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ABSTRACT

This thesis presents the first measurement of the associated production of a Higgs bo-

son and a top-quark-antiquark pair (ttH) in final states with two leptons and where the
Higgs boson decays into a bottom-quark-antiquark pair (H — bb). The measurement uti-
lizes proton-proton collision data collected at the CERN LHC with the CMS experiment at
a center-of-mass energy /s=13 TeV during 2016-2018 of Run 2, which corresponds to an
integrated luminosity of 138 fb~!. In the Standard Model (SM), the Higgs boson couples to
elementary particles with a Yukawa-type interaction and a coupling strength proportional
to the particle mass. Since the top quark is the heaviest elementary particle known to date,
the ttH process is the best direct probe of the top-Higgs Yukawa coupling and, therefore, a
vital element to verify the SM nature of the Higgs boson. Furthermore in the SM, the H — bb
decay presents the largest branching fraction and is thus experimentally attractive as a final
state. The dominant background contributions arise from tt events containing additional jets
that do not originate from the tt system (tt + jets). In particular, tt + bb processes constitute
an almost irreducible background with respect to the ttH,H — bb signal. To improve the
sensitivity of the measurement, dedicated multivariate analysis techniques are used to extract
the signal.
This study includes detailed assessments of the performance and optimization of discrim-
inants trained using, for the first time, Artificial Neural Networks, as well as improved
modeling of the dominant background contributions. The results are interpreted in terms
of the inclusive ttH signal-strength modifier (j) and the first ttH, H — bb STXS measure-
ment, as a powerful tool to test the SM predictions and search for new physics. The statistical
model used for measurements effectively describes well the observed data. The observed
best fit value is gy = 0.34J_r8:%;(stat.)J_rgé(f(syst.) for the combination of all decay channels.

Additionally, this thesis presents an overview of the luminosity measurement for the
CMS experiment calibrated using the Van der Meer method. The focus is on an improved
method used to estimate the bias due to the assumption of factorizable proton densities of
the beams using transverse densities determined from beam-imaging scan data, resulting in
a significant reduction of the systematic uncertainty for the measurement of the integrated
luminosity.






ZUSAMMENFASSUNG

Diese Arbeit beschreibt die erste experimentelle Messung der assoziierten Produktion
eines Higgs Bosons und einem Top Quark-Antiquark Paar (ttH) in Endzustdnden mit zwei
Leptonen, wobei das Higgs Boson in ein Bottom-Quark-Antiquark Paar (H — bb) zerfillt.
Fiir die Messung werden Daten verwendet, die in Proton-Proton Kollisionen am CERN LHC
mit dem CMS Experiment bei einer Schwerpunktsenergie von /s=13 TeV in den Jahren 2016-
2018 in der zweiten Datennahmeperiode (Run 2) gewonnen wurden und einer integrierten
Luminositit von 138 fb ™' entsprechen.

Im Standardmodell der Teilchenphysik (SM) koppelt das Higgs Boson durch Yukawa-
Wechselwirkung an andere Elementarteilchen mit einer Stirke proportional zu ihrer Masse.
Da das Top Quark das schwerste bisher bekannte Elementarteilchen ist, ist der ttH Prozess
die beste bekannte Moglichkeit um die Top-Higgs Yukawakopplung zu studieren und bildet
damit ein wesentliches Element die SM-Natur des Higgs Bosons zu iiberpriifen. Dariiber
hinaus weist der H — bb Zerfallskanal das grofite Verzweigungsverhiltnis auf und ist
daher experimentell sehr attraktiv. Dominierende Untergrundbeitridge sind tt Ereignisse, die
zusitzliche Jets enthalten, welche nicht aus dem tt Zerfall stammen (tt + jets). Vor allem stellt
der tt + bb Prozess einen nahezu irreduziblen Untergrund fiir die Messung des ttH, H — bb
Signalprozesses dar. Um die Sensitivitit der Messung zu verbessern, werden spezielle multi-
variate Analysetechniken verwendet um die Signalstdrke zu extrahieren.

Diese Studie umfasst detaillierte Untersuchungen der Leistungsfahigkeit und Opti-
mierung von Diskriminanten, die zum ersten Mal mit Hilfe von neuronalen Netzen trainiert
wurden. Des Weiteren wird eine verbesserte Modellierung der dominanten Untergrund-
beitrage diskutiert. Die Ergebnisse werden im Rahmen des Signalstarkemodifikators 7y und

auch zum ersten Mal in Form einer ttH, H — bb STSX Messung interpretiert, was eine her-

vorragende Moglichkeit bietet, Standardmodell Vorhersagen zu tiberpriifen und nach neuer

Physik zu suchen. Der resultierende gemessene Wert ist jigq = 0.34 017 (stat.) T030 (syst.) fiir

die Kombination aus allen Zerfallskanalen.

Zusétzlich wird in dieser Arbeit die Messung der Luminositdt des CMS-Experiments
vorgestellt, welche mit der Van-der-Meer Methode kalibriert wird. Der Schwerpunkt liegt
dabei auf einer verbesserten Methode um die systematische Verzerrung aufgrund der
Annahme von faktorisierbaren Protonendichten der Strahlen durch transversale Dichten
abzuschitzen. Hierzu werden Daten benutzt, welche in Strahlabbildungs-Scans gewonnen
wurden. Dies fiihrt zu einer signifikanten Verringerung der systematischen Unsicherheit bei
der Messung der intergierten Luminositat.
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INTRODUCTION

High-energy physics seeks to explore the smallest constituents of nature, the elementary
particles, and the underlying mechanisms that govern them with only four fundamental
interactions. The standard model of particle physics (SM) describes our current knowledge
and understanding regarding elementary particles. The most remarkable success of the SM is
the proposal by Robert Brout, Frangois Englert, and Peter W. Higgs in 1964 of the mechanism
explaining the origin of the masses of the force-carrying particles via the existence of a new
elementary particle, the so-called Higgs boson [1-7]. The search for this particle has driven
the construction of the Large Hadron Collider (LHC) at CERN in Switzerland. Finally, in 2012,
after 48 years, a particle compatible with the expected properties of the Higgs boson was
observed with the A Toroidal LHC ApparatuS (ATLAS) and Compact Muon Solenoid (CMS)
detectors [8, 9]. That discovery started a massive effort to probe the Higgs sector, to construct
stringent tests of the SM and contributions from physics beyond (BSM). This year marks
the tenth anniversary of the discovery, but there is still much potential for improvements in
accurate measurements of its properties [10, 11].

The interaction of the Higgs boson with other elementary particles is expected to be
proportional to their masses. Since the top quark is the heaviest elementary particle known,
it couples to the Higgs boson with a Yukawa coupling constant close to unity. The research of
this thesis aims to contribute to the precision measurement of the Higgs-top coupling via the
most promising process: the production of a Higgs boson in association with a top quark-
antiquark pair ttH. This precise measurement is crucial not only for probing the validity of
the SM [12, 13] but also because it is expected to be sensitive to BSM physics, which may
predict different coupling strengths [14-17]. Indeed, although the predictions of the SM
are compatible with observations a more fundamental theory is required: the SM does not
include a quantum description of gravity and cannot account for observations in other fields,
such as cosmology, where substantial evidence for non-radiative dark matter [18, 19] and
dark energy was observed [20].

The decay of a Higgs boson into a top quark-antiquark pair (tt) is kinematically forbid-
den, but the ttH production allows for direct probing of the top-Higgs coupling directly.

Its cross section is USS = 50712 fb at a center of mass of \/s= 13 TeV, for a Higgs boson
mass of my = 125 GeV and a top quark mass m; = 172.5 GeV [21]. The ttH process has
a complex and rich variety of final states resulting from the combinations of tt and Higgs
boson decay channels. In 2018, the ttH was first observed based on a combined analysis of
p-p collision data recorded with the CMS detector at /s = 7,8 and 13 TeV, corresponding to
an integrated luminosity of up to 5.1, 19.7, and 35.9 bt by taking into account the Higgs
boson decays into pairs of W and Z bosons, photons, T leptons, or bottom quark jets [22].
Shortly afterwards, both ATLAS and CMS Collaborations also reported on the observation of
Higgs boson decays into bottom quark pairs, the one with the largest branching fraction of
0.58 +0.02 [21, 23, 24].

This thesis presents a search for ttH production into a pair of bottom quarks (ttH, H — bb)
and leptonic top quark pair decays based on p-p collisions recorded with the CMS detector
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in the period 2016-2018 at a center of mass of y/s= 13 TeV, corresponding to an integrated
luminosity of 138 fb~'. The luminosity of a collider is a property that quantifies the rate
of collisions occurring at the experiment, and its precise measurement is required for all
cross section measurements. In the CMS experiment, it is calibrated with the Van der Meer
method [25]. In the context of this thesis, an improved beam-imaging approach was used
to investigate the factorization bias arising from the assumption of factorizable transverse
profiles of the beams. This improved approach now takes into account additional contribu-
tions from beam-beam deflection, which were not ever previously considered. As a result,
the factorization bias has been reduced from 1.5% (0.9%) in 2015 (2016) to a much lower
0.5% overall. These results are documented in Ref. [26], with main contribution from the
author. In addition, the author has developed a new and faster curve fitting method to
improve the beam-imaging approach with respect to Refs. [27, 28]. This method is currently
being used to estimate the factorization bias for data from 2017, 2018 and ongoing data
collection at the LHC.

In the ttH, H — bb analysis, handling the tt pair production process in association with a
bottom-quark-antiquark pair (tt + bb) is highly critical. The tt + bb is not only an irreducible
background, but it also has a cross section O(10) times larger than the signal in the analyzed
phase-spaces, and neither higher-order theoretical calculations nor experimental methods can
constrain the expected rate of these contributions with good accuracy [29-46]. The sensitivity
of the analysis is additionally limited by a combinatorial background caused by multiple b
quark jets in the final state. To address these challenges, for the first time novel advanced
multivariate analysis techniques such as neural networks have been developed by the author
and deployed to enhance the separation between the signal and background processes and
provide a high sensitivity to the ttH, H — bb process. The signal rate results of the inclusive
ttH, H — bb analysis in the dilepton channel are obtained from a combined binned maximum
likelihood fit of the classifier output distributions to the data, correlating processes and their
uncertainties. They are presented in this work both considering only the dileptonic channel
and also for the combination with the other channels, defined from the other top quark pair
decays (single lepton and fully hadronic). Additionally, the available phase space is split into
different regions of Higgs boson p, synchronized between experimental searches and the
theoretical calculations, following the approach of the Simplified Template Cross Section
(STXS) [47]. The results presented here are the first STXS measurement for the ttH, H — bb
production, particularly in the dileptonic channel. The results obtained in the context of this
thesis, are currently scrutinized by the CMS Collaboration and are going to be published in
the first paper with a combined measurement of ttH and tH production in the H — bb decay
channel with 138 fb™" of proton-proton collision data at 13 TeV.

This thesis is structured as follows. Chapter 1 provides a brief overview of the standard
model, with a focus on the role of the top quark and Higgs boson. Chapter 2 introduces
the CERN Large Hadron Collider LHC and the CMS experiment and Chapter 3 covers the
main aspects of CMS event and physics reconstruction methods. Chapter 4 describes the
luminosity measurement of the CMS experiment, with a emphasis on the author’s results for
the factorization bias estimation. Chapter 5 outlines the strategy for the inclusive ttH, H — bb
analysis in the dileptonic channel, including the definition of relevant physics processes, their
simulation, and the use of neural-network based observables to improve analysis sensitivity.
Chapter 6 presents the results of the inclusive ttH, H — bb analysis in the dilepton channel
and its contribution to the combined ttH, H — bb analysis. Chapter 7 focuses on a new
analysis method and the results for cross section measurement in the STXS framework.
Finally, Chapter 8 summarizes the conclusions and provides an outlook for future data
sensitivity projections.









THE ttH PROCESS IN THE STANDARD MODEL
OF PARTICLE PHYSICS

1.1 The standard model of particle physics . . . .. ... ..... .. .. .. .. 5
1.1.1  The elementary particles . . . . . ... .... ... .. .. ... .. 6
112 Gaugesymmetries . . ... ... ... ... ... L. 8
1.1.3  Spontaneous symmetry breaking . . . ... ... ... ... 0. 13
1.1.4  Open questions of the standard model . . . . . ... ... ... ... 16
1.2 Physics in proton-proton collisions . . . . ... ... ... L Lo 18
1.2.1  Factorization and parton distribution functions . . . . . . ... ... 18
122 Monte Carlo event simulation in proton-proton collisions . . . . . . 20
1.3 The ttH process at hadron colliders . . . . ... ... ... ... ....... 21
131 TheHiggsboson . ... ... .. ... ... .. .. .. .. .. .. 22
132 Thetopquark . . ... ... ... ... .. .. L 26
1.3.3  Signal and relevant background processes . . . . . . ... ... ... 30
1.3.4  From previous measurements to projected sensitivity . . . ... .. 32

his chapter provides a comprehensive overview of the theoretical foundations that underlie the

measurements presented in this thesis. The standard model of particle physics, which is the

current theoretical framework that describes the fundamental building blocks of matter and
their interactions, is discussed in detail. Additionally, the chapter highlights how high-energy data
analysis relies largely on precision modeling, and the simulation of collision events is an essential step
in the data analysis process. The essential characteristics of the event simulation are briefly explained,
including the simulation tools, models used to describe the detector response and the methods used
to generate the events. The Higgs mechanism and its phenomenology at the Large Hadron Collider
(LHC) are also discussed, with a focus on the features that are crucial for describing proton-proton
(p-p) collisions. The chapter then introduces the ttH event production and decay characteristics at
hadron colliders, with a particular emphasis on the Higgs boson and top quark pair decay channels
that are investigated in this thesis. Finally, the chapter concludes with a summary of results from
prior measurements, highlighting the importance of the work presented in this thesis in advancing our
understanding of the standard model and the search for new physics beyond it.

