual Decay doﬁ_ﬂag (iy, J5)

Virtual corrections for the decay cross section are written as

1 Hil,. .
oy s =Miwp (1 - Nz) AP (pi; pis ) By (i Jp)- (1.43)
C

The amplitude B(I){ s given in Appendix A.13 and the Feynman diagram that needs to

be interfered with the leading-order decay of Figure 1.3 to get the amplitude is illustrated

in Figure 1.11. Note that being a virtual amplitude renormalized in the MS scheme, it
dec.

also depends on the renormalization scale pR® of the decay side, independently from the

production renormalization scale.
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BBgBZHxBY198H(Tq, 25,31, 47,50, 64, 75) BBgBZHxBy198H (1, 25, 31,41, 5, 69, 75)
6 soft 5|16 collinear
9080 - = x = 107 Teage e x = 198
m x = 1072 f e x = 1870
[ x = 1973

Number of points
Number of points

Figure 1.10: Spike tests for a soft 6, gluon limit (Es = zy/s — 0) in (a) and a 5, || 64
bottom-quark—gluon collinear limit (Ess = xv/s — 0) in (b) of the real decay amplitude
B{{’O(5b, 64, 75)- A total of 10000 configurations were probed in all cases. As visible in the
naming scheme and flavour assignment above the histograms, the amplitudes shown here

had the leading order ZH production attached to them.

Subtraction Term dagi%% (iy, Ji)

The virtual subtraction term for the decay part is

1

TNLO _ AV (1 _ 1
dog ) = M H—sbb (1 N2
C

> AP (pw; pi, pj) ByBgTHSNLO(iy, ) (1.44)

Mass-factorization counterterms only accompany initial-state integrated singularities, which
are not present for decays as they only contain final-state configurations. Therefore, no
convolution with the mass-factorization kernel is needed, such as in eqgs. (1.33)—(1.35) and
therefore the convolution variables 1 and xo are missing as well. The subtraction amplitude
is

BYBQTHTNLO(iy,, i) = —J5 iy (5i7) Bo" iy ) (1.45)

which, being on the decay side, additionally depends on the decay renormalization scale:

1),FF 1),FF cc.
Tibo (s) = Joda (s, uie™). (1.46)

With this, all ingredients necessary to evaluate VH production with H — bb decay at NLO
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Figure 1.11: Virtual H — bb decay amplitude.

are given. We will now move onto the ingredients that are required for describing the cross
section at NNLO.

1.5 Next-to-Next-to-Leading Order

There are many more elements that are required in order to consistently assemble VH pro-
duction with H — bb decay at O(a2). After expanding the main formula (1.1) for the NNLO

coefficient, I will tackle the genuinely new ingredients step-by-step, channel-by-channel.

Ingredients to double-real production are found in Section 1.5.1, to real-virtual produc-
tion in Section 1.5.2, and to double-virtual production in Section 1.5.3. Besides the O(a2)
Drell-Yan-like amplitudes, there are also a set of completely new production processes ap-
pearing at real—virtual and double-virtual levels, induced by the Z boson or the Higgs boson

coupling directly to closed fermion loops.

After enumerating the building blocks of the production subprocess, we will turn our
attention towards new ingredients of the decay. Double-real decay correction are shown in
Section 1.5.4, real-virtual and double-virtual ones in Sections 1.5.5 and 1.5.6, respectively.
Whereas most of the Drell-Yan-like production subtraction amplitudes are recycled in the
same manner as we have seen at NLO, subtraction terms for the decay are implemented
into NNLOJET completely anew. Therefore I will give the expressions for them in terms of

antennae and reduced matrix elements.

The production x decay factorized NNLO coefficient contains all possible O(a2) contri-

butions. These are

dépy
(2m)d

dONNLO coef. = / {dagl){ xdo® 4 da‘(/ll){ xdoM 4 dU%/(')I){ X dgl(beB} T2, (1.47)

H—bb H—bb

dde 4
= / o) { (doB} = doby) x dofi, 5 87 (3,4:7,,.85)

3
+(dofy — doty) x dofs_ 5 T3 (356, T5)
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2
+(doyit — dovly) x dofy_,, 5 J37 (5, 6p)

SNLO SNLO (4) _
+(dofty — dofhC) x (dofi; — dopQ) T (3161, T, 85)

—do SNLO

+(d‘TVH SNLO) ( Thpp — 40 gfﬁg) 3 6p» 75)
) (3) (5p; 6g, 75)

TNLO %
H—>bb H—>bb

(dor )
+(dUVH TNLO) (dJH_m’ —do gﬁLb?)) 5(2)(513,65)

+doPy x (dofil o~ dop 5 ) Ta (5,6, 7, 8p)
3
+dUVH x (dUH_HDb H—>bb) »7( )(5ba 6g, 7p)

2
+ oty x (dofY, = dofl_0) T8 (5y,,65) } - (1.48)

The infrared singularities of the double-real (RR), real-virtual (RV), and double-virtual
(VV) contributions at the subprocess level are cancelled by the subtraction terms S, T, and
U, respectively. The KLN theorem within the antenna subtraction formalism at NNLO thus

reads

/ SRR doRY 4 doVV
Ppyo Pnt1 Pn

/n+2 R _ 4o ) Lnﬂ (daRv — daT) +[I>n (davv — daU) .

mfrared finite infrared finite infrared finite

Genuinely new contributions are the NNLOXLO and LOXxNNLO ones; the NLOXxNLO

parts are assembled from the already discussed lower-order contributions.”

A new feature for the real-virtual and double-virtual production amplitudes will be the
appearance of top quark induced loop contributions proportional to the Yukawa coupling
of the top quark, where the Higgs boson is emitted from the loop and does not couple to
the vector boson. The subtraction formalism for Drell-Yan is thus not applicable for these

amplitudes but they are fortunately all infrared finite.

Let us summarize the normalization factors at NNLO before proceeding to the individual

subcontributions.

NG = My ( %17:@> ole) (1.49)

SNLO % do TNLO

T €te:

®Note the products between subtraction terms as well in eq. (1.48), such as do¥;
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Figure 1.12: Examples of B-type (a) and C-type (b) amplitudes contributing to double-real
VH production.

RV _ av [ @sNe é(ﬁ) R [asNe 5
NVH NVH( By )C(E) NVH( o >C(€), (150)
N =N¥H(O‘;]:C)C*(e), (1.51)
asN\ C €)
N = s () 600 (152
asN\ Cfe) asNg\ =
N5 = s (55 G = Mis (Bt ) 060 (159
NV (sl A 1.54
H-sbb H—bb \ 9 (€) (1.54)

with constants C(¢) and C(e) defined in eq. (1.22).

1.5.1 Double-Real Production do} (1,2,3,4;5,,6;)

The two basic parton-level processes for double-real production involve amplitudes with one
quark line and two gluons (B-type) and two separate quark currents (C-type). Two examples
for the Feynman diagrams contributing to these processes are depicted in Figure 1.12. The
leading-colour amplitudes are denoted as B;/ HO and Cé/ B0 with their subleading-colour

B;/ B0 and the identical-quark interference amplitude D(‘)/ H’O, respectively. For

counterparts
WH production, we can further distinguish D,- and Dj-type amplitudes depending on which
of the three quarks are identical. The expressions for all amplitudes appearing are found in

Appendices A.4-A.6.

The number of possible partonic channels have increased considerably compared to single
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real production. Moreover, channels that include amplitudes with two quark currents can
get a little confusing, therefore I separated ZH and WH productions when necessary. Non-
identical quark flavours are separated in notation with capitalization, i.e. ¢ and Q) with ¢ # Q.
The W coupling changes the quark flavour, which is indicated with the prime symbol, i.e. the
quark current that couples to the charged vector boson is labelled as ¢¢’. Furthermore, it
is always understood that Q # ¢ with ¢ being up-type and ¢’ being down-type for WTH
production; and ¢ being down-type and ¢’ being up-type for W~H production.

Quark—Quark Initiated (Non-Identical Flavour)

RR 1
dARR . NVH (1 o N7c2) d(I)prOd'( { }6 . ) LCZH’O(i 3~ Q 4:-:5 6*)
UZH,qQ = — (2Nc)2 4 DP1,P251Pf f:37pH NC 0 @ 2Qr“Q *q: V¢V )
(1.55)
AV (1 - %)
~RR . N2 prod. . 6 . 1 WH,0 (4 _ 5 . B
dOWH,qQ — W d(I)4 (plap27 {pf}f:?)va) ﬁc <1q; 3Q7 2Q7 4(]’7 5£7 6[)
(1.56)
WH production has additional subleading-colour contributions when Q = ¢/,
MR (1 - )
~RR . N2 prod. X 6 .
dUWquq/ = W ddy (p17p27 {pf}f:BaPH) X
11 WH,0 (3 A WH,0 (3 A
N {Co (1437 20,4735, 67) + C0 0 (14, 431, 21, 37154, 67)
L wHo(4 N
~5 Do (1q,3q/,2q,,4q,;5z,6,;)}. (1.57)

A symmetry factor of % is present as final-state quarks 37 and 4 are identical. In practice
the permutation 37 <> 47 is carried out by the phase-space integral, enabling contracting

the two pieces into one in the codebase.

Quark—Quark Initiated (Identical Flavour)

RR 1
Non (1 ~ Nz

SV ) A} (p1, po; {ps}f—sipn ) x

JZH,qq = W
11 ZH,0 (3 4 ZH0(] %
21 N, {CO (1q73672qv46?5£76l7>+00 (1‘7’4‘7’2‘7’36;5@’62)
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1 7m0/ A
—v Do (1q73q'72q74(i§5za6g)}7 (1.58)
C

V(-
2 d.
dUWH,qq (Q(NC)Q> doy™ (p17p2; {Pf}?f:g;pH) X

N {CWH0(1q,3q,2q,4q :50,67) + €00 (24, 35, 14, 4735, 67)

1 w0/ A
— Do (1q,3q,2q,4q/;5£,6£)}. (1.59)
C

A symmetry factor of % is present for ZH production where the final-state quarks 3; and 45
are identical, whose permutation in practice is carried out by the phase-space integral. This

factor is missing from WH production due to the change in flavour.

Antiquark—Antiquark Initiated (Non-Identical Flavour)

AV (1 - 37

RR _ _ ) d. (16 Lo amofa 5 4 5 ¢ o
dO'ZH Qq W dq)iro (plapQ,{pf}f:37pH) FCCO (3(]71@54@72(}, 5Za6g>7
(1.60)
MR (1 - %) 1
~RR ¢ d. . 6 . WH 0
dO_WH Qq (2]\[—)2 d@i)ro (p17p27{pf}f:37pH> NC (3(]71Q74Q72q )5g76£)
(1.61)
WH production has additional subleading-colour contributions when Q = q.
M- %)
~RR NE prod. ) 6 .
down aq’ W do;y (p17p27 {pf}f:37pH) X
11 WH,0 WH,0
2‘N{C (30> 10,44, 2235, 67) + C3' 0 (44, 15, 34, 2735, 6; )
L wHo( 4 5
3 Dao (30> 10,4, 27355, 6,;)} . (1.62)

A symmetry factor of % is present as the final-state quarks 3, and 4, are identical, whose

permutation in practice is carried out by the phase-space integral.
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Antiquark—Antiquark Initiated (Identical Flavour)

NER(1- 5
~RR NZ d.
déyi1 g = (2<Nc)2) dey™ (pl,Pz; {pf}?‘:3§pH) X
11 ZH,0 A A ZH,0 A A
o {CO (34 1 44, 243 5. 6¢) + &0 (44, 14, 34, 24354, 6¢)
2! N,
1 7m0 A A
_FCDO (311’16?411726; 5€76Z>}’ (1-63)
MV (1 - )
~RR _ NE prod. ) 6 .
dUWH,q’q" = W do;y (Pl,Pz, {Pf}fzgva) X
1 WH,0 A A WH,0 A .
N {Co (3q’ 16’74q’726’;5€’6t7) +Co (3q72q’74q'v 16’?5£’6t7)
1 wH,o - A
LI 4, 809,0)) ao

A symmetry factor of % is present for ZH production for the identical final-state quarks 3,
and 4,, whose permutation in practice is carried out by the phase-space integral. This is

once again missing from WH production.

Quark—Antiquark Initiated (Non-Identical Flavour)

~RR N‘l}gl{ (1 B %) prod. 6 1 ZH,0 (2> 5
a0 = SO (prp (o) fosion) 3G (102,30, 43350 67).
(1.65)
NER (1= ) .
~RR . N¢& prod. X 6 . WH,0 (2 5 . B
o= oy 4 (pr2: s aimm) 17 Co™ (14,26, 3q, 4251, 67).

(1.66)

WH production has additional leading- and subleading-colour contributions when @Q = ¢'.

N1 = 32
A é d.
A6 Wit gq = (2<Nc)2) dey™ (phpz; {pf}?czs;pH) X
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1
2!
1

WH,0 (4 5
N {nFCO (14:4:30, 2435, 67)

A A 1 », 1 9
> B¥VH’0<1q,3g,4g,2(7;SE,GZ) - NQB;NH’O(lqv3év4év2q’;5€’6f)]
(3+>4) ¢

WH,0 (% 5 . B ‘WH,0 T 5 . B
+Co "™ (10,22, 35,473 5, 67) + 0" (3443 14> 23 54, 67)

_J\lfc D30 (14, 44,34 29135, 67) + Dy (14, 24,34, 4735, 6€>H } . (167)

The symbol }_(3.,4y indicates the sum over the two permutations of the final-state identical
gluons 3, and 4,4, hence the symmetry factor % as well. The expression assumes a diagonal

CKM matrix with the number of flavours marked with ng = 5.

Quark—Antiquark Initiated (Identical Flavour)

RR 1
NER(1- 3

~RR ) rod. . 6 .
dUZH,qq = —(QNC)2 d@i (p1,p27 {pf}fzgva) X
1 ZH,0 (4 4 I =710/ A
{2| > B (1q73g74g72qé 54762) — 252 (11173@74@,263 51576@)
T L(3+x4) c

1 A \ ) ;
o [nup Co™ (1, 4, 3u, 263 54, 67) + naown CF° (19, 43,34 24551, 6;)
C

A A 1 A

ZH,0 . _ ZH,0 i _

+ C'0 (111721773‘174@ 5[768) _FDO (IQ72§73Q74§75€a6£):| } (168)
C

The symbols u and d indicate up and down quarks with the number of up-type quarks n,, = 2

and down-type quarks ngown = 3. The separation is necessary because the Z boson couples

with different strength to up- and down-type quarks, therefore we cannot just pull out a

single ng = nup + Ndown term but rather have to separate up- and down-type contributions.

N1 - 3
A & rod.
doWitgg = (2<]Vc)2> doh™ (p1,p2; {pf}?‘:S?pH) X

{1
N

WH,0 (3 5 . ng WH,0 5 % . ~
O (14:20:30 45 67) + | | Q10 (30,2510, 49:5.67)
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L wHo(s 5
- D (1q,2§,3q,4q/;5£,6£)] } (1.69)
C

The term |np/2| = 2 because the W* only mediates up-down and charm-strange flavour

changes with a diagonal CKM matrix in the 5-flavour scheme.

Quark—Gluon Initiated

There is only one quark line present, therefore—just like at NLO—the ZH and WH produc-

tions can be treated together without confusion.

N 82)
Ve = GNyRMZ - 1] O

1, P2 {pr}f—s; pu ) x
* )

1 VH,0 1 =vHo/s 5
5y X B (1q,2g,3g,4q75£,ﬁz) 3B (1q,2g,3g,4@;5£,65). (1.70)
) 2<—>3 ¢

Antiquark—Gluon Initiated

We can once again easily treat the ZH and WH productions together.

N (1 - 52
dA dfbpmd . 6_ .
Wilas = A R(NE - 1) (p1-p (e} fsim) x
1 VHO[, 5 5 I ~vHO(, 3 5
921 z : B, (4%28;733;71(?;56)6{7) - NCQBQ (4Q72§;73§71¢?;5Z76@) : (171)
2<—>3

Gluon—Gluon Initiated

The Z boson coupling is different based on whether it couples to up- or down-type quarks,
therefore we need to list the contributions where up- or down-type quarks are in the final

state separately as

NG - )
~RR N2 prod
do71,gs = ‘TQZRE;:jIﬂgf d®y (phlh,{Pf}f 3,pH>

{ > [rup BEO (30, T, 24, 403 5, 67) + naown B ™ (34, T 24, 433 5,67 |
(1+2)
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— % [nup BQZH’O (3u, ig, Qg, 4{1; 55, 62) + Ndown BQZH’O (3d’ ig, Qg, 4&; 56’ 62)} } .

C

(1.72)

Once again, we treat the CKM matrix as unity, resulting in the following expression for
the WH case:

N (1 - %)
~RR. NE d. 6
Whes = gy W (pores (osYesirn) =
C
ng WHO (o 5 5 L =wWHO(q 1 5. 4. .
\‘QJ { Z BQ (3Q71g;2g,4q*/;5€,62) - WBQ (3Q71§;72§;74q’75g,62)}-
(12) é

(1.73)

Subtraction Terms do{y (1,2,3,4;5,,6;)

These subtraction terms fully recycle the Drell-Yan subtraction terms in the NNLOJET
codebase. The reduced matrix elements can be straightforwardly swapped with the non-
momentum-conserving amplitudes. The necessary amplitudes are those of NLO production,
which we already discussed with their explicit expressions found in Appendix A. As they
would be just a repetition of already known results without gaining additional insight to the

framework, I will not present them here.

Nevertheless, I carried out spike tests in all unresolved limits after the swap, such as

those in Figure 1.13, to verify that everything is working as intended.

1.5.2 Real-Virtual Production doty; (1,2, 3;4,,5;)

The real-virtual level includes only B-type amplitudes, however, we have to take into account
not only the usual Drell-Yan-type Feynman amplitudes but new top quark induced Yukawa
contributions as well, where the Higgs boson directly couples to the loop and not to the
vector boson. These are called RI contributions in ref. [28], and we will adapt this notation
in our case as well. Examples of Drell-Yan-like amplitudes and the RI-type top-quark ones
are visualized in Figure 1.14. These amplitudes need to be interfered with tree-level real

ones shown in Figure 1.4.

Leading-colour Drell-Yan-type amplitudes are denoted with BY H’l, their correspond-

ing subleading-colour counterpart with BY H’l, and the part proportional to the number of

flavours ny with EY Bl The means of constructing them is found in Appendix A.7. The
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B2gBZHXBYBYBH(3q, g, 2g, 45,51, 67, 70, 85) CBgBZHxBYBgBH(Tq, 27,30, 45,5¢,67, 70, 85)
1113 collinear, 2||4 collinear 2|13]14 collinear
5080 - i x = 1875 2000 e x = 198
m x = 1076 f e x = 1870
e x = 1877

Number of points
Number of points

1+103

Figure 1.13: Two example spike tests: first a 1, || 3, and 24 || 4; double collinear limit (Ey3 =
Esy = x4/s) in (a) for the gg-initiated double-real amplitude BQZH’O <3q, ig, Qg, 47:5,, 62); then
a QQ | 3¢ |l 47 triple collinear limit (E234 = z/s) in (b) for the qQ-initiated double-real
amplitude CgH’O(iq,QQ,SQ,élq; 54,6g). A total of 10000 configurations were probed in all
cases. As visible in the naming scheme and flavour assignment above the histograms, the

amplitudes were tested with the leading-order H — bb decay attached to them.

VH,1top
Bl

top loop contributions are named and I recount them in Appendix A.8. We have

the same three partonic cross-section channels as at real level, which read

N (1 )
~RV NZ prod. ) 5 .
dUVH,qq = W d®; <P1,P27 {pf}f::iva) X
VH (3 5 . I ~vHi/; 5 . A
{Bl (1q73g72674e’51?> - WBl (1q73g72674e’5£)
C
2
NE AVH,1 (4 5 L[ mg VH,1top (4 5
— B 7 14,3s,25;4,,5; — By 14,3¢,25;4,,5; 1.74
+Nc 1 (q7 g “qy) E)+NC<8m%/> 1 ((N gy <qy 6)}7 ( )
RV 1
RV NVH(I_J\T?)

A . prod. . 5 .
P = aropovg - 1) (T (Pop )i >

(B (103 ,5) B et
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Y

A
-+

Figure 1.14: Examples of B-type Feynman diagrams contributing at real—virtual level. Be-
sides the usual Drell-Yan-type diagrams (a) new RI-type top-quark loop induced ones (b)

are present as well.

RV le};l/ (1 B #) prod 5
6T 4 = 2] a@r™ (py po: {ps}oes:
OVH,qg 2N)[2(N—1)] ? (p1,p27 {pf}f—3’pH> %

{BYHJ (3(]7 iga ié; 4, 55) B ]\%B{/H’l (Sq’ Qg’ i(j; e 52)

2
NF AVH1(q 4 3 L[ m VH, 1t 5 3 .
+FCBI <3Q72g716;4875t7) +J\7C<8’I’)’Lt%/>Bl Op(35b2g71q’4€75é>}‘ (176)
The overall factor in front of the top-induced amplitudes is a result of exchanging a Higgs—
vector-boson coupling to that of a Higgs—top-quark Yukawa coupling in the latter part of

the tree x loop interference, i.e.

2
Yemy oy

2/\VVH N Sm%/

; (1.77)

with the Higgs—vector-boson coupling Ay vy shown in eq. (1.7) and

my Ao
= 1.
Ve 2mwy || sin?6y’ (178)

in analogy with the coupling of the bottom quark to the Higgs in eq. (1.13). The mass of

the top quark, however, is kept fixed and evaluated at its pole mass instead of being subject

to renormalization.

In principle, we could consider bottom-quark loop contributions as well but we stick to
a strict power counting of (’)(yg), which is always satisfied by the decay. Bottom quark

Yukawa-induced contributions in the production would contribute only from O(yl‘:’).
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(a)

Figure 1.15: Examples of additional RII top-quark loop (a) and Drell-Yan-like top/bottom-
quark loop amplitudes (b). They are not included in our calculations due to subpermille

level numerical contributions.

As mentioned earlier, these contributions are infrared finite and do not require subtrac-

tion.

Additional Closed Fermion-Loop Contributions

While the RI top loop contributions are the only ones present for W¥H production, there
are additional amplitudes in case of ZH. These are all characterized by the neutral vector
boson coupling to a closed fermion loop, which is allowed, as the Z coupling does not change
quark flavours. For the sake of completeness, I will briefly recount them here but due to their

negligible numerical contributions shown in ref. [28], they are not included in our predictions.

These infrared and ultraviolet finite closed fermion-loop contributions can be further

separated into two subcategories. Yet again borrowing the notation of ref. [28], these are

1. Yukawa-induced (RII): both the Z and the Higgs boson directly couple to the
fermion loop as shown in Figure 1.15a. As the only relevant Yukawa coupling is of the

top quark, these are exclusively top loop contributions.

2. Drell-Yan-like: the Higgs couples to the Z boson. These amplitudes evaluate to zero
in regular Drell-Yan production due to Furry’s theorem. The theorem does not apply
however, when we replace the Drell-Yan amplitudes with non-momentum-conserving
ones, yielding finite contributions. There is no dependence on the Yukawa coupling,
and as such, all quark loops need to be evaluated but the up- and down-type light-
quark loops cancel among each other. This cancellation is thwarted by the non-zero
mass difference between the top and bottom quarks, as the top quark is evaluated at

its pole mass while the bottom quark’s kinematic mass is kept zero. Therefore only
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B1g1ZHxByBgBH(Tq, 34, 25, 41,5760, 75) Bt1g12HxByBgeH(1y, 25,35, 41,51, 60, 75)
1113 collinear 2113 collinear

7808 - = x = 187 2008 - = x = 187
- = 1978 = 1876
e x =187 Ex o= e

Number of points
Number of points

Figure 1.16: Spike tests for a 1, || 34 collinear limit in (2) for the gg-initiated leading-colour
real-virtual amplitude BIZ H1 (iq, 3g, Qq; 4,, 55) and another one for the Qg || 35 collinear limit
in (b) for the gg-initiated subleading-colour real-virtual amplitude BIZ H.1 (iq, Qg, 334y, 52).
A total of 10000 configurations were probed in all cases. The amplitudes in the codebase

already have the leading-order H — bb decay attached.
the bottom- and top-quark loops shown in Figure 1.15b need to be evaluated.

Subtraction Terms da‘T/H (1,2,3;4,,57)

Besides subtracting the infrared poles of the Drell-Yan-type loop amplitudes, these subtrac-
tion terms are also responsible for the mass factorization of the double-real cross sections
and subtracting the soft and collinear limits of the real-virtual amplitudes. The subtraction
terms are fully recycled from Drell-Yan production, therefore I will not reiterate them here.
However, I note that pole cancellations have been tested analytically and spike tests, such

as the ones shown in Figure 1.16 have been carried out in all unresolved limits.

The included RI top-loop amplitudes are infrared finite therefore no subtraction terms

are needed for them.