1.1 The standard model of particle physics

The standard model of particle physics (SM) is the most precise theoretical description
of our current knowledge of elementary particles and their interactions. Experimental ob-
servations and direct tests at collider experiments have extensively corroborated the SM
on an extensive range of energy scales, making it very solid and widely accepted. It is a
renormalizable quantum field theory based on gauge invariance principles and provides a
unified description of the strong, weak, and electromagnetic forces. However, theoretical
considerations and observations from the subnuclear to the cosmic scales indicate that the
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SM may be incomplete. It is necessary to extend the theory Beyond the SM (BSM) in search
of higher-dimensional symmetries. For example, it lacks a description of the gravitational
force, which is several orders of magnitude weaker compared to the other forces, and it is

foreseen to become relevant at the so-called Planck scale, of the order of 10" GeV.

The SM elegantly represents matter through 12 fundamental spin-1/2 particles known as
fermions, which are divided into two classes based on whether they do interact strongly or
not: quarks and leptons. The fermions interact with one another via spin-1 particles known
as bosons, and three fundamental interactions govern them. A sketch of the SM constituents
and their classification is shown in Figure 1.1. Mathematically, the SM is described by a
renormalizable gauge-invariant quantum field theory (QFT) based on the local symmetry
SU(3) x SU(2) x U(1) gauge group, with a partial breaking of the symmetry induced by the
Brout-Englert-Higgs mechanism in the SU(2) x U(1) electroweak (EWK) sector.

]-St 2nd 3Td generation Goldstone outside
standard matter unstable matter force carriers bosons standard model

(r

J

charge 125.1 GeV
colors
mass

H

spin

(syrenb-ryue 9+)
syrenb g

(10100) 90105 TRSONU FUOLYS

(981eyp) 90105 D1IPUSRWIOIIOID

80.4 GeV

(suoydor-1yue 9+)
suojds] 9

(sseur) 90103 [euoyRIIARIS

(wrdsost yeam) 90I0J TRSONU YeoM

12 fermions 5 bosons
(412 anti-fermions) (+1 opposite charge W)
increasing mass —

Figure 1.1: Particle content of the SM: the three generations of matter particles, the fermions, and the force
carrier particles, the gauge bosons, in addition to the Higgs boson. Electric charge, spin, color, and
the mass of each particle are also documented [48].

This chapter is meant to provide a brief overview of these topics; more detailed reviews
can be found in Refs. [48-52].

1.1.1 The elementary particles

The fermionic fields, or fermions, are the elementary building components of matter and
are classified into two categories: quarks and leptons. There are six massive quarks (q), which
are color triplets (i.e., have a color charge that exists in three states: red (R), green (G), and
blue (B)), carry EWK charges, and are subject to all three types of SM interactions mentioned

6
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above. In addition, positively and negatively charged quarks are classified as up-type (u)
or down-type (d). Then, there are six leptons, colorless but with EWK charges. Charged
leptons (¢) interact via all forces except the strong interaction, whereas neutrinos (v) are
electromagnetically neutral, solely sensitive to the weak force, and assumed massless in the
SM theory. While leptons can exist as free particles, quarks do not appear to be able to do
so due to a strong force phenomenon known as color confinement (see Section 1.1.2). As
a result, quarks combine in white color charge bound states (hadrons) comprising either a
quark-antiquark pair (mesons) or three quarks (baryons).

All quarks and leptons have a corresponding antiparticle, according to Dirac’s relativistic
wave equation [53]. This prediction requires the presence of anti-matter, which has been
experimentally validated by observing the positron (the antiparticle of the electron) [54].
Antiparticles have the same attributes as their equivalent partner particle (mass, spin, and
lifetime) but have the opposite electric charge.

Fermions with the same quantum number are divided into three generations based on
their electrical charge, weak isospin component, and mass hierarchy, beginning with the
lightest and most stable particles (see Section 1.1.2), but there is currently no fundamental
explanation for this subdivision. Doublets of leptons or quarks can be identified in each gen-
eration, and the same is true for antiparticles. For example, the doublet of leptons comprises
a charged heavy lepton and a neutrino, assumed massless in the SM theory.

A fermionic field ¢ can be decomposed into its left-handed y; and its right-handed
g components as P = §; + Pr. The ; and ¢ components indicate the two irreducible
representations of the restricted and orthochronous Lorentz group. The SM is a chiral theory,
not invariant under parity changes, and therefore, ¢; and ¢y behave differently under the
gauge symmetries transformations. For example, leptons and quarks can be represented in
the following notation:

quark _ (U quark
lpL - <d/> R = Upg, dR
L

where all ¢; are doublets and all ¢, are singlets under SU(2) x U(1). The formers have a
weak isospin component of I; = —1—% and I; = —% for the upper and lower rows, respectively,
while for the latter I; = 0. Furthermore, the u-type quarks have an electric charge of Q = +%e
and are the up (u), charm (c) and top (t) quarks. The d-type quarks are the down (d), strange
(s), and bottom (b) quarks, with Q = — %e. Finally, the charged leptons, with Q = -e are the
electron (e), muon (), and tau (7) leptons. The elementary positive charge e corresponds to
1.602 176 634 x10~ Y C [55]. Electron, muon, and tau neutrinos are electrically neutral and
lack a right-handed counterpart.

The fermions interact via the exchange of five gauge bosons, which correspond to different
types of interactions. Except for massless and electrically neutral neutrinos, the photon 7 is
the mediator of electromagnetic interactions for all fermions. When quarks interact strongly,
eight gluons mediate the interaction; gluons are massless, electrically neutral, and carry a
color charge. Three gauge bosons, the charged W™ and the neutral Z, can convey the weak
force for all fermions. The Higgs boson H, predicted by the SM and discovered in July 2012
at the LHC [8, 9] completes the picture of the SM and will be addressed more widely in
Section 1.1.3.
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1.1.2 Gauge symmetries

The SM is a gauge-invariant quantum field theory that explains strong, weak, and electro-

magnetic interactions by constructing a local invariant Lagrangian under the non-abelian
group SU(3) x SU(2) x U(1).
Local gauge symmetry is invariance under transformations that rotate the internal degrees of
freedom at space-time point-dependent rotation angles. Different quantum numbers distin-
guish the various types of fermions, some of which correspond to a charge conserved under
local transformations of the gauge invariance of the SU(3) x SU(2) x U(1) group: rotations in
hypercharge space for U(1), rotations in weak isospin space for SU(2), and rotations in color
space for SU(3).

Quantum electrodynamics

The relativistic quantum field theory of electrodynamics (QED), an abelian gauge theory
with the symmetry group U(1), describes the EM interactions of electrically charged particles.
The QED Lagrangian density for a ; spin field interacting with the electromagnetic field is
given in natural units by:

. 1 )
£QED = IP(Z’)/HD]J - m)¢ - EF;WFP[ (1'1)

where 7" are the Dirac matrices and D, = dou+iQA, is the gauge covariant derivative, Q is
the coupling constant that can be interpreted as the electric charge of the spinor field i and
m its mass, A, is the covariant four-potential of the electromagnetic field, representing the
photon, and the electromagnetic field tensor:

Fu = 0,A,(x) — 9, A,(x). (1.2)

The QED Lagrangian density is composed of three terms: a component 1 to explain
the kinematics of a free fermionic field, an A* component that describes the kinematics of a
free photon, and a mixed " A, ¥ term that defines the interaction between the two fermion
fields. The QED does not include the self-interaction of the photon field since it has an abelian
U(1) symmetry; also, a 4-point vertex (e.g., two fermions and two photons) does not exist
due to renormalisability. As a result, only one elementary QED vertex exists, as illustrated in
Figure 1.2.

l/q

1/q

Figure 1.2: Feynman diagram of the elementary vertex of the EM interaction. y represents the massless
mediator of QED, the photon, while I refers to charged leptons only.

The Lagrangian density in Eq. 1.1 is invariant under the local transformation of the abelian
unitary group U(1):
{l,b N l,b/ _ eiQG(x)w
do =
A, — A, =A,—9,0(x)
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Q is the electric charge operator of the U(1) group and 6(x) the phase depending on the
space-time coordinates.

As a result of the gauge invariance, the mass term mZAP,A” is not allowed, leaving the photon
massless. This property has been confirmed by several experimental observations, setting a
limit on the photon mass m,, < 10~ '® [55]. In addition, because of the abelian property of

the group, the photon is not self-interacting. Photons can only couple to charged particles,
with the coupling strength given by the constant & = N 11@ <1

4me
The formulation of QED following gauge invariance principles provides the necessary

model for developing the SM as a gauge theory.

Quantum chromodynamics

The quantum chromodynamics (QCD) theory describes the strong interaction between
quarks and gluons, which are responsible for holding ordinary matter together. The QCD
theory is based on the more general theory introduced by Yang and Mills [56]. Based on
the experimental evidence on the composition of hadrons, it was deduced that quarks carry
an additional quantum number compared to leptons, the color charge, and that the strong
interaction can be characterized by a non-abelian SU(3) color symmetry group.

The strong interaction between quarks is carried by eight gluons, corresponding to
physical gauge fields G, described by eight generators, the Gell-Mann matrices. The color
charge is required by QCD to preserve the Pauli exclusion principle and is the fundamental
representation of the group. It has three eigenstates (red, green, and blue) for the quarks and
gluons. As quarks carry color, the antiquarks carry anti-color.

Quark fields are organized in color triplets of the SU(3) group as Q = (qed, Igreens qblue)T'
On the other hand, leptons are described by a singlet, carry no color charge, and do not
participate in the strong interaction. The full gauge invariant QCD lagrangian is given by:

Ny
- . 1
EQCD = Z Q(ZVVDV - mq)Q - ZGZVGZIW (1.3)
=1
with the covariant derivative defined as:
D, =9, +igT,G,

where T, = A,/2 are the eight generators of the SU(3) group, expressed in terms of the
Gell-Mann matrices A,. Ny is the number of quark flavors, and the gauge invariant strength
field tensor is: ,

Gu = 9,Gy — G, — & fupc GGy, a=1,..,8

where f,;,. are the structure constants of the SU(3) group defined by the commutation relation
[T,, T] = ifap.T. of its eight generators. The constant g, is the dimensionless coupling constant
strength of the strong interaction related to &y = g? /(4r).
The interaction between quarks and gluons resembles the one for QED. Conversely to the
QED case where the photon is neutral, self-interaction is allowed by the symmetry group
because also gluons carry a color charge. Both triple and quartic gauge couplings are present
in QCD, representing the non-abelian property of the groups. The couplings of the ggg and
g94g vertices are of order g, and g?, respectively, and these elementary vertices are shown in
Figure 1.3.

The structure of QCD theory is simple, yet its content is vibrant. Among its remarkable
properties are color confinement, asymptotic freedom, and the absence of CP violation.

A common aspect of QFT, and hence any SM interaction, is that the coupling constant
depends on the energy of the considered process; this behavior is known as running of
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1 — ThettH process in the standard model of particle physics

Figure 1.3: Feynman diagrams of the elementary vertices of the QCD interaction.

the coupling. This is a direct result of the theory’s renormalizability: to eliminate divergent
quantities a cut-off energy is typically introduced to allow the couplings to acquire a scale
dependence by normalizing them to a known (measured) value at a given scale. The origin
of these divergences is often interpreted as the SM being a low-energy effective field theory
of a more fundamental, yet unknown, theory.

The running of the coupling can be viewed qualitatively as contributing to vacuum polariza-
tion via loop corrections from fermions and gauge bosons. These interfering virtual particles
produce a change in the magnitude of the force. Due to their different symmetry groups, the
electromagnetic, weak, and strong interactions behave differently. For example, the EM cou-
pling is screened by a cloud of virtual electron-positron pairs, giving at a long distance (or low

energy) the well-known value of the fine structure constant ar,; = % ~ 1%—7, corresponding
to the electron mass scale. At higher energies, such as the Z mass scale at which the unification
of the EWK theory happens, the coupling value has been measured to be ~1/129 [57]. On
the contrary, the gluon self-interactions in QCD produce a cloud of virtual gluons, which,
together with the quark contribution, makes the coupling strength a;, = g? / (47) becoming
stronger at large distances, or, equivalently, at low energies [58, 59]. When a quark-antiquark
pair is produced, increasing amounts of energy are required to separate the two quarks,
making forming a new quark-antiquark pair energetically favorable. This sequential quark
pair production is called hadronization: the coupling becomes so strong to confine quarks
that they eventually organize themselves into colorless bound states (hadrons) comprising
either a quark-antiquark pair (mesons) or three quarks (baryons). This is a feature known as
color confinement. As a result, quarks and gluons created in high-energy particle collisions
cannot be observed freely as bare states but instead form collimated sprays of particles known
as jets (see Section 3.2.5).

Conversely, another remarkable peculiarity of QCD is asymptotic freedom: the effective

strength of the interaction decreases with increasing transferred momentum among the par-
ticipants. This behavior of a; shows that partons in the protons at small distances are almost
free in this kinematic regime, i.e., asymptotically free. The description of their interactions
can be approximated using a perturbative expansion in terms of a.
More precisely, low-energy processes, like hadronization, cannot be estimated analytically but
must be modeled phenomenologically («,(1,) ~ 0.3). On the other hand, at high energies,
g decreases, e.g. a; (100 GeV)~0.118, allowing quarks to be treated as quasi-free particles for
perturbative computations.

The electroweak theory

The weak interaction has earned its name because its strength is several orders of magni-
tude less than the strong and electromagnetic forces. The first indications of the weak force

10



1.1 — The standard model of particle physics

can be found in the nuclear B-decay research. However, the current formulation is credited to
Glashow, Weinberg and Salam [60-62], who proposed a gauge theory unifying the weak and
the electromagnetic interactions, called electroweak theory. Although both interactions differ
at low energies, they can be merged into one gauge theory at high energy regimes beyond
~ 100 GeV.