1.5.3 Double-Virtual Production doyy (1,2;3,,4;)

Double-virtual two-loop corrections are made of two components: (leading-order) x (two-
loop) and (one-loop) x (one-loop) helicity-amplitude interferences. Therefore, besides the
helicity amplitudes already derived at virtual level, we need genuine two-loop Feynman
diagrams as well, such as the one shown in Figure 1.17. The two-loop Drell-Yan-like am-

VH,2 2

plitudes denoted by B “, along with their subleading-colour Bé/ H , and np-proportional
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Figure 1.17: An example of a genuine Drell-Yan-like two-loop diagram that contributes to
B-type amplitudes for double-virtual VH production.
Eé/ H.z2 companions are found in Appendix A.9. Just as with the leading-order and virtual

cross sections, the only partonic channel contributing is

VvV 1
VvV NVH (1 N?) dq)grod.(

doy g = TeNgeE P1,D2: D3, P4 PH) X

ng

{BXHQ (iqa Qd; 3@ 42) o LBXHQ (iq’ Qq; 3£’ 42) + N

N By (14,24 34,4€)}. (1.79)

Besides the B-type Drell-Yan-like amplitudes, there are important closed fermion-loop
amplitudes present only for ZH production. The Z boson can couple directly to a fermion
loop, which is not possible for the charged vector boson W* due to the change in flavours.
The phenomenologically important, i.e. numerically non-negligible ZH loop contributions are
gluon—gluon-induced (one-loop)? amplitudes labelled collectively as AgH’2 in the NNLOJET

framework. Thus the additional partonic cross section exclusively for ZH production is

1
16N,

VV 1
vV NZH (1 Ng) dq)grod.(

~ ZH2(2 5 | _
d“Zvag:W Ay (1g,2g,35,44)- (1.80)

P1,P2; D3, P43 PH)
The averaging factor in the first denominator accounts for all possible polarization and colour
states of the initial-state gluons. This time around, the amplitude A(Z)H’2 also includes the
top Yukawa coupling. This is due to the mixing of components with different dependence
on it, therefore no single constant could be pulled out besides the factor 1/16 N, preceding

the amplitude in eq. (1.80). These components, which are infrared and ultraviolet finite, are

1. Yukawa-induced: both the Z and the Higgs boson directly couple to the fermion
loop as shown in Figure 1.18a. Only the top-quark loop is present due to the power

counting of (’)(yg) being already satisfied by the H — bb decay.

2. Drell-Yan-like: the Higgs couples to the Z boson as shown in Figure 1.18b This is
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Figure 1.18: One-loop amplitudes contributing exclusively to the gluon—gluon-induced (one-

loop)? double-virtual A(Z)H’2 production amplitude.

also a diagram that vanishes for the regular Drell-Yan process due to Furry’s theorem
but is present here because some of the momenta is taken away by the Higgs boson,
excluding it from the validity of mentioned theorem. Both bottom- and top-quark

loops need to be evaluated.

In fact, we will see that these gluon—gluon-initiated contributions represent the dominant
component of the ZH NNLO prediction due to the high gluon luminosity in LHC collisions;
their phenomenological importance will be further emphasized by their distinguishing fea-
tures when comparing ZH to W*H differential distributions.

The exact expressions for the helicity amplitudes comprising AgH’Q

are taken from the
MCFM [51] codebase based on the work presented in ref. [33]. Although we could simplify
this amplitude substantially compared to its original formulation® it is still too long to include
it meaningfully in this thesis, even for the appendices. Its implementation is nevertheless
found in the A8g2ZH.f98 Fortran file in the NNLOJET codebase, in which we rely on the

ONELOoOP [54] library to evaluate the scalar integrals present in the amplitude.

Additional Closed Fermion-Loop Contributions

There are additional genuine two-loop amplitudes that we did not include in the calculations.
They are not known in the full theory but were shown to be very tiny and phenomenologically
irrelevant in ref. [28] with an approximation using an expansion around an infinite top-quark
mass limit. Once again using the notation in the aforementioned publication, these include

the following type of amplitudes

1. Yukawa-induced (VI): only the Higgs boson couples to the top loop, the vector

boson W+ or Z does not, as shown in Figure 1.19a.

5We even uncovered a factor of 2 bug in the source MCFM formula.
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—<—"0300000

(a) (b) ()

Figure 1.19: Example configurations of negligible genuine two-loop VI-type (a), VII-type (b),

and Drell-Yan-like (¢) contributions we omit from our calculation.

2. Yukawa-induced (VII): the Higgs and the Z boson both couple to the top loop
as illustrated in Figure 1.19b. There are no corresponding W+ amplitude due to the

change in flavours.

3. Drell-Yan-like amplitudes: these vanish in a regular Drell-Yan process due to
Furry’s theorem but are present for ZH production as shown in Figure 1.19¢ where
only the Z boson couples to the top- and bottom-quark loops, and the Higgs couples

to the vector boson. There are no corresponding W+ amplitude here either.

Subtraction Terms doyy (1,2;3,,4;)

As the included new gg-induced (one-loop)? contributions are infrared finite, these subtrac-
tion terms are fully recycled from the already implemented Drell-Yan ones too, therefore I
will not list them here. The number of channels are equal to the double-real case, because
besides subtracting the poles coming from the Drell-Yan-like loop amplitudes, they also take

care of infrared singularities related to mass factorization.

1.5.4 Double-Real Decay dop® - (iy, j, k. I;)

Double-real corrections to the decay subprocess are written as

1
dop® == NG (1 - Ng> ADS (pr; pis Py P 1) X
C

1
2!
1 1

0. . HO,. - HO,.
+7N {(TLF —1) C(I)Jo(zb,jq, kg, lg) + 7(2')2 (CO O(Zb,]b, kg, lg) + Cy O(Zb’jb7 lg, kp)
C .

HO,. . 1 ~no,. .
Z B2 O(vajgakgal};) - mBQ O(Zb,]g,k‘g,lb)]
(j¢>k) ¢
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(a) (b)

Figure 1.20: Examples contributing to B-type (a), and C- and D-type (b) double-real H —
bb decay amplitudes.

1
N2

C

HO, . . HO,. - HO,. -
+ CO (Jb7lb7kB7lB)+CO (]baleBakB)_ DO (vaquktplb))]}‘ (1‘81)

The amplitude B;{ 0 is the leading-colour contribution with one quark line and two gluon
radiations; its subleading-colour counterpart is Bg 0, Similarly, C’(I){ 0 is the leading-colour
contribution with two quark lines and its subleading-colour identical-quark interference coun-
terpart is D(I){ ¥ The denominators with the factorials account for the correct symmetry fac-
tors due to identical final-state particles. We omitted the bottom quark from the first C-type
amplitude, i.e. ¢ # b and hence the (np — 1) prefactor. This is due to the different symmetry
factor we get when the ¢ = b quark is involved, as indicated by the prefactor in front of
the rest of the C- and D-type contributions. In practice—as every particle is in the final
state—the phase-space integral will automatically carry out the full permutation, therefore
we can contract all the Bg 0 and C’(I){  terms with different particle orderings into single ones

with a fixed one. This is how the implementation is done in the NNLOJET codebase.

Here, I must give credit to Sandro Della Torre and Andrew Lifson, who worked as master
students in our group and their semester [55] and master-thesis [56] projects involved deriving
the amplitudes Bg ’0, B;I 0 and C’(I){ 0 Dgl ’0, respectively. Contributing Feynman diagrams
are visualized in Figure 1.20 and expressions for Cé{ 0 and D(I){ 0 are given in Appendices A.14

and A.15, respectively.

Double-Real Decay Subtraction dJEI_>bB (i, Js K, 1)

These subtraction terms are completely new and did not recycle any of the past implemen-

tations in the codebase. Therefore I will give the full expression for them. Every amplitude
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in eq. (1.81) needs a single subtraction term, and as such, the full expression is

1

S R dec.

Aoy up = M Sop (1 - Ng) A5 (pr; pi> P> D 1) X
C

1 . 1 .
{2' [ > By2g8H(iy, Jig, kg, I;) — thngBH(zb,]g, ks, lb)]
LGk ¢

1 o 1 o o
+ A [(np — 1) CyBgBH(iy,, Jg, kg, ;) + @2 (Cy@gBH(zb,]b, ki, lg) + Cy@geH(iy, jy, I, ki)

o . 1 o
+ CyBgOH(j,,, iy, ki, Ig) + CyBgBH(jy,, 4y, Uiy, k) — WDyBg@H(zb,jq, kg, ZB))] } i (1.82)

The three different subtraction amplitudes appearing are

BY298HS (i, i, ki, 1) = (i K, 1) BY™ (i L,
+ d3(5, 1, k) B (iy, ks 7 )
+ A, k, 1, 5) BE (i, 35
— d3(i, k,1) A3, 1, j) B3 (i )

— d§(5.1, k) A, K, 7) By (i i) (1.83)

Bey208HS (i, i, ki, ) = A3(i, &, ) BY™ (i, Ly
+ A3(i,1,5) B{{’O(gbv ngE)
+ A9, k, 1, 5) By (i, )
— A3, k, ) A, 1, §) B (i )

— A, 1,5) Ak, 5) By (i, b ) (1.84)

CYBGRHS (i1, g, b 15) = 5 B9 (i k. 1) B (3, Iy i)
1 . HO/. T =
+§Eg(37l7k)317 (Zb’kg’jg)

+ Bl(l)(l? kv l’]) B(I)_I’O(gbai}g)
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BBgBZHxBy2g8H (1, 25, 31,47, 5, 641 7g,85) BBgBZHXCYBYBH(Tq, 25,31, 47,50, 641 75, 85)
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Figure 1.21: Spike tests for a simultaneous 7, || 8; collinear and 64 soft limit in (a) for
the double-real decay amplitude Bgl ’O(Bb, 6g,7g,85); and a 5y || 64 || 74 triple collinear limit
in (b) for the double-real decay amplitude C’(I){ ’0(5b, 64,73, 8;,). A total of 10000 configurations

were probed in all cases. The amplitudes shown here all had leading-order ZH production

attached to them.

1 . - = =
- iE??(’L: ka Z)Ag(Z7 la]) Bé{’o (Zbajﬁ)

1 . L= = =
- §E??(]7l>k)Ag(l7k7]) B(§LO<Zb¢JB)7 (185)

DYBGBHS (i i, Kis ) = 2C3 (i, b 1, 5) B iy, i)

+ 201(1)(]7 la k7 Z) B(I)_LO 3b7gB

(1.86)

(0:75)
+2C%(1, 4,1, k) By™° (l_b’ %B>
+2CY(k,i,4,1) Bg’o( )

The appearing final-final antennze can be found in ref. [8] and the reduced matrix elements

are all of lower order which have been discussed previously in Section 1.4.

Spike tests in all unresolved limits have also been carried out to affirm the validity of

these subtraction terms, of which two examples are shown in Figure 1.21.
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(a) (b)

Figure 1.22: Examples contributing to the B-type real-virtual H — bb decay amplitudes.

1.5.5 Real-Virtual Decay dog\;bg (iy, Jas K5)

The real-virtual decay cross section is

1
o5 = Mitos (1 - N2> dDS (pu; pi, pjs i) X
C
Hil,. . 1 ~mi1,. . NF ~H1,.
{31 (i, Jg k6) — 72 Br (s Jgo ki) + 5 B (i, gy ki) 1 (1.87)
C C

where B{{ ! is the leading-colour, B{I ! is the subleading-colour amplitude, and é{{ 1 is the
piece proportional to the number of flavours. The amplitudes have been taken from ref. [37]
and modified to fit the NNLOJET framework. The expression for all three of them is present
in Appendix A.16 and examples of contributing diagrams that need to be interfered with

the tree-level decay diagrams of Figure 1.8 are illustrated in Figure 1.22.

Real-Virtual Decay Subtraction dagﬁb}3 (g5 Ja» kp)

The subtraction term responsible for subtracting the infrared limits and the explicit poles

of the real-virtual amplitude (1.87) can be written as
1
T RV dec. .
doy_pp = NH—)bB (1 - Ng) d®5° (pu; pis pjs Pk) X
C

o 1 . ng .
{BWQWT(%,ng ky) — ﬁBthHT(Zb?]gv ky) + ﬁBhWQWT(Zh,]ga kb)}7 (1.88)
C

C

where the subtraction amplitudes explicitly are

o 1),FF . 1),FF, . H,0, . .
BY1GTHT (i, s, ki) = — [ TS (1K) + S0 (i, )] B (i K )
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+ A, k, §) By (i, )
+ A4, k, 5) By (i, )
[+ TS G k)] Ak ) B (i, T ) (1.89)
By IOTHT (i G Ki) = — Jorgy  (1:3) B (i i )
+ A3, j, k) B3 (i )
+ AL(i, j, k) B (%b, 5@)

+ TS (0, 3) Ak, ) BE (i ) (1.90)

BhY1GTHT iy, jg, Ki) = {Jé D (k) 4+ TR ,k)} By iy, kg, ji)

+ Ail’)(za kv]) B(ELO (gb735)

+ o k) + TS G k)| AS G 5) BY Gy, g ). (1.91)

The integrated antenng subtract poles of the loop amplitudes and the regular antenna are
responsible for mimicking the soft and collinear limits as usual. Explicit expressions for them

are all found in ref. [8].

Once again, I tested that the poles of the real-virtual amplitudes and their corresponding
subtraction terms cancel analytically and also carried out spike tests to verify the expected

behaviour in all unresolved limits. Two examples of the latter are shown in Figure 1.23.

1.5.6 Double-Virtual Decay do" - (iy, k;)
The double-virtual decay cross section can be expressed as

1

AYAY _ VV
dUH—>bb NH—>bB (1 N2

) d(I)deC (pH7p”Lv pj)

A

H2,. I ~n2,. . NF AHZ2,. .
{BO (vajl_)) N2B0 O’bﬂb)""ﬁBO (Zb7]l_3)}7 (1'92)
C

with the two-loop virtual amplitudes BOH )2 standing for the leading-colour, B(I){ 2 for the
subleading-colour, and éél 2 for the np-proportional contributions. An example of the gen-

uine two-loop contributions that need to be interfered with the leading-order decay diagram
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BBgBZHxBY 1g1H(Tq, 25, 31,417,501 64, 75) BBgBZHxBty1g1H(q, 25,31, 47,50, 64, 75)
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Figure 1.23: Spike tests for a soft 6, limit in (a) for the leading-colour real-virtual decay
amplitude BlH ’1(5b, 6g,7;); and a 64 || 7 collinear limit in (b) for the subleading-colour real-
virtual decay amplitude BlH ’1(5b, 64, 75)- A total of 10000 configurations were probed in all

cases. The amplitudes shown here all had leading-order ZH production attached to them.

of Figure 1.3 is illustrated in Figure 1.24. The amplitudes have been taken from ref. [37] and
modified to fit the NNLOJET framework. In particular, the double-virtual U subtraction
terms already had their Catani pole structure subtracted, therefore this had to be performed
for the double-virtual matrix elements as well. I modified a script—originally written by
Alexander Huss for Drell-Yan production—so that it is applicable to these H — bb decay
two-loop amplitudes as well. The resulting expressions for the B-type amplitudes appearing

in (1.92) are found explicitly in Appendix A.17.

Double-Virtual Decay Subtraction dag_ﬂo15 (iy, k)

The double-virtual decay subtraction term is the following:

1 d

dog_ s = NS (1 - N?) A5 (pu; pi, pj) %
C
o 1 o 3 o
ByBg2HU (i), jip) — —~75Btv@92HU(iy, jp) + —BhyBg2HU(dy, jf) ¢- (1.93)

N& N,

The individual subtraction amplitudes are

o o[ pH1, bo LHO,. .
ByeQZHU(ZbaJB):—Ag(%J) By (%:JB)—?BO (Zb’JB)}
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Figure 1.24: An example contribution to the double-virtual H — bb decay amplitude.

b e 405 o
= (i)~ AR, 5) By (i ). (1.94)

BtyBg2HU(iy , ji) = — A3(i, §) By (i, i)
1.9, .\ SHO,. .

- iAfi(z,J)Bo’ (41,5 Jp)
.. H,0/. .

—2C1(i, ) By " (i, jp)

_"[lé(%]) Bé{’o(lbv.jl_))a (195)

bO,F N pHO
€ Ag(Z7J)BO (vajk_))

.o\ HHO
_82(27])30 O(vajf))

M. oo pHO:
= A3(i, ) By " (i, i)

BhyBg2HU(iy,, jp,) = +

bo,F e 40/ o
- (sij) A3, 5) By iy, p)- (1.96)

The symbols by and by r represent the colour decomposition of the first coefficient of the
QCD g function

11 1
Bo = bgN: + b07FnF with by = F and b07F = —g. (1.97)

Formulae for the integrated antennze are found in ref. [8].

Naturally, I tested the analytical pole cancellations between the double-virtual and their

corresponding subtraction amplitudes here as well.

This concludes the list of all the contributions that are necessary for a combination of V'H

production with H — bb decay at O(a?) precision. The next step was to produce integrated
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cross sections and differential distributions in observables while using a jet algorithm suitable

to this end.

1.6 Jet Clustering for the VH Process

The goal of this chapter of the thesis is to provide fixed-order predictions for the hadron-
level process pp — £0 + 2b-jets + X, i.e. yielding a final state that contains flavour-tagged
bottom-quark jets (b-jets) and (charged) leptons. The presence of two identified b-jets with
a combined invariant mass consistent with my allows us to associate this final state with
the underlying process pp — VH + X — #¢ bb 4+ X. The identification of jet flavour is an
essential component of any experimental analysis of this process, which is required to reduce
otherwise overwhelming background processes. It is therefore also an integral part of the

requirements needed to obtain the corresponding theoretical predictions.

The computation of such observables at fixed order requires the application of a flavour-
sensitive jet algorithm that—besides reconstructing flavour-insensitive properties such as
four-momenta—identifies the flavour of the reconstructed jets based on some well-defined
(infrared-safe) criteria. The theoretical discussion and specific implementation the flavour-
tagging layer along with the infrared-safe flavour-k; algorithm [43] into the NNLOJET code-
base is described in detail in Chapter 3 of the thesis. Here we discuss a few specific points
related to the application of the jet algorithm to the VH process, which will be relevant to

the results presented in later sections of this thesis.

The first point is that we wish to apply the flavour-k; algorithm to the partonic process
q@ — VH — £0 bb, including NNLO QCD corrections which were discussed in Section 1.5.
When higher-order corrections are considered, additional light or b-quark partons can be
emitted from both the production and decay sides, as illustrated in Figure 1.1. The jet
clustering is performed by considering b-quarks to be flavoured (all other partons carrying
zero flavour) and fully accounting for emissions from both production and decay during the jet
clustering process. While our calculation focuses on the decay subprocess H — bb, it has been
implemented in such a way that predictions for the hadronic process pp — €0 + 2 c-jets + X
can also be easily produced. This may be interesting in view of possible future measurements
by the LHCb Collaboration [57].

The second point is that the definition of the transverse momentum of the beam k;p
in [43], also reviewed later in Section 3.2 is altered to account for the presence of a leptonically

decaying gauge boson. This is done by modifying eq. (3.4) according to

ke (y) = ks(y) + Bov (O(yy —y) + Oy — yv)e?V Y) (1.98)
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where I v and yy are the transverse energy and rapidity of the reconstructed gauge boson. A
similar modification to the beam transverse momentum at negative rapidity (3.5) is assumed.
This modification is introduced to provide a better estimate of the hardness of the beam,
which can affect the clustering outcome. One could alternatively modify the beam hardness
by including the charged leptons, which may be necessary in experimental situations where

the gauge boson cannot be fully reconstructed.

1.7 Numerical Results

In this section I will present phenomenological results obtained for all three VH processes
from our implementation in NNLOJET covered in previous sections. First, I will summarize
the general setup in Section 1.7.1 then I will move on to discuss the obtained integrated
fiducial cross sections in Section 1.7.2. Lastly, I devote Section 1.7.3 to the description
and validation of the scale dependence of the numerical results and will present differential

distributions for flavour-sensitive observables in Section 1.7.4.

1.7.1 General Setup

We have generated predictions for proton—proton collisions at /s = 13 TeV using the parton
distribution function NNPDF31_nnlo_as_8118 provided via the LHAPDF library [58]. Each event
was required to contain at least two b-jets with transverse momentum p Lp > 20 GeV and
rapidity |y,| < 2.5. Charged leptons were required to have a transverse momentum above
Py > 15GeV and their rapidity had to satisfy |y,| < 2.5. For the W*H processes, we
additionally demanded a minimum missing transverse energy of E| niss > 15 GeV to identify
the neutrino in the final state. We used the flavour-k; algorithm with an even-tag exclusion

to cluster b-jets as described in Sections 3.2 and 1.6 with the parameters R = 0.5 and o = 2.

We employed the G, scheme for the electroweak input parameters with the full set of

independent parameters entering the computation given by

my = 91.1876 GeV,  mw = 80.385GeV, mpy = 125.09 GeV,
Ty = 2.4952 GeV, Tw = 2.085GeV, TI'y=4.1MeV,

i, (7,) = 4.18 GeV, mP?® = 173.21GeV, Gp = 1.1663787 x 107° GeV 2. (1.99)

The running of the strong coupling ag was evaluated using the LHAPDF library with the

associated PDF set, while the MS mass of the bottom quark my, at the given renormalization
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W+H W-H 7ZH
orolfb]  18.067287 11967190 4.83 4077
onLo [fb] 21.52 1088 14,21 7028 571 7022
oxnro [fb] 20687016 13,64 F0:11 5921013

Table 1.1: The fiducial cross sections for all VH processes according to the setup of Sec-
tion 1.7.1. The error on the values represents the theoretical uncertainty which was obtained

by taking the minimum and maximum values of the 21-point scale variation.

scale was directly computed within NNLOJET using an implementation of ref. [59]. Finally,
in the case of WHH production, we assumed a diagonal CKM matrix for the vector-boson—

quark couplings.

For the unphysical scales appearing in the calculation, we chose to set and vary them
independently for the production and decay parts. The central factorization and renormal-
ization scales of the production subprocesses were chosen as the invariant mass of the VH
system My, whereas the central renormalization scale of the decay was set to the Higgs-
boson mass my. We evaluated the differential cross section for a total of 21 different scale

settings that are obtained from all possible combinations of
_ 1 prod. __ 1 dec. __ 1
HEF = MVH [17552} ) HR - MVH [17552} ) MR = MH |:]-a§a2j| ) (1100)

with the additional constraint % < pp/ ,u%md' < 2 following the conventional 7-point scale

variation for the production subprocess.

1.7.2 Fiducial Cross Section

The integrated cross-section predictions including fiducial cuts for the different V'H processes

are summarized in Table 1.1 at the various orders in ag.

Regarding the W*H fiducial values, we observe an ((20%) increase in the cross section
from the NLO corrections and a slight O(5%) decrease when going from NLO to NNLO.
The minimum and the maximum values of the 21-point scale variations yield the theoretical
uncertainties of our predictions, which are O(15%) at LO, O(5%) at NLO, and reduce to
only O(2%) at NNLO with a three-fold asymmetry between the lower and upper bounds of
the latter values. The decrease in the size of the theoretical uncertainty is apparent at each

of these orders, demonstrating the perturbative convergence of these results in a satisfying
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manner. This will be further accentuated for flavour-sensitive jet observables in Section 1.7.4.

For the ZH fiducial values we see a different behaviour beyond NLO: the gluon—gluon-
induced (one-loop)? contributions of Figures 1.18a and 1.18b dominate the NNLO coefficient,
such that there is an O(4%) increase going from NLO to NNLO, contrasting the decrease seen
for the W+H case. The ZH-exclusive channels open up at NNLO, and therefore the theoret-

ical uncertainty does not exhibit such a strong reduction in size but remains around O(3%).

The reduction of scale uncertainties observed here is spoiled in all cases when a rescaling
prescription is employed that incorporates a fixed branching ratio for the H — bb decay,
as is commonly done in previous calculations, such as [33-35]. The cross sections in these
calculations are assembled in a different manner compared to our expression of eq. (1.1).
Specifically, the Higgs decay at the different orders is scaled up to a fixed value of the
accurately known branching ratio of the H — bb process. Let us review how the cross
section is assembled in this case to better understand why we opted to use the more naive
formula of eq. (1.1) instead. Up to NNLO the cross sections in the scaled formulation of

refs. [33-35] read

o

de
27)d

scale 0 0
i = [ G2 dolh x (a0l 15) < KO, (01

—~

d
dUSNCEISd = / 4P [dagl){ x do® _ x K©

(271-)d H—bb
+ ot x (dofy) o+ dol) ) x KO] 7, (1.102)

scale dde 2 0
doscaled — / (2 [da&ﬁl X dUI({)—>bE x K©

0) 1) 1
bB—I_dG )XK()

(1) (
+doyy X (daH—> H—>bb

+ o (dUI({OLbB + dgglbﬁ + dGSLbB) x K(ﬂ T2, (1.103)

The scaling factors K9 contain the branching ratio and are given by

- i (9)
=0T 5

(1.104)

The branching ratio Br(H — bb) is kept fixed and is not a subject to an as expansion. Let

us elaborate on possible drawbacks that this prescription entails, in particular concerning
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W+HH W-H ZH
ofaled[fb] 2252708 14.91105F  6.02703]
oNestfb] 2287700 1511703 6.06 05
XA [M]  20:93%57; 1380755 6.10753;

Table 1.2: The scaled fiducial cross sections at each perturbative order up to O(a2) for all
VH processes according to the setup of egs. (1.101)—(1.103) used in refs. [33-35]. Contrast

the values and their theoretical uncertainties with those presented in Table 1.1.

theory uncertainties estimated through scale variations.

Firstly, the scaling factors effectively divide out the Yukawa coupling ), o ﬂb(udReC')

from the prediction. As a result, any running of the mass in the MS scheme exactly cancels
in the final result. This can lead to underestimating the uncertainties, which is especially
apparent at LO where the scale dependence of the Yukawa coupling otherwise dominates

the uncertainties.

Secondly, analyzing the structure of the scaled cross sections at NLO (1.102) and NNLO
(1.103), it is apparent that they are assembled as a sum of terms where different scaling
factors K () accompany the different perturbative coefficients of the production cross section
da%ﬁ%l. This mismatch can interfere with the compensation mechanism between terms of
different orders, possibly distorting the theory error estimate obtained through variations of

the production scale u%md‘.

To quantify the differences between the two approaches, we reported the fiducial cross
sections in Table 1.2 obtained according to (1.101)—(1.103) using Br(H — bb) = 58.09% [60].
Comparing these predictions with those given in Table 1.1 using the unscaled cross section
of eq. (1.1), we observe that the central value of the LO prediction is substantially improved
in the scaled predictions thanks to absorbing higher-order effects into the H — bb decay
through the branching ratio. At NLO, however, the scaled prediction appears to slightly
overestimate the cross section, while the associated theory uncertainties are comparable in
size between the two formulations. At NNLO, both prescriptions agree well in their respective
central values, however, sizable differences can be seen in their associated uncertainties. The
scaled predictions at NNLO show almost no reduction in scale uncertainties—even increasing
for ZH—compared to the respective NLO number, whereas our formulation (1.1) exhibits
a substantial reduction in theoretical uncertainties when going from NLO to NNLO. This

difference can be attributed to the aforementioned compensation of scale dependences, which
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is spoiled by the different rescaling factors used in eq. (1.103).