The three isospin weak operators I = (I, 1, I;), and the weak hypercharge Y are the
generators of the groups. It is possible to associate the W, = (W;, Wf,, W;’ ) gauge bosons to
the isospin operators and B,, gauge boson to the hypercharge operator thanks to the gauge
invariance under SU(2) x U(1) transformations. This leads to the expression of the EWK
Lagrangian density as:

. g 1Sy = 1
Lewk = YLy Dy + iy Dyypr — 1 Y Wi, WY — ZBWBW, (1.4)
a=1

where the left and right components of the spinors are split to emphasize the different
transformations. The covariant derivative is here defined as:

! 3
— g H ara
D, =9, "HEYBV +ig ZIWVI ,
a=

with ¢’ and ¢ the dimensionless coupling constants and I* = G"/2 are the generators of
SU(2). . The field strength tensor B, has a similar form as for the QED case (see Eq. 1.2);
while for the SU(2) group:

Wi, =9, Wy — 9, Wy, — g W, W,

where €” is the totally antisymmetric Levi-Civita tensor.

The electroweak theory is a chiral theory; therefore fermion fields are split into left- and
right-handed fermionic fields. Left- (right-) handed (anti-) fermions are organized in isospin
doublets L of SU(2) with chirality of -1 and eigenvalues (I,I3) of (1/2,£1/2). On the contrary,
right- (left-) handed (anti-) fermions form isospin singlets R with a chirality of +1 and
eigenvalues of I = I3 =0. Unlike QED, the weak interaction is observed to be maximally
parity violating [63], implying that only fermions with left chirality interact via the weak
interaction. Moreover, the third component of the isospin (I3) and the weak hypercharge Y,
charges and quantum numbers of the SU(2) and U(1), are related to the electric charge by
the Gell-Mann-Nishijima formula Q = I3 + Y /2 [64, 65]. As a result, right-handed neutrinos
have a zero hypercharge and hence do not participate in the electroweak interaction and thus
are not characterized by the SM Lagrangian. In contrast, left-handed neutrinos only interact
in the weak interaction.

All the interactions between gauge bosons and fermions can be derived from the equations
above. Because of the composite nature of the symmetry built from the SU(2) and U(1)
groups, the interpretation of the vector fields as propagators of the bosons mediating the
electromagnetic and weak interactions is not as evident as in QED or QCD. However, the
interpretation of the terms in the Lagrangian of Eq. 1.4 allows identifying the vector fields
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1 — ThettH process in the standard model of particle physics

corresponding to the interaction mediators. The boson fields are given by [66]:

Wy = \1@ (W; - iWﬁ)
1

Wy =5 (wj, +iw§)
1 .
h g +g” (gWﬁ B g/Bf‘) ()
A, = gZ:_g’Z (g/W; —l—gB;i) ,

with the W* bosons responsible for the charged weak current, the neutral Z boson for the
weak neutral current, and the photon 7y for the electromagnetic interaction. Furthermore, the
Z boson and the photon field are obtained by performing a rotation of the gauge fields of an
angle 6y , called Weinberg angle or weak-mixing angle, as:

A cos 0 sin 0 B
(Zy> (—SinGW cos 9w) (Wij) : (1.6)

The electroweak mixing is further reflected in the ratio of the W and Z boson masses,
myy, = cos(fyy) x my; and both coupling constants ¢ and ¢ relate to the electromagnetic
charge e as e = gsinfy, = g’ cos f}y. The Weinberg angle is a free parameter of the SM, and it
is determined experimentally with very high precision to be 0.23122 £ 0.00002 [55].

The non-abelian structure of the SU(2) symmetry group also gives rise to self-interactions
of the gauge bosons, as illustrated by the only conceivable boson combinations for the triple
and quartic gauge couplings diagrams in Figure 1.4.

114
V/Z 14 v/ Z|W
114 V/ZIW

114

Figure 1.4: Feynman diagrams of the elementary vertices of the EWK interactions, including the self-interaction

of gauge bosons. The symbol f(f) represents any (anti) fermion.

fIf

Despite its elegance, as described here, the electroweak theory suffers from crucially
significant limitations: it can not describe massive particles, but measurements have shown
that the mediators of the weak force are instead massive. Furthermore, any attempt to
add gauge boson or fermion mass terms breaks the theory’s cornerstone, the Lagrangian’s
gauge invariance. Terms as M*WH W, for vector bosons are not gauge invariant and would

introduce unrenormalizable divergences.; similarly, terms of the form —m* Py for fermions
would contain mixed chirality terms. The following section focuses on incorporating massive
particles into the theory without breaking gauge invariance.

12
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1.1.3 Spontaneous symmetry breaking

To corroborate the experimental results, P. W. Higgs, F. B. Englert, and R. Brout theorized

and formalized the spontaneous symmetry breaking for local symmetries in 1964, which is
today an essential component of the SM [1-3].
The so-called Higgs mechanism predicts the existence of a scalar boson, the Higgs boson,
which gives mass to the fermions and the weak bosons, thus providing a way to generate
mass terms while preserving gauge invariance in the SM Lagrangian. The concept of global
symmetries is based on Goldstone’s theorem [49]. Then, the mechanism was further elab-
orated into the spontaneous breaking of the electroweak symmetry [67], which allows the
symmetry of the gauge theory to be broken without disrupting the gauge invariance: the
Lagrangian remains invariant under the symmetry, but the ground state of the theory no. As
a result, the ground state degenerates, so choosing one eigenstate is necessary, breaking the
symmetry. In particular, the Higgs field breaks three out of the four degrees of freedom of the
SU(2) x U(1) group: the massless Goldstone bosons are absorbed by the three massive w*
and Z bosons. The Higgs boson H is the massive scalar particle with the remaining degree of
freedom.

Introducing a single colorless SU(2)-doublet scalar field with a non-zero vacuum expecta-
tion value can break the symmetry and preserves the gauge invariance once added to the
EWK Lagrangian. The field is chosen as a linear combination of four real scalar fields:

o= (9 :1<%+@ﬁ
¢ V2 \ ¢35+ iy
with hypercharge Y = 1, isospin I = 1/2 and its third component I; = —1/2 and therefore
Q=0.
The Lagrangian with a quartic potential (higher powers of ¢ would lead to a not renor-
malizable theory [68]) is considered to describe the main idea of symmetry breaking:

Lpey = (D;KP)T(DHfP) —V(¢'p).

With the covariant derivative being D, = 9, +i %By +1i gWL% asin Eq. 1.1.2, and the scalar
potential describing the evolution of the field expressed as:

V(9,9") = 19'9+A(9'9)". (L7)
The shape of potential V(¢) depends on the sign of the parameters:

¢ A > 0 to have bound states inside the potential as ¢ — oo;

o if ;12 > 0, ¢ = 0 is the minimum of the potential with a U shape. The electroweak
symmetry is unbroken in the vacuum because a gauge transformation acting on the
ground state does not change it;

e if y2 < 0, the minimum of the potential, a non-vanishing vacuum expectation value

2
(VEV) v, is not uniquely identified but lies in the hyper-sphere ]4>|2 = — . The potential
has a Mexican hat shape, as illustrated in Figure 1.5. The realization of one particular
state spontaneously breaks the rotational symmetry of the problem.

The expansion of the ground state of the field ¢ around the minimum can be parameter-
ized with the real scalar field & as:

P(x) = \1@ (U +(;l<x)> : (1.8)
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Figure 1.5: Shape of the Higgs potential for ;42 <0 [69].

and finally, the potential V' (¢) can be rewritten as:
V(g,o1) = —A0?h?(x) — Aok’ (x) — }LAh‘*(x). (19)

The second and third terms represent the cubic and quartic self-coupling of the Higgs boson.
Instead, from the first term, the value of the Higgs mass is obtained as:

my = 2\v* = —24°. (1.10)

In contrast to the weak boson self-interactions, which have a gauge nature, the Higgs boson
self-interactions are purely related to the parameters of the scalar sector of the theory and en-
tirely determined from the Higgs boson mass and the VEV. Consequently, their experimental
measurement represents a crucial test of the validity and coherence of the SM.

The massive gauge vector bosons can be obtained by replacing the vacuum expectation
value of the ¢ field in the EWK Lagrangian with the addition invariant term due to the scalar
field part. The H scalar field naturally acquires mass through self-interaction. When they
interact with the vacuum, the gauge fields W;, Wi, W‘:’, gain a mass term in the form of %Mz
W, W, whereas the boson field associated with the photon remains massless. It means
that, despite breaking all of the SU(2) x U(1) symmetries, the Higgs field maintains the U(1)
symmetry, leaving the vacuum electrically neutral. Remembering the relations in Eq. 1.5, the
masses of the W and Z bosons can be expressed with the weak coupling constants and the
vacuum expectation value as:

. 1 . 1 2 7 go .
My = 508 my = Ev\/g +9° = 2c0s Oy m, = 0. (1.11)

The theory does not predict all the free parameters, nevertheless, the input is given from
experimental values. For example, it is possible to determine the value of v, the scale of the
electroweak theory, by measuring the Fermi constant Gy from the muon lifetime [70]. Gr is

related to the W boson mass by % = 3. The resulting value of v is [71]:

8miy

> 1
V26

~ (246GeV)?. (1.12)
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In addition, only with the relatively recent observation of the Higgs boson by the A Toroidal
LHC ApparatuS (ATLAS) and Compact Muon Solenoid (CMS) Collaborations and the mea-
surement of its mass, it was first possible to estimate the other free parameter: A ~ 0.129.

In the lagrangian density equation, there are also terms corresponding to the couplings
with a massive gauge boson (hVV and hhVV ) and the trilinear and quartic self-couplings
exhibit coupling strengths proportional to the Higgs boson mass of p*Aand A, respectively.
Once the boson masses and v are known, the SM predicts these couplings uniquely. Figure 1.6
depicts a sketch of the Feynmann diagrams of the SM Higgs interaction vertices.

s’ N s
s’ N s
h s’ N s
s N s
s N s’
h s h AN s h
s N s’
—————— < X
N s’ N
N h - <~ h
N , N
N , N
h N s, N
N s N
N -, N

SM Higgs - Vector bosons interactions. SM Higgs - Fermions interaction.

Figure 1.6: Feynman diagrams of the elementary vertices of the Higgs boson triple and quartic self-interactions
(upper row) and the Higgs boson coupling with fermions and vector bosons (bottom row).

Although the mechanism described above does not incorporate interacting massive
fermions, missing couplings can be introduced by extending the Lagrangian further with a
term representing the Yukawa interaction that respects the gauge transformations. In particu-
lar, the coupling between the fermion field and the Higgs field can lead fermions to acquire
their masses. The Yukawa coupling after the symmetry breaking results in the original mass

. . . A .
terms proportional to the vacuum expectation value of the Higgs field: m; = % Also in
this case, the masses of the fermions are parameters in theory and are not predicted by the
SM, and the input is given from experimental values. Additional terms representing the

interaction between the Higgs and fermion fields are also formed, giving rise to the coupling
with a strength proportional to the fermion mass.

Finally, theoretical indications and experimental proofs have led to the conclusion that
quarks as free particles are mass eigenstates but appear as SU(2) eigenstates in the electroweak
interaction: the latter is a combination of the former, and vice versa [72]. In particular, the
introduction of quark mixing between EWK q" and mass eigenstates q is needed to explain
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the experimental observation of the transitions between the upper and lower components of a
quark flavor doublet across different families, e.g. from a u to a s quark, as well as the violation
of charge and parity (CP) conservation in the SM [73, 74]. This implies that the quark flavor
eigenstates do not coincide with the weak isospin eigenstates, but the lower components of
the doublets are rotated relative to one another. More explicitly, the corresponding mixing
between the lower components of the weak isospin eigenstates d’,s’ and b’ are related to the
lower components of the flavor eigenstates d, s and b as:

d/ Vud Vus Vub d
S =Vy Vo Vlls]. (1.13)
v Vi Vis Vi b

The rotation matrix V-x,, is the Cabibbo-Kobayashi-Maskawa (CKM) matrix describing
the transition probabilities between flavors. In the SM, it is assumed to be unitary: the
single matrix elements are free parameters of the theory, and all the values have been
determined experimentally with very high precision [55, 75]. Large diagonal terms and
small off-diagonal values characterize the CKM matrix. As a result, transitions between
generations are significantly suppressed, and bottom quarks, for example, acquire a long
lifetime. Additionally, as a consequence of quark mixing, flavor-changing neutral currents
are not allowed at tree level [76], which explains why they have yet to be observed.

The existence of the mixing is related to many physical examples, e.g. charge-parity (CP)
violation, Glashow-Iliopoulos-Maiani (GIM) mechanism, flavor changing neutral currents
(FCNC). However, an analogue of this matrix for the leptons is not present in the SM, since
no right-handed neutrinos are included in the theory. Only because neutrino oscillations
have been detected experimentally [77-79], a similar mixing in the leptonic sector could be
introduced to describe neutrinos as both flavor and mass eigenstates. This could be handled
by the addition of a lepton mixing matrix, the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix [80, 81], which emerges naturally as a consequence of the seesaw mechanism [82]
and has distinct phases depending on whether neutrinos are Dirac or Majorana particles [83].
The values of the masses of neutrinos are still unknown; however upper limits have been
determined in experiments down to 0.8 eV [84].

1.1.4 Open questions of the standard model

The SM is a simple and powerful theory with remarkable predictive power. The discovery
of the Higgs boson and its characterization by many LHC experiments with increasing
precision strengthen the solidity of the SM. Nonetheless, there are some questions that our
current knowledge of nature cannot answer, pointing towards the SM being neither complete
nor final. Its most notable problems are divided into two categories, an some examples are
shortly discussed in the following.

Observational puzzles

These are experimentally-motivated challenges the SM cannot currently explain.