The effects of dividing out the Yukawa coupling in the decay and the scaling factor
mismatch during the assembly of production cross sections are apparent as the theoretical
uncertainties of the NNLO cross section barely change compared to their NLO values. In our
opinion, the consistent treatment of theoretical uncertainties outweighs the precision gain
that one might (or might not) get by scaling to a fixed branching ratio, especially in the case
of NNLO-accurate observables. This further motivates our initial and simpler formulation

we presented in eq. (1.1) where no scaling factors are applied.

1.7.3 Scale Variations

Verifying the dependence on the renormalization scales ,u,If{Od' and u‘fi{ec' can serve as a non-

trivial check of the final results obtained from the numerical computation, in which cross
sections are calculated independently at different scales. This is especially important after
the previous section where we argued in favour of selecting a more naive assembly convention
of the factorized production and decay cross sections, in contrast to the one established in
the literature, because this gave us a better handle at the theoretical uncertainties. To this
end, we must validate that the different scale settings of eq. (1.100) are correctly reproduced
by the analytic renormalization-group running starting from the central scale choice. The
analytic expressions for the dependence on uﬁrOd' have been explicitly derived and given in
ref. [61] and as such, I will not repeat them here.

The dependence (of the decay cross section) on u‘l—f{ec' can be derived in a similar fashion,

so let us go through that instead, since I could not find it in existing literature. The running

of the strong coupling ay is governed by the 8 function

Bo (ozs(u)) + b1 <0432(:))2 + B2 (0[32(7/:)>3 + O(a;l)] ;

2405(0) _ g (1)) = —a(p0)

a dp? 2
(1.105)
with the QCD (N, = 3) /8 function coefficients
17 2
ﬁO - 5 _11 - 3nF:|7
17 38
B = 1 _102 - 3nF},
172857 5033 325
py= L[0T, 5471%} (1.106)
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By solving eq. (1.105), we get the formula

as(po) = as(pr) |1+ BoLr (%(;m)) + (58@{ + 51LR) <aS(MR)>2 + O(ag)] , (1.107)

2 27

where the strong coupling oy at a fixed scale pg is expressed order-by-order with «g evaluated

at a different scale ug, as seen in ref. [61], from where we also borrowed the notation

Ly = 1n(“R>. (1.108)
Ho

The running of the MS mass m,, is governed by the mass anomalous dimension 7, via

the differential equation

2(1722(2”) = my, (1) Ym(as(p))

— () [70(“;:)) - (0‘2(:)) +72<°“;(:))3 " o<a§>], (1.109)

with the QCD mass anomalous dimension coefficients’

Y0 = 27
e,
"= 5173 9 F|>
1 2216 160 140
Yo = 3 [1249 + (-27 — 3C3>nF - 81"’112?] (1.110)

As seen in ref. [59], solving eq. (1.109) to express the mass m,, at a fixed scale pg can be

written in the integral form

as(po) a
my, (ko) Zmb(uR)expVa (;) do ’Y;((a))]- (1.111)

Subsequently, the integrand can be expanded up to O(«) using eqgs. (1.105) and (1.109).

"The coefficients fx in eqs. (1.106) and ~y in eqs. (1.110) differ to those in ref. [59] with a factor 2**1 due

to our convention of expanding in 5= instead of 2=.
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Performing the integral then gives

mb(/ﬁo) — mb(uR)<@S(MO))50 exp [Al as(po) — as(pr) + A 043(#0) - QS(NR) +O( 3) ’

as(pr) 27 2 (2m)?2 s
(1.112)
borrowing the notation of ref. [59] for the constants
B1vo Bt B
Al = ———i—— and Ag = — Ba + 1.113
2 " #\ & 7 te W
Plugging in eq. (1.107) into eq. (1.112) and then expanding in ag up to second order yields

the formula for the running of 7, in terms of as(ur):

Lt LR(asg;R>> N (70(50; 02y, LR) (aéﬁR) )2 N O(ag’)] |
(1.114)

my, (po) = My, (UR)

Let us change notation slightly for the formula of the H — bb decay cross section by
detaching the scale-dependent couplings, i.e. the strong coupling o and the MS bottom-
quark mass my. Indicating the scale dependences explicitly, the decay cross section up to

NNLO is written as

it 0, 05(10) 7 0)) = T )
s (o gt () gt 001 19

C.

where it is always understood that puy = ,ude is the decay renormalization scale. Inserting

eqs. (1.107) and (1.114) into eq. (1.115) and keeping terms up to O(a?) gives
Th_pp (BRs s (R ), T, (0R)) = T (LR) X
(0) as(pr) ) (1)
[GHabb + <27r> {ZVOLRUHﬁbB + UHHbE(’uO)}
4 (ol { (080 + 200) L% + 2Lpm )oY
o Yo{Po T 27 ) LR R )9y 06

+(Bo + 290) Lroyy, 5 (o) + o) (o) | + 0(042)] . (1.116)
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If we compare eq. (1.116) to the decay cross section

b (UR, as(pR), T, (UR)) = mﬁ(uR) X

+ (QS(MR)>U(1) (uR) + (QS(MR)>20(2) s(ir) +0()) |, (1.117)

) .
2T H—bb 2 H—bb

H—bb

evaluated a priori at renormalization scale ugr, we can identify the analytic formulse that

define the running of decay cross-section pieces under scale variations. Explicitly these are

O (HR) = o4y (o) = o) e (1.118)
0 1
Uglbg(uR) = 270LR01({Lb5 + agibg(uo), (1.119)

USLbB(MR) = [70(50 + 270) L% + QLR%} UI({O)—>bB

+ (Bo+ 270) Loy, 5 (1) + 00 - (o). (1.120)

The combined analytic variation of production and decay renormalization scales have
been implemented into NNLOJET as a separate module for the first time, which we can use to
double-check the cross sections that we obtained via independent numerical evaluations. The
comparison between the analytic evolution and the 21 points obtained from the numerical
computation using NNLOJET is shown in Figure 1.25 for the case of the WTH process at
NLO (a—c) and NNLO (d—f). We performed a scan in the two-dimensional (upRmd', pusdec)
space by choosing three different slices that cover the combinations in eq. (1.100) where the

three choices in the factorization scale up = Mwn [1, %, 2} are shown as separate curves:

(a,d) We keep the decay renormalization scale fixed to ,udReC' = mpy and vary the scale in the

production subprocess according to

ot = KOV x My with KR € [1,2]. (1.121)
b,e) We keep the production renormalization scale fixed to upmd' = Mwn and vary the
R

scale in the decay subprocess according to

P = Ko xom with  Kfee € [4,2]. (1.122)
(c,f) We choose a diagonal slice in the (,u%md', ,u%ec') plane setting Kﬁmd' = Kﬁec' = KR with
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the individual scales given as

M}E{rod. _ KR > MWH and /’LdReC' — KR X My with KR & [%, 2:| . (1123)

Note that the invariant mass Mwpy constitutes a dynamical quantity that varies on an
event-by-event basis. The curves in Figure 1.25 are obtained by picking the specific bin
Mwy € [220,230] GeV to assign a value to the production scale, where the widths of the
bands in the smooth curves correspond to the uncertainty that arises from the finite bin
width.

We observe an excellent agreement between the numerical results from NNLOJET and
the curves predicted from the renormalization group equations. The dramatic reduction in
scale uncertainties can be further appreciated by contrasting the vertical ranges in the figures
at NLO (left) and NNLO (right). We carried out the same tests also for the W™H and the
ZH processes as well as for other individual My bins in the distributions and found that

the scale variation of the numerical results match the analytical formulae in all cases.

1.7.4 Distributions

In Figures 1.26—1.28 we present differential distributions of flavour-sensitive observables for
the three different associated Higgs boson production processes WHH, W~H, and ZH. We
focused on this set of observables in order to allow for a qualitative comparison with refs. [34,

35]. The observables in question are

(a) the transverse momentum p, , of the leading b-jet,

(b) the transverse momentum p, , of a pair of two b-jets,

(c) the angular separation AR, = ,/Anf)b + Agf)ib of two b-jets,

(d) and the invariant mass my, of two b-jets,

where in (b—d) the two b-jets are selected whose invariant mass is closest to my in order to

identify the candidate pair that is most likely to originate from the Higgs decay.

Up to NLO, all three production modes of WTH, W~H, and ZH show similar qualitative
behaviour for all four investigated distributions. However, there are significant phenomeno-
logical differences between the W¥H and ZH distributions at NNLO.

NNLO corrections to the W*H cases lead to substantial stabilization of the predictions

for the first three distributions shown in Figures 1.26—1.27, parts (a—c): size and shape are
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only slightly modified at NNLO compared to the NLO predictions; the scale-variation bands,
however, are reduced considerably. In contrast, the first three of the ZH distributions show
an excess of events in the central regions throughout Figure 1.28, parts (a—c). This behaviour
is attributed to threshold effects in the top-quark amplitudes in the dominant gluon—gluon-
induced ZH-exclusive contributions of Figure 1.18. As mentioned earlier, these channels first
contribute at NNLO, which also explains the widening of the theoretical uncertainty bands

around the threshold regions of these distributions.

Concerning the invariant mass distribution of all three production modes shown in Fig-
ures 1.26d—1.28d, the features previously noted in refs. [34, 35] can be confirmed by our
predictions as well: due to the very narrow width of the Higgs boson, the m,,; distribution
has a natural kinematic threshold at mp = 125.09 GeV and the phase space away from this
value is barely populated at leading order. Consequently, NNLO corrections are effectively
NLO-accurate for most of the bins, which explains the large corrections and relatively larger
uncertainty bands for these distributions. The left shoulder below my is mainly the result
of radiation from the decay, whereas the shoulder above my is due to radiative corrections
to the production. Fixed-order predictions at the threshold region of m, ~ mpy, however,
should not be trusted as they are prone to Sudakov-type instabilities. A proper treatment
of this region would require the inclusion of resummation effects. In our case, the binning
is sufficiently coarse so that such instabilities only manifest in larger uncertainty bands for

the m,,, = my bin and not as an explicit divergence.

1.8 Summary and Conclusions

This chapter of the thesis enumerated the new elements that were required for the calculation
of NNLO corrections to the associated Higgs boson production processes WTH, W~H, and
ZH. The calculation includes off-shell leptonic decay of the gauge bosons as well as the
Higgs decaying into a bottom-antibottom quark pair. It consistently takes into account
NNLO corrections to the production and decay subprocesses and fully retains the differential

information on the final state.

The study of VH processes with H — bb decay critically relies on the tagging of bottom
jets in order to isolate the candidate pairs associated with the Higgs boson. The theoreti-
cal and technical details of our independent implementation of the infrared-safe flavour-k;
algorithm into the NNLOJET parton-level generation and the necessary modifications this

entailed in the framework of the antenna subtraction formalism will be discussed in Chapter 3

A detailed account was given on the residual theory uncertainties by allowing the scales

in the production and decay subprocesses to vary independently. This conservative approach
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resulted in taking the envelope of 21 scale variations for the full process but allowed for a
more comprehensive view into the impact of higher orders on the reduction of scale uncer-
tainties. The NNLO corrections to the fiducial cross section were found to exhibit a good
perturbative convergence with residual uncertainties at the percent level. We contrasted our
naive perturbative expansion of the cross section with a more commonly employed rescaling
procedure using the branching ratio Br(H — bb), where we observed the latter to over-
estimate the residual scale uncertainties. This was attributed to a miscancellation in the
scale dependence among the terms that receive different rescaling factors and it lead us to

advocate the simpler prescription in order to be more reliable beyond NLO.

Flavour-sensitive observables were studied by investigating differential distributions where
a similar stabilization of the perturbative series was found as in the cross sections. Larger
effects from higher-order corrections were seen in the invariant mass distributions of two
b-jets, which can be attributed to these observables being only NLO-accurate away from
My, ~ mp. A comparison between the W+*H and ZH processes showed qualitatively similar
behaviour but also emphasized the phenomenologically sizable impact that arose from the

gluon—gluon-induced top quark loop amplitudes.
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Figure 1.26: Flavour-sensitive jet distributions for the WTH process showing (a) the trans-

verse momentum of the leading b-jet, (b) the transverse momentum of the b-jet pair, (c) the

angular separation of the b-jet pair, and (d) the invariant mass of the b-jet pair closest to

the Higgs boson mass. The upper panel contains the absolute values while the lower panel

shows the bin-by-bin ratios with respect to the previous order evaluated at the central scale.
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Figure 1.27: Flavour-sensitive jet distributions for the W~H process showing (a) the trans-

verse momentum of the leading b-jet, (b) the transverse momentum of the b-jet pair, () the

angular separation of the b-jet pair, and (d) the invariant mass of the b-jet pair closest to

the Higgs boson mass. The upper panel contains the absolute values while the lower panel

shows the bin-by-bin ratios with respect to the previous order evaluated at the central scale.
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Figure 1.28: Flavour-sensitive jet distributions for the ZH process showing (a) the transverse
momentum of the leading b-jet, (b) the transverse momentum of the b-jet pair, (c) the
angular separation of the b-jet pair, and (d) the invariant mass of the b-jet pair closest to
the Higgs boson mass. The upper panel contains the absolute values while the lower panel

shows the bin-by-bin ratios with respect to the previous order evaluated at the central scale.
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Chapter 2

Associated Higgs Boson Plus Jet

Production

I will present (’)(ag’) corrections to associated Higgs boson plus jet production in this chapter.
This is a class of VH production that is defined by requiring at least a single hard jet among
the final states in addition to a vector and a Higgs boson. Similarly to Chapter 1, our
predictions are given with the mediating off-shell vector bosons—charged W or neutral
7 bosons as before—decaying leptonically, keeping the spin correlations between the initial
and final states. As this is the first time such a production process is calculated at NNLO
precision, I will show results in which the Higgs boson is on shell and does not decay. A
publication [2] of the results of this chapter is currently in preparation and I will often insert

excerpts from its draft at the time of writing.

First, I will introduce the experimental and theoretical status of the VH+jet process in
Section 2.1. It will be apparent that it is not as widely studied as V'H without a resolved jet
neither by the experimental nor by the theoretical community, making this thesis a pioneering
work for VH-+jet production. Section 2.2 will present the computational framework for our
predictions, naturally carrying over essential concepts from VH production of Chapter 1.
Moreover, we will ascertain that genuine new additions are only those of the O(a2) NNLO
coefficient, which is the subject of Section 2.3. Specifically, its building blocks are enumerated
in Section 2.3.1 for double-real, in Section 2.3.2 for real-virtual, and finally in Section 2.3.3
for double-virtual cross sections. The subsequent Section 2.4 is dedicated to presenting and
analyzing numerical predictions of WHH+jet acquired from NNLOJET with the experimental
setup of Section 2.4.1 for 13 TeV center-of-mass energy LHC runs. The resulting fiducial cross
sections are found in Section 2.4.2, in which we also examine the phenomenological effect

and validity of the included Yukawa-induced top loop contributions besides the usual Drell-

85



2.1. PROCESS BACKGROUND CHAPTER 2. VHJ

Yan-like ones. Last, but not least, a few selected differential distributions are displayed in
Section 2.4.3. T will conclude the chapter in Section 2.5 with a brief summary and an outlook

on possible useful extensions of this process within NNLOJET for future studies.

2.1 Process Background

Compared to VH production without a hard jet, the requirement of an additional hadronic jet
has the potential of providing more differential information on the final state and being more
sensitive to QCD radiation effects. While experimental data are becoming more and more
available for VH production including specific Higgs decay modes, there is at present much
less for VH+jet production. In fact, first experimental measurements of a simplified template
cross section as a function of the vector boson transverse momentum for this category have

only been reported recently by the ATLAS collaboration in refs. [23, 25].

The state of the art on the theoretical side is also notably different for the two VH
production processes with or without a hard jet: fixed order VH+jet calculations were
only available up to NLO QCD corrections so far for an on-shell Higgs boson, compared
to the variety of higher-order predictions for VH including H — bb decay we recounted in
Section 1.1. Most recently the combination of NLO QCD computations for VH and VH+jet
production have been merged in the context of parton showers to provide full NLO+PS
simulations for the two on-shell Higgs production modes in refs. [10-12] and lately including

electroweak corrections in ref. [62] as well.

The purpose of this chapter is to provide a new level of fixed-order theoretical precision
for WEH+jet production observables where the charged vector boson decays leptonically and
the Higgs boson is produced on-shell. We will include QCD corrections to the computation of
Drell-Yan-type and non-Drell-Yan contributions up to O(a3) and O(a2), respectively. This
is an important step towards computing VH-+jet observables that eventually also include
the decay of the Higgs boson into a bottom—antibottom pair, but this is beyond the scope
of this thesis.

2.2 General Framework

Having at least a single hadronic jet among the final states, the parton-level Born contri-
butions to VH+jet production are almost exactly the same as those present for real VH
production listed in eqgs. (1.23)—(1.25) of Section 1.4.1. However, there are some differences
in the formulation due to the Higgs boson being on shell and simply because VH+jet is a

process with different defining equations than V'H without the resolved jet. Let us investi-
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gate how the Born cross section can be written for VH+jet that will outline the similarities

and differences of the framework compared to Chapter 1.2.

The Born cross sections for the contributing three different partonic channels are given

by

. NPy 1 VH,0 (4 A
dO’%Hj’qq :W dq)SH <p17p2; {pf}?:?)) jl( )(p?)) Bl ' (1(173372(1; 42752)7 (21)
a6y N o} ApsYies) TV (05) BY ™0 (14,24, 3514, 57), (22
UVHj’qg_(QNC)[Z(Ngfl)] 3 <p17p27{pf}f=3> 1 (p3) 1 ( Q> <y 0P 4> é)’ ( : )
NV

6V = Grypme — D) 4% (propoi {ps¥3—s) T (0s) BY™0 (34,2, 14:4,,57). (2.3)
The fundamental difference in the definition of the processes is indicated by the jet function
.71(1). Whereas in Chapter | the presence of two flavoured b-jets were required—originating
exclusively from the H — bb decay—at leading order, the formulee (2.1)—(2.3) demand the
presence of a single unflavoured jet. The Higgs boson does not decay, therefore jets can
only be reconstructed using partons radiated from the initial states. Not distinguishing any
flavour also permits us to use flavour-insensitive jet algorithms from the k; family, with our

choice always falling onto the anti-k; algorithm.

The on-shell condition of the Higgs boson is incorporated into the phase space element,

which now takes the standard form of

s d™'p dp
doll Ap L) = f H st (2 _ 2
n—2 (pl’p%{pf}H) LE[S (2m)i=1 (2Ey) [(%)dl (pH mH) x
(2m)* 51 (pl +p2—pu— Xf3 pf>- (2.4)

Provided we formulate the amplitudes in a way in which they do not depend explicitly on
the momentum pyy of the Higgs boson, we can integrate it out trivially using the Dirac delta

distribution for momentum conservation, yielding

dol (pl pas{psly ) = (27) ﬁ ﬂ
n—2 (P1,02; {Pf } =3 1o (2m)41 (2Ey)

5t (Pl + pg — Z?Zkgpf)z — m%{ .

(2.5)
Besides the addition of a factor of (27) in front, the expression (2.5) describes an (n — 2)-
body massless phase space without momentum conservation and appropriate sampling of

the momenta whose total invariant mass is my, the mass of the Higgs boson.
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The amplitudes in Chapter | for VH production—both Drell-Yan-like and loop-induced
contributions—were formulated in a way that do not depend explicitly on the momentum
of the Higgs boson. As outlined in Section 1.3.2, these amplitudes do not conserve mo-
mentum between the QCD partons and final-state leptons, enabling their usage for VH+jet

production of an on-shell Higgs boson with the phase-space formula (2.5).

The normalization factor in egs. (2.1)—(2.3) can be expressed with that of VH production

of one order higher in «ag. The expression

<IN 1
Nynj = NVH(a27T ) {1 — N?} (2.6)

C

holds at all levels for the normalization factors of VH-+jet production.

The formulation of NLO O(a2) VH+jet production cross sections is thus a transition
from the NNLO O(a2) VH ones. This is carried out in an identical fashion to the transition
from NLO O(as) VH cross sections to LO O(as) VH+jet ones shown in egs. (2.1)—(2.3).
Accordingly, real VH+jet amplitudes are those of double-real V'H production of Section 1.5.1

and virtual VH+jet amplitudes are those of real-virtual VH production of Section 1.5.3.

In principle, the subtraction terms can be converted in an identical manner as well.
However, the jet function jl(n) for VH+jet production will always cut contributions without
a single hard jet, essentially vetoing all unresolved limits in the SNLO O(as) and T O(a2)
VH subtraction terms and all double unresolved limits in the S O(a2) ones. One could
argue that approaching the subtraction terms this way is slightly tautological: a process
should not require any subtraction terms at its Born level and only single ones at NLO.
From the practical perspective, however, this means that we can recycle the VH subtraction
amplitudes up to O(a?) while omitting the terms which would anyway be vetoed by the jet

function.

The genuine new contributions to VH-+jet production are those of the O(a2) NNLO
coefficient. In order to implement these, we followed a similar path to what we took for VH
production without a resolved jet. The Drell-Yan-like contributions, in other words those of
V+jet production are already available in NNLOJET with several phenomenological studies
stemming from it in the literature [63—67]. The argument brought forward in Section 1.3.2
regarding non-momentum-conserving Drell-Yan-like amplitudes holds here as well. These
amplitudes need to be derived independently, but once they are known, the subtraction
terms of V+jet can be converted to those of VH+jet by swapping out the reduced matrix
elements. For NNLO VH+jet production, these non-momentum-conserving Drell-Yan-type

amplitudes are only partially derived (and validated) by us, a portion of them were evaluated
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using libraries from OpenLoops 2 [53]. Interfacing OpenLoops 2 with NNLOJET carries
some additional complications, mostly originating from OpenLoops not decomposing its
amplitudes into different colour levels. This mismatch in conventions has to be mended by
redefining subtraction terms to include all colour levels, a procedure I will describe in great

detail, channel-by-channel in Section 2.3 whenever OpenLoops amplitudes are used.

The important non-Drell-Yan top loop contributions are only accounted for up to O(ag)
NLO level. While all closed fermion-loop contributions for VH+jet production are known
at real-virtual level, many of the required double-virtual, genuine two-loop amplitudes are
presently unknown. They are both required for a gauge-invariant prediction and cannot be
untangled from each other: not including the unknown double-virtual amplitudes necessarily
prevents us from including any at real—virtual level either. Nevertheless, based on the results
presented in Section 2.4, we will argue that including Yukawa-induced top loop contributions
up to only NLO is phenomenologically sufficient and in fact necessary for a NNLO-accurate

W*H+jet prediction.

An exception is the gauge-invariant subset of gluon—gluon-induced (one-loop)? amplitudes
which are present exclusively for ZH+jet production, similar to those in Figure 1.18 for
the ZH process without a hard jet. They are included in our calculation and likely to be
phenomenologically relevant due to high gluon luminosity in LHC collisions. Having said
that, only WTH+jet results will be presented in this thesis: at the time of writing these
lines ZH+jet results are still pending. Nonetheless, for the sake of completion, I will cover
all elements of the NNLO coefficient for both ZH+jet and W*H+jet production as both of
these processes are fully implemented into NNLOJET.

2.3 Next-to-Next-to-Leading Order

In this section, I will go through the RR, RV, and VV contributions to the NNLO coefficient
of VH+jet production in a similar fashion to Section 1.5 of the previous chapter. As shown
in eq. (2.6), the normalization prefactors that appear throughout the VH+jet NNLO cross
sections can be summarized in terms of the prefactors of the VH NNLO cross sections (1.49)—
(1.51) as

RR _ ARR[QsNe)NZ -1
Nij = Nva <27r > NE (2.7)
RV rv [ Qs Ne Nc2 —1

89



2.3. NEXT-TO-NEXT-TO-LEADING ORDER CHAPTER 2. VHJ

Figure 2.1: Example of a B-type diagram in (a) and a C-type one in (b) which contribute
to double-real VH+jet production.

M = () et

2.
27 N2 (29)

Let us then move onto enumerating the different NNLO contributions.

2.3.1 Double-Real Cross Section

I will present all the partonic channels ordered in the same way as in Section 1.5.1. There
are two different parton-level processes: a B-type one with one quark line and three gluons
and a C-type process with two disconnected quark lines and a single gluon. Two examples

of diagrams contributing to these amplitudes are depicted in Figure 2.1.

As usual in the NNLOJET formalism, the B-type amplitude is separated into colour-
ordered pieces, which are denoted as B;/ HO for the leading-colour piece, Bg HO for the
subleading-colour piece, and B;/ HO for the sub-subleading-colour piece. The formulee for

these B-type amplitudes is found in Appendix A.10.

The C-type amplitude, however, was evaluated using OpenLoops 2 [53] and the conven-
tion used there is not to separate the amplitude according to colour ordering. Nevertheless,
I will indicate the way one would do such a separation, which is important to know when
one wishes to assemble the subtraction terms for an OpenLoops amplitude implemented
into NNLOJET. This is because the subtraction terms—which are recycled from the V+jet
calculation—were originally created for amplitudes separated into various colour levels and

we need to add them up accordingly for the correct subtraction.

The colour-level separation for the C-type partonic processes entails the following am-
plitudes: the leading-colour C’Y H’O, the subleading-colour CY H’O, the sub-subleading-colour
CN'Y H’O, the leading-colour DYH’O, and the subleading-colour D}/H’O. The D-type amplitudes
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themselves are interference terms when the separate quark lines either are of identical flavour
(present for ZH+jet) or contain at least one identical flavour (present for WH+jet). In order
to avoid confusion, I will list the contributions separately for ZH+jet and WH+jet produc-
tion and use the same notational convention concerning the labelling of quarks as established

in Section 1.5.1, the section listing the double-real contributions for VH production.

The C-type OpenLoops amplitudes for a given parton-level ordering can be constructed

according to

NERR
ZHO(. . . B ZHj ZHO(. . _ . _
CLOL(Zq,]g,kQ,lQ,mq7 6{, 74) A ‘] N {Cl (Zq7jg7kQ;lQ7m(j7 6@) 74)

+ [C’IZH *(igs dis kg L mai 602 75) — CT (i gy kg Ly mas 6, 76)}} ., (210)

NRR
WH,0 WHj WH,0
Cior ( q73g’kQalem476£a7z> A JN {C ( iq, Jg kg, lg, my ,6g,7g>

+]$ [CYH0 (g, G b L mars 64, 77) — C;NHO(q,]g,k‘Q,lQ,mq,Gz,U)]}. (2.11)

C

In general, the structure above always assumes that Q # ¢ and Q # ¢'. In case of flavour
assignments containing identical quarks, the necessary symmetry factors are inserted and
the permutations are carried out on the OpenLoops amplitude level, as this will be apparent
later. Therefore the structure of eqs. (2.10) and (2.11) does not change even if Q = ¢ or
Q = ¢ inside their arguments. The averaging factor A that accounts for all the initial
spin/polarization and colour states depends on which partons are in the initial state. For
the above C-type amplitudes and the upcoming D-type ones, it is either A = (2N,)? for
(anti)quark—(anti)quark channels or A = (2N)[2(N2 — 1)] for (anti)quark—gluon ones.

The structure of the OpenLoops D-type identical-quark interference amplitudes is the

following:
NERR 4
ZHO,. . . N g3l
D1,0L<qu.7gak(j, lq,mq, 65776) — _ Y ng
= o 1] ~zmo0,. .
N2 Dy (i Jgs kg, gy mg; 6, Tp) — 1_ﬁ DT ig, jes ks lgs ma; 6,4, 77) ¢
C
(2.12)
N
WH,0 RR
DalOL(qugakq,lq,mq,6@74) Yl J‘g><

91



2.3. NEXT-TO-NEXT-TO-LEADING ORDER CHAPTER 2. VHJ

1 WHO,. - 1] awHo, .
Nz{Da,l (iq; Jg: kg, lgy g3 64, Tg) — [1 - N2] Doy (ig, Jg: kg lgymas 64, 7g)
C C
(2.13)
pWHO (o 4 . AN \%%J 1
b,l,OL(qujgv 7> q’vmci’v6e77£) T4 S
L wmo(, . L] ~whHo(, .
]\IQ{Db,l (Zq,jg,kq/,lq/,mq/;ﬁe,’?(?) — |1 - W Db,l (Zq,jg,kq/,lq/,mq/;Ge,’?E) .
C C
(2.14)
The sub-subleading-colour BYH’O amplitudes are the same as the subleading-colour D}/H’O

ones, explaining the 1 — 1/N2 prefactor in front of the amplitudes with the tilde accent.
Similarly to WH production, we distinguish D,- and Dj-type amplitudes for the WH+jet

case, depending on which three quarks are of identical flavour. The symmetry factor S is

built into the amplitudes (2.12)—(2.11) and depending on the channel it can be either § = 5

for two identical quarks or % = 1 when no identical particles are present in the final state.

Before moving onto the partonic channel breakdown, I would like to emphasize once again
that only the left-hand side of egs. (2.10)—(2.14), the OpenLoops amplitudes are implemented
into NNLOJET. Knowing the right-hand side, the breakdown in colour structure, is important

for constructing the subtraction terms.

Quark—Quark Initiated (Non-Identical Flavour)

~ 3 ZH,0 (2 B .

doftt o= d®s (p1,po; i} s) T (03,04,05) CLOL (10 360400 20,5564, T), (2:15)
~ 3 WH,0 (4 ) . _

dO'\F;]FI{_Ijqu = dq)5 (pbp?; {pz}zzg) \71( )(p37p47p5) CLOL <1qa3g74Q72Q55§’76£77£)' (216)

The WH+jet cross section has an additional permutation and subleading-colour interference

term when @ = ¢/, in other words

. 3
A6 g = APs (p17p2; {pi}zzg) T (03, pa, ps) %
11 s wWH,0/4 4 WH,0 (4 A
{2![01,OL (1qa3g=4¢?’a2q’75§’§6£v7z7) +Cl,OL <1q=3ga56’72(1”46’565772)}

WH,0 (4 5 . A
+Db71’0L<]—q73g74ql,2q/75ql’6[,7@)} . (2.17)
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The symmetry factor % is present due to the identical 45 and 55 quarks in the final state.'
In practice the (44 <+ 57) permutation is carried out by phase-space integration and thus

the two terms are contracted into one in the codebase.
Quark—Quark Initiated (Identical Flavour)

~ 3
daléll}j,qq = dq)5 <p17p2; {pz}zzg) jl( )(p3,p4,p5)><

{21| {Clz,l({)f (iqv 3g,4g; éqv 5g; 6y, 72) + Clz,g’l?(iqv 3g: 9 qu 44; 6y, 7@)}

ZH,0 (3 A . A
+D1,OL(1q73g7467 2q75q,6477e)} ) (2.18)

. 3
do_\l:}vl:l{{j,qq = d<I)5 (plapQ; {pz}3:3) jl( )(p37p4ap5)><
WH,0 (2 3 . _ WH,0 (5 7 . _
{CI,OL <1q,3g,4q, 2qa5q’a6477z) +Cor (2q73gv4év 1q,5,;/,6€,74)

A

WH,0 A ) )
+Da,1,OL (IQ’3g7467 2q75¢f’76g77g)} . (219)
The symmetry factor % for ZH+jet production is due to the identical quarks 4; and 5; in

the final state.” In practice, the permutation (4 <> bg) is done via phase-space integration

and the two terms are contracted into one in the codebase.

Identical quarks in the final state are not present for WH+jet production due to the
flavour-changing effect of the W+ coupling.

Antiquark—Antiquark Initiated (Non-Identical Flavour)

A 3 ZH,0 A A
Aot o = A5 (1,23 {(pit_s) T (03,04, 95) CLOL (304, 19050 216, 7). (220)
~ 3 'WH,0 2 5 .
dO—\F}{VFI{_IJ-’Q’q/ = dq)5 <p17p2; {pz}zzg) jl( )(p37p41p5) C’1,OL (3(17 4g7 1@7 5Qa 2(7? 6@7 7[) . (221)

The WH+jet cross section has an additional permutation and subleading-colour interference

!This is built into DZ?T(DOL as shown in eq. (2.14).

2This is built into Df%g as shown in eq. (2.12).
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term when (Q = ¢, in other words

. 3
A6y g = d®s (p17p2; {pi}Z:?,) T (D3, p1, ps) ¥

{2 (O (304 10,50 2560, 72) + OLBY (504 T 0,316, 7))

WH,0 - 5 -
+Da,1,OL <3Q’4ga 1Qa 5q72q’a64774)} . (222)

The symmetry factor % is present due to the identical 3, and 5, quarks in the final state’

whose permutation in practice is carried out by phase-space integration.

Antiquark—Antiquark Initiated (Identical Flavour)

R 3
A6yt g = APs (phpz; {pi}zzg) T (D3, pa, ps) ¥

{211 {Clz,l({)f <3q= 4g, iév 5¢; Qq’? 64 72) + Clz,gf (5qv 4g, iq’v 3q> Qtﬁ 6y, 72)]

7H,0 a 5 A
+D1,OL(3qv4g7167 5¢, 2 6za7e)} ) (2.23)

R 3
A6 g = d®s (phpz; {pi}z?:?,) T2 (p3, pa, p3) %

{Cf,\g{ﬁo <3q’ 45, 17,54, 243 6, 72) +CYor’ (3q’ 45, 27,54, 1736, 72)

WH,0 5 . B
+Dy1.01 (3q7 4g, 1g, 5¢/, 245 6, 74)} (2.24)

The symmetry factor % for ZH+jet production is due to the identical quarks 3, and 5, in
the final state’ whose permutation in practice is carried out by phase-space integration. It is

not present for WH+jet production due to the flavour-changing effect of the W* coupling.

Quark—Antiquark Initiated (Non-Identical Flavour)

N

~ 3 5
Aoyt 0 = A5 (pl,pz; {pz-}Z:g) I (03, P4, ps) Cfgf@m 3¢, 20,40, 57; 6, 7@)7 (2.25)

. 3 WH,0 (3 5 P
d"\}i{v}}{j,q@ =d®s (Phpz; {Pz‘}zzs) T (03, pa, ps) Cior <1q7 3g:20,4¢, 9 6y, 74)- (2.26)

SThis is built into D', as shown in eq. (2.13).

“This is built into Dflé’g as shown in eq. (2.12).
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The WH+jet cross section has additional leading- and subleading-colour contributions when

Q = ¢’ and takes the form

NRR
A6y g = dPs (phpz,{pzh ) T (p3,p1, p5) (QJV\ZI;J X

AWH,0 (4 5 . B
By (1q73§74g75g726’76ea76)}

C

1 WH,0 (2 N 1
5 {(Z) |:B3 (1q73g74g75g,2§/;6£772> _ m
3,4,5

1 L\ 2w,
+ <NQ + N4)33 (14, 35 42, 52, 27 76@@)}
C

+dos (pl,pQ; {pz‘}i?:g) 51(3) (p3,P4,p5) X

{nFcl L (1q,3g,4Q,5Q,2q ,65,75)
WH,0 & 5 . B WH,0 ) _
+Clor <5qa 3g:4q: 1g, 2956y, 76) +Clor (1qa 3g; 2q »5q54q3 64, 7@)
WH,0 (3 WH,0
+D,1 OL(1q73g74q75q72q '3 645 7e> + Dy101 (1q=3g= 7> 445q3 60, 715)} (2.27)
The B-type contributions radiate the three gluons 34, 45, and 5, into the final state, ex-

plaining the symmetry factor % in front of the sum of all six of their permutations, which is

indicated by >3 45)-

Quark—Antiquark Initiated (Identical Flavour)

R
da_}z{lljﬁ = dq)5 (p1,]923 {pi}z?:?)) jl(S) (P37p4;p5) (QNH)J

1 ZH0 (4 5 L ~zmo0/(s 5
] 5 [ a0) - 8 1805300,
" L345)

1 1\ zzHp0
+ <N2 + N4>B3 (1q73g74g75g72qa6z7 73)}
C

+ d®s (phm, {pi}i_s ) T (ps. pa. ps) %
{nupCL S (T4, 3e: 45,50, 25 60, 77) + naownCr ot (102 3. 43, 50> 243 6, 77)

ZH,0 ZH,0
+C700 (14,36 24,54, 4356, 77) + DD (14,34, 24, 54,433 61,77) } (2.28)
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dAWHJ qq — = d®; (plvp% {pl}z ) (p37p4 p5)
‘WH,0 ng ‘WH,0 5 7 . B
{01 oL (1qv3g72qv4qv5q v6g,7e> {2J Cior (4q73g7267 1qv5é’76b7€>

WH,0 (4 A . -
+ Da,l,OL(lq’gg’211’41175(1”6(77[)} . (229)

B-type amplitudes are only present for ZH+jet production in eq. (2.28); the three identical
gluons in its final state explain the symmetry factor % in front of them. Due to the different
coupling of the Z boson to quark lines, up- and down-type contributions need to be separately
accounted for. This is shown in the second to last line of eq. (2.28) where nu, = 2, nqown = 3

with the symbols u and d labelling up and down quarks, respectively.

In the second term for WH+jet production (2.29) the quark current in the final state
couples directly to the W+ boson. Assuming a diagonal CKM matrix, this allows for LHTFJ =2
identical amplitudes as the W* boson only mediates up-down and charm-strange flavour

changes in the ngp = 5 scheme.

Quark—Gluon Initiated

These channels are rather long, so let us look at the ZH+jet case first:

NZHJ
N)2(NZ - 1)]

A6 g d<1>5<p1 poi {pit 3) ()(ps,p47p5)(

1
,{ > B (14,2, 30,46, 563 60, T5) + B0 (14, 36, 26, 44,546, 77)
(3+>4)

+ B0 (14, 34 4, 26,54 6,, 77|

1 - A . A "
_ﬁ Z [B§H7O(1qv2é73g’4g’5(75 6e>72) +B§H70(1(I73g72g14g1565 64,757)
€ (3+4)

+ 33ZH0(1q’3g’4g’ 2g,54; 6, 75)]
+<]$ ;4) BZHO(lq’2g73g74g75q’65’74’)}

+d®s (pl,m; {Pz’}zzzs) «71(3) (p3,p4,ps) X

{(”up - 5q1t> C%Iéf(lq’ an 3, 4u; 9g; 6, 72)
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ZHO 5 .
+(ndown — 844) C1 o1 (Lgs 255 33, 44, 53 64, 7g)

1

ZH, 0% 5 ) _ ZH07 5 . _
+§ {Cl,OL(ltp 25,34, 445545 6, T7) + CLOL(lqa 2g,5g: 4q; 333 6y 7£)}

+ Df%f(iq, D, 34> 44> 53 6, 7,5)} . (2.30)

The Kronecker delta 64y (6 qd) is one if the quark ¢ in question is up-type (down-type) and
zero if it is not. The symmetry factor is % for the B-type contributions because of the two
gluons 3, and 4, in the final state. For the C-type amplitudes of the last two lines, the
symmetry factor is % due to the identical quarks 3; and 57 in the final state.” The (35 > 54)
permutation in the second-to-last line is carried out by phase-space integration inside the

codebase and thus the terms are contracted into one.

Next, let us move onto the WH+jet case of

R
2N.)[2(NE - 1)]

R 3
d6\WHj g6 = dPs (p1,p2; {pi}i?:g) T2 (p3, pa, ps) (
1 WH,0 (5 4 WH,0 (4 4

2'{ > [BY (102,30 46, 5936, 77) + B0 (14,34, 24,46, 59156, 7 )
L (3+4)
WH,0 (3 5 £ .o
+ B3 (1q73gv4gv 2g; 56’766772)}

1

N2 Z {BgvH’O(iqvﬁév3gv4gv5é’§6e»7é) +BgvH’O(iq’:ié’an4ga5é’;6b72)

€ (3+4)

HWH,0 (2 5 . _
+ B3 (1q,3§;a4ga2g’5§”6€77€>}
(e ) B )
NC2 NC4 qr =gy gy 8y Uq

3
+d®s (Pl,Pz; {Pz’}zzs) «71( )(P3,p47p5)><
WH,0,4 4 WH,0,, & - )
{(nF — 1O (14, 25,35, 40, 501364, T7) + Oy o (4g: 2. 3g. 1q, 5975 64, 77)

A

11 wHo,% WHO, 2 4
* 2! [CI,OL (19> 2g,3q, 4q/+ 5973 64, Tp) + Cl,OL (19> 24, 5q': 44/, 345 64, 717)}

WH,0 2 3 . B WH,0 2 4 . ~
+ Db,l,OL(lq’ 2g,3q, 44/, 9¢'; 6, 76) + Da,l,OL(lq’ 2g,3q, 44,95 6y, 70} :

(2.31)

This is built into Df%g as shown in eq. (2.12).
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The B-type amplitudes take an identical structure to those of ZH+jet. The C-type am-
plitudes are slightly more complicated, as all permutations and symmetry factors need to
be taken into account when there are identical quarks in the final state.” In practice, the
(33 +» 5g) permutation inside the brackets is carried out by phase-space integration, there-
fore those C-type amplitudes are contracted with the (np — 1) piece into a single term with

an overall np prefactor inside the codebase.

Antiquark—Gluon Initiated

NER
2NR(NZ - 1))

. 3
do—%l%,(jg = d(I)5 (p17p2; {pZ}Z:{’,) jl( )(p37p4ap5) (
1 ZH,0 5 - ZH,0 5 -
2'{ S [BE0(34, 2,44, 5, 15364, T7) + B0 (34, 44, 2, 5, 146, 77)
" L (45)

+ 2o (3q, 44, 54,24, 14:6,, 7@)]

1 ~ ~ ~ ~ A ~
_ﬁ Z |:B3ZH70(3Q’2Q’43’5g7]‘q; 6(77[7) +B3ZH70(3Q74ga2g75g716; 6@77[7)
€ (4¢5)

~7ZH,0 5 4 . A
+ By (34, 45,5, 2, 1461, 7 )|
1 L\ zz00(, 4 B
+<N3 - Ngi) By (34,25, 45,55, 15:6,, 7£)}

+ dq)5 (pl')pQ; {pz}zzg) j1(3) (p37 P4, p5) X

{(nup — 0qu) CLOL (34> 2545, 5u, 145 6,, T)

ZH,0 ) 7. _
+(ndown - 5qd) CVl,OL (3(17 2g7 4&3 5d7 1@’ 6€’ 78)

Trz00,6 5 A ZHO - & A
+§ [CI,OL(?’II? 2g,44,5¢: 135 64, 77) + C1 o1 (5gs 265 43, 3, 15 64 72)}

ZH,0 ) 1. i
+ D030, 244,50, 1536, m} . (2.32)

For the C- and D-type amplitudes of the last two lines, the symmetry factor is % due to the

5The symmetry factor % is contained in DZVIHC’)OL as shown in eq. (2.14). The DXVIH(’;]L amplitude here does

not require one.
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identical quarks 3, and 5, in the final state’” whose permutation is carried out by phase-space

integration inside the codebase and thus the terms are contracted into one.

NER
~RR _ AT @) (. WH;
dUWHj,(j’g =d®; <P17p2’ {pz}z:3) L71 (pS’p4ap5) (2NC)[2(N02 _ 1)] X

{ > [BI0(34 20,40, 56, 136, 77) + B0 (34,44, 24, 54, 19156, 7;)
e

+ :B;,NHp (3(17 4g,5g, 29, 1756, 75”

Ly 3370 (34,28, 4, 5 1936, T5) + B30 (3445, 26, 5, 12116, 77)
L o (3q,4g,5g,ﬁg, i5:6,, 72)]
1 1 H»WH,0 5 4
+<N2 + N4> By (3q,2g,4g,5g, 15,;65,76)}
C C

3
+d®s (pl,pz; {pi}i?::;) T (ps, pa, ps) %
WH,0 5 1. _ WH,0 5 1 . _
{(nF —1)Chor (3¢, 28,405,850, 14564 79) + Cy o1 (3g> 26, 1g7, 5, 473 64, T7)

1

o

WH,0 5 2. _ WH,0 5 .- _
{CI,OL (34> 205 4 5, 173 64, T7) + Clor (5¢> 25 45, 3, 175 64, 7@)]
WH,0 5 5 WH,0 5 3 .
+ Da,l,OL(glI’ 25,44, 54, 1g: 6y, 72) + Db,l,OL(3qa 2g, 1g, 5(1” 456y, 757)} :

(2.33)

Similarly to the quark-gluon channel, the (3, <> 5,) permutation inside the braces is carried
out by phase-space integration, therefore the C-type amplitudes there can be contracted

with the (np — 1) piece into a single term with an overall np prefactor.®

Gluon—Gluon Initiated

This channel does not contain any C- or D-type amplitudes, nevertheless we still need to

distinguish the ZH+jet and the WH+jet cases because up- and down-type contributions have

"This is built into D¥5) as shown in eq. (2.12).
8The symmetry factor % is contained in DXVIH (’;]L as shown in eq. (2.13). The DZVIHC’)OL amplitude here does

not require one.
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to be accounted for separately whenever the Z coupling is involved.

RR
N, ZHj

d6BR  _— qo s {pit j(g) » D4, Tor N N2
ZHj,gg 5<p1 D2 {p }Z—3> 1 (p3 P4 p5) [2(NC2 _ 1)]2

nup [ BEO (4, T 26, 84,505 60, 7p) + BE™0 (4, 3, T 24563 64,7
(1+2)

+B§H’O (4u, ig, 3g, Qg, 54; 6y, 72)}

naoen 3 | BY (44, T 2.3, 5064 Tg) + BY™ (44,3, 1, 24, 5036, 77)
(1+2)

—|—B§H’O (4(17 1g, 35, 25,543 6, 747)}

. i o . n A
_]\1;;, {B?H’O(élu,1g,2g,3g,5a;6g,7g) +B§H,0(4u,3g,1g,2g,5a;64,7g)
¢ (is2)

FBIO (44, g, 30,35, 506,77

+B5™ (4d, 1, 35, 24, 55: 6, 757)}

1 1\ zzn,0 55
+nup(N3 + NC4>Bs (0. 12. 2. 35. 55 6,.7;)

1 L\ zz0/, 3 5
+ndown(]\fcz + ]\C‘}) B3 (4d71g72g73§75d;6£77£)} s (234)
~RR 7 (3) NVP\{’%J'
A6y g = APs (pl,pz; {pi}z‘:?,) J1” (p3, pa, s) N2 - 1)
C
ng WH,0 PPN . _ WH,0 55 ) _
{QJ Z {BS (4(17 1g7 2g73g7 5:7’, sz 713) + Bs (4qa 3g7 1g7 2g7 55', 6@7 713)

, ) o ) ..
_ Ln;;é J >0 B (40, Lo 235,564 T7) + B (493, 1. 245056, 7;)
¢ (109

N>

+BZ\5NH70 (4qu igv 3g) Qg’ 5¢'; 6y 72)]

100



CHAPTER 2. VHJ 2.3. NEXT-TO-NEXT-TO-LEADING ORDER

B3gBZH(3y, 1y, 24, 4,57, 61, 70) C1g8ZH_0L(1q, 34,43,50, 25,61, 7)
1113 collinear, 2|[5 collinear 3|14]15 triple collinear

1608 e x = 187 1080 - e x = 187

= x = 19718 [ x = 19710

) x = 197" [ x = 197"
[%2] (%]
-+ -+
(= (=
£ =
o o
g g
(T o
(=] o
@ @
o o
5 5
= =

Figure 2.2: Spike tests for a 1, || 3, and 2, || 5; double collinear limit in (a) for the
gg-initiated leading-colour double-real amplitude B3Z H,0 <3q, ig, Qg, 44,576, 72) and another
one for a 34 || 45 || 5¢, triple collinear limit in (b) for the gg-initiated double-real OpenLoops
amplitude C’lz’gf (iq, 3g:40,90> Qq; 6y, 72). A total of 1000 configurations were probed in both

cases.

ne| (1 L\ awHo(, 5 s
+ {2J (]\72 + ]\]4) B3 (4Q7lg72§73g75§/;6€772> : (235)

A diagonal CKM matrix is once again assumed for WH+jet production when counting the

number of possible quark pairs the W+ can couple to.

Subtraction Terms

The double-real S subtraction terms were fully recycled from the already implemented Z+jet
and W*+jet processes. I used the same module I already took advantage of for VH produc-
tion to replace the reduced matrix elements in the subtraction terms with non-momentum-
conserving ones, which are all of lower order and are implemented natively in NNLOJET.
Next, I manually assembled the subtraction terms, which were originally intended for various

colour levels, exactly as I listed them throughout the previous channel breakdowns.

The ultimate tests for whether real subtraction terms work as intended are the spike
tests, therefore I carried them out in all unresolved limits. Two examples are shown in
Figure 2.2. The successful spike tests guarantee a correct match—including all symmetry
and normalization factors—between the OpenLoops amplitudes and the native NNLOJET

subtraction terms which were assembled to encompass all colour levels.
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Figure 2.3: Example of a B-type diagram in (a) and a C-type one in (b) that contribute to
real—virtual VH+jet production.

2.3.2 Real—Virtual Cross Section

In this section I will present all partonic channels that contribute to real-virtual VH+jet
production. All of the amplitudes are evaluated via OpenLoops on this level, therefore I
will follow the same strategy I already introduced previously. First, I will describe how
the OpenLoops amplitudes can be constructed from native NNLOJET ones, which are only
implemented for Z+jet and W¥+jet. This is in order to understand how the new subtraction
terms need to be assembled from the native colour-ordered ones to successfully cancel the
poles and unresolved limits present in the OpenLoops amplitudes. Next, I will put together
the partonic cross sections for the various channels from these OpenLoops amplitudes, not
unlike how it was done for the double-real C- and D-type amplitudes in the previous section.
Two examples of diagrams that contribute to real-virtual VH+jet production are visualized
in Figure 2.3.

The B-type amplitudes on the real—virtual level consist of the leading-colour B;/ H.1 piece,

the subleading-colour B;/ H’{piece, two sub-subleading-colour pieces: B’;f 1 and B;/ H’l, the
BYHL
2

sub-sub-subleading-colour é;/ H.1 piece, the np-proportional piece, and finally the

subleading-colour np-proportional B;/ H1 piece. The OpenLoops amplitudes encompass all
of the colour levels and permutations that arise in the NNLOJET-native ones according to

the following formula

NRV. 1
VH1,. . ] L Nvm
BQ,OL (ZQ7]g> kg, lq, 56’ 63) - A Jg

1

VH€1,. . ) B
B, (quﬂgvkgvldaf’eﬁe) N2
C

~VH71 y y . —
By " (ig, Jgs kg, lgs 5y, 67)

{ >
(k)
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AVH,1
BQ (Zm]gvkgalq75£a62)

Nc
I [&zva1 AVH,1
N2 BZ (lqa]gakgalq,SbGZ) B2 (ZQ7jg7kgvlq75[’6£)
I Zyma ng AVH1,. .
N B2 (anjgakgalanE’Gf) N, BQ (/qujgvkgvlcf; 5[765) ) (236)
c c

where we treated the ZH+jet and WH+jet amplitudes together, because a single quark
line is not confusing when we consider the flavour change due to the W* boson. The
averaging factor A depends on which partons are in the initial state and can take the values
A = (2N.)? for the quark-antiquark, 4 = (2N.)[2(N2 —1)] for the (anti)quark-gluon,
and A = [2(N? — 1)]2 for the gluon—gluon channels. Likewise, the symmetry factor S also
depends on the particular channel and takes % = % for the quark—antiquark channels due

to two identical gluons in the final state and % =1 for all the other cases.