* Origin of neutrino masses. Two out of every three neutrinos have a non-vanishing
mass, according to neutrino flavor oscillation experiments on astrophysical and atmo-
spheric sources. Even when right-handed neutrinos are included, the extremely small
Yukawa coupling values pose a puzzling question. Another possibility could be the
Majorana neutrinos, in which the neutrino is its own antiparticle, but this has been
proven to result in lepton flavor and unitary violation at high energy [85].
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* Matter-antimatter asymmetry. The excess of matter over anti-matter in the universe
provides incontrovertible proof for the existence of physics beyond the SM. This im-
balance suggests that particles and antiparticles behave differently, which neither the
SM nor the inflationary cosmological model can explain. Even if there was an initial
asymmetry at the Big Bang, the present prediction is extremely small compared to what
is observed, suggesting the current theory is incomplete.

¢ Presence of dark matter. There is empirical evidence that the universe is full of an
unknown type of matter, referred to as dark matter: rotation curves of galaxies [86],
weak lensing measurements [87], microwave background experiments [88]. This state
of matter is electromagnetically and strongly neutral, yet it is expected to be massive
because it interacts with gravity.

* flavor anomalies. Flavor anomaly describes a possible violation of lepton flavor univer-
sality (LFU). It is based on the idea that lepton gauge couplings are flavor-independent,
and all LEP measurements confirmed this hypothesis. However, recent observation
from the BaBar, LHCb, and Belle experiments show tensions at the level of 2-3 sigma
with the SM expectations [89-91].

Structural limitations

The structural problems are based on theoretical consideration and indicate that SM
lacks robustness at higher energies. As mentioned above, the SM could be a low-energy
manifestation of a more fundamental yet undiscovered theory.

* High energy description of gravity The general relativity framework already provides
a successful gravity theory. However, a fully comprehensive QFT version is still lacking.
Although quantum gravity calculations are performed as an effective field theory, the
violation of unitarity at the Plank scale (Ap ~ 10" GeV) is the major obstacle to unifying
the SM and the gravitational force.

* Hierarchy of fundamental scales The vast difference of magnitude (10'°) between the
gravitational force and the electroweak scales has yet to be explained, and unifying
such far-apart scales is a challenging task for new theories.

¢ Origin of generations and mass hierarchy The Yukawa coupling hides a pattern
between the three generations. Many hypotheses attempt to extract an explanation
from the first principles, but there is currently no satisfying answer.

* Lack of strong CP-violation To date, no CP-violating process in the strong interaction
has been observed, causing an unmotivated asymmetry among the gauge interactions.
To account for this lack, an additional U(1) symmetry can be introduced: this fine-tuning
is known as the Peccei-Quinn theory and is linked to the potential existence of axions.

Numerous theories have been developed to overcome all or part of the above mentioned
limitations of the SM. These models frequently include the introduction of additional particles,
whose masses can vary widely. Aside from direct searches for new particles, evidence for
BSM could be discovered indirectly by assessing deviations from SM expectations. These
BSM theories are being extensively tested, primarily by the ATLAS and CMS experiments at
the Large Hadron Collider. In this regard, the Higgs sector is vivid and remains relatively
unexplored.
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1.2 Physics in proton-proton collisions

Following the description of the particle composition of the SM and the theoretical
construction of their interactions, this section introduces a phenomenological description
of p-p collision physics and explains the concepts used to model collision events with
characteristics comparable to real measurement conditions at the LHC. In the high-energy
collisions further particles are created as a result of a hard interaction of the partons from
both protons. In particular, the cross section of the particle production is a convolution of
the structure of both protons and a partonic cross section. More thorough reviews of hadron
collider physics is available in Refs. [55, 92]

1.2.1 Factorization and parton distribution functions

At the LHC, protons collide at the highest energies available in the laboratory today.
Particle collisions are usually characterized by the center-of-mass energy /s and the number
of collision events N = oy - L;,;, depending on the cross section and the total amount
of recorded data. The center-of-mass energy in collider experiments, such as the LHC, is
/s = 2E, with E representing the energy of each colliding proton. Being hadrons, protons are
consisting of quarks, that for sufficient values of /s are asymptotically free and take directly
part in the collision. This has to be accounted for in the calculation of cy. The interaction of
two incoming partons with high transverse momenta, known as hard scattering, is generally
depicted in the simulations. The remaining part of the collision is the so-called underlying
event, and it comprises the interaction with other incoming partons at lower transverse
momenta as well as the emission of additional particles by the hard scattering partons, either
in the initial or final state.

For two partons i and j, the partonic cross section 0;;_,x of the given process ij — X is
calculated perturbatively. Leading order (LO) and next-to-leading order (NLO) are the first
and second orders in the perturbation series. In the context of p-p collision simulations, NLO
generally refers to the perturbation order in QCD. The cross section of each parton interaction
must be convoluted with the parton distribution function (PDF) of the proton components
f(x, qz), which describes the probability of finding a parton carrying a specific fraction x of
the total longitudinal momentum at a given scale q2. The scale-dependence of the PDFs can be
calculated in perturbative QCD. On the contrary, the dependence on x are non-perturbative
functions not predicted a priori by QCD and extracted from fits to experimental data, mainly
electron-proton collisions [93]. The factorization scale is usually set to the hard scattering
scale, which coincides with the normalization scale (the value at which a, is evaluated). In
any case this scale is not a physics parameter and the calculation should not depend on its
value. Summing over all possible parton flavor i and j in a certain process, any hadronic cross

section 0, _,x can be factorized as [94]:

Tpposx = Z//fi(xirqz)fj(xj/qz)a'ijﬁx(xi/xj/qz)dxidxj- (1.14)
ij

Figure 1.7 illustrates the factorization in a hard scattering process.

The cross section 0;;_, x is computed via the Fermi’s golden rule with a calculation of the
matrix element and the available phase space. The matrix element M describes the physics of
the hard interaction of the initial partons and can be translated into Feynman diagrams. If the
relevant couplings are small enough, the matrix element is calculated with the Lagrangian
formalism and perturbation theory. As a result, cross section calculations are classified
according to the order in which they are computed in perturbation theory. At the same time,
using perturbation theory in the cross section calculations gives rise to two characteristic
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Figure 1.7: Diagram of the factorization in a hard scattering between two hadrons into the parton-level cross
section ¢ and parton distribution functions f(x;, 7).

energy scales [49]. The final cross section may contain nonphysical divergences, which can
be removed to ensure meaningful interpretations by re-normalizing the calculation, which
is defined by the re-normalization scale y . The perturbative calculation is also limited at a
certain threshold by the energy dependence of the coupling constants; the non-perturbative
parts factorize at this characteristic energy scale yr and are incorporated into the PDFs
extracted from observed data. Typically, a consistent scale yz = pur is chosen close to a
physics scale of the process. However, in experimental applications, the selection of a singular
value is accounted for with systematic uncertainties using independent variations of y and
ur by factors of 1/2 and 2.

Despite the high predictive power, these calculations can present several mathematical
challenges due to effect such as gluon splitting and that can lead to additional divergences.
There are several techniques to avoid, one is what to exactly absorb into the PFDs. The scale
u is introduced to reduce infrared divergences caused by collinear starting state radiation,
it generally represents the smallest scale at which a physical process may be resolved and
absorbed into the non-perturbative PDEF. In the scope of this thesis two of the schemes are
used: for matrix elements derived using the five-flavor scheme (5FS) only the top quark
is considered a heavy quark while the masses of the other quarks are negligible and their
corresponding contribution is factorized into the PDF set; while for matrix elements calculated
in the four-flavor scheme (4FS) the top and the bottom quarks are considered heavy. The
latter calculations are generally more difficult, but they are expected to yield a more accurate
description of the kinematic behavior of bottom quarks than 5FS derivations [95].

After the hard scattering is generated, the emission of initial state radiation (ISR) and
final state radiation (FSR) from the hard scattering event is simulated. The colored final
state particles can then emit further radiation, the parton shower (PS), which is modeled
by a stepwise parton splitting criterion until the residual energy is too low to continue
perturbative calculations. Conceptually, a phase space overlap between the calculation of the
matrix element and the simulation of parton showers might occur: it is possible to create the
same final state from LO matrix elements paired with parton shower emissions and NLO
matrix elements that directly consider additional radiation. Therefore, the ME calculation
and PS processes need to be appropriately matched to resolve the ambiguity.

Due to the principle of confinement there are no free color-charged particles, and as a
result, these individual particles radiate through a process called hadronization until they are
all bound in stable color-neutral hadrons. The partons involved in the initial hard scattering
are eliminated from the bound proton state, which is no longer color-neutral. These particles
hadronize or interact with one another, resulting in further hadronic activity in the event. This
activity is known as the underlying event (UE), and it is described by multiple parton-parton
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interactions inside a single collision. Finally, additional collisions in the same or close bunch
crossings are simulated independently and then overlapped to the event of interest to obtain
a realistic simulation of LHC p-p collision.

The chain of these interactions for collision events, starting from the hard interaction at
high scales down to low scales for hadronization and particle decay, are tackled phenomeno-
logically in dedicated tools based on the Monte Carlo technique.

1.2.2 Monte Carlo event simulation in proton-proton collisions

Usually, precise tests of the SM and statistical data analysis in general are carried out
by performing comparison of observables measured at the collision experiment with the
corresponding theory predictions. For this purpose a good description of the how the original
partons (parton-level objects) arrive to the measured stable hadrons (detector level particles)
is needed , starting from the hard interaction at high scales, via the fragmentation, down to
hadronization at low scales and the decay of the unstable particles as well as the simulation of
the detector response itself. In addition, most LHC analyses require the ability to realistically
simulate the events for various physics processes with high accuracy; it is essential for
calibrating the detector, tuning the trigger selection, optimizing the physics analysis and
model possible BSM interactions. Processes in p-p collisions cannot be properly predicted
on an event-by-event basis since they are expressions of quantum physics and in addition
protons are composite objects. The theory based simulated data is commonly generated with
Monte-Carlo (MC) event generators and the output can be directly compared to the observed
data.

The steps of the simulation can be performed independently thanks to the factorization
theorem. For each part of the chain, dedicated simulation tools are available to simulate the
theory prediction with varying degrees of accuracy. Figure 1.8 depicts a ttH event sketch of a
hadron collision event, including both the hard scattering mechanism and the underlying
event, as could be simulated by a MC generator.

Nowadays, the vast majority of the calculations is obtained with numerical integration
methods implemented in dedicated tools such as PYTHIA8 [96], POWHEG [97-99], HERWIG++
[100] and MADGRAPH5_AMC@NLO [101]. After the event simulation is performed, all
particles generated in the preceding phases are interfaced to a simulation of the CMS detector
based on the GEANT4 [102] toolkit to account for their interaction with detector components.
To obtain a consistent comparison the same reconstruction technique as in the data is used
(see Chapter 3). Simulation samples are generated individually for each year.

The distinction among the various stages of information processing in particle physics
is established by using specific terminology. The simulated particles are referred to as at
generator level for partons, or as at particle level (or at truth level in Chapter 7 in this thesis)
for stable particles. Finally, measured and simulated data that have undergone detector
simulation are referred to as at reconstruction level.

In general, for the analysis carried out in this thesis, the MEs for the signal and background
processes are created at NLO of perturbation theory using POWHEG or MG5aMC(INLO), or
at LO using PYTHIAS.2 (it will be referred to as PYTHIAS in the following), depending on
the process. The parton distribution functions supplied by the NNPDF [103] describe the
probability density function for the momenta of the partons in the initial-state protons (the
specifics are listed in Section 5.2.2). PYTHIA 8.2, based on the phenomenological Lund string
model [104, 105], is used to simulate the parton showering and hadronization processes in
all simulated samples. Because it is phenomenological, this model has tuneable parameters
that must be adjusted using observed data. The energy scale utilized for matching the ME
and parton-showering diagrams is one of these characteristics (ME-PS matching); the other
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Hadronisation °

Figure 1.8: Sketch of a ttH event produced from a p-p collision as produced by an event generator. The hard
scattering is shown (big red bullet), followed by the decay of both top quarks and the Higgs boson
(small red bullets). Additional hard QCD radiation is produced as initial and final state radiation.
Finally, additional multi-parton interactions take place: the underlying events (purple bullet). The
hadronization products are shown in green, and photon radiation in yellow.

parameters, known as the UE tuning, are utilized to characterize the underlying events of the
collisions.

Section 5.2 provides the details of the different simulated samples used in this thesis for
the measurement of the ttH, H — bb process.

1.3 The ttH process at hadron colliders

With the final components from Section 1.1 in place, the SM is an incredibly accurate
model of the known universe, but there are still questions to be answered.
Following the discovery of a new boson with a mass of 125 GeV consistent with the SM Higgs
boson, the focus has shifted to measuring its unique properties. Motivated by this goal, the
target here is the top-Higgs Yukawa coupling A,.

The direct measurement of the coupling between the top quark and the Higgs boson at
tree level can occur when the Higgs is produced in association with a top-anti-top quark
pair (ttH). This coupling links a top quark and the Higgs boson, resulting in the production
cross section being dependent only on the A; and other SM-known couplings. Therefore these
measurements have been some of the highlights of Run 2 and are one of the main subjects of
this thesis.
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1 — ThettH process in the standard model of particle physics

The main features of the Higgs boson and the top quark are discussed in the following:
from their production mechanisms at hadron colliders to the signatures of their decay modes.
Then the focus is on the ttH signal and the other physics processes that represent the major
backgrounds of the analysis presented in this thesis. In particular, the production of a top
quark pair with additional heavy-flavor jets is fundamental, and its theoretical description
extremely challenging. The section concludes with a summary of experimental results from
the previous analyses.

1.3.1 The Higgs boson

The Higgs boson represents the quantum of the scalar field introduced in Section in the
discussion of the electroweak symmetry breaking. In the SM, the Higgs boson is expected to
be electrically neutral, free of spin, and CP-even (JP = 0+) with a decay width of ~ 4 MeV.

The LHC at the European Organization for Nuclear Research (CERN) (Section 2.1) was
developed with the primary goal of verifying the SM hypothesis and discovering new physics
beyond it via the exploration of the properties of the Higgs boson in particular.