The C-type amplitudes, which consist of two non-identical quark lines, promptly sep-

arate into the leading-colour Cé/ H.1 piece, the subleading-colour CN’(‘)/ H,1 piece, and the np-

CVH 1

proportional piece. The OpenLoops amplitudes assemble them as

NRY 1
ZH,1 ZHj ZH,1
CO OL( ‘I’]Q’kQ7lq75Z76£) (2NC;2 NC {C ( Q7JQ7kQ7l(I75£76£)

1 ZH,1 NF AZH,1
5200 (10 o 5, 67) + 7 C (zq,yQ,kQ,zq,%@)} (2.37)
Novh; 1
‘WH;,1 WH; WH, 1
CO OL ( Q)jQu kalq 75Z56€> (QNC)J2 NC {CO ( q’jQ’ kalq 75[’64)
~WH,1 ng AWH, 1
N200 ( Q’]Q; kQalq 75Z;6€> N CO ( qv]Q’kalq ,5€’ 64)} (238)

Similarly to the previous section, the formulae above always assume that @ # g and Q # ¢'.
In case of identical quark contributions, permutations and the insertion of the correct sym-
metry factors are carried out on the OpenLoops amplitude level; the structure of eqs. (2.37)
and (2.38) is left intact.

The D-type interference terms are subleading-colour to their corresponding C-type am-
plitudes and arise in the case when both quark lines are identical (ZH+jet production) or
almost identical (WH+jet production). They also consist of the leading-colour D(‘)/ H1 piece,

VH,1 VH,1

the subleading-colour Do piece, and the ng-proportional Do piece. Specifically, we

distinguish D,-type and Dy-type amplitudes for WH+jet, as before, depending on which of
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the three quarks are of identical flavour. The OpenLoops amplitudes for these are assembled

as follows:

NZHJ 11

ZH,1
Dy o iq: Ja: kq» lg 5y, 67) = (2N.)2 S N2
C

7H,1
{D (igs Jgs Kiqs Ug3 5p: 67)

1 =7m1 NE A7H1
_N2D (,Ltp]qv qu lqa 567 6@) N DO (th.]lb kQ? ZQ7 58766) (239)
C

NWHJ 11

‘WH,1
(2NC)2 S FCQ {DO ( q’]q7k(Z7lq ’5€76£)

WH,1 /. .
DaOOL( iq, Jg ks lg; 54762)

1

WH,1 NE AWH,1
N2 Do ( iq, Jg, kg: lg ’5#6[) ~ Do ( iq Jg: kgs L ’54766)} (2.40)

N,

Navigy 11

WH,1 (. WHj WH,1

DbOOL( igy Jg'+ ks lg ,55,6£> (2N, C)Jz S N2 {DO ( iq) Jg'+ Kors lg a5£v6e>
C

WH,1 nF AWH,1
mD ( q,]q 7kq’7lq a5£76£) N DO ( q>]q 7kq’7lq 755’62)} (241)

The accompanying symmetry factor S in these expressions depends on how many identical

particles are in the final state and can either be + 5= 1 or § = 1 accordingly.

Quark—Quark Initiated (Non-Identical Flavour)

R 2 ZH,1 (% 5 ] B

458 o = A% (pr.p2: (p)0s) T2 (3. p2) CEBL (10,30, 2. 4:5,.67). (2.42)
N WH,1 (5 5 i B
do @’HJ 0 = 44 (p1 p2; {pi}e- 3) T (p3, pa) Co.or, (1q,3Q,2Q,4¢7/75Z,64). (2.43)

The WH+jet cross section has an additional permutation and subleading-colour inter-

ference term when @ = ¢/, in other words

dA\F}\yHJ g¢ = 494 (pl,p% {pi}?:g) J1(2) (ps, pa) X
{ [C(\]NCI){Ll (1qa3q »2q5 g a5£v6z) C(\]NCI){I} (1qa4q +2q5 33 55762)}

WH,1 (2
+ DY (103720, 4935,.67) | (2.41)
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The symmetry factor % is present due to the identical 35 and 44 quarks in the final state.”
In practice the (35 <+ 47) permutation is carried out by phase-space integration and thus

the two terms are contracted into one in the codebase.
Quark—Quark Initiated (Identical Flavour)

d&lé}{/j,qq =d®y (phpz; {pi}?zg) j1(2) (p3,pa) X

A~ A

{211 {C(%,I({)ﬁ (1q= 34> 24,449 62) + Cég’ﬁ (i(p 47, Qq, 37; 9y, 65)}

ZH,1 (4 A . A
+DO,OL(1q7367 2Q74Q75£76€)} ) (2.45)

da’\l:}\}/Hj,qq =do, <p13p2; {pi}?:i%) “71(2) (p3,pa) X

{C(Y,Vgﬁl (iq, 34, 24, 473 5, 62) + Coor, (Qq» 34, 1g, 4773 5, 62)

+D, 00 (10:33: 24, 47:35,,67) } (2.46)

The symmetry factor % for ZH+jet production is due to the identical quarks 3; and 4; in
the final state.'” In practice, the permutation (33 +» 44) is done via phase-space integration

and the two terms are contracted into one in the codebase.

Identical quarks in the final state are not present for WH+jet production due to the
flavour-changing effect of the W+ coupling.

Antiquark—Antiquark Initiated (Non-Identical Flavour)

N 2 7ZH,1 A A
dogy: o = A4 (1,23 {pi}s) T2 (03, p4) CL01 (30: 1040, 243 5. 67), (2.47)
A 2 WH,I 2 5 .
dO—\F}{\ij,Qq/ = d(I>4 (php?; {1%}?:3) jl( )(p37p4) CO, L (3Q7 1Q> 4Q7 2(7a 5@7 6[7) . (248)

The WH+jet cross section has an additional permutation and subleading-colour interference

9This is built into DZYof,IblL as shown in eq. (2.41).
0This is built into Doz%ﬁ as shown in eq. (2.39).
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term when (Q = ¢, in other words

. 2
d6Whj gy = dPa (p1>p2§ {pi}?zg) T2 (p3,pa) x
L1 wh1 A A WH, 1 - A
{m[co,OL (3q’ 1(1’4@2@’;5062) +Coor (4q, 1g, 3qa2c7€5e762)}

WHI (o 5 4 5 .5 o
+ Dy 0,0L <3q’ 1,44, 2435, 64) } : (2.49)

The symmetry factor % is present due to the identical 3, and 4, quarks in the final state'’

whose permutation in practice is carried out by phase-space integration.

Antiquark—Antiquark Initiated (Identical Flavour)

671,97 = A4 (phpz; {pi}?:3> TP (p3,pa) x
{21| [C(?%Ll (3qa ié? 4q, Qq’? ¢ 6@) + ngﬁ (4qv iq, 3¢ Qti; 94, 6@)]
+ D5t (34 g 40, 2350, 67) (2.50)
A6 gq = d®a (p1,p2; {pi}?zg) T2 (p3, pa) x
{C(Y%{L’l (3q» 1g: 4,245, 62) +Coor, (3q» 2491735, 62)

WH, 1 4 5 . B
+Dy 001 (3¢ 121,41 29135, 67) |- (2.51)
The symmetry factor % for ZH+jet production is due to the identical quarks 3, and 4, in
the final state'” whose permutation in practice is carried out by phase-space integration. It

is not present for WH+jet production due to the flavour-changing effect of the W+ coupling.

Quark—Antiquark Initiated (Non-Identical Flavour)

. 2 ZH1 (5 4 ) )

dUIZ{Xj’qQ = d(I)4 (p17p2; {pz}?::g) jl( )(p37p4) C10701_, (1Q7 2@7 3Qa 4(]7 5[? 65)5 (252)
~ 2 WH,1/2 5 . _

oW 6 = A0 (p1 oo it s) TP (03, p0) CYOr ! (142,30, 4935, 67). (2.53)

"This is built into DYoo) as shown in eq. (2.40).
2This is built into Dglé’ﬁ as shown in eq. (2.39).
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The WH+jet cross section has additional leading- and subleading-colour contributions when

Q = ¢/, namely

N 2
Ao\ g7 = A4 <P17P2§ {pi}?:B) T2 (p3, pa) ¥
WH,1 (2 H . _ WH,1 (2 _ 5 . _
{800 (103046 235, 6) + neCor (10, 3. 40, 27 54, 67)
‘WH,1 T 5 . _ WH,1 (2 4 . _
+ Coor (4q73z77 1q,2§/,54,6g) +Coor <1q,2<7,4q'73q’,5g,6g)

WH,1 (% 5_. _ WH,1 (2 5 . _
+ Dyoon (1o 334023350, 67) + Dy oo (1, 2730, 47:5,,67) . (2.54)

Quark—Antiquark Initiated (Identical Flavour)

. 2 ZH (3 5
dU%ﬁqu = d@4 (p17p2; {p2}16=3) ‘-71( )(p37p4) {BZO’I% (1(17 3g7 4g7 2(?7 5(7 6[7)
+ nupCorot (1a: 3a, 4 2354, 67) + naownCi o1 (1432 40, 243 5, 67)

ZHO (5 5 . _ ZHO (2 5 . _
+C7 oL <1q7 25,44, 35 5y, 613) + D1,0L(1qv 25544, 365 5y, 6@)} , (2.55)
. 2
d6Wigj gq = dPa (phpz; {I%‘}?:g) TP (p3, pa) %
WH,1 /2 4 . ng WH,1 5 4 .
{CO,OL (1q72c77 3qv4é’v5é>62) + {QJ Co.oL (3q72f77 1qv4«i’v5e’62)

WH1 (7 5
+ Da,O,OL<1q7 2q,3q,4q'3 5¢; 64)} : (2.56)

B-type amplitudes are only present for ZH+jet production in eq. (2.55). Due to the different
coupling of the Z boson to quark lines, up- and down-type C-type amplitudes need to be

separately accounted for.

In the second term for WH+jet production (2.56) the quark current in the final state

couples directly to the W+ boson with a diagonal CKM matrix as usual.

Quark—Gluon Initiated

Only B-type amplitudes are present, therefore ZH+jet and WH+jet cross sections can be

treated together without confusion.

A 2 VH,1(5 5 . ~
do"%\f/lj,qg = dPy (Plap% {Pi}?::z) ~71( )(p3,P4) B2,OL (1qa 2ga 3ga 4<iv 547 65)- (2-57)
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Antiquark—Gluon Initiated

Similarly to the quark—gluon channel
N 2 VH,1 5 4
do\%\l/{j,dg =ddy <p17p2; {pi}?:3> «71( )(pg,p4) B2,OL (3qv 2g, 44,139y, 62)' (2.58)

Gluon—Gluon Initiated

This channel does not contain any C- or D-type amplitudes either, nevertheless we still need
to distinguish the ZH+jet and the WH+-jet cases because up- and down-type contributions

have to be accounted for separately whenever the Z coupling is involved.

A6 g = APy (Phpz; {pi}?:?,) 51(2) (p3,pa) X

{nup BQZ’I(—;ﬁ (3u7 1g, 24, 4a; 5, 6@) + Ndown Bgz,lé’ﬁ (3da g, 2, 43: 5, 647) } ;o (2.59)

A 2 ng A A
dO'\F}\yHng = d¢)4 (plap?; {p%}?:S) \.71( )(p37p4) \‘2J B;}g{ﬁl (3(], 1g7 2g, 4(7/; 5@7 62) . (260)

Additional Closed Fermion-Loop Contributions

At the real-virtual level, there are closed fermion loop contributions that unfortunately
cannot be included because the corresponding two-loop amplitudes on the double-virtual level
are unknown at this point. These are radiative corrections to both Yukawa and Drell-Yan-
like VH Feynman diagrams shown in Figures 1.14b, 1.15a, and 1.15b. Together with their
respective double-virtual contributions they form gauge-invariant subsets of all amplitudes,

thus can be omitted from the calculation without spoiling gauge invariance.

In Section 2.4 we will argue that not including NNLO Yukawa-induced corrections in the
WH+jet cross sections—which are the only ones present when the charged gauge boson is

involved—is phenomenologically not a serious omission.

Subtraction Terms

The real-virtual T subtraction terms fully recycle those of the Z+jet and W*+jet processes
to subtract unresolved limits, pole parts of the loop integrals, and perform the mass factoriza-
tion. Knowing the colour structure of the amplitudes (2.36)—(2.41) evaluated via OpenLoops
allows for constructing the subtraction terms for each partonic channel after replacing the

reduced matrix elements with their non-momentum-conserving counterparts. All reduced
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Figure 2.4: Spike tests for a 2, || 44 collinear limit in (a) for the gg-initiated real-virtual
OpenLoops amplitude B2Z g’ﬁ(?)q, 24,44, 14;5,,67) and another one for a 15 || 3, collinear limit
in (b) for the gQ-initiated real-virtual OpenLoops amplitude C’gl({)’ﬁ (3¢, QQ, 4o, iq; 5,,67). A

total of 1000 configurations were probed in both cases.

matrix elements are of lower-order amplitudes, which we have covered for VH production

and are written as part of the NNLOJET codebase.

Due to calling amplitudes from OpenLoops and not having access to the analytical for-
mulae, pole cancellations in the dimensional regularization parameter € were tested only nu-
merically. And as usual, spike tests in all unresolved limits as shown in Figure 2.4 have been
successfully carried out. Successful spike tests indicate that subtraction terms constructed
from multiple colour levels mimic the infrared structure of the OpenLoops amplitudes cor-

rectly.

2.3.3 Double—Virtual Cross Section

The common double-virtual cross sections for both ZH+jet and WH+jet production contain
only B-type partonic contributions, i.e. amplitudes of one quark line and one gluon. As
usual, they are made of (one-loop)? and genuine (two-loop) x (tree-level) interferences. An
example of a genuine two-loop diagram is shown in Figure 2.5. The cross sections for each

partonic channel are

NVV~
A 1 VH
A0V Hyar = 423 (p1,pai {pitis) 1" () G735
VH2 ' ) VH,2 . _ VH,2 . _
{Bl (1q73g72§74e,5€) o WBl (1‘]73%72674‘6’56) T ﬁBl (1q,3g,2q74€’5£)
2 c
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Figure 2.5: Example of a genuine two-loop B-type diagram that contributes to double-virtual

VH-+jet production.

2 A
NEF AVHZ2 /(2 5 . ~ NEF SVH?2 /(2 5 . ~ NE AVHZ2 /(2 5 . ~
. B (-84 24:41,5) + g (-8 24 41,5) + 3 (1482 24 45,55)},

AVY
. 1 VH
da\‘ﬂ}’ﬁ,qg = dds (p1>p2§ {pi}?:g) jl( )(P3) N, )[2(NJ2 == X

1
N2

C

1

{BYH,Q (iq7§g73(j§4g752) B BYH,Z (iq,ﬁg,3q§4b 55) + NgéyH,Q (iqjﬁg,?)q;élé, 5@)

NF AVH2/(7 4 ) )
B (1g: 2, 3534, 57) +

ng

BYH2(] 5 A 5 n%éva 5 A 5
Nég 1 (1q72g73§’ €75€>+7 1 <1q’2g73§’ €75Z> ’

N
(2.62)
N
@NJR(NZ ~ 1)

d6¥¥J,§g = dq)3 (p17p2; {pl}'?:3) ‘-71(1) (p3) ] x

1

{BYHQ (3q39g, 15;4@52) -~ N2 B/t (3q’§ga 134, 55) + a

BVH2 (o 5 4 4 s
il (34 26 11 44, 57)

2 4
F AVH,2 5 7. B F AVH,2 5 3. _ nr AVH2 5 3. _
3 Bl (30: 26 14:40,5¢) + Nbi (30> 26 14:40,5¢) + Nbi (30> 26 13 45,55)}.

(2.63)

They consist of the leading-colour BY Hz2 piece, the subleading-colour BY Hz2 piece, the sub-

subleading-colour BY H2 piece, the ng-proportional EY H.2 piece, the subleading-colour np-
proportional BI/ H2 piece, and finally the n#-proportional BY Hz2 piece. An overview of the

construction of these amplitudes is found in Appendix A.7.

For ZH+jet production, we included additional, separately gauge-invariant gluon—gluon-

induced (one-loop)? pieces shown in Figure 2.6. The amplitude is evaluated via OpenLoops
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Figure 2.6: Examples of diagrams that contribute exclusively to the gluon—gluon-induced

(one-loop)? double-virtual A%%’E OpenLoops amplitude.

and thus the partonic cross section for this gg channel can be written as
~VV 1 ZH2 (2 4 . _
dUZH,gg = d®;3 <p17p2§ {Pi}?zza) ‘-71( )(pg) A1,0L<1g’ 2g7 3ga 447 5£>' (2'64)

Similarly to ZH production without the resolved jet, this piece is phenomenologically im-
portant due to the high gluon luminosity in LHC proton—proton collisions. The amplitude
encompasses the top quark Yukawa-induced and Drell-Yan-like terms along with their in-
terference. As the vector boson couples directly to the closed fermion loop in all cases, this

contribution is not present for WH+jet production.

Additional Closed Fermion-Loop Contributions

As we already discussed before in Section 2.3.2, there are gauge-invariant subsets of both
Drell-Yan-like and Yukawa-induced two-loop contributions which are presently unknown
and not included in our calculation. This is the reason why some known amplitudes at the
real—virtual level cannot be included, as adding them alone would spoil the gauge invariance

without their corresponding double-virtual amplitudes.

Subtraction Terms

The subtraction terms once again are fully recycled from the V+jet calculations and are
present for each piece of the colour-decomposed amplitude. Analytic pole cancellation tests
have been carried out to validate all of them after swapping out the reduced matrix elements

with non-momentum-conserving ones.
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2.4 Numerical Results

2.4.1 General Setup

I will present predictions of W¥H4jet production which were generated for /s = 13 TeV
proton—proton collisions using the parton distribution function NNPDF31_nnlo_as_8118 from the
LHAPDF library [58]. Although all three of the VH+jet processes are implemented, pro-
duction runs are only completed for W¥H+jet production at the time of writing this thesis.

Runs for ZH+jet are still pending.

Values for the parameters used in the calculation were set up exactly as in (1.99)."
The experimental setup can be summarized in the following: we required a hard cut of
p1 > 20 GeV for each identified final-state jet, which were clustered with the anti-k; algorithm
using AR = 0.5. We demanded at least a single such hard jet to be present in the final state.
The charged leptons were also subject to a transverse momentum cut of p; y+ > 25GeV and
a cut |y[,+ < 2.5 in the absolute value of their rapidity. Lastly—concerning the neutrinos
from the W+ decay—a missing transverse energy cut E| s > 25 GeV was also required for

an event to be registered.

In order to estimate the theoretical uncertainty of the predictions at different perturbative
orders, we varied the factorization and renormalization scales with a factor of two around
the central value of the dynamical mass of the WH system according to the commonly used

7-point variation scheme:
— 1 _ 1
e = Mwn [1,3,2], g = Mwn [1,4,2],

with the constraint of % < pp/pur < 2. LHAPDF provided the value of the strong coupling

constant ag and managed its running to all scales.

2.4.2 Fiducial Cross Sections

The fiducial cross sections for WE¥H+jet production are summarized in Table 2.1 at the
various orders in «g. Verifying their analytic dependence on the renormalization scale have

been carried out according to ref. [61], similarly to Section 1.7.3.

The behaviour of the fiducial cross sections for WTH+jet and W~ H+-jet are very similar.
We observe a drastic stabilization of the values at NNLO: the correction to the central
value is merely of O(+1%) and the theoretical uncertainty reduces from O(4%) at NLO to
only O(8..9%0) at NNLO. Furthermore, the NNLO values are all contained within the scale

3The bottom quark mass was not required as the Higgs boson is kept on shell without any decay.
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WTH+jet W~ H+jet

orolfb] 2099129 12.30F12
onpo|fb]  26.1271085 15.18 7952
oxnto [fb] 26367094 15.37 7003

Table 2.1: The fiducial cross sections for the experimental setup at 13 TeV detailed in Sec-
tion 2.4.1. The lower and upper error estimates are acquired as the envelope of the cross-

section values evaluated at the seven different scales.

uncertainty of the NLO predictions.

To study the impact of the top loop-induced parts, we compare the WTH+jet fiducial
cross-section values of the included O(a2) top loop contributions of Figure 1.14h with the
O(a2) NNLO coefficient of the Drell-Yan-like amplitudes at central scale up = ur = Mwq:

top _ +0.07
OW+Hj.NLO coef. — 0-32 _0.06 b,

DY _
OW+H;j,NNLO coef. — 0.24fb.

We observe that the top Yukawa-induced contributions amount to one percent of the NLO
fiducial cross section and are of similar magnitude as the NNLO coefficient not containing
any effect of top quark loops. For precise phenomenology, their inclusion at this order,
i.e. at O(a?), is therefore of crucial importance when the Drell-Yan-like parts are computed
at O(a2). Furthermore, it is worth noticing that their theoretical uncertainties are better
contained than the O(a?) Drell-Yan-like counterparts. It is therefore not unreasonable to
expect that the O(a2) contributions to these top-induced contributions—presently mostly
unknown—would become only relevant when combined with Drell-Yan-type contributions
computed at N3LO, i.e. at O(aZ). This is presently beyond theoretical computational possi-
bilities.

2.4.3 Distributions

In Figures 2.7 and 2.8 we present a few selected differential distributions for the production of
W+ and W™~ bosons in association with a Higgs boson and a hard jet, using the experimental
setup discussed previously in Section 2.4.1. In particular, Figures 2.7a and 2.8a display the

distribution of the transverse momentum of the W+ and W~ bosons. Figures 2.7b and 2.8b
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show the cross section as a function of the transverse momentum of the Higgs boson. Jet-
related observables are presented in Figures 2.7c and 2.8c where the transverse momentum
distribution of the leading jet is shown, and in Figures 2.7d and 2.8d where the cross section

as function of the rapidity of the leading jet is displayed.

Besides the difference in magnitudes, the distributions of WTH+jet and W~ H+jet look
fairly similar, with the exception of the leading-jet rapidity distributions. The W~H+jet one
of Figure 2.8d systematically shows larger K factors in forward regions than its WH-+jet
sibling of Figure 2.7d. This feature has also been observed when comparing W' +jet and
W~ +jet leading-jet rapidity distributions without a Higgs boson in ref. [67]. With the ex-
ception of these regions in the W~ H+jet rapidity distribution, the K factors at NNLO are all
close to flat and around one. Moreover, the scale uncertainties are also substantially reduced
and contained within the uncertainty band of the NLO prediction, yet again indicating an

excellent perturbative convergence.

2.5 Summary and Outlook

I presented the ingredients for the computation of precise predictions of differential observ-
ables related to the associated production of an on-shell Higgs boson with a vector boson
decaying leptonically, along with always requiring a resolved hard jet in the final state. I
carried out the simulation and showed its results for W¥H+jet production for 13 TeV center-
of-mass energy LHC collisions. Drell-Yan-like contributions are included up to O(a2) and
top quark loop-induced parts up to O(a?2). We found that the inclusion of these corrections
improves the stability of the predictions for the differential distributions and contribute to
a considerable reduction of the leftover theoretical uncertainties. Analyzing the relative
size of the corrections in the two categories—top-loop and Drell-Yan-like—we saw that the
inclusion of the top loop-induced contributions computed one order lower than their Drell-
Yan-like counterparts are of phenomenological relevance, as both contribute equally to the
fiducial cross section at percent level. As the phenomenological impact of top loop-induced
parts is considerably different for the production processes of W+H and ZH with no hard jet
in the final state, as seen in Sections 1.7.2 and 1.7.4, such observation may or may not hold
for ZH+jet production. It will be interesting to examine this once all runs for the ZH+jet
production finish.

Concerning future work related to this project in light of the recent report [25] of the
ATLAS collaboration, an exciting way to proceed will be to produce predictions using the
experimental setup of said publication. In particular, the WH+jet setup in ref. [25] is

exclusive in the jet content. Compared to our predictions in Section 2.4, which are inclusive
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with respect to higher jet multiplicities, the effect of an additional jet veto on our differential

distributions is worth further investigation.

A longer term goal is to equip VH+jet production with H — bb decay and to add QCD
corrections to both production and decay subprocesses, similarly to how it was done in Chap-
ter 1. Despite having the infrastructure and almost all ingredients at our disposal, this is
a more engaging task than it might seem at first. With this construction, QCD radiation
could already occur on the decay side as well at leading order, i.e. the underlying Born cross
sections include additional @(a?) production x O(a}l) decay contributions too, such as the
ones in Section 1.4.3. If O(a2) corrections were included in a consistent manner, the final
NNLO production x decay VH+jet cross section with H — bb decay would incorporate sub-
stantially more terms than even eq. 1.47. Nonetheless, adding the decay of the Higgs boson
to a pair of bottom—antibottom quarks is a definite goal to pursue in future developments

of the project.
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Figure 2.7: Differential distributions of the following W+H+jet observables: transverse mo-
mentum distributions of the W+ boson in (a), the Higgs boson in (b), and of the leading jet
in (¢). The rapidity distribution of the leading jet is shown in (). The upper panel shows
the absolute value of the distribution while the lower panel shows the bin-by-bin ratio to
the previous order. The uncertainty band represent the envelope of values attained via the

7-point scale variation at the given order.
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Figure 2.8: Differential distributions of the following W~ H+jet observables: transverse mo-
mentum distributions of the W~ boson in (a), the Higgs boson in (b), and of the leading jet
in (¢). The rapidity distribution of the leading jet is shown in (d). The upper panel shows
the absolute value of the distribution while the lower panel shows the bin-by-bin ratio to
the previous order. The uncertainty band represent the envelope of values attained via the

7-point scale variation at the given order.
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Chapter 3
Flavour Tagging

This chapter is about obtaining predictions for collider experiments which are sensitive to
quark flavour in the final states. Among others, it is an essential pillar for the results shown
in Chapter 1 for associated Higgs production, when the Higgs boson decays to flavoured

bottom quarks.