Production mechanisms

The Higgs boson mass is a free parameter of the SM and needs to be determined experi-
mentally. Therefore the production cross section and its decay branching ratios are usually
computed as function of its mass, as shown in Figure 1.9 (a) and (b) at the center of mass
Vs =13 TeV.
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Figure 1.9: (a) The Higgs boson production cross sections and (b) decay branching ratios as a function of Higgs
boson mass. Calculations are performed up to the order indicated in the plot, and the color bands
represent the respective uncertainty [21].

At hadron colliders, there are several production mechanisms to produce a Higgs boson.
The dominant mechanism originates from gluon fusion mediated by a virtual loop of heavy
quarks (ggH, Figure 1.10 (a)). Because of their large mass, the top and bottom quarks con-
tribute the most to the loop: this is the largest production cross section of almost 49 pb at
Vs =13 TeV.

The second most common mechanism is the vector boson fusion (VBF or qqH) with a
cross section of about 3.8 pb at /s = 13 TeV. In this case, the Higgs boson is produced by
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1.3 — The ttH process at hadron colliders

the fusion of two vector bosons radiated by initial state quarks, as qq— V'V* — qqH, with
V = W,Z (see Figure 1.10 (b)). It can easily be discriminated against the background because
the two additional quarks in the final state are detected as two hard jets with a tendency to
be produced along the beam line, and they are highly energetic with high invariant mass.
In the low mass region there are other two mechanisms, the associate production with
vector bosons (VH) (Figure 1.10 (c)) and with heavy quarks (tH or ttH) (Figure 1.10 (d)).

(a)
(b)

(c)
(d)

Figure 1.10: Leading Feynman diagrams for Higgs boson production via gluon-gluon fusion (a), vector boson
fusion (b), and associate production with vector boson (c) and with heavy quarks (d).

The first process occurs when a virtual vector boson decays to its on-shell state, radiating
a Higgs boson. Studying the VH (and VBF) production mechanisms allows for probing
the Higgs boson coupling to vector bosons. Despite the lower cross section of 2.3 pb at
V/s = 13 TeV, of which ~0.9 pb due to the ZH process, the VH production mechanism has a
quite distinct signature: the presence in the final states of leptons coming from the electroweak
decays of the vector bosons is helpful for triggering and background rejection.
The production in association with heavy flavor quarks, on the other hand, is particularly
challenging due to the presence of a large number of hadronic jets in the event. Despite this
and the smaller cross section of ~ 0.5 pb at y/s = 13 TeV with respect to other production
modes, in ttH the coupling involves non-virtual top quarks and allows for direct measure-
ment of the Higgs-top Yukawa coupling. In this respect, the production of a Higgs boson with
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1 — ThettH process in the standard model of particle physics

a single top quark is theoretically an option, but its cross section is dramatically reduced due
to negative interference of leading-order diagrams. As a result, the analysis presented in this
thesis concentrates on ttH production. In addition, for ttH measurements, prompt leptons
from top quark decays provide a handle to select signal events. On the contrary, the Higgs
production mode with a bb (bbH) pair has a similar cross section, but it is experimentally
very challenging to disentangle from the background.

Decay channels

In the SM, the Higgs boson has a mean lifetime of about 10™** s, which is too short to
detect unless through its decay products. The Higgs boson couples to fermions and vector
bosons proportionally to their masses therefore it tends to decay in the heaviest particles
allowed by the kinematics. As shown in Figure 1.9 (b) also, the theoretical branching fractions
of the Higgs boson depend on the mass of the Higgs boson.

The dominant decay H — bb into a pair of bottom quark-antiquark pairs (bb), with a
branching ratio of ~ 58%, is fundamental to study the coupling of the Higgs boson with
fermions but overall quite challenging to identify due to the presence of jets in a hadronic
environment. The second fermionic decay mode is H— 7" 7, occurring ~ 6% of the time and
easier to identify. Other decays into fermions have low branching ratios, however recently
CMS has reported evidence for H — u ™ u~ [106].

Decays into the vector bosons W and Z are suppressed since the Higgs boson is too light
to decay into two vector bosons on their mass shell. If my; > 2my, there is the possibility of
the decay into real vector boson. Below this kinematic threshold, the Higgs boson decays into
one or two virtual gauge bosons, decaying then into fermions. For a 125 GeV Higgs boson,
the decay fractions to W W™ and ZZ* are 21% and 2.6%, respectively.

The Higgs boson does not couple to massless particles. Therefore the decay modes in two
gluons or two photons are induced through heavy particle loops with branching ratios at the
percent and per-mille levels, respectively. Despite its sizable branching ratio, the decay into
gluons is unlikely to be detected at hadron colliders. Conversely, the signature of H —yy
is really clear with two highly energetic photons emitted back-to-back. It has a significant
impact as one of the golden channels for Higgs boson searches at the LHC.

Higgs boson decays branching fractions are summarized in Table 1.1 for a Higgs boson of
mass my = 125.4 GeV, currently the most precise mass measurement [107].

Decay mode B

H— bb 57.63 + 0.70
H— W"W~  22.00+0.33
H— gg 8.15 + 0.42
H— 1I 6.23 +0.09
H— cc 2.86 +0.09
H— 727" 2.71 +0.04
H— vy 0.227 + 0.005
H— Zy 0.157 + 0.009

Table 1.1: Branching fractions of the main Higgs boson decay modes for a SM Higgs boson of mass
my = 125.38 GeV [10].

24



1.3 — The ttH process at hadron colliders

Phenomenology at the LHC

The discovery of a new particle, the Higgs boson, with a mass of around 125 GeV, was
announced on the 4th July 2012 by ATLAS [9] and CMS [108] Collaborations using the data
collected at center of mass energies of 7 and 8 TeV. The combination of CMS data resulted in
an observed (expected) statistical significance of 5.0 (5.8) standard deviation, driven mainly
by the H— v and H—ZZ decay channels. It is worth mentioning here that these analyses,
originally developed to identify a significant signal excess over a continuous background,
have now evolved into a precision physics analysis in which many of the properties of the
Higgs boson can be measured to probe in detail the SM predictions.

Following the discovery claim, the analyses focused on measuring the properties. First,
using the angular distribution of leptons in the bosonic decay channels, the Higgs boson
charge-parity (CP) and its spin are measured to be | P = 0" [109, 110]. The natural width
of the Higgs boson has been extracted and is found to be I'=3.24+2.4 MeV by using off-
mass-shell and on-mass-shell Higgs boson production. The first measurement of its mass
yields myy = 125.09 £ 0.21(stat) & 0.11(syst) [111, 112]; both mass and width measurements
are found to be consistent with the predictions of the SM.

Currently, the most precise measurement of my results from a combination of the CMS
H— ZZ— 4¢ and H— <7y decay channels using the full Run 1 statistics, and the 2016 Run 2
data [107]:

my; = 125.38 + 0.11 (stat) + 0.08 (syst) GeV. (1.15)

A summary of the individual and combined measurements with the Run 1 and 2016 data
sets is shown in Figure 1.11.

The observation of this new particle represented only the first step in exploring the scalar
sector and the possibility of setting its properties. The precision measurement of the value
of my is fundamental to setting the values of the production and branching ratios, thus
determining which production mechanism and decay modes can be experimentally probed
at the LHC. The observation of ttH production mode by ATLAS and CMS Collaborations in
2018 is worth mentioning [22, 113] (more in Section 1.3.4). As of today, all the production
mechanisms but the bbH and tH have been observed at the LHC. Additionally, with the data
collected at /s = 13 TeV, the CMS Collaboration observed the Higgs boson decaying into a
pair of T leptons with a significance of 5.9 standard deviations [114], into a pair of bottom
quarks with a significance of 5.6 standard deviations [23]. In addition, a significance of 3
standard deviations has been reached for the Higgs boson decaying into muons [106]. The
latter marks a major step forward in understanding the SM by confirming the expected pro-
portionality between the fermionic couplings of the Higgs and the fermion masses. However,
the couplings to first generation fermions still represent a daunting challenge [10, 11].
Figure 1.12 highlights the present status of the results by the CMS Collaboration for the
measurement of the Higgs boson couplings to fermions and vector bosons, also showing in
this case a remarkable agreement with SM predictions.

The agreement between the SM prediction and the observed measurement is usually
quantified by the signal strength parameters y. For given initial (i) and final (f) states, i —

. . : f . .
H — f the signal strengths are defined as y; = (;ST—IM and pip = B?W’ where ¢ is the production

cross section and B the branching fraction. Perfect agreement with SM expectations would
correspond to all p equal to one. By fitting all data from production modes and decay
channels with a common parameter, the overall signal strength has been measured to be
u = 1.002 £0.057 [10]. Analogous measurements are performed by relaxing the assumption
of a common signal-strength parameter and treating each production and each branching
ratio signal strength independently. Figure 1.13 shows the best fit results.
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CMS
Run 1:5.1 fb™ (7 TeV) + 19.7 b (8 TeV) — Total Stat. Only
2016:35.9 fb™" (13 TeV)
Total (Stat. Only)

Run 1 H-yy —_— 124.70 + 0.34 (= 0.31) GeV
Run 1 H— ZZ— 4| ——— 125.59 + 0.46 ( = 0.42) GeV
Run 1 Combined [ — 125.07 = 0.28 ( = 0.26) GeV
2016 H—yy —— 125.78 + 0.26 ( = 0.18) GeV
2016 H— ZZ— 4l ——i 125.26 = 0.21 ( £ 0.19) GeV
2016 Combined ——t 125.46 + 0.16 ( = 0.13) GeV
Run 1 + 2016 -i- 125.38 + 0.14 ( £ 0.11) GeV

II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

122 123 124 125 126 127 128 129
m,, (GeV)

Figure 1.11: A summary of the measured Higgs boson mass in the H— vy and H— ZZ— 4¢ decay channels
and for their combination. The statistical (wider, yellow-shaded bands) and total uncertainties
(black error bars) are reported. The (red) vertical line and corresponding (gray) shaded column
indicate the central value and the total uncertainty of the Run 1 + 2016 Run 2 combined
measurement, respectively [107].

Currently, with access to a precise value of my, an even more stringent test of the SM
is conceivable: a precision measurement of the self-coupling of the Higgs boson. The most
natural way to measure this observable is to exploit the pair production of Higgs bosons.
The search is performed by combining Higgs boson candidates reconstructed from different
final states and expressed as an upper limit on the production cross section. With the current
data set, the result is found to be less than 3.4 times the SM expectation at 95% confidence
level [10]. Projections for the HL-LHC for £ = 3000 b ! [115] expect the limit to be below
unity, showing enough sensitivity to establish its existence [10].

In conclusion, so far, all measurements are compatible with SM predictions, and searches
for additional Higgs bosons that models beyond the SM can only explain were conducted
without finding significant evidence. At the same time, the accuracy of analyses in the Higgs
sector is still evolving, and signs of new physics may be observed in the future. The LHC
experiments are entering the era of precision Higgs physics that will shed light on BSM
physics [10, 11].

1.3.2 The top quark

The existence of the third-generation quarks was suggested to explain observations of
CP violation. The observation of the b quark at Fermilab in 1977, confirmed the hypothesis
and opened the quest for the top quark. The first experimental observation was reported
independently by the CDF and D® Collaborations at the Fermilab Tevatron using proton-
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Figure 1.12: The measured coupling modifiers of the Higgs boson to fermions and heavy gauge bosons, as
functions of fermion or gauge boson mass, where v is the vacuum expectation value. The square
root of the coupling modifier is shown for gauge bosons to keep a linear proportionality to the
mass. The p-value with respect to the SM prediction is 37.5% [10].

antiproton collisions at a center of mass energy of /s = 1.8 TeV. The following focuses on the
production mechanism at p-p colliders, decay channels, and main properties.

The top quark has an electrical charge of Q = +2/3 e, a spin of 1/2, and is subject to all
three fundamental forces described by the SM. With m; = 172.5 £ 0.7 GeV, the top quark is
the most massive particle known. It exhibits the largest Yukawa coupling to the Higgs boson;
thus, the accurate measurement of Higgs- top coupling is essential for probing predictions
of the SM and constraining BSM models. It has a total decay width of about 1.42 GeV and
a lifetime 7, ~ 5-10"> s, which is uniquely shorter than the time scale of hadronization
processes. As a result, top quarks decay before forming a bound state, providing the unique
opportunity to investigate the decay of a bare quark, i.e. the charge and polarization.

Production mechanisms

Top quarks are mostly produced as quark-antiquark pairs (tt) in p-p collisions. At the
LHC, the tt process is abundantly produced, and it allows for very precise SM measurements.
At the same time, these mechanism represents a major background to the ttH,H — bb
analysis reported in this thesis, as further described below.

The gluon-gluon fusion processes account for approximately 90% of the tt cross section
for p-p collisions [55]., The leading-order Feynman diagrams are illustrated in Figure 1.14 (a)
and (b). When considering higher orders, the tt system is often accompanied by emissions of
additional jets.
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Figure 1.13: Signal strength parameters per individual production mode and decay channel, and combined.
The dashed vertical lines at 1 represent the SM value. Light gray shading indicates that y is forced
to be positive; dark gray shading indicates the absence of measurement. The p-value with respect
to the SM prediction is 5.8% [10].

(a) (b) (c)

Figure 1.14: Feynman diagram representations for the most prominent top quark production: (a) and (b) top
quark pair production processes at leading order and (c) single top quark production.

The tt production cross section has been studied at various center of mass energies
for p-p collisions. The measurements are compared to the theoretical prediction, show-
ing good agreement as in Figure 1.15. For /s = 13 TeV, the predicted tt cross section for
m; = 172.5 GeV is [116]:

oy = 83391305 (scale) & 21.0(PDF + a,) "3313 (mass)pb. (1.16)
In the second group of processes, a single top quark is produced via weak interac-

tions: three production channels can be distinguished based on the function of the in-
volved W boson. An example is illustrated in Figure 1.14 (c). Assuming a top quark mass of

m; = 172.5 GeV the cross section of all production processes amounts to 299.0179% pb [116].
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Figure 1.15: Measurements of the top-pair production cross section as a function of the center-of-mass
energy [116]. The measurements and the theory calculation are quoted at m, = 172.5 GeV.
Measurements made at the same center-of-mass energy are slightly offset for clarity.

Decay channels

The top quark decays exclusively via electroweak interactions into a W boson and a
b-type quark due to the CKM matrix element of |V;,| ~ 1. Decays into strange or down
quarks are theoretically allowed but highly suppressed due to the corresponding vanishing
off-diagonal values |V, | and |Viq4|. The branching ratio is Byyy = (95.7 £3.4)% [55]; therefore
the decays of the top quarks are typically categorized by the decays of the two involved W
bosons as sketched in the pie chart in Figure 1.16.

The W boson decays into hadrons with a branching ratio of By,,q, = (67.41 £ 0.27)% [55],
which then hadronize and are experimentally reconstructed as jets. In addition, leptonic
decays are evenly distributed over the three generations due to the lepton flavor universality:
B = (10.71 £0.16)% and B,v = (10.63 & 0.15)% for the decays into electrons and muons,
including their corresponding neutrinos, respectively. Decays involving T leptons are not
considered in the analysis presented in this thesis; however they decay weakly into additional
leptons, e.g. T — v.¢ vy, which could be potentially misidentified with those of the primary
W boson decay.

The three distinct channels of the tt decays are:

e fully-hadronic (FH) Both W bosons decay into quarks, mostly as W /W~ — ud/ad
and W' /W™ — ¢5/5¢, they hadronize and lead to the experimental signature of six
jets in the final state. Despite the high branching ratio of about 45%, it is challenging
due to the background contributions from the multijet processes and the combinatorial
ambiguities in the reconstruction of the events.
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Figure 1.16: A schematic overview of the tt branching ratios and final states. The sections do not correspond
to the actual branching fractions. Due to the difficulties in the reconstruction, leptonic decays
involving T leptons are not considered as signal.

¢ semi-leptonic or single-lepton (SL) Only one W decays into hadrons and the other
decays into leptons: the final state comprises four jets, one charged lepton, and one
neutrino in the final state. The branching ratio is ~44%, but the multijet background is
significantly experimentally suppressed by the isolation requirements on the charged
lepton. Furthermore, to reconstruct the complete event kinematic, the momentum vector
of a single neutrino can be retrieved with good efficiency from a missing transverse
momentum measurement in combination with a constraint on the W boson mass.

e dilepton (DL) Both W bosons decay into leptons: the final state features two jets, two
oppositely-charged leptons, and two neutrinos. The combined branching ratio ~11% is
the smallest, but the signature is distinct. The full event reconstruction is challenging
because the neutrinos are neither detectable nor unambiguously retrievable utilizing
the missing transverse momentum balance.

This thesis explores the DL decay channel with electrons or muons in the final state,
corresponding to a branching ratio of B pp = (B,, + BW)2 = (4.6 £0.1)%.

1.3.3 Signal and relevant background processes

Various experimental factors, ranging from object misidentification to detector resolution
effects, could lead two processes to appear similar even though their nominal final states are
different. Generally, a process is considered background if it cannot be distinguished from
the process of interest by requiring specific thresholds on measurable observables.

In the following, the main features of the ttH signal process and its relevant background
processes are presented.
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Signal process

This analysis focuses on the ttH production, with the Higgs bosons decaying into a pair
of bottom quarks.

Figure 1.17 (a) shows as example a leading-order Feynman diagram for ttH, H — bb in
the DL decay channel. There are more diagrams describing ttH production, but similarly to
tt production, the gluon-initiated processes have the largest contribution to the total cross
section. At /s = 13 TeV, the net cross section is O%H H—sbb,DL = VtH By p5BipL ~ 13.34 fb,
corresponding to ~ 1800 produced events in the data set recorded by the CMS detector in the
period 2016-2018 with an integrated luminosity of 138 fb™".

The Higgs bosons decaying into a pair of bottom quarks are considered here due to the
largest branching ratio and because it explores the decay into 3rd generation quarks, which
has not been investigated in much depth yet. The bottom quarks only decay via electroweak
interactions, and the decay amplitudes are subject to small-off diagonal CKM matrix element
V.» and V. Therefore when bottom quarks hadronize and form B hadrons, the lifetime is
relatively long 7, ~ 1.6 ps, and they travel a measurable flight distance before decaying at a
secondary vertex. Typical distances are ~ 1 cm ( for p, = 100 GeV, d = ctyp;, /m;,) and usually
a secondary vertex is identified from the reconstruction of the decay products trajectories.

In the DL channel, the measurable final state consists of two isolated leptons with opposite
charges and four jets, the result of B hadron decays, and a considerable amount of missing
transverse momentum due to the undetectable neutrinos. The full reconstruction of the event
is extremely challenging due to the high combinatorial complexity caused by the number of
jets. More details in Section 5.2.2.

~
|

(a) (b)

Figure 1.17: (a) Leading-order Feynman diagram for the signal process ttH, H — bb and (b) for the background
tt + bb process in the DL channel, with { = e, y being the leptons considered for the scope of this
analysis. It should be noted that more possible diagrams exist for both processes. To highlight,
their final state is identical.

Background processes

The most dominant background for the ttH process arises from top quark production.
Given the same final states of the tt system, the inclusive cross section is ~ 2800 times larger.
In the case of additionally emitted jets (tt + jets), mostly heavy-flavor jets (tt + HF), the
process has very similar final-state content and kinematic topology as the ttH, H — bb one.
Figure 1.17 (b) shows a Feynman diagram for top quark pair production in the DL channel,
with two b jets in the final state.
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1 — ThettH process in the standard model of particle physics

From the theoretical point of view, the production mechanism of the tt + HF contributions
is ambiguous due to the multi-parton final state with two very different scales. Particularly
important among these are tt events with additional b-jet production: processes with ad-
ditional bottom quarks can be modeled via gg— ttg matrix element calculations in (N)LO
with collinear g— bb splittings in the parton shower, gb— ttb production using 4FS and 5FS
calculations, or solely via collinear gluon splittings in the parton shower [44, 45,117, 118]. In
addition, dedicated measurements [119, 120] and observations in previous measurements
of the ttH, H — bb process [121] show that the tt + b-jets contribution in data is larger than
predicted by the simulation, often by a factor of 1.2-1.4, depending on the generator.

However, a robust and accurate process definition is essential to define background-
enriched phase space regions to increase the measurement sensitivity and to properly assign
the different theoretical uncertainties. In this analysis, the most relevant background con-
tributions are also separated among each other (see Sections 5.2.2 and 5.7.2). The definition
of the tt subprocesses is based on the number of additional jets and the content of b and ¢
hadrons.

Additionally, other processes listed below are included in the overall expected background
even if their final state signatures are relatively different because of comparably large cross
sections and the possibility of additional emissions of jets and object misidentification. More
detailed descriptions of the processes is in Section 5.2.2. A summary of their cross section is
presented in Table 5.4; if not stated otherwise, cross sections are calculated at /s = 13 TeV,
assuming m; = 172.5 GeV, my; = 80.398 GeV, and m; = 91.1876 GeV [55].

e Single t/t Production of a single top (anti)quark as introduced in Section 1.3.2.

* Vijets Production of a single W or Z vector boson and additional jet emissions. These
processes can resemble the signal, especially in decay into lepton.

¢ Diboson Production of a pair of vector bosons.

e tt + V Production of a top quark pair in association with an additional vector boson
W,Z,7).

1.3.4 From previous measurements to projected sensitivity

Several ttH, H — bb analyses in the leptonic channels have been performed at the LHC
with p-p collisions at different center-of-mass energies, both by ATLAS and CMS experiments.
The upper limits, the measured p gy signal strengths, and corresponding significances for
each analysis are summarized in Table 1.2. It should be noted that the stated partial results of
the CMS experiment at /13 TeV with 138 fb~! include the work presented in this thesis.

All results are compatible with expectations derived from the SM.

At /s =13 TeV, for both experiments, the measurement uncertainties are dominated by sys-
tematic effects contributions, mainly driven by the uncertainty prediction of tt production in
association with additional heavy flavor jets, as will be further discussed in later chapters. To
cope with this challenge arising from the background modeling, various analysis strategies
involving sophisticated machine learning algorithms were employed. The strategy developed
for the analysis presented here is discussed in detail in Section 5.7.

The most sensitive result to date is expected to be the most recent one performed by the
CMS Collaboration at /s = 13 TeV, in which the work presented in this thesis is included.
The measurement uses the recorded collision data corresponding to an integrated luminosity

of of 138 fb ~! and constitutes the first combined measurement of ttH and tH production in
the H — bb channel where all the three decay channels of the tt system. This is expected to
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Vs L Strategy o/ogy  Significance
[TeV] [fbf1 | (expected)
8 20.3 MEM + NN 15+11 140 (110) [122]
ATLAS 13 20.3 MEM + NN 15+11 140 (110) [122]
13 36.1 MEM + BDT 084708 140 (L60)  [123]
13 139  MEM+BDT+NN 035703  1.00(270) [124]
7(8) 5.0(19.3) BDT 28+1.0 - [125]
8 19.5 MEM 12178 - [126]
CMS 13 359 MEM+BDT+NN 072+045 160 (220) [121]
13 415 MEM+BDT+NN 149 0% 370 (2.60) [127]
13 774  MEM+BDT+NN 1157035 390 (350) [127]
13 138 MEM + BDT + NN this analysis

Table 1.2: Summary of results for ttH, H — bb analyses in the leptonic channels: measured signal strengths,
observed and expected significances are listed for each analyses at different center-of-mass energies
V/s and luminosities. The different strategies to build observables for the final fits comprise the
Matrix Element Method (MEM) (details in Appendix G), a machine learning algorithm in the form
of Boosted Decision Trees (BDT) and one based on artificial neural network (NN).

increase the sensitivity by approximately 10%. In this thesis, not only is the measurement
of the ttH and tH signal-strength modifiers performed, but additional interpretations, such
as the ttH STXS measurement, are also conducted. This STXS framework (see Chapter 7)
allows for the probing of individual parts of the total phase space due to its use of differential
information. The experimental sensitivity to STXS contributions in the ttH, H — bb channel
is gauged for the first time at the CMS experiment.

The analysis presented here improved the methods developed for the previous measure-

ments at different levels. For example, the b-tagging method (see Section 3.2.5) has been
improved, mainly affecting the baseline selection. This improvement has led to an enhanced
event numbers while maintaining sensitivity to the signal process and stabilizing uncertainty
estimation. Moreover, a major improvement has been made in the modeling of the critical
tt + bb background. In earlier analyses, the tt + bb description was based on an inclusive
NLO tt simulation in the 5FS, where only the first additional b jet is part of the matrix element
calculation, and all the other jets originate from the parton shower. In the current analysis,
instead, a dedicated NLO tt + bb sample in the 4FS is used, with the additional b jets gen-
erated directly at the matrix element level (see Section 5.5 for further details). This results
in a higher tt + bb contribution in the signal-enriched categories, with a loss of sensitivity
of approximately 10%. To fully exploit the improvements from the tt + bb simulation, the
a priori uncertainty on the additional tt + heavy flavor cross sections is removed and the
normalizations are inferred from the data.
Additionally the classifier is refined and based on artificial neural networks, with an in-
creased number of events for the training from the simulated samples for all three years
simultaneously. The improved selection efficiency of the background processes translates into
a better constrained background uncertainties. Furthermore, to increase the sensitivity, the
current analysis exploits a dedicated likelihood ratio observable, as introduced in Section 5.7
and more detailed in Appendix I.
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The results of the CMS ttH, H — bb analysis in the semi-leptonic channel with 35.9 fb?
were projected to future scenarios as part of the formulation of the European Strategy for
Particle Physics [128]. To note, given that the reference point for the projection is the analysis
with the data set recorded in 2016, none of the above-mentioned improvements in the analysis
technique since then are covered by the study. In any case, two scenarios were formulated by
the experimental and theoretical communities to estimate the physics potential of the CMS
detector:

* Run 2 systematic uncertainties (S1) In a conservative approach, both the CMS detector
performance and the accuracy of the theoretical predictions are assumed constant.

* YR systematic uncertainties (§2) The more accurate techniques are reflected in consid-
ering half the values of the theoretical uncertainties; the experimental ones are scaled
as a function of the square root of the luminosity till reaching a minimum value, which
reflects the expected performances from the upgraded detector [129].

For both cases, the assumption is to have sufficiently large samples of simulated events.
The expected sensitivity is studied in terms of expected significance, and the correspond-
ing uncertainty on the ttH, H — bb signal strength modifier i, shown in Figure 1.18 as a
function of the integrated luminosity [128]. The observation of the ttH, H — bb process is
predicted in both scenarios with ~ 200 fb?, opening the possibilities to more sophisticated
measurements in future analyses like probing the top-Higgs Yukawa coupling.

CMS Projection /s =13 TeV
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Figure 1.18: Comparison of the expected significance of the ttH, H — bb measurement as a function of the
integrated luminosity in the two scenarios considered in the projection study. The dashed lines
indicate the thresholds for evidence (30) and observation (50) [128].
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his chapter serves as an introduction to the experimental facility where the data analyzed in

this thesis have been collected. The Large Hadron Collider [130] is the world’s largest and most

powerful particle accelerator, capable of producing extremely high-energy proton-proton and
heavy-ion collisions. The Compact Muon Solenoid [131] detector is one of the two general-purpose
detectors located on the LHC ring and is designed to detect a wide range of particles produced in
these collisions. In this chapter, an overview of the key components of the CMS detector and the
LHC accelerator system that are relevant to the analysis presented will be provided. This includes the
subdetector components such as the tracker, calorimeter, and muon detector, as well as the trigger
system which is responsible for selecting the most interesting collision events for further analysis.
Additionally, data acquisition and processing techniques used to analyze the vast amount of data
produced by the CMS detector and the LHC accelerator will be described.

2.1 The Large Hadron Collider

The Large Hadron Collider is a circular accelerator and collider for protons and heavy
ions operated by the European Organization for Nuclear Research (CERN). It is situated in
the 26.7 km circumference tunnel previously used for the Large Electron-Positron Collider
(LEP) [132,133], at a depth ranging from 45 m to 170 m underground. A schematic view
of the LHC accelerator complex is shown in Figure 2.1. It was conceived to investigate the
nature of the spontaneous symmetry breaking through the search of the Higgs boson, which
was observed by the ATLAS and CMS Collaborations in 2012 [8, 9]. Ultimately, the goal
is to scan the accessible phase space in search of new physics phenomena beyond the SM,
aiming at favoring or ruling out the postulated scenarios, and thereby addressing some of
the most outstanding challenges in the field. The LHC is designed to collide bunches of 10"
protons (or 10® lead ions) at center-of-mass energies /s of up to 14 TeV (1.15 TeV), resulting
in the world’s most powerful accelerator. Two eras of physics operations have already been
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conducted. During its first running period (Run 1) it operated at center-of-mass energies for
p-p collisions of 7 TeV (2010-2011) and 8 TeV (2012). The second running period (Run 2) from
2015 to 2018 corresponded to p-p collisions at /s = 13 TeV. The third data-taking era (Run 3)
started in July 2022 at /s = 13.6 TeV and is expected to last until 2025. After that, the LHC
and the accelerator complex will undergo a profound upgrade towards the High Luminosity
LHC (HL-LHC), scheduled to start in 2029.

The work described in this thesis makes use of data from p-p collisions collected by the
CMS experiment during 2016-2018.

The CERN accelerator complex
Complexe des accélérateurs du CERN

CMS
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LHC o
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ALICE i : LHCb

SPS

™ AWAKE
HiRadMat
AD
m ISOLDE
m

p 'i J e REX/HIE East Area
N\ {IRRAD/CHARM
\ . PS 5

\ LINAC 2 / v CLEAR

e
Hions
) ions ) RIBs (Radioactive lon Beams) ) P (antiprotons) ) e (electrons)

LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator OnLine // REX/HIE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator // 4
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Figure 2.1: A schematic representation of the CERN accelerator facility, including the pre-accelerators and the
four main experiments marked with yellow dots [134].

211 The LHC complex

The LHC is the final stage of the CERN accelerator complex system. Before entering
the LHC machine, the protons are collected by ionization of the hydrogen gas source and
pre-accelerated by a chain of machines used to increase beam energy gradually. The beam
is initially accelerated to 50 MeV in the Linear Accelerator 2 (LINAC), then to 1.4 GeV in
the Proton Synchrotron Booster (PBS). From there, the energy reaches 26 GeV in the Proton
Synchrotron (PS), which splits the beams into 25 ns time-bunches. Next, the bunches are
sent to the Super Proton Synchrotron SPS, where the protons are accelerated to 450 GeV
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2.1 — The Large Hadron Collider

and injected into the two LHC rings with opposite rotation directions. The bending dipole
and focusing quadrupole magnets are located in each of the eight arcs, while the straight
sections host the interaction points (IPs) with detectors. Next, the beams are accelerated
to collision energy by superconductive radio frequency (RF) cavities tuned at 400 MHz. A
strong magnetic field up to 8.33 T guides the beams around the accelerator ring, which is
maintained by 1232 superconducting niobium-titanium (NbTi) dipole magnets and cooled
to 1.9 K.

There are four IPs in the LHC tunnel, where experiments with different characteris-
tics and purposes are located. The ATLAS (A Toroidal LHC ApparatuS) [135] and CMS
(Compact Muon Solenoid) [131] are general-purpose detectors meant to study the na-
ture of electroweak symmetry breaking and possibly new physics signatures up to the
TeV scale. They are located diametrically opposite and at the points of highest luminos-
ity. ALICE (A Large Ion Collider Experiment) [136] is meant to examine the quark-gluon
plasma produced by strongly interacting materials at extreme energy densities in heavy-ion
collisions (Pb-Pb nuclei). Finally, LHCb (Large Hadron Collider beauty) [137] studies rare
B hadron decays and measures CP violation to address the Universe’s Matter-Antimatter
imbalance.

The center-of-mass energy, the instantaneous and total luminosity, and the number of
simultaneous collisions within the same bunch crossing, known as pileup, are all essential
attributes of a collider. The center of mass energy of a collider with identical beam energies is
defined by the beam energy Ey.., as:

\/g =2 Ebeam'

The instantaneous luminosity £ of the machine substantially defines its performance.
The production rate of events of a physical process generated in the collisions is given by
yHHC = UPLEESS - L, where aj}jciss is the production run of the process under study.

The general procedure to obtain the absolute luminosity is described in the dedicated

Chapter 4.

2.1.2 The LHC milestones

The LHC began operating at the end of 2009, following a year-long technical delay caused
by a faulty electrical connection between two magnets. The LHC established a new record
in March 2010 by colliding proton beams at a /s = 7 TeV; the overall integrated luminosity
was 44 pb_1 in 2010 and reached 6 fb™' in 2011. A 4 TeV per beam (/s = 8 TeV) energy
was supplied in 2012 [138]. After the end of the data-taking period, called Run 1, the total
integrated luminosity delivered to LHC was 23.3 fb™ !, of which CMS recorded 21.79 fb ™',

During this period, the CMS total integrated luminosity was 7.67 10 cm™%s™!, whereas the
LHC designed peak luminosity was 10* ecm s 1. In February 2013, the first long shutdown
(LS) started to prepare the detector for increased energy and luminosity. Data collection
began again in June 2015, and a month after protons collided with record-breaking energy
at that time of 13 TeV. At the end of June 2016, the LHC reaches its design luminosity of
10°* cm %577, the value that corresponds to the luminosity in the CMS and ATLAS IPs. Data
taking continued till December 2018, marking the end of Run 2 and the start of the second LS.

The analysis described in this thesis is based on the LHC Run 2 p-p collision data collected
by CMS between the years 2016 and 2018: the cumulative luminosity as a function of time
delivered to the CMS collision point is reported in Figure 2.2 (a). During Run 2, LHC

delivered a total integrated luminosity of 163 fb~", of which the CMS experiment recorded
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150 fb™ . The total integrated luminosity analyzed in this thesis is 138 bt corresponding
to the collision with hard scattering processes.
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Figure 2.2: (a) Evolution of cumulative luminosity delivered to CMS versus day for p-p collisions during
stable beams. The center-of-mass energy and the total luminosity are reported for each year of
data-taking [139]. (b) Distribution of the mean number of inelastic interactions per bunch crossing,
pileup, for each year of p-p collision. The average pileup values (u) are reported [139].

Physics studies usually benefit from the enhanced rates of uncommon events at high
luminosity. The disadvantage arises from the overlap of several p-p collisions occurring
during a single proton-bunch crossing, the pileup effect. The multiple interactions come from
the same bunch crossing and different bunch crossing, out-of-time-pileup. However, the
likelihood that several interactions result in an interesting process is usually considered neg-
ligible. Consequently, only the most energetic collision in each event is selected and studied,
named the primary hard collision, while the remaining are called pileup (PU) interactions.
Unavoidable PU events hinder data collection and reconstruction by creating additional
overlapping particles across the detector, degrading measurement accuracy. Figure 2.2 (b)
illustrates the pileup patterns of data obtained by the CMS detector over time.

The overall LHC operation schedule as a proton collider is summarized in Figure 2.3.
From the end of 2018 until the end of 2021, the LHC was in its second long shutdown (LS2).
At the time of writing, the Run 3 data-taking period has started with the 2022 Run. The beam
energy increased from 6.5 to 6.8 TeV compared to the LHC parameters of 2018. Run 3 is
expected to last four years and will collect an integrated luminosity of more than 150 fb .
A new LS should begin by the end of 2025, leading to a high-luminosity phase for the LHC
known as the HL-LHC. Several upgrades to the accelerator complex are planned during this
phase, allowing for an increased instantaneous luminosity of at least five times the nominal
value. Several detector upgrades are also planned to account for the increased number of
pileup interactions and collision rate. As a result, the HL-LHC is expected to collect between

3000 and 4000 fb ™" by 2040, increasing the total recorded luminosity by at least ten times.

2.2 The Compact Muon Solenoid detector

The Compact Muon Solenoid is one of the two multi-purpose particle detectors [141]. Its
design was motivated by the desire to reconstruct each p-p collision event in its entirety and
to achieve an excellent resolution of reconstructed leptons and photons, critical ingredients of
the Higgs boson search in the golden channels H— 7y and H— 4/. The stated aims include
verifying the SM consistency at the TeV scale, investigating the SM Higgs boson properties
[8, 9], and searching for non-SM signals such as supersymmetry.
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Figure 2.3: The present schedule for the LHC [140].

Geometry of the detector

In CMS, two coordinate systems are used. They both originate at the nominal interaction
point of the beams, located in the center of the detector. The first system is the Cartesian
coordinates with left-handed orientation: the x-axis is horizontal and points toward the center
of the LHC, the y-axis points vertically upward, and the z-axis points along the counter-
clockwise beam direction. Thanks to the cylindrical shape, the second coordinate set (7, ¢, 7)
can be naturally defined and expressed as:

r=1/x +y2 ¢ = tan ' (%) 6 = tan ' g n=—In <tan z> , (2.1)

where r is the distance from the beam axis in the transverse plane, ¢ is the azimuthal angle
measured in the (x — y) plane with values in [—7, 7], 6 is the polar angle measured from
the z axis in the range [0, 77} and 7 is the pseudo-rapidity related to the angle 6 at which a
secondary particle emerges from a collision. The pseudo-rapidity is the relativistic limit of the
rapidity of a particle: y = 3 In gfiz , which depends on the particle energy E and longitudinal
momentum p,. 7 is also used to identify different detector regions according to their position
with respect to the beamline and the nominal beam collision point.

Other useful variables used in high energy physics are the following:

AR = \/Ay* + Ag®.

Since both A¢ and Ay are invariant under a Lorentz boost along the z-axis, it is helpful
to introduce a separation in the (7 — ¢) space that defines a z-boost invariant cone
around a single particle or detector position, to study nearby detector activity.

pr=|p-sinb| = \/ps + p; + p2sind = \/p? + p;

is the transverse momentum, where p,, p, and p, are the projections of the momentum
of a particle along respectively the x, y and z axis.
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Another important element is the beam spot, a luminous region near the coordinate origin
where two proton beams collide. On the x-axis, this region is around 16 pm wide and 100 pm
long, whereas on the z-axis, it is about 15 cm long. As discussed in Chapter 3, the beam point
is the origin of all p-p interaction products.

Detector components

The detector is built around the most important feature of the experiment layout: the
state-of-the-art superconducting solenoid, composed of a cylindrical coil of superconducting
wire capable of generating a uniform magnetic field of 3.8 T. The solenoid is 13 m long and
6 m in diameter; it has the tracking system and the electromagnetic and hadron calorimeters
within and outside the iron return yoke of the magnet hosts the muon chambers. The overall
CMS detector is composed of a central part with || < 1.2, called barrel, made of sub-
detectors positioned at increasing values of the cylinder radius and enclosed by two disks
with || > 1.2, called endcaps, where sub-detectors are layered along the beam axis. It is
21.6 m long, 14.6 m in diameter, and its total weight is around 1.4 - 107 kg. Figure 2.4 shows a
schematic overview of the CMS detector.

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0m Pixel (100x150 ym) ~16m* ~66M channels

Overalllength  :28.7m Microstrips (80x180 pm) ~200m* ~9.6M channels

Magneticfield :3.8T ‘
SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m* ~137,000 channels

4 \\ FORWARD CALORIMETER
) Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Figure 2.4: A schematic representation of the CMS detector sectional view and its sub-detectors [142].

There are two types of sub-detector: tracking devices that disclose the tracks of electrically
charged particles by ionizing materials and calorimeters that measure energy by arresting
particles and detecting the energy released. Two tracking devices are the pixel- and microstrip-
based vertex detectors at the interaction point and the muon chambers in the outer layers.
Calorimeters are categorized as electromagnetic, which uses scintillating crystals to analyze
electrons and photons, or hadronic for jet energy measurement.

The following sub-detectors can be identified in CMS starting from the collision region:
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* an inner tracking system providing excellent vertex reconstruction and particle mo-
menta resolution; it is entirely composed of silicon sensors with pixels and strips.

* an electromagnetic calorimeter (ECAL) providing a precise measurement of electron
and photon energies due to its granularity and extensive coverage.

* a hadron calorimeter (HCAL) providing a very good reconstruction of hadrons ener-
gies and the missing transverse momentum thanks to its sampling structure.

* asolenoidal superconducting magnet, large enough to house the inner tracking and
calorimeter systems; it generates a nearly uniform magnetic field of 3.8 T along z,
allowing the charged particle momenta in the inner tracking system to be measured.

* a muonic system between the iron plates of the return yoke; the comprehensive cover-
age and a redundant system of four muon chambers allow for accurate muon identifi-
cation and momentum resolution even at very high energies.

To minimize performance degradation over time, detectors near the interaction point and
front-end electronics are intended to be radiation-hard.

The operation conditions are characterized by high pileup, as illustrated in 2.2 (b), which
implies a huge number of particles originating from the interaction region. Therefore, subsys-
tems are made up of high granularity detectors to provide optimum physical performance
and minimize pileup effects. These features and other crucial CMS subsystems are described
thoroughly in the following subsections.

221 The inner tracking system

The inner tracking system is the innermost part of the CMS detector, located nearest to

the beam spot in order to make a precise measurement of the momentum and the impact
parameter of the tracks. It is further discussed in Refs. [143-145].
According to design characteristics, p-p interactions yield roughly 1000 particles for each
bunch crossing. The tracking system consists of high granularity silicon detectors to achieve
good accuracy in such a high flux environment. In particular, the ionization process is used
to measure charged particle trajectories and momenta to discriminate among the vertices
corresponding to the several interactions that may occur in the same bunch crossing.