In Section 3.1, I will give an introduction to why flavour tagging is experimentally impor-
tant to LHC processes alongside of the theoretical issues challenging a fixed-order prediction.
Next, I will summarize the solution to the theory woes by introducing the flavour-aware
flavour-k; algorithm in Section 3.2. The following pages, starting with Section 3.3, give an
overview on the modifications needed to implement a flavour-tagging layer into NNLOJET.
Concrete technical details of this implementation are the topic of Section 3.4 where 1 will
describe the extension of the Fortran codebase based on the principles described in earlier
sections, along with the strategy that addresses the autogeneration of these subroutines. The
goal of this technical section is not only to recount the coding complications we had to over-
come when trying to interweave a new layer to the venerable codebase of NNLOJET but also
to serve as a documentation that anyone who tries to engage in modifying or extending the
flavour-tagging layer could use as their starting point. Lastly, I will summarize the chapter
in Section 3.5.

As before, I will be using parts from previous publications on VH production [1] and
some lines from our article on Z plus b-jet production [3]. Moreover, I will also insert parts
of unpublished documents available only internally to NNLOJET collaborators [68—70] which
were created either by Rhorry Gauld, myself, or with joint effort. All of these excerpts are
often modified and/or extended to fit the train of thought of the thesis better.
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3.1 Introduction

Besides measuring flavour-dependent observables in VH production and its subsequent H —
bb decay, the issue of appropriate jet-flavour definition is of great importance for other
precision measurements at the LHC as well. Experimental collaborations have performed
a huge number of physics analyses of final states that involved jets with identified flavour.
The identification of jet flavour is crucial for these analyses because it provides suppression
of otherwise overwhelming background processes, and offers insight into flavour-dependent
physics dynamics—some examples being the flavour structure of the colliding protons and

searches of new physics with a distinct flavour signature.

We are mostly interested in the identification of jets that are initiated by charm or
bottom quarks, hence c- or b-tagging, respectively. The current algorithms used by the
experimental collaborations for the flavour tagging of such jets have become complicated,
relying upon sophisticated machine-learning techniques [71-73]. While the specific details of
the various tagging algorithms employed by the LHC experiments differ widely, they each
rely upon identifying universal signatures of B- and/or D-hadron decays in the detector.
As these hadrons have a typical lifetime of picoseconds, they may travel several millimeters
in the detector before decaying, resulting in secondary vertices. That is, the tracks of the
hadron decay products are physically displaced with respect to the primary vertex of the hard
scattering process. The tagging algorithms may use tracking information, such as the impact
parameter between a track and the primary vertex, information related to reconstructed
secondary vertices, the presence of soft leptons (from semileptonic decays), or a combination
of all these. Regardless of the specifics, the experimental tagging for a given event proceeds

in the following steps:

1. Identify a “particle list” associated with the primary vertex of the hard scattering.
2. Reconstruct anti-k; jets with a given AR using this particle list as input.

3. Flavour-tagging algorithms are then applied to these reconstructed jets, after the jets

have been reconstructed with the flavour-blind anti-k; algorithm.

This procedure is extremely successful experimentally—as we already highlighted it for the

discovery of the H — bb decay via the VH production mode [22, 23] in Section 1.1.

While there is no experimental issue with the method described above, such an approach
leads to problems on the theoretical side. Specifically, a fixed-order calculation for such
observables with massless QCD partons is infrared unsafe at NNLO. The problem of infrared

unsafety can be overcome by applying a “flavour-aware” jet reconstruction procedure such
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the flavour-k; algorithm proposed in ref. [43]. The main complication is that the experimental
jet reconstruction described above is not flavour aware—the flavour assignment is applied
after the infrared-safe jet clustering. Consequently, no direct comparison of data and NNLO
flavoured-jet predictions is possible currently. It is highly desirable to overcome this issue

for a number of reasons:

o Predictions for processes such as Zgg or W*q, where ¢ denotes a massive quark, are
not available at NNLO: the complicated two-loop integrals are presently unknown.
Therefore, the most precise fixed-order calculation for such processes will be those

with massless partons, e.g. the Z+jet and W+jet calculations of refs. [63, G6].

e Even if fully massive predictions were available, calculations of this sort suffer from
perturbative instabilities. For example, to n'" order in perturbation theory, contribu-

n

tions of collinear logarithms of the form (agIn[Q/m,])" as well as double logarithms

from final state g — ¢q splittings of the form (o In?[Q/ mg])"™ appear [74]. The massless
calculation naturally resums the collinear logarithms via PDF evolution while double
logarithmic contributions are absent—in principle they are manifest as collinear singu-
larities that cancel against the virtual contributions, provided we use an appropriate

definition of jet flavour in the algorithm [43].

e Such precise fixed-order predictions are necessary in order to include V' plus heavy
flavour data in a global PDF fit at NNLO accuracy, which would allow for more precise

studies of the flavour content of the proton.

There are a few different workarounds to overcome the problem of mismatch between
the experimentally used and theoretically feasible jet algorithms. The one we employed
and advocated in ref. [3] for Z plus b-jet predictions was an unfolding procedure with the
RooUnfold package [75]. There, we converted experimental anti-k; data into that of flavour-k;
using a conversion model provided by NLO+PS simulations using MadGraph [50] interfaced
to Pythia8 [76].

From the theoretical point of view, however, the cleanest solution would be if experimen-
tal jet-reconstruction algorithms were altered to become flavour aware as well. This way,
the same jet algorithm could be applied to both data and predictions in an infrared safe
manner without resorting to workarounds, which themselves may introduce various issues

and uncertainties.
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3.2 Flavoured Jet Algorithm

As mentioned in the previous section, standard jet algorithms such as the k; family [77]
lead to an infrared-unsafe definition of jet flavour at relative order O(a?2) for massless QCD
calculations. The principal issue is that wide-angle soft quarks can be generated from a soft
gluon emission. If the soft quark is considered flavoured, i.e. bottom or antibottom quarks for
b-tagging, then this soft quark may be clustered together with a different parton/pseudojet
which does not carry flavour. The resultant flavour of the jet would therefore be sensitive to

the dynamics of long-distance physics effects.

A solution to overcome this problem is to incorporate a flavour-dependent clustering
such as the flavour-k; algorithm, which provides an infrared-safe definition of jet flavour. For
completeness, we recapitulate the main steps of the algorithm for hadron—hadron collisions,

which were originally presented in ref. [43] and also summarized in ref. [78].

The algorithm proceeds by assigning a net flavour to all pseudojets or jets based on
their quark flavour content, attributing +1 (—1) if a quark (antiquark) of the flavour under
consideration is present. In an experimental context, the presence of a quark flavour could be
inferred from a fully /partially reconstructed hadron as described in Section 3.1. A criterion
is then applied to these objects to determine if they carry flavour, possible examples being:
the net flavour (sum of quarks and antiquarks); or the net flavour modulo two. Objects are
considered to carry flavour if they have non-zero values of this criterion. The algorithm then
proceeds by constructing distance measures for pairs of all final-state pseudojets i and j (d;;)

as well as beam distances (d;p and d;5). These (flavour-dependent) distances are defined as

_ Ayfj + Aqﬁfj max (K, kr;)® min(ky, kij)>~*  softer of i, j is flavoured,

dij = 7 (3.1)
min(ky;, kej)® softer of 4, j is unflavoured,
max (k, kg (y:))® min(ky, kip ()2~ softer of 4, j is flavoured,
dip = (3.2)
min(ky, kg (yi))® softer of ¢, j is unflavoured,
and
max (k. k5 (yi))® min(ky, k,5(y:))*™  softer of 4, j is flavoured,
dg = (3.3)

min(key;, k,5(yi))" softer of ¢, j is unflavoured.
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In these definitions, ki and k;j are the transverse momentum of pseudojets ¢ and j, and
the rapidity difference and azimuthal angular separation between these pseudojets is given
by Ay;; and Ag;;, respectively. The parameters R and « define a class of measures for
the algorithm. The (rapidity-dependent) transverse momentum of the beam B at positive

rapidity k:p, and beam B at negative rapidity k.5, are defined as:
ktB Z k;tz Yi + @(y Yi ) eyi_y) ) (34)

Z ktz y yz + 9( ) eyiyi) ) (3'5)

with ©(0) = 1/2 and the index i iterating over all pseudojets.

While this flavour-aware jet algorithm is substantially more complex than the flavour-
blind anti-k; algorithm [77], its use is unavoidable in fixed-order computations based on
massless quarks. At NLO, the flavour criterion of a pseudojet ensures that a collinear splitting
of the form g — ¢q is indistinguishable from a gluon (or flavourless) jet. Any subtraction
formalism would be spoiled without this criterion. At NNLO, the flavour-dependent distance
measure in eq. (3.1) ensures that a pair of flavoured quarks originating from a wide-angle
gluon splitting is clustered into a pseudojet before being combined with any other (harder)
pseudojets. This avoids the situation where one of these soft quarks may be clustered with
a hard pseudojet that carries zero flavour, which would lead to a definition of jet flavour
sensitive to soft physics. These are issues which are otherwise insurmountable for fixed-

order computations involving massless quarks.

There is another point related to our choice of flavour criterion during the clustering
process. In the NNLOJET implementation, we have always chosen to define the flavour
of pseudojets to be the net flavour of its constituents modulo two, which means that all
pseudojets which contain an even flavour content are considered to have zero net flavour.
The motivation for this choice is that, in our opinion, it is the most feasible realization of the
flavour-k; algorithm experimentally. Focusing on the case of b-jets, the main consideration
is that most experimental approaches to flavour tagging are sensitive only to the absolute
flavour [71-73] and do not additionally charge tag the jets. All realizations of the algorithm
must consider the combination of a bb-quark pair (or equivalently a BB-hadron pair) to
carry zero flavour, as required to guarantee its infrared safety. Therefore, in the absence of
charge tagging, any (pseudo)jet which contains an even number of b (B) and/or b (B) quarks
(hadrons) should also be considered to carry zero flavour, as experimentally these signatures
are indistinguishable. Charge tagging of flavoured jets is also possible [79], for example in

the presence of semileptonic B-hadron decays. However, the drawback is a large reduction
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in event statistics (roughly an order of magnitude for each b-jet, as the branching fraction

Br(B — ¢+ X) ~ 10%) with little informational gain.

Accordingly, the NNLO results for VH observables presented in Section 1.7 use the version
of the flavour-k; algorithm where all even-tagged (pseudo)jets carry zero flavour. We provide
an examination of the impact of the even-tag exclusion in the shape and normalization of

flavour-sensitive VH observables in Appendix B.

We implemented the flavour-k; algorithm with even-tag exclusion as its default mode
into NNLOJET and validated it against the independent implementation using FastJet [30,

81], provided for us by Gavin Salam.

3.3 Flavour Dressing

The application of flavour-k; requires tracking the flavour of individual partons that appear
in the partonic cross sections at each perturbative order. In the following, we provide a
description of how this is achieved within NNLOJET, but the discussion here can be easily

generalized and is not particularly specific to the use of the antenna subtraction formalism.

The first step towards computing flavour-dependent jet observables is to ensure that the
jet algorithm has access to both momentum and flavour information when evaluating the
contributions from matrix elements and subtraction terms. To address this issue within
NNLOJET, an additional “flavour-dressing” layer that tracks the flavours of all amplitudes

as well as reduced matrix elements appearing in subtraction terms has been implemented.

To illustrate how this proceeds, we consider the construction of a generic NLO coefficient
cross section for an n-body final state initiated by two partons ¢ and j. We have seen before

in Section 1.4 that we can write the contributions to the partonic cross section as

(5% — dosN0) + / (d6Y; — dgTNEO), (3.6)

ClOA-z'j,NLO coef. = /
(I)'rH»l n

As an example of the flavour-dressing procedure for the amplitudes, we consider the real-
emission cross section (omitting the sum over potential colour orderings) which takes the

general form

R
5= /X % A®y 11 (P2, P15 {Pr1 ) I {pnaa b {fan}) M5 ({pnast, { Favs}),
ij Pn+1 (3 7)

where M? 3 denotes a generic partial squared amplitude, following the notation of ref. [16].

do

The other symbols are identical to the ones throughout Chapters 1 and 2. The amplitude
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M), 4 is evaluated with the momentum set {p,+3} and a corresponding flavour set {f,43}

The flavour-sensitive jet algorithm T(Znﬂ) builds n jets from n + 1 final-state partons, which
carry momentum and flavour labelled by the sets {p,+1} and {f,+1} respectively. In the
previous chapters, we condensed these two separate sets of information into a single al-
phanumerical list of particles, but prior to the addition of the flavour-dressing layer the set
{fn+1} was not available neither for the jet algorithm, nor associated to the partial squared

amplitude.

The real-subtraction cross section can be written in a similar fashion:

= d®,, 11 (p2, p1; {Pnr1}) X

R
gosto _ N1
" Aij Snt1

ST ({Bas {Fn}) X8 k) MY o ({Basa}, {fure} ) (38)
k

where the index k runs over all possible unresolved partons in d&% and the symbol X g(-, k,-)
denotes the three-parton antenna function that factorizes from the associated reduced squared
matrix element Mg 9. In this case, the jet algorithm acts upon mapped final-state momen-
tum and flavour sets {p,} and {f,} associated with the reduced squared matrix element
MY, ,. As the total subtraction cross section must take into account all possible unresolved
limits of parton k, this cross section may be composed of multiple flavour structures. The
subtraction method is only effective if the evaluation of flavour-dependent observables in
both the real and real-subtraction cross sections match in all possible unresolved limits.
This is only ensured if an infrared-safe flavour-sensitive jet algorithm is applied, such as the

flavour-k; algorithm we reviewed in the previous Section 3.2.

To construct an NLO cross section according to eq. (3.0), a similar procedure must
also be applied to both virtual and virtual-subtraction cross sections. This construction is
carried out in a similar fashion, by tracking both the momentum and flavour sets associated
to all partial squared amplitudes and reduced squared matrix elements then applying the
flavour-sensitive jet algorithm to the of final-state particles within these sets. To allow the
computation of flavour-dependent jet observables at NNLO, the same ideas straightforwardly
propagate to one order higher, applying the outlined flavour-dressing procedure to all NNLO

parton-level contributions and their corresponding subtraction terms.
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3.4 Implementation

Realizing a flavour-tagging layer within NNLOJET required a rather significant overhaul of
the entire infrastructure so we needed to lay down some guiding principles before attempting

it. We required flavour tagging to be

e General—so that it can be applied all processes currently present within NNLOJET.

e Unobtrusive—the implementation should be such that it does not slow down the run-

ning of processes when not in flavour-tagging mode.

o Efficient—while running in flavour-tagging mode we wish to calculate only the pieces of
the subtraction terms and matrix elements which contribute to the observables being

evaluated.

In the remaining parts of this chapter, I will describe key points of the final implementa-
tion in a structured manner, often inserting relevant segments of the NNLOJET driver (i.e.
the Fortran codebase that is compiled and executed during event generation) and the sources
used in autogeneration. The working example will be the process Z+jet, which ultimately—

among rather significant efforts in the mass-correction front—yielded us the publication [3].

3.4.1 Driver

During the early days of the project, we were considering dynamically deducing the flavour
arrays {f}, such as those in eq. (3.8), based on inherent flavour mappings of the antenna
functions. However, due to some limitations in the construction of the antennae—specifically
the D} antenna shown in ref. [J]—dynamic mapping resulted in illegal flavour assignments in
some cases and thus a mismatch between real amplitudes and their corresponding subtraction

terms.

The robust implementation we decided to pursue relied on storing each possible flavour
set {f} that appears for matrix elements and reduced matrix element in so-called flavour
blocks. While this solution might be deemed less elegant and relies on a priori generating
large amount of flavour information before executing an event simulation, it is also trivially
applicable to all levels of amplitudes (B, R, V, RR, RV, VV) and subtraction terms (SNLO,
TNLO, S, T, U).

For our working example, let us take a look at parts of the Fortran file flavourZJ.f,
the autogenerated file containing the flavour information required for all partonic processes
of Z+jet production. Specifically, consider the du-initiated real—virtual channel bearing

the process number iproc=458 in the NNLOJET codebase. This is constructed similarly to
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eq. (2.52) but with native NNLOJET amplitudes instead of the OpenLoops ones we used for
ZH+jet. First, we have to expand the generic down- and up-type labelling that was used
prior to flavour tagging into separate subprocesses (isub) that list all flavours individually.

This expansion will yield the following six different subprocesses:

d o« — a d ¢ ¢
d a — ad ¢ ¢
d ¢ —= ¢ d ¢ ¢
s @ = us ¢ ¥4

¢  — C i
b a — @ b (¢
b ¢ — ¢ b (7

as down-type quarks consist of down, strange, and bottom quarks and up-type quarks consist

of up and charm quarks in the ngp = 5 scheme.

In the codebase, this is achieved by looping over subprocesses using different values for
the integer variable isub under the given process (iproc=458) and running the jet algorithm
separately for each of them before actually evaluating the amplitudes or subtraction terms.
The number of subprocesses that need to be iterated over is stored in the variable nflavourZ],
which is also a part of the autogenerated file flavourZJ.f. In the case of our example, the

number of subprocesses is six, therefore we find the following Snippet 3.1 in flavourZ].f:

integer function nflavourZJ(iproc)
implicit none
integer, intent(in) :: iproc
select case(ip)

!-——— dub = ub d Im Ip
case(450)
nflavourZ] = 6
end select

end function nflavourzJ

Snippet 3.1: The number of subprocesses inside the autogenerated file flavourZ].f for the
process iproc=458, a du-initiated real-virtual channel contributing to Z+jet production.

Omission of parts of the code relevant to other processes (iproc) in Snippet 3.1 are marked

with ellipses.
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While the matrix element
cyt (id?ﬁﬁ73ﬂa4d;567617) (3.9)

is evaluated on the flavour set of a subprocess as it is, the subtraction terms can have multiple
flavour assignments depending on the reduced matrix element the amplitude collapses onto

in a given unresolved limit. The subtraction amplitude
qqpr@g1ZT<id,%,3ﬁ,4d;54,6g) (3.10)

accompanying the matrix element (3.9) of our particular example is quite lengthy: it consists
of 23 different terms of (integrated) antennse and reduced matrix elements, therefore I will
not give the explicit expression here. From the flavour-tagging perspective, it is enough
to know that these 23 terms in total contain only the following 7 different reduced matrix

elements:

1. CBgdZ: the tree-level C’g’o,

2. f1B1g0Z: the tree-level Blz’0 inheriting the flavour of the first quark line (d-type),

3. f1B1g1Z: the one-loop BlZ ! inheriting the flavour of the first quark line (d-type),

4. £1B2g0Z: the tree-level 32Z ¥ inheriting the flavour of the first quark line (d-type),

5. f2B1g8Z: the tree-level Blz’0 inheriting the flavour of the second quark line (u-type),

6. f2B1g1Z: the one-loop BlZ ' inheriting the flavour of the second quark line (u-type),

J

. f2B2g0Z: the tree-level BQZ’0 inheriting the flavour of the second quark line (u-type).

These reduced matrix elements all come with specific flavour assignments which we organize
into flavour blocks (flav_block). In this case, we created flavour blocks 1-7 for the reduced
matrix elements and one more flavour block 0 for the actual amplitude (3.9). They are
stored inside the dress_flav_ZJ subroutine according to Snippet 3.2, which is also part of the

autogenerated file flavourzJ.f .

subroutine dress_flav_ZJ(iproc, isub, ipass, flav_block)
use Flavour_mod
implicit none
integer, intent(in) :: iproc, isub, flav_block
integer, intent(inout) :: ipass
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if (ipass = 8) return
select case(iproc)

!-———dub = ub d Im Ip
case(450)
select case (isub)
case(1) ! dub = ub d Im 1p

é;;e(Z) l'dch = cbhbdlmlp
éé;e(3) !'sub — ub s Imlp
éé;e(4) 'sch —=chslImlp
éé;e(S) ''bub—= ub b lmlp

case(6) ! bch = cb b Im 1p
select case (flav_block)
case(@) ! Matrix element: sC8g1Z matching to CBg1Z in FLAV1istZJ.map
call dress_flav( (/ -5,4, -4, 5, -99, 99 /), 6, ipass, (/ 5,-4 /))
case(1) ! Reduced matrix element: C8g0Z
call dress_flav( (/ -5,4, -4, 5, -99, 99 /), 6, ipass, (/ 5,-4 /))
case(2) ! Reduced matrix element: f1B1g8zZ
call dress_flav( (/ -5,8, 5, -99, 99 /), 5, ipass, (/ 5,-4 /))
case(3) ! Reduced matrix element: f1B1g1Z
call dress_flav( (/ -5,0, 5, -99, 99 /), 5, ipass, (/ 5,-4 /))
case(4) ! Reduced matrix element: f1B2g8Z
call dress_flav( (/ -5,0, 8, 5, -99, 99 /), 6, ipass, (/ 5,-4 /))
case(b) ! Reduced matrix element: f2B1g8Z
call dress_flav( (/ -4,0, 4, -99, 99 /), 5, ipass, (/ 5,-4 /))
case(6) ! Reduced matrix element: f2B1g1Z
call dress_flav( (/ -4,0, 4, -99, 99 /), 5, ipass, (/ 5,-4 /))
case(7) ! Reduced matrix element: f2B2g8Z
call dress_flav( (/ -4,0, 8, 4, -99, 99 /), 6, ipass, (/ 5,-4 /))
end select
end select
end select
end subroutine dress_flav_ZJ

Snippet 3.2: Flavour dressing of the matrix element (3.9) and all reduced matrix elements
inside the subtraction amplitude (3.10) for the process iproc=458, a du-initiated real-virtual
channel contributing to Z+jet production. The subroutine is part of the autogenerated file
flavourZ]J.f.

In Snippet 3.2, we only highlighted the flavour-block decomposition for the subprocess
bc — cb// (isub=6) through lines 22-40, i.e. when bottom and strange quarks are substi-
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tuted into down-type and up-type quarks, respectively. A similar set of 7+1 flavour blocks
are present for each of the other subprocesses from isub=1 to isub=5 through lines 12—21, which
are replaced by ellipses. Each flavour block dresses up the (reduced) matrix elements with
the appropriate flavour array: we use the integer set {1,2, 3,4, 5} for the quarks {d, u,s, c, b}
and {—1,—2,—3,—4,—5} for the antiquarks {a,ﬁ,é,é, B}. The gluon is marked with 0 and
the respective PDG [82] codes are assigned to the rest of the particles, such as —99 for the

electron and 99 for the positron in our example.

Besides the flavour array as its first argument, the dress_flav subroutine takes the number
particles as its second. The initial-state flavours in a reduced matrix element can change,
as it is apparent throughout the flavour blocks, but the flavours of the initial states that
select the appropriate PDFs for the convolution cannot. They are fixed inside a subprocess
(isub), which is indicated by the slightly redundant last argument pair of the dress_flav
subroutine. The example sets the PDFs to that of the bottom (5) and anticharm (—4)
quarks in Snippet 3.2.

During the evaluation of the 23 different terms in the subtraction term (3.10) we need to
refer to the particular flavour block that is associated to the given reduced matrix element
and evaluate the jet function accordingly. If the given flavour set does not contain the quark
flavour we are tagging in the final state at least as many times as many flavour-tagged jets
we require, then we skip the evaluation of the jet function and move onto the next term. The
ipass flag in Snippet 3.2 is used for this purpose, referring back to the efficiency principle we

pointed out in the beginning.

Let us investigate the new additions to the subtraction amplitude (3.10) that flavour

tagging brought about. Term 11 (out of the total 23) of our working example is

qqprBg1ZT(id,§g,3ﬁ,4d;58,62) —
... 10 terms. ..

5 o 4y 7(DIF 7,1 s 5
+Dg,gq(2’ 3,1) JQ(,éQ,q’—}g(Sl4) B, (4u, lg, 2435y, 6@) (3.11)

+...12 more terms. ..
The Fortran code for the evaluation steps (momentum mapping, jet function, numerical

value, etc.) of this term is shown in Snippet 3.3, an excerpt from the autogenerated file

autoqqpbClg1ZT.f.
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function qgpbClg1ZT(ix,x1,x2,i1,i2,i3,14,1i5,i6,rscale2,fscale2)

1

2 ...

3 | II: {i4 = j3, i5 = j4, i6 = j5, [i1] = j1, [i2] = j2}

4 call set_map(6,5, (/i1,i3,i2/), (/i1,i2,i4,i5,i6/), ipass)
5 ! BLOCK 7

6 call ecuts_vj(@,5,ipass)

7 call set_flav_perm(5, (/ j3,i1,j2,j4,35 /))

8 if(ipass.eq.1)then

9 call getqcdnorm(ix,partons,facnorm, 5, ipass_block, 5)

18 if(ipass_block/=8) then

1 kinwt = 8d0

12 do i=1,nAct_scl

13 wtcalX30=0d0

14 wtcalX38=wtcalX308+1d0*rJ21GQqtogIF (ix,x1,x2,j1,j3,5,muR2_scl(i),muF2_scl(i))
15 kinwt(i)=FullgqD38II(i2,13,11,6)*f2B1g8Z(j3,i1,j2,4,j5)* (wtcalX3e)
16 enddo

17 wt(11)=bino(ix,partons,-kinwt*facnorm)

18 endif

19 endif

20 call unset_flav_perm()

21 ipass=1

22 ipass_block=1

23 call unset_map()

24

25 end function qqpbClg1ZT

Snippet 3.3: An excerpt of the autogenerated T-type autoggpbCBg1ZT.f subtraction amplitude
focusing on term 11 out of 23. The rest of the terms are replaced by ellipses.

Without delving too much into the inner workings of NNLOJET, let us focus on the additions

of the flavour-tagging layer. These are the following subroutines:

o set_flav_perm (line 7): so far the flavour set of the matrix element (3.9) was easily
matched to flavour block 0 (flav_block=8) of Snippet 3.2. For demonstration purposes
we chose a channel whose momentum ordering is simply (1,2, 3,4;5,6) as seen in (3.9).
This actually defines what we call the canonical ordering of the flavours for a given
matrix element. Flavour arrays shown in Snippet 3.2 are always generated in their
canonical ordering. The various permutations for channel crossings or those appearing
in different unresolved limits of the subtraction terms, such as in our example (3.10),
require performing the same permutation on the canonical flavour set as well." This

is the role of the set_flav_perm subroutine. Besides the subtraction terms, it is always

The momentum mappings of the unresolved limit must be performed first, i.e. we must first map the set

(1,2,3,4;5,6) onto (j1, j2,j3; ja, js) and then perform the permutation (js, ji, j2; ja, js5)-
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called in front of the amplitudes as well, which I will not show here in a separate code

snippet.

unset_flav_perm (line 20): resets the permutation before moving onto the next term

inside the subtraction amplitude.

getgcdnorm (line 9): this subroutine is not a new addition in flavour tagging, but its
roles have significantly been extended by it. As its name suggests, it originally only
multiplied amplitudes and subtraction terms with their normalization prefactor N but
now it also calls the relevant subroutines of flavourZJ.f and therefore we will examine
its structure—shown in Snippet 3.4—in more detail. Before doing so, the main point
that I wish to accentuate here is that the reduced matrix element for our example is
f2B1g0Z, as seen in line 12 of Snippet 3.4 or in eq. (3.11). This reduced matrix element is
found in flavour block 5 (flav_block=5) as shown in line 35 of Snippet 3.2, which is why
this number is passed as the last argument of getgcdnorm. Similarly to set_flav_perm,
this subroutine is also called before evaluating regular matrix elements not part of

subtraction terms.

Besides multiplying the (reduced) matrix elements with the correct normalization factor,

the getgcdnorm subroutine also dresses them with the appropriate flavour set, calls the correct

PDFs, and executes the flavour-sensitive jet algorithm. Traditionally, these roles are the

responsibilities of other subroutines in NNLOJET but overloading getqcdnorm was the most

convenient point in the codebase where the flavour-tagging layer could be linked in a uniform

way into every implemented process. Let us therefore inspect the lines of the subroutine

getgcdnornz] (directly called by getqcdnorm for Z+jet) which are important to flavour tagging

in Snippet 3.4.

subroutine getgcdnormzJ(ix, partons, factor, npar, ipass, flav_block)

if (.not.isActive_flav()) then
call get_lumi_scl(ix, ipl_chan, ip2_chan, partons)
relfactor = 1d0

else

ipass = @

partons = 0d@

relfactor = 1d8/relfacflavourZJ(current_chan)
do isub = 1, nflavourZJ(current_chan)

ipass_sub = 1

I> this dresses the flavours, does permutations, makes coffee
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call dress_flav_ZJ(current_chan, isub, ipass_sub, flav_block)
if (ipass_sub = B8) cycle

call ecuts_flav(8, npar, ipass_sub)

if (ipass_sub = B8) cycle

ipass = 1

ip1_chan = getPDF_flav(npar, 1)
ip2_chan = getPDF_flav(npar, 2)

call get_lumi_scl(ix, ipl_chan, ip2_chan, partons_sub)
if ( isActive_hist() ) call push_flav(partons_sub)
partons = partons + partons_sub

end do

if (ipass = 8) return

print*,"flavour-tagging routines not compiled for this process"
print*,"run: make flav=2J"
stop

end if

end

Snippet 3.4: Segments of the autogenerated file gecdnormZJ.f repsonsible for flavour tagging of
the Z+jet process.

For the sake of efficacy, NNLOJET often evaluates the sum of various PDFs where it
is appropriate. An example is when only up-type and down-type quarks are distinguished
due to the Z coupling, in which case there is no need to evaluate the amplitudes separately
multiple times for the individual quark flavours. Lines 3—5 of the Snippet 3.4 above guarantee
that if flavour tagging is not active, then usual PDF sums are used and the rest of the lines
relevant to flavour tagging are skipped. This upholds the unobtrusiveness principle, as the
rest of the subroutine reverts back to its traditional role of only providing the normalization

factor whenever flavour tagging is turned off.

Lines 8-33 are called in order when flavour tagging is active. First of all, the statements
#IFDEF, #ELSE, and #ENDIF ensure that flavour tagging for the Z+jet process is only compiled if
the FLAVZ] preprocessor flag is given during compilation time. The autogenerated flavourZ]J.f
is a monstrously large file—43905 lines—which increases the size of the executable substan-
tially. Given that we are usually focusing on evaluating observables for a single process at
a time, it is reasonable to only compile flavour tagging for the given process when necessary

instead of needlessly bloating the executable by enabling it for all processes.

Line 10 of Snippet 3.4 divides out the relative factor that accompanies amplitudes when-
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ever identical final states that only differ in quark flavour are present. For example, such
factors are nyp, and ngewn in eq. (1.68) for ZH production and ny in eq. (1.67) for WH pro-
duction. The value relfacflavourZ) is once again stored inside flavourZJ.f for every given
iproc. As our working example (iproc=458) does not have such a final-state configuration,

relfacflavourZ) is set to its default value: one.

The loop encapsulated within lines 11-27 of Snippet 3.4 is where subprocesses (isub) are
being iterated over one-by-one. The flavour dressing for the fixed flavour block (flav_block)
is done within the loop on line 15, after which the flavour-sensitive jet algorithm (flavour-k;)
is executed and subsequently the experimental cuts are applied, both within the subroutine

ecuts_flav on line 17.

Finally, if the event passes the experimental cuts, then lines 21-24 get the PDFs from the
dressed array (the last argument pair of dress_flav_ZJ in Snippet 3.2) and accumulate them
for multiplying the (reduced) matrix elements. The values of PDFs are optionally stacked

for histograms of observables when binning is active.

Figure 3.1 summarizes all of the aforementioned and illustrates the driver side (Fortran
code) of the flavour-tagging layer. The Fortran subroutines throughout this section are all
autogenerated and therefore not the end of the story. They were, however, the ones we first
conceptualized and the autogeneration scripts were adjusted to them in order to produce
the desired files for all processes. In the next section we will look at the structure of the
autogeneration layer for flavour tagging, written mostly in Maple, as it is conventional in
NNLOJET.

3.4.2 Autogeneration

One of properties of the flavour-dressing layer is storing fixed flavour assignments for matrix
elements, regardless of whether they are called from inside a subtraction term or not. Using
Z—+jet as our working example as usual, this assignment is contained within the file flavourZJ.f
in a canonical ordering as shown in Snippet 3.2. The process-specific shuffling of the flavours
due to crossings or various unresolved limits inside a subtraction term is performed by
the set_flav_perm subroutine inside the Fortran code, which follows the permutation of the
momentum indices. Consequently, this permutation is already something that the NNLOJET
Maple scripts knew how to generate prior to flavour tagging, we just extended them to the

flavour-permuting set_flav_perm subroutine as well.

This scheme necessarily invokes the creation of a library that stores the flavour arrays
associated with all matrix elements in a canonical ordering. Canonical assignment stands

for the flavours of an all-outgoing momenta configuration in an order that is most natural to
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Figure 3.1: Flavour storage scheme in the NNLOJET driver for Z+jet production. The same
scheme is autogenerated for all of the processes inside NNLOJET. Matrix elements are not
always present if the given channel is a pure mass-factorization one (possible for TNLO and

T subtraction terms).

the respective matrix element, i.e. the partonic process the matrix element describes if the
momentum indices are in an increasing alphanumeric order, such as in eq. (3.9). This library
that contains all possible matrix elements in the NNLOJET codebase is written manually and
found in the Maple file MElibrary.map. Some of its lines containing familiar matrix elements

that appeared in the previous chapters of the thesis are shown in Snippet 3.5.

MElibrary := table([

# Z/W production matrix elements

B2g1Z =[-q, 8, @, g, -99, 991,
B3geW = [-gp, ©, 8, O, q, 98, -991,
Cegez = [-q, Q, -Q, g, -99, 991,
Cégew = [-ap, Q, -Q, a4, 98, -991,
D1geZz =[-q, 68, q, -q, q, -99, 991,
DlgeWa = [-ap, @, gp, -gp, 4, 98, -99],
D1gWb = [-gp, 6, q, -9, g, 98, -991,

135



12
13
14
15
16
17

O 00 N O~ O BwWw N =

3.4. IMPLEMENTATION CHAPTER 3. FLAVOUR TAGGING

# Higgs — b bbar decay matrix elements
By1glH = [5, 8, -5],

CyégeH = [5, Q, -Q, -5],

Dy6géH = [5, 5, -5, -5],

D:

Snippet 3.5: Excerpts of the matrix element library MElibrary.map showing the storage of
V+jet and H — bb decay amplitudes.

We can see in Snippet 3.5 that in case of multiple quarks or flavour-changing W coupling,
similar notations are used as the one outlined in Section 1.5.1. For composite matrix elements
such as the production x decay VH ones, a separate script at the end of the file MElibrary.map

concatenates the relevant flavour arrays.

The autogeneration of subtraction terms in the NNLOJET codebase is done via scripts
written in Maple called makefortRR for SNLO and S, makefortRV for TNLO and T, and makeformVV
for U subtraction terms. These scripts read in files containing analytical expressions for the
subtraction terms such as eq. (3.10) and output respective Fortran code like Snippet 3.3. In
order to know what reduced matrix elements appear in a given analytical subtraction term,
a newly written makeflavlist Maple script combs through all of these analytical expressions
and creates a dictionary of amplitudes and reduced matrix elements. For Z+jet, these are

then stored in FLAV1istZJ.map according to Snippet 3.6.

FLAV1ist:=[

[lg, 9], B1g1Z, [B1gez]],

[[g, qb], D1geZ, [Degoz, f1B1g8z]1],

[[g, gb], Bth2g1Z, [B1g@z, Bhl1glZ, Bt2g6z]],

[[q, gpb], COg1Z, [Cegoz, f1B1g0Z, f1B1g1Z, f1B2g6Z, f2B1g0Z, f2B1g1Z, f2B2g6z]],
[[q, gpbl, Bt1g2z,  [f1B1g6Z, f2B1g6Z, f1Btiglz, f2Btig1Z1],

Snippet 3.6: List of reduced matrix elements that appear inside subtraction terms for the
Z-+jet process, as generated by the Maple script makeflavlist. It is essential for generating
the correct flavour blocks for flavourZJ.f.

Line 6 of Snippet 3.6 belongs to our working example: the subtraction term (3.10) of

the process iproc=450. The first array pair indicates the initial states, which are a quark and
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a non-identical antiquark,” the second is the matrix element. Both are deduced from the
name of the subtraction term, i.e. from qgpbC8g1ZT. The list in the rest of the line shows the 7
different matrix elements that the script could identify while combing through all 23 terms
of the subtraction amplitude. The ordering of reduced matrix elements inside FLAV1istZJ.map
defines the order of flavour blocks seen in Snippet 3.2, therefore it is crucial to run the script
makeflavlist before generating the Fortran subtraction terms, as they need to refer to the

correct flavour block inside the argument of getqcdnorm (cf. line 9 of Snippet 3.3).

The last step is generating flavourZJ.f with the script makeflavour. The role of makeflavour
is to first find the flavour configuration of the matrix elements of FLAV1list (Snippet 3.6) in the
library MElibrary (Snippet 3.5) then fill up the placeholders ¢ (q), @ (Q), and ¢’ (gp)—paying
attention to the possible flavour-changing configurations—and output the flavour blocks one-
by-one into flavourZl.f. As long as FLAV1istZJ.map is already present, the subtraction-term
generation via the scripts makefortRR, makefortRV, and makeformVV can be run independently as

the order of the flavour blocks are already fixed.

The autogeneration schematics discussed throughout this section is summarized dia-
grammatically by Figure 3.2. While there are a lot more technical details that could be
discussed—mostly stemming from trying to bridge various conventions used throughout the
codebase—these are not as important for the core strategy of outfitting NNLOJET with

flavour tagging.

3.5 Summary

The study of flavour-sensitive jet observables with fixed-order predictions, such as those
associated with b-jets from H — bb decay in Chapter | must be performed in an infrared-
safe way. For calculations based on massless QCD this can only be achieved with a flavour-
aware jet algorithm (such as flavour-k;), while for a massive calculation this is achievable
with flavour-blind algorithms (such as anti-k;). In many cases the corresponding massive
calculation may not be available, or the massless calculation may actually be preferred due to
the presence of large logarithmic corrections that can be easily resummed via PDF evolution.
Future comparisons to measurements are only viable if a similar prescription is employed
on the experimental side as well. The application of even-tag exclusion here was mainly

motivated to facilitate this. The use of flavour-sensitive jet algorithms is of relevance for any

*Unfortunately NNLOJET sometimes mixes the notations ¢’ (gp) and @ (Q), partially due to Fortran being
oblivious to capitalization. While I usually tried to abide by using ¢’ (gp) only for indicating a change in flavour
due to W* coupling, this was not always possible because of already established notational inconsistencies in

the codebase.
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makeflavlist

makefortRR

makeflavvour

makefortRV
makeformVV

flavourZJ.f Subtraction
Terms

Figure 3.2: Strategy for the Maple autogeneration layer in NNLOJET for flavour tagging,
illustrated for Z+jet production.

flavour-sensitive jet observable, such as the ones identifying the associated production of the

flavoured jet with a gauge boson or a H — bb decay.

We gave an overview of the technicalities of a fully generic flavour-tagging implementa-
tion into the NNLOJET parton-level event generator that can be used for flavour-dependent
observable predictions for any process within it. The use of the working example Z+jet
to indicate the key steps of this implementation was meant not just as a toy example, but
it was what we used to simulate the first NNLO accurate predictions for b-jet observables
associated with a Z boson. Although our publication [3] also contains crucial elements that
are not strictly connected to the flavour tagging in NNLOJET—such as the bottom quark
mass corrections—it is an irreplaceable constituent of the results. Together with VH pro-
duction where the Higgs decays to a pair of bottom—antibottom quarks [1] they accentuate

the importance and possibilities of flavour tagging in collider experiments.
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Closing Thoughts

I have arrived to the last lines of my thesis. I hope I was able to give a systematic overview
of my work and results during my doctoral studies at ETH Ziirich, which I conducted as a
member of the NNLOJET collaboration. I learned the intricacies of employing perturbative
QCD calculations to produce high-precision, state-of-the-art predictions for particle physics

collider experiments such as the ones conducted at the Large Hadron Collider.

Specifically, I gave detailed account on implementing next-to-next-to-leading order cal-
culations for two classes of associated Higgs boson production into NNLOJET, a multiprocess
parton-level event generator. The first class included the most abundant decay process of
the Higgs boson into a pair of bottom and antibottom quarks and the requirement of at least
two flavoured jets in the final state. This brought about a major extension of the NNLOJET
framework that enabled identification of quark flavours and calculation of flavour-sensitive
observables for all processes. The second class of associated Higgs production required at
least a single final-state hard jet without the inclusion of the decay of the Higgs boson. As
the precision of differential information on these processes ever increases on the experimental
side, the relevance of both theoretical calculations in fundamental probes of the Standard

Model rises accordingly as well.

Although it was slightly challenging to navigate the labyrinth of such a complex field as
high-energy particle physics from time to time, all in all I can confidently say that I learned
a lot over these years and grew to appreciate and respect the enormous effort of thousands
of people who are working on a daily basis to expand this cutting-edge field, and with it, the

collective knowledge of mankind.
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Appendix A

Amplitudes

A common feature in all amplitudes is that the coupling strength of the Z and W bosons
depend on the flavour and the helicity of the quarks and lepton lines. The W* boson
only couples to left-handed fermion currents between up-type and down-type quarks of the
same generation with unit coupling strength—a consequence of using unity CKM matrix
everywhere. The Z boson couples to fermion currents of the same flavour but its coupling
strength depends on the flavour and helicity of said current. The coupling strength of a Z
boson mediating between quark (¢) and lepton (¢) currents of helicities hy and h, can be

described by the formula

Chqhz —

hq\h
VWS (A.1)

with individual couplings for left (L or —) and right (R or +) helicities being

A, =T34 — Qqsin®byy, Al = —Qqsin®Oyy, (A.2)

_ 1. .
A, = ) + sin®6yy, )\;r = sin®fy, (A.3)

where the third component of the weak isospin and the electric charge are

1 1

T3,u = _57 Qu = _§7 <A4)
1 2

T34= Ty Qq = T3 (A.5)

for up- and down-type quarks, respectively. The couplings being defined, we can start

enumerating the variety of amplitudes which we used in the computations of VH and VH+jet
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production.

As outlined throughout Chapters | and 2, we only need to give the relevant non-
momentum-conserving V and V+jet amplitudes for all the Drell-Yan-like contributions,

as the full VH and VH-+jet ones can be simply derived by virtue of egs. (1.5) and (1.9).

Most of the amplitudes are given in spinor—helicity formalism [83, 84] with the con-
ventions of ref. [85]. I extensively made use of the Mathematica packages SQM [36] and
SpinorsExtras [37], which are tailored towards arithmetics in spinor-helicity formalism. Fur-
thermore, this is also how the amplitudes are numerically implemented into NNLOJET. A

left-handed fermion current of particle labels 7 and j is given by the notation (z;, j;{) and

conversely a right-handed one with (z;, ]]?) Gluon helicities of label k are marked similarly
by k:gi. Lastly, the propagator of the gauge bosons Py are given by eq. (1.10).

A1 B
The left-handed quark and left-handed lepton (gr,¢1,) helicity amplitude is given by
By (15,243, ,4F) = (23)[41]. (A.6)

qreq Yy Ty

All other helicity configurations can be expressed with it via charge conjugation relations:

LR : BX’0<1;,2;;3Z,4€?) - 3370(1;,2;;4;,33), (A.7)
ar /L : BX’O<1;,25;3;,42) = By (2;, 1;;3;,43), (A.8)
arlR : 85/70(1;,23;3;,4;) = By (2;, 1;;4;,33). (A.9)

The non-momentum-conserving squared amplitudes for W and Z respectively are

2

W.,0 ) N 2115V,0 (1= oF. o—

BY(1,,27:3,,47) = |Pw(s34)] \BO (1q,2;,3£,4g) : (A.10)
7,0 2 hahy oV,0 (1hg o—hq ohe —he\|?
BY(14,24:3,,49) = [Pa(ss) P Y |Cla"By 0 (147,273, 4,™) (A.11)

hq,h,

The implementation in the codebase is found in the BOg8Znmc.f98 and the autogenerated

autoBBgBWnmc. 90 Fortran files.
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A2 B

The left-handed quark and left-handed lepton (gqp¢1,) helicity amplitudes for both gluon

helicities are given by

VO (1m o ot i\ e (13)[51] + (23)[52]
By (1q,2g,3q,4e,52) = (34) 2@ : (A.12)
BV’O(l‘ 2F 3+, 4 5f) = —BV’O(3‘ 27,1557 4f)* (A.13)
1 qregrYqr Ty Yy 1 qregr=qrYp Ty ) .

where the second line exploited parity and charge conjugation. All other helicity configura-

tions (h = £) can be expressed with them via charge conjugation relations:

. V01— oh at. 4+ 5=\ — gY:O0(1— oh g+.r— 4+

aln: BYO(17,28 354857 ) = BY0(17, 20,3835, ,4F), (A.14)
. VO(1+ oh o—. 1— r+) _  12Vi0(o— oh 14+. 14— =+

arly: B (1q,2g,3q,4é,5g)_—81 (3q,2g,1q,4€,52), (A.15)
. VO (14 oh a—. 4+ =) _ _RVO0(a— oh 1+.x— 4+

arlr: B (1q,2g,3q,4£,5z)_—B1 (3q,2g,1q,5[,42). (A.16)

The non-momentum-conserving squared amplitudes for W and Z respectively are

W,0 2 V,0(1— oh _ 2
BY"(14, 24,3334, 50) = [Pw(sas) Y |BY0(17,28,35:4,,57 )| (A.17)
h
Z,0 2 hqhy 1oV,0 (1 —hg hy w—hp\ |2
B2 (14, 24,3544, 57) = [Pa(sss)* S ‘C’q; ‘B (1qq,2g,3q "4 5 f) (A.18)

h,hq,h,

The implementation in the codebase is found in the B1g8Znmc.f98 and the autogenerated

autoB1g@Wnmc.f90 Fortran files.

A.3 B

The one-loop amplitudes are expressed with the tree-level ones of Section A.l as

V1 . N nVo . _
1 3|1 1 3 7
ST Yt e [ m2(22) 4 2 22) ¢ a2 o4y (A.19)
€ 53 2le 2 5 2 5 12
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The implementation in the codebase is found in the BBg1Znmc.f98 and the autogenerated

autoBBg1Wnmc.f90 Fortran files.

A4 B

The left-handed quark and left-handed lepton (grf¢1,) helicity amplitudes for all four gluon

helicities are given by

(25)[21] + (35)[31] + (45)[41]
[43][32][21] ’

By (15,24,3; 4535, .61 ) = —[61]

q? g7 g? q7 g? Z (A-20)

1
By (1;,2;,35,45:5,,67) = —
5 (q, g9 1432 e) (12)[42] + (13)[43]

<35>[32] + <45>[42] <13> [32] + (14) [42]
[[42} oL ([61] - + [62})

(13)[61] + (23)[62] (13)[41] + (23)[42]
+ () (<4 > — + <35>)] , (A.21)

ot e e 1

By (125 3;435,.67) = - (4)[21] + (34)[31] |

3 (14)[61] + (24)[62] + (34)[63]
s123[32][21]

3 (25)[21] + (35)[31] + <45>[41]]
8234<23> <34> ’

(45)[31

+[61](24) (A.22)

VO(1= ot at+ g4+.5— a+) — BYO(4— a— 9— 1+.6— 5t
B (1q,2g,3g,45,5£762)_B2 <4q,3g,2g,1q,6€,52>, (A.23)

where the last line exploited parity and charge conjugation. All other helicity configurations

(h1,hy = £) can be expressed with them via charge conjugation relations:

. V01— oh1 qha 4+.r+ =) _ RY:0(1— oh1 qh2 4+.a— r+
alr: B <1q,2g173g2,4q-,5£,6g)—82 <1q72g1,3g2,4q,6£,5z), (A.24)

. VO(1+ oht aha 4—.r— at) _ RVO[4— ahs oh1 1+.=— at
arlL: B (1q,2g1,3g2,4q,5e,62)—[)’2 <4q,3g2,2g1,1q,5€,6z), (A.25)

. VO(14+ oht ahs s4—. =+ a—) _ RVO(4— ah2 oh1 1+.a— =+
arlr: B (1q,2g1,3g2,4q,5€,65>—82 (4q,3g2,2g1,1q,6£,52). (A.26)
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The non-momentum-conserving squared amplitudes for W and Z respectively are

2

B3 (14,24, 34,4735, 67) = [Pw(sse) | D By (15,200,352, 44:5,,67 )| (A.27)

q27g 28 Vg g0y
h1,ha

Z,0 2 hahy V0 (1hq ohi ohs 4—ha. che a—hy\ |2
BQ (1Qa2g73g,4§§ 5(76[7) = ’PZ(SE)G)’ Z ’ngq ZBQ (1qq72g1)3g274q q75€£76z Z)
hq,h,

hi,h2

(A.28)

The subleading-colour helicity amplitude is the sum of two different gluon permutations

of the leading-colour helicity amplitudes (A.20)—(A.23)

ByO(1g7, 20,30, 47":5,,6, ") =

q ) g ) g M q ) z M
V0 (1hq ohi ohy ,—hq h, —h V0 (1hg oho ohi 4—hq. Py =D
B} (1qq,2g1,3g2,4q "5,°,6; Z)+BQ (1qq,3g2,2g1,4q 5,67 f), (A.29)

from which the final squared amplitudes are derived similarly to eqs. (A.27) and (A.28). The
implementation in the codebase for both colour levels is found in the B2g8Znmc.f90 and the

autogenerated autoB2g@Wnmc.f90 Fortran files.

A5 )

The helicity amplitude where both quark lines and the lepton current are left-handed (qr,Qr.¢1,)

and the gauge boson couples to the outer ¢ (1444) quark line is given by

VO (1= ot a— 4t.5— a+) —
Co(15,25:35,45:5,,6 ) =

L {<24> 61]

532

(25)[32] — (45)[43] + (45)[31] (12)[61] — (23) [63]}

(A.30)
5234 5123

All other helicity configurations with the vector boson still only coupling to the outer quark

line ¢ are expressed using charge conjugation relations as

. VO(1— ot ga= 4+.5t g=\ — °V0(1— ot 3= 4+.— 5t

wQulr:  C) (1q,2Q,3Q,4q,5€,62>—C0 (1(1,2@,3@,45,65,52), (A.31)
. VO(1— 9= g+ 4+.5— gt) — V0 (1— 3+ 90— 4+.5— gt

wQrlL:  C (1q,2Q,3Q,4q,5£,62)_CO (1(1,3@,2@,45,5@,62), (A.32)
. VO(1— 9= g+ 4+.5t g\ — Y0 (1— 3+ 90— 4+.6— 5t

qLQRgR : CO (1(1 72Q7 3@74(7 755 76[> - CO <1q 73Q7 2Q’ 4(] 765 7SZ )7 (A33)
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@wOLLL:  C ’0(1+ 25,35,4735; ,6}) — V’0(4 25:30:18:5; ,6’;) (A.34)
amQuln s 0 (15,25,80,47:57,67 ) = —Cy (47, 28.35, 186,58 ), (A.35)
am@rln: 0 (15,25,85,47:5,,67 ) = —Cy 0 (47,85,25, 145, ,6F),  (A.36)
GROR /R : C[‘)/’O(lj,Z 35,4735], ;) v (4 35,20, 1736, ,5;) (A.37)

The squared amplitude for W is then
3" (14:25.30.47:5,.67) = 3/’0(1 25,300,455, ,6}) T (A

hq

The Z amplitude requires adding terms with the interchange (1q ~ SQ) and (46 e 2@) to

ensure that the neutral gauge boson can couple to both quark lines:
Z,0 _ . N\ 2
CO (1(],2@,3@,46, 5£,6€> — |PZ(356)| X

c"thcg’“( 107,29, 3.2 4,500, 6, )
qt l

>

hashg by

2

+Cg§h‘c§°( 3e2 47" 11,950 6] ) (A.39)

Q 7q7 7£7

The implementation in the codebase is found in the C8g8Znmc.f98 and the autogenerated

autoCBgBWnmc. 90 Fortran files.