The tracking system is composed by two parts, the pixel detector and the silicon strip
detector. Both are based on semiconductor technology but satisfy different granularity and
size criteria. The pixel detector is the innermost detector, situated a few centimeters away
from the interaction point. Since a higher occupancy is expected in that region and since a
high spacial resolution is needed closer to the interaction point for a precise measurement
of the impact parameter, the pixel detector is very granular, with a typical resolution of
1.5% in pt and 20-75 pm in the transverse impact parameter for non.isolated particles of
1 < pr <10 GeV and up to || < 3. The pixel detector is divided in 3 (4) layers in the barrel
and 2 (3) disks in the endcap before 2017 (from 2017). Figure 2.5 depicts the upgraded layout
[146]. The silicon strip system is the second layer of subdetector located 20 to 116 cm away
from the interaction point. Silicon strips are located along the z direction in the barrel, and
along the radial component in the endcap.

2.2.2 The calorimeter system

The CMS experiment comprises four calorimeters to efficiently detect particle energies
across a wide 1 range. ECAL (Electromagnetic CALorimeter) [147] and HCAL (Hadron
CALorimeter) [148] are the two detectors utilized to achieve optimal measurement of
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Figure 2.5: Comparison of layer and disk positions between the original and the Phase-1 pixel trackers [146].

electrons, photons, and hadrons across a wide pseudo-rapidity range (|17] < 5.2). CASTOR
(Centauro And Strange Object Research) and ZDC (Zero Degree Calorimeter) are two forward
calorimeters designed to supplement CMS measurements in the extremely forward area
(In| > 5.2). This thesis relies solely on data collected from the first two detectors. More
detailed information can be found in Refs. [149-157]

The two calorimeter layers surround the tracker and provide complementary information
on the particle energy. A particle entering a calorimeter creates a shower of secondary particles
used to compute the originating particle energy. In this destructive approach, the shower
grows until the energies of the particles are low enough to be caught and absorbed by the
detector material. Because of the longer characteristic length of hadronic showers and the
presence of an electromagnetic component, electromagnetic calorimeters are typically placed
before hadron calorimeters.

The ECAL was developed to attain high photon and electron energy and angular res-
olutions; the primary channel optimized was H— <. The HCAL was designed to detect
and measure the energies of highly interacting particles and particle jets made primarily of
hadrons. Additionally, accurate energy measurement is required to calculate the missing
energy flow created by neutrinos.

Electromagnetic calorimeter and preshower

The CMS electromagnetic calorimeter is a hermetic, homogeneous scintillating crystal
calorimeter with a photo-detector array positioned behind a pre-shower detector (ES). As
illustrated in Figure 2.6, it is divided into barrel (EB) and endcap (EE) components. Because
most of the energy from electrons or photons is deposited within the calorimeter chamber, it
provides excellent energy resolution.

The barrel part, extending from r = 1.3 m to r = 1.8 m, covers the region 0 < || < 1.48.
A 20 cm thick pre-shower detector is placed in front of the endcap part covering the region
1.65 < |y7] < 2.6. The two ECAL endcaps cover the region 1.48 < || < 3.0 and are located
extending from |z| = 3 m to |z| = 3.8 m from the nominal interaction point. Each endcap has
two D-shaped sections named Dees. With high density, short radiation length, fast response,
and radiation hardness, the lead tungsten (PbWQO,) has been chosen as the active material for
the scintillating crystals; thanks to these properties, the electromagnetic calorimeter has a
compact shape and a fine granularity.

Combining the energy measurement in the ECAL with the momentum measurement in
the tracker yields an estimate of electron momentum. The momentum resolution for electrons
with pp ~ 45 GeV decaying from Z—>ee ranges from 1.6 to 5% [159]. It is generally better in
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Figure 2.6: Longitudinal 3D view of the CMS ECAL. Adapted from [158].

the barrel region than at the endcaps, and it is also affected by the bremsstrahlung energy
emitted by the electron as it passes through the material in front of the ECAL [152, 159].

Hadron calorimeter

The hadron calorimeter [148] is located surrounding the ECAL and is designed to
maximize the amount of energy deposited by strongly interacting particles before reaching the
magnet coil. The HCAL is a sampling calorimeter composed of four sub-detectors separated
into alternating layers of absorbers and scintillators: the Hadron Barrel (HB) covers the central
pseudo-rapidity region up to 1 = 1.3; the Hadron Outer (HO) in the same region as the HB;
the Hadron Endcap (HE) covers the region between 1.3 < |7| < 3.0 on each side and the
Hadron Forward (HF) extends the coverage up to || = 5.2 in the forward region.

The longitudinal scheme of HCAL is shown in Figure 2.7. HB and HE are inside the
solenoid magnet, demanding the employment of non-ferromagnetic materials: brass has been
chosen as the absorbing material and plastic scintillating tiles are used as active material. HO
is outside the magnet and completes the structure of the calorimeter in the barrel catching the
tails of the hadron shower. Finally HF is placed outside the muon chambers and it covers the
high-pseudo rapidity forward region. The absorbing plates are steel to withstand high particle
fluxes, while the quartz-based fibers gather the Cherenkov radiation produced by showers in
the absorbers. It is employed for the CMS luminosity measurements (see Chapter 4) since it
gives good precision for energy measurements.

HCAL is meant to resolve energy well for hadronic jets (Section 3.2.5). This is due to
the necessity to precisely quantify the missing transverse momentum (Section 3.2.6) per
event and to minimize muon misidentification. When combining information from the entire
detector, the jet energy resolution amounts typically to 15-20% at 30 GeV, 10% at 100 GeV,
and 5% at 1 TeV [161].
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Figure 2.7: Longitudinal view of one quadrant of the CMS HCAL in the (r — z) plane. The HB, HE, HO, and
HF components of the HCAL detector are highlighted. The calorimeter towers are separated by
black lines and indicated by numbers. Each color indicates the segmentation of scintillators layers
available at the end of Run 2 [160].

2.2.3 The superconducting magnet

The CMS detector magnet [162] is one of its distinguishing features, the central device
around which the entire experiment has been built. It bends the trajectory of charged particles
from LHC collisions, allowing to measure their transverse momentum. The less a particle
path is curved by the magnetic field, the more momentum it has. A stronger field bends
paths more, and when combined with high-precision position measurements in the tracker
and muon detectors, it is possible to determine the momentum of even high-energy particles
accurately. The magnet of the CMS detector generates 3.8 T, allowing for a momentum
resolution of better than 10% at 1 TeV. A cryogenic system maintains the magnet at an
operating temperature of ~ 4.5 K using liquid helium flows.

The magnet comprises a superconducting solenoid consisting of four layers of NbTj,
surrounded by a massive iron yoke that closes the magnetic field loop and hosts the muon
system. The returned magnetic field of 2 T in the iron yoke points in the opposite direction
with respect to the field inside the coil. As a result, high momentum muons in the tracking and
muon systems are bent in two opposed directions, boosting the resolution of their momentum
measurement (see muon track example in Figure 3.1).

2.24 The muon system

The CMS design was optimized to reconstruct and identify muons and measure their mo-
mentum over a wide range. The ECAL and HCAL absorb the majority of particles produced
in the interaction and their decays. The muon is therefore the most common particle (aside
from neutrinos) that passes through the calorimetric system, with only minor radiative or
ionization losses (less than 3%) in the energy range of 1 GeV to 1 TeV. As a result, the muon
system is designed as the CMS outermost part [163-165]. As shown in Figure 2.8, the muon
system has a cylindrical section along the barrel and two endcap planar regions positioned
outside of the solenoid, and it covers the range |77| < 2.4. It detects muons by the use of
three different gas-based detector technologies: drift tubes in the barrel region, cathode strip
chambers in the endcap region, and resistive plate chambers in both sections.

The Drift tubes (DT) chambers in the barrel cover the region || < 1.2, organized into
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Figure 2.8: Quadrant of the CMS detector in the Run 2 configuration with the subdetectors of the muon system
in color: DT in light orange, CSC in green, and RPC in blue [166].

four stations (MB1,..., MB4, where MB stand for Muon Barrel) with varying radii. Cathode
Strip Chambers (CSC) have been installed in both endcaps allowing identification of muons
in the region 0.9 < |#| < 2.4. Each endcap section is composed of four stations (MEL], ..., ME4)
arranged perpendicular to the beam and inter-layered between the magnet flux return yoke.
The main features are fine segmentation, radiation resistance, and fast-time response. Each
DT station (CSC chamber) has a resolution of ~ 100 1 m (=~ 100 — 200 pm, depending on the
layer ) in the position and ~ 1 mrad (10 mrad) in the direction. A crucial characteristic of the
DT and CSC subsystems is their ability to trigger on the pr of muons with good efficiency,
high background rejection, and pt resolution of about 10% and 25% in the barrel and endcap
regions, respectively [165]. A highly effective standalone muon identification is also required
for triggering purposes (see Section 2.2.5). In addition, Resistive Plate Chambers (RPC) are
used to provide a complementary and independent trigger system with coverage in the
region up to |17 < 1.6. The RPC are gaseous parallel-plate detectors made of double-gap
modules operating in avalanche regime and with fast response and a high intrinsic temporal
resolution of ~ 2 ns.

The efficiency of muon reconstruction, identification, and isolation is determined to be
better than 95%, with a misidentification rate of less than 1%. The muon resolution in a
combined reconstruction that includes tracker information is on the order of 3% for muons
with pr <100 GeV and around 10% for muons with pr in the TeV range [166].

After the end of Run 2, gas electron multiplier (GEM) detectors [167] have been installed
in the endcaps to accomplish the same physics goals of the RPCs, to extend the coverage in
the very forward region (1.6 < |1| < 2.4). The first batch of chambers will be used during the
ongoing Run 3 while others will follow for Phase-2 of the LHC.

2.2.5 The trigger system

The total p-p run at the nominal collision energy of /s = 14 TeV is expected to be roughly
100 mb [168]. This translates to roughly 20 simultaneous p-p collisions in the 25 ns bunch
crossing interval at the design luminosity and a rate of approximately 10° events per second.

Luminosity has already exceeded the designed level £ = 10* em ?s ' and is expected to
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increase further, as are other beam parameters [169]. As a result, the interaction rate is orders
of magnitude higher than the maximum rate (~ 1000 Hz) that the data acquisition system
can handle. Furthermore, the data size per eventis 1 MB with zero suppression algorithms
applied. Due to technical constraints, it is critical to store the information for all events;
therefore, the experiments must select the interesting ones online. The production runs for
the most interesting processes are many orders of magnitude smaller than the entire p-p
collision cross section; consequently, the event selection criteria should be broad enough to
account for unexpected new phenomena. The Trigger and Data Acquisition System (TriDAS)
[170, 171] was developed to identify and record useful events in real time while limiting the
amount of data collected for archiving and offline analysis.

To achieve the best performance, the CMS trigger reduces the rate in two steps: Level-1 (L1)
triggers [172-174], designed to lower the rate from an input of 40 MHz up to 100 kHz and
the High-Level Trigger (HLT) [171, 175], reducing the rate up to 10° events per second. The
tirst stage is entirely hardware-based; it employs programmable custom-designed electronics
to implement event selections using only calorimeters and muon system information and
process the real data in less than 1 ps. The HLT is a software-based system that decreases
the event rate to about 1 kHz to match the capabilities of data storage and offline computing
systems. Events accepted by the L1 trigger are read out using the complete detector informa-
tion, reconstructed with algorithms similar to the offline reconstruction, and rejected as soon
as there is enough information to make a choice. Consequentially, the HLT algorithms are
run in order of increasing CPU complexity. The HLT data processing is organized around
the concepts of Path and Menu. An HLT Path is a sequence of reconstruction algorithms and
filters for one or more physics objects linked together by logical AND. An HLT Menu is the
sum of logical OR of trigger paths that determine whether to reject or store an event.

In addition to the many physical requirements composing a trigger path, the CMS trigger
system can discard events randomly. This feature is known as pre-scaling: when a trigger
path has a lower threshold than expected, a pre-scale factor is given to the trigger, not to
saturate the memory [172]. The HLT does not perform all pathways for each event to reduce
execution time. Which HLT paths should be executed is determined by the L1 results; several
L1 algorithms may seed one HLT path. The trigger system and its performances are further
discussed in Refs. [176, 177].

2.2.6 The data processing and the computing system

After HLT, events accepted must be preserved and reprocessed to be used efficiently. Real
data recorded in p-p collisions and simulated samples are stored in a structure known as
the World LHC Computing Grid (WLCG) [178-180], a global computing infrastructure that
stores, distributes, and analyzes data.The WLCG is divided into four Tiers, each offering
a unique variety of services. The global data distribution has shown the importance of a
standard infrastructure for data storage; the CMS experiment uses a number of data storage
formats with variable volumes, reprocessing frequencies, and content.

For both data and simulated samples a format has been designed to provide event
content for physics analysis. High-level physics objects are included in the Analysis Object
Data (AOD) format, and by removing detector hit information event size is reduced to 400-
500 kB/event. Many CMS studies can use high-level quantities like object kinematics and
identification features, with little need for lower-level data. The benefit is more space savings
and faster processing. The CMS Collaboration has devised two new formats that minimize
event size by one (miniAOD [181]) and two (hanoAOD [182]) orders of magnitude when
compared to the AOD format.
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2.2.7 The known detector issues

In the course of the data-taking period, two issues with the recording of the data by the
CMS detector occurred, that affect the analysis presented in this thesis.

During 2016 and 2017, a progressive timing shift of the ECAL was not correctly propagated
to the L1 trigger inputs, resulting in a significant fraction of high- % | candidate objects being
mistakenly associated with the previous bunch crossing. The issue is known as L1 prefiring:
events with a high ECAL energy in the range of 2 < 77| <3 could veto themselves because
of the L1 rules that forbid two consecutive bunch crossings to fire. Therefore