A6 D}

The subleading-colour interference terms are assembled from the complex amplitudes of
Section A.5. The W squared amplitudes for the two different identical-quark configurations

are

D (1q,2q 13y ,4q/;5476z)

—[Pw(sso)l*2Re{Cy (17,258,835, 455,67 ) € (17,45.3,, 285,67 )},
(A.40)

D35 (14:24,34, 473 50, 67) = Dy (4435 24, 143 6, 57)- (A.41)

146



APPENDIX A. AMPLITUDES A.7. B/ AND B

As the quarks are identical, helicity flips are not allowed for the Z squared amplitude:

Z,0 hahy |2
D§ (14, 24,34, 43354, 67) = —|Pz(s56)> > ’ngq ‘
hq,h,
V0 (1hq o—hqg oha ;~hg c— At V0 (ohg 1—hg 1hg o—hq e— at
2Re { |Cy (147,25, 3,7, 455,65 ) + €30 (337,47, 147,255, .6 )|

V0 (1hq s—hq ohq o—hq e— at V0 (ohq o—hq 1hg 1—hq e— ~+\1*
x [co (1;,45 7,300 97" 5 ,62) +c (3;,25 7,100,415 ,62)} } (A.42)
The negative sign preceding the amplitudes is due to the NNLOJET convention of having
one in front of subleading-colour pieces. The implementation in the codebase is found in the

DBgBZnmc.f98 and the autogenerated autogDBWnmc.f98 Fortran files.

A.7 B! and B}”?

The structure of the one-loop BY’l and the two-loop BY’Q helicity amplitudes are very similar
and both rely on the formulation given in ref. [88]. The left-handed quark and left-handed

lepton (gr,¢1,) complex amplitudes for both gluon helicities are expressed as

B}/vN(lqj 2 3;; 4, 5}) = Aqa(u,v) + AgB(u,v) + Ay(u,v), (A.43)

VIN(1= ot at.4— s+) — _gY'"N(a= o= 1+.5— 4+\"
B! (1q,2g,3q,4g ,52) ~ B (3q,2g,1q,5€ ,45) , (A.44)
where the second line exploited parity and charge conjugation. The helicity coefficients
a(u,v), B(u,v), and y(u,v) are presented in great detail in ref. [38] for both the one-loop
(N = 1) and two-loop (N = 2) cases, but the partial helicity amplitudes A, Ag, and A,

are different due to not respecting momentum conservation." They are

(13)(34)[51] (14)[51] + (24)[52] + (34)[53]

Ao = g+ 1321 1) , (A.45)
 (34)[52] (14)[51] + (24)[52] + (34)[53]

Ag = a5 (13)[21] Forsa(12) , (A.46)
- (14)[21][52] _ (14)[51] + (24)[52] 4 (34)[53]

A= g~ (321 Do (12 . (A.47)

!The last terms in eqgs. (A.45)—(A.47) vanish when momentum is conserved, restoring the values in ref. [38].

This can be seen more explicitly in eq. (2.22) of ref. [89] as well.
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The renormalization-scale dependence is not indicated in eq. (A.43) but it is also given
explicitly in ref. [88]. All other helicity configurations (h = +) can be expressed with
egs. (A.413) and (A.44) via charge conjugation:

. VIN(1— oh 9+. 4+ =\ _ RVIN(1— 9h 9+.r— 4+

qLZR . Bl <1q 72 33(]’44 75Z> — Bl (lq 32 a3(ja5£ 7417)7 (A48)
. V.IN(1+ oh 9—. 14— v+) — VN (o— oh 14.4— £+

arlL: B (1q,2 ’36’4e’52> =B} (3q,2 ,15,45,52), (A.49)
. VIN(1+ oh a—. 4+ =) _ ViN (o— oh 14+. 4+ r—

arlr: B! (1q,2 ,3[;,4€,5£7)f—15’1 (3q,2 ’1§’4£’5Z)' (A.50)

The non-momentum-conserving leading-colour one-loop squared amplitudes BY 1 are the

following (tree) x (one-loop) interferences:

By (1g 26, 37344, 5) = |Pw(s45)|”

S 2Re [BY (17,28, 85:4,,5) BV (15,20.35:4,.57) . (A.51)
h

B (1g, 2, 35; 44, 57) = [Pz(545)[*x

Z ‘C;quhe

W1eg ity

22 Re [BYO (12(,7 2{;’ 3ghq : 424’ 5@;@) BV <1Zq7 227 3q—hq; 4247 55@)1 ’

(A.52)

where the tree-level helicity amplitudes B¥ 0 are those of Section A.2.

The structure for deriving the subleading-colour BY’l and np-proportional EY 1 ampli-
tudes is very similar, except that the correct colour decomposition of the helicity coefficients
a(u,v), B(u,v), and y(u,v) need to be substituted into eq. (A.43).” This is also given in
ref. [88]. The implementation in the codebase for all colour levels is found in the B1g1Znmc.f98

and the autogenerated autoB1glWinmc.f98 Fortran files.

The leading-colour two-loop amplitudes BY’z consist of (tree) x (two-loop) and (one-

loop)? interferences according to

2
BV (14,2, 3754,,5;) = \pw(345)|2{z \31”(1;, 2k 314, 5})\
h

2The subleading-colour contributions acquire a negative sign in eqgs. (A.51) and (A.52), as customary in

NNLOJET.
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+Y 2Re [Blvvo(g, ok 3447, 53) 81“2(1;, ok 3447, 53)*] } (A.53)
h

Q‘BY’I (1hq 2h 3_hq.4he 5£fhl> 2

- hqh
Bj (1q,2g,3§;4£,5g)—‘732(345”2{ Z ‘quq ‘

q g Yq [/
21eg sty
hqheg V0 (1ha oh q—hq, ,hy =—h, V2(1hg oh 9—hq. hy =—he\*
+ Y ‘qu 2Re [BY (147,28, 3,43, 5,") BY (140, 20, 3,547, 5,™) | 6.
h,hq,h,

(A.54)

Using the appropriate interferences and colour decomposition of the helicity coefficients, the
partial squared amplitudes B;/ 2l é; 21 ég o1 é; o1 E;/ 11 and Bz/ 1 are derived very
similarly. Additionally, the colour-decomposed Catani pole structures need to be subtracted
to match conventions used in subtraction terms. The implementation in the codebase for
all colour levels is found in the B1g2Znmc.f90 and the autogenerated autoBl1g2Wnmc.f98 Fortran
files.

For both N = 1 and N = 2 cases, the helicity coefficients in eq. (A.43) are evaluated
through subroutines in the file B1gNZnmcAux. f98.

A.8 BYH,ltop

This amplitude was imported from Appendix B.3 of ref. [33] and modified to fit conventions
in NNLOJET. The left-handed quark and left-handed lepton (gr¢1,) helicity amplitudes for

both gluon helicities are given by

VH,1top(1— o— o+. 41— =+)\ _
B! (1q,2g,3q,4z,5z)_

! {[51] (14)[21] + (45)[52] (<13>[21] + (34)[42] + <35>[52])

51345 5145
1 14)[54
—<34>[21]([52} 4 o1 13153 + 1[5 ]ﬂ (A.55)
5345
VH’ltO - . — _ VH,ltO — —_ . —_ *
B! p(lq,2g,3g,4£,5g) — B! p(3q,2g,1g,5£,4g) , (A.56)
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where the second line exploited parity and charge conjugation. All other helicity configura-

tions (h = £) can be expressed with them via charge conjugation relations:

aLlR BYHv“Op(lg,Qg,?,;;g,g) - BIVH’“OP(1;,2;L,33; 5;,4;), (A.57)

arfu: BN(1203504,5))

VH,1to — oh 14+.4— e+
—By P (3 2 14 51, (A.58)

qr%gr°2q ) %97 q°>7g27q Ty

arlr: B H’“"P(ﬁ oh 3=.4F 5—) —BY H’“‘Jp(g— oh 4.5~ 4*). (A.59)
The non-momentum-conserving squared amplitudes are the following (tree) x (one-loop)

interferences:

BYVHJtop(]‘q’ 2g’ 36/7 4f’ 5?) - Z
h

2Re{Pw(s15)By (17,28, 35:4,,57 ) [T77B) ™1 (17,20, 35:4,,57)| ). (A60)

ZH,1t hgh, |2
BIP(1, 9, 354,57 = 3 |l
h,hg,hy
VH,0(1hq oh o—hq. shy =—h FT oVH,1top (1hq oh o—hq. she =—h\1*
2Re{Pz(845)Bl (1qq,2g,3q 405, f) [I B! (1qQ,2g,3q 405 Z)] }
(A.61)
where the tree-level helicity amplitudes BY HO are
BY™MY = Py (s45) B, (A.62)

i.e. those of Section A.2 equipped with the extra gauge-boson propagator, similarly how it
was outlined in eq. (1.9) for squared amplitudes. The factor Z¥T contains a combination of
scalar loop integrals and it is given by eq. (B.11) of ref. [33] with an index swap (2 <> 5) due
to differences between notations. These scalar integrals within Z¥T are evaluated with the

ONELOoOP [54] library that comes bundled together with OpenLoops [53].

The implementation in the codebase is found in the B1g1topZnmc.f90 and the autogenerated

autoB1g1topWnmc.f98 Fortran files.
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A9 BJ?

The leading-colour, subleading-colour, and ng-proportional two-loop amplitudes with their

Catani pole structures subtracted are expressed proportional to the tree-level amplitudes as

V.2 V,0
BY*(14,24:3,,47) = By * (14,245 35, 47) %

11 |23 pd \ |1 401 47 [uk N 13 5|1
= In —+|==+—In R R i
{2 ity (m st T T a) TuT e
10093 151 [ pk o 1R 2 vk 7 89 , 13 o [p&\|1
— In 3 ER )+ S [ R ) - — - = — —rfIn| 2R |-
+[ 864 18 <312> * (m M R P R T TR Ul D |

60923 22 2 389 49
—1n<“R> G ™t L™ 4} (A.63)

5184 3 S12 1440
V.2 . 3 pYo . _
By (14,23, 47) = By (14, 23 3y, 47) %
11 [3 R 41 R o PR T o1
e e P 31 log?| 2R | — —#2| =
{264 + 2 * Og<512> 8 + Og( 512 * 08 S12 127T 62

445 41 2 2 2 2 23 13 7 2\ |1
+ 7+—1 Fr + 3log? MR + =~ log? PR — 23— —n? — —7?log HR) |2
32 512 512 3 512 6 8 6 512 €

511 15 29 11
a - 7C3 + 77'('2 - 3607'['4} s (A64)

-
€3

AV,2 V,0 . _
By (14,2553, 47) = By (14, 25 3, 47) X

11 11 pE\ |1 65 5 I IR
L |24 1o ER ) = 2 loe| ER i e
{ 1 l9+60g<312> 2216 18 g( ) T2
1085 4. (42 7
2204 Chog[ER) - S A.
1206 73 ° g( 12> 36 T 72" } (8.65)

The implementation of all colour levels in the codebase is found in the B8g2Znmc.f98 and the

autogenerated autoB@g2Winmc.f90 Fortran files.

A.10 By

These amplitudes rely on the results presented in ref. [85]. The left-handed quark and left-
handed lepton (qp¢1,) helicity amplitudes for gluon helicities (+++), (++ —), (+ —+), and
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(— + +) are given respectively by

Bé/’o(l;,2;',3;,4;,5*;6‘,7*) — (56) (15)[71] + (25)[72] + (35)[73] + (45)[74]

(12)(23) (34 (45) . (AG6)
By (15.24,38,45 556,77 ) =
(14) (14)[51] + (24)[52] + + (24)[72] + (34)[73]
12)(23) (30) {<46>+<56> 1931 ] T+ (31)[53] + (A1) [54]
[53]<46>[34] (56)[35] [71]((41)[34] + (51)[35]) + [72]((42)[3 ] (52)[35]) 4 [73]s345
(3 >[53] ( 2)[54] < 2)[54][43]5345
1 + (34)[53] + (34)[53]
23 ><34 @2 ][ Py ]
(14)[7 ] < A)[72] + (34)[73] | (45)[71]
[< 21)(52] + (3153 + (A[54] T sasis } (A.67)
By (14,24 ,3,,45,556,,77 ) =
~(16)((43)[14] + (53)[15]) + (26)({43)[24] + (53)[25]) + (36) (5345 — S12345)
5345(13) + (12)((43)[24] + (53)[25])
" (13)(35)° (13)[71] + (23)[72]
(12)(23)(34)(45) 5123(35) + (45) ((13)[41] + (23)[42])
~ (13)(56) ((13)[41] + (23)[42])3 (15)[71] + (25)[72] + (35)[73] + (45)[74]
512351234(12)(23)  (21)[42] + (31)[43] 5123(35) + (45) ((13)[41] + (23)[42])
(35)3 (43)[24] + (53)[25] (36)[23] + (46)[24] + (56)[25]
59345 <35>[23] + <45> [24] 8345<34><45>
(3123 + (41)[24] + (51)[25)[71) + [72]smsas
s345(13) + (12)((43)[24] + (53)[25])
(56)[4214  (15)[71] + (25)[72] + (35)[73] + (45)[74] As)
5934[32][43] ((35)[23] + (45)[24])((21)[42] + (31)[43])’ ‘

B§O(1q,2g 35,4756, ,7;)

(25)°[71]  (26)[21] + (36)[31] + (46)[41] + (56)[51]

- 52345(23) (34) (45) (25)[12] + (35)[13] + (45)[14]
__ (56)[31°  (15)[71] + (25)[72] + (35)[73] + (45)[74]
s123(45) [21][32] (24)[12] + (34)[13]
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(56) (15)[71] 4 (25)[72] + (35)[73] + (45)[74] ((32)[13] + (42)[14])3
sos1oa(23)(38)  (5)[12] + (35)13] + (45)[14]  (24)[12] + (34)[13]

(A.69)

Helicity amplitudes of all other gluon helicity configurations—still for left-handed quark
and lepton currents—can be expressed using parity and charge conjugation transforma-
tions. Performing the operations on the amplitudes in the same order as they are listed in
eqs. (A.66)—(A.69) yields

By (17,2585, 45,5556,,7F) = =By (545,35, 251537, 6F ) (A.70)
By (1,25.3, 45,5836, 7F ) = =By (57,4538, 2,,1557,,67 ) (A.71)
By (15.25,38,45,5436,, 77 ) = =By (5,443, 24, 1;;7;,63)*, (A.72)
By (15,2535 45,5036, TF ) = =By (57,4535, 20 15:7,,67) (A.73)

Getting the amplitudes for the other fermion helicity configurations are just a matter of

exploiting their symmetry under charge conjugation as usual:

i VO(1— ohi qh2 ths r+.p+ ==\ _ »V0(1— oh1 qha ths r+.~— o+
auln: BYO(17,20, 80,400 5165, 77 ) = BYO (15,200,302, 40 55,7, 61 ), (AT4)

. VO(1+ oh h h —. o= =+ V,0 — 41h h h +.po— =+
arlL: B (1q,2g1,3g2,4g3,5q,62,72) —B! (5q,4g3,3g2,2g1,1q,6£,72), (A.75)

q°“g 29g 2g oYqgo g0ty

arfr: BYO(15,20, 80,400,560, 7; ) = —BY0 (5,400,302, 201557, ,6 ), (AT6)

for all hy, ho, hs = £ gluon helicities. The non-momentum-conserving squared amplitudes

for W and Z respectively are

W,0 . N
Bs (1q,2g,3g,4g,5q',6477g)—

2
Pw(ser)* S \B§’0(1;,2g1,3g2,4g3,5;;6;,73) , (A.77)
hi,h2,h3
7,0
B; (1q72g73g74g75§;62’7£7):
2 hahy V0 (1hg ohi ohs ths e—hq. ohe o—hp\ |2
Pz(ser)|” > ‘quq By (1qq’2g1’3g274g3’5q 6,07, Z) (A.78)
hayhy
h1,h2,h3
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The subleading-colour helicty amplitudes are generated by the sum of permutations

3V,0(1— ohi ohs 4hs s+.pa— »+\ _ 12V0(1— ohi oha ths r+.p— =+
83 (1q72é1’3g2’4g3’5d”6£’72)_83 (1q72g1’3g2’4g3’5§”6£’72)

VO(1— ahs oh1 4hs g+.p— =+ VO(1— qhs ,h3 ohi g+.p— -+
+ B! (1q,3g2,2g1,4g3,5q,,64,7g)+83 (1q,3g2,4g3,2g1,5q,,6€,72), (A.79)

and

VO ohi ahs ghs s4.a— —+\ _ VO (1— ohi ahs shs st.pa— =+
B, (1q,2g1,3g2,4g3,5q_,,6€,72)_(2)63 (1q,2g1,3g2,4g3,5q,,6£,72). (A.80)
3,4,5

The implementation in the codebase is found in the B3g8Znmc.f98 and the autogenerated

autoB3gBWnmc. 90 Fortran files.

A.11 B

The helicity amplitudes for the left- and right-handed quark currents are simply

By iy 37 ) = il (A.81)

pHo (z‘;, j,;) = o (i;, j;)*. (A.82)

The squared amplitude—including the Higgs boson propagator—is then

HO, . . HO/( hg —hg\|2
B3 (g, 57) = [Pulsi)” S |B6 (ig", g ™) (A.83)
hq
The implementation in the codebase is found in the By8goH.f98 Fortran file.
A.12 B
The left-handed quark helicity amplitudes for both gluon helicities are given by
B0 (i it gt) = — Sk A.84
1 (unjga q) <Z]><]]€>, ( )
HO(.— .— 1+ Sijk
k) = . A.
B (ig,dg k) i (A.85)
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The right-handed ones are expressed via parity transformations® as
h H,0 —h
B (if, gt kg ) = B (i, i kE) (A.86)
The squared amplitude—including the Higgs boson propagator—is then

B{Io(zq,]g, *) |7DH ka Z ‘B ( Zq’ gak hq)
hohg

(A.87)

The implementation in the codebase is found in the BylgoH.f98 Fortran file.

A.13 B

The one-loop amplitude is expressed with the tree-level one of Section A.11 as

. . 1 3 pid\ |1 1 i 7
BT (i, i) = B, i) — = — |2 4 PR} |2 — 1 cm2 (AR ¢ L2l A

The implementation in the codebase is found in the By8g1H.f98 Fortran file.

A14 P

The helicity amplitude when both quark currents are right-handed (gr@Qr) and the Higgs

boson couples to the outer ¢ (i,l3) quark line is given by

Sik Sijk Sljk

All other helicity configurations with the vector boson still only coupling to the outer quark

line can be expressed via charge conjugation’ and parity transformations according to

qrQL : CHO(q,]Q,k+ 1= )

05“’( Tk gl ) (A.90)

awQu: O (i dg kg aE) = GO if0f ks ) (A.91)

3Charge conjugation of quark lines directly coupling to the Higgs boson is not useful because those currents

do not exhibit “line-reversal” symmetry.
4The inner quark line Q (jokg) that does not couple to the Higgs boson exhibits line-reversal symmetry.
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a@Qr: G (ig. a5 k50d) = O (i kG gl ) (A.92)

The squared amplitude—including the Higgs boson propagator—is then

Q 1. Mg ;-h
o (i v ™)

This amplitude was also calculated and implemented into the codebase by Andrew Lifson as

2

o™ (igrdgkgrla) = [Pulsim)l’ (A.93)

hashe
part of his semester project [55].” It is found in the Fortran file Cy8geH. f9@.

A.15 Dy

The subleading-colour interference terms for identical quarks are assembled from the helicity

amplitudes of Section A.14 in the following way:

Dy (qujQy kg, lq) = —|Pa(siju)|*

ZQRG{{C (Zq7 ;Lq7kqhq IZ hq)+c (C’I“Lq’ Zq7lqhq k- hq)}

H,0(.hq .hg ;—hq ;—h hqg -hg ;—hq ;—h
[ AR AN N ) B AR = = I (A.94)
The negative sign preceding the amplitude is due to NNLOJET convention of having one in
front of subleading-colour pieces. This amplitude was also calculated and implemented into
the codebase by Andrew Lifson as part of his semester project [55]. It is found in the Fortran
file DyBgeH. f98.

A.16 B

These amplitudes have been created from the result presented in eq. (A.6) of ref. [37]. To
import it into the NNLOJET framework, colour-level separation had to be carried out. The

resulting leading-colour, subleading-colour, and ng-proportional pieces are expressed as

Hil,. . Yij + Yjk 2 HO,. -
Bl (th]g’k(j): Y ! |7DH(S’LJ]€)| +Bl (Zq’]gaklf)x
YiiYik

SThis is the reason why conventions slightly differ from my implementations.
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A17. By

10 Siik 1
-5 + In(ys;) + In(yn) + 2111( ,U% )1 -

2 4
€2

7 Siik 1
-1 o 2_1 2 2] | 2 » 1 20,

_ ln<8172k> (I (yi;) + I (yj)] — Ry, yj’“)} ’

R

Hi,. . Yij + Yjk HOo,. .
By (ig, Jg: kg) = =" [Pu(sije) [ + By (ig, jg, kq)
ymy]k

1 3 Sijk \ | 1
{_62+ _2+1n(yik)+ln<'u%{>]6

S I ~ S n2(y;

Sijk
- 111( ,uj2 ) In(yir) — R(yikayij) - R(yikayjk)} )
R

11

AH1,. . N HO,. .
Bl (Zcbjg?ktj) - ggBl (lQa]gaké)a
with definitions
Sij j Sik
Yij = ) ik — ; and Yik = ;
Sijk Sijk Sijk

along with

7T2

R(z1,x2) = Lia(1 — 1) + Liag(1 — z2) + In(z1) In(z2) — 5

The implementation in the codebase is found in the Bylg1H.f98 Fortran file.

A17 B

(A.95)

(A.96)

(A.97)

(A.98)

(A.99)

These amplitudes have been created from results presented in egs. (A.3)—(A.4) of ref. [37]. To

import it into the NNLOJET framework, colour-level separation and Catani pole subtraction

had to be carried out. The resulting leading-colour, subleading-colour, and ng-proportional

157



A.17. BY? APPENDIX A. AMPLITUDES

pieces are expressed proportional to the tree-level amplitude as

H2,. .- HO,. -
By *(iq,Jg) = By " (ig, jg) X

11 28 1 185 29 e 13 1
In - 71 2 2R ) — 22| =

{2e e <sw> st T <sm> * <s,~j> 24" L?

L2t 5 0 L3 I 28 0 7( 47 5 13 5 g\ |1
Al 2 (R 2 Fr ) 4 Pr) - Lo 22 290 2 (HPR) |
864 36 Sij 4 Sij 3 Sij 12 3 48 12 Sij €

143 43 [(u& 5. of vk 49 4 179 ,
——t+—In| B )+ B )+ =G+ —— — Al
321 1 18 n<s,»j> s, C T T [ (A.100)

11 |3 pE\ |1 17 3. (uk N 7 5|1
St o+ B S+ |+ B )+ R - =t 5
{264 + l2 * n(sij>‘|63 * 8 + 2 n(sij o Sij 127T 62

109 3 2 2 23 3 7 2\ |1
+ |~ +2In +om?( R 1 3( LR — G- n?— —1?ln i
Si] 4 Siq 3 Sij 6 4 6 Sij €

32 i
IRREA Y L WSy c o 1 (A.101)
— — In{ — —In"| — —G03 — 5= - .
16 Sij 8 Sij 360 3 ’
SHD2,. oy (g 65 5. (pf 1 o1
BH72 _) — BH70 _ - — 71 7R — - 71 7R J— 2 —
0" o) = Boliarda) ) g = gt G @ T lare T sy, ) T |
401y i _ Ly i —c L+ B0 (A.102)
81 12 Sij 4 Sij 72 '

The implementation in the codebase is found in the By8g2H.f98 Fortran file.
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Effects of Even-Tag Exclusion

The clustering outcome of the algorithm can be altered according to the criterion used to
define the flavour of (pseudo)jets. Our results have been presented with the criterion that the
flavour of (pseudo)jets is assigned as the net flavour of its constituents modulo two, which
we believe is more motivated from an experimental point of view as discussed in Section 3.2.

Such a variant of flavour-k; was also first proposed in ref. [78].

To investigate the impact of this “Even-tag exclusion” on the fixed-order predictions,
we have recomputed the fiducial cross sections and distributions reported in Section 1.7.2
and 1.7.4 without the additional modulo-two criterion—we refer to these results as “Regular
flavour-k;”. This impact of the choice of this criterion is visualized in the case of the WH
process in Figure B.1 for the P1 b P pbe and AR, distributions. In that figure, the ratio of
the two NNLO central values are divided bin-by-bin, demonstrating that this choice has no

overall effect on the shape of these distributions. The small variation between bins can be

pp — WTH onNLO [fb]

Even-tag exclusion 20.6828 4 0.0055

Regular flavour-k;  20.7093 £ 0.0063

Ratio 99.87%

Table B.1: Fiducial cross sections for WTH at NNLO for both the original flavour-k; al-
gorithm and our modified version where all even-tagged jets are excluded from the list of
b-jets. The values are shown only for the central scales and their error represents the statis-

tical uncertainty of the Monte Carlo integrations.
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Figure B.1: Bin-by-bin ratio between distributions that were calculated with the even-tag-
excluded and the original variants of the flavour-k; algorithm for three observables of W+H:

the p, v, P pp, and AR, distributions at NNLO for central scale values.

attributed to statistical fluctuations. This unnoticeable effect between the results obtained
using either variants of the flavour-k; algorithm is also confirmed by the fiducial cross sections

reported in Table B.1, where the results are consistent within statistical uncertainties.

This supports our claim that no significant portion of the events are discarded by switch-

ing to the even-tag-excluded version of flavour-£; in our fixed-order predictions.
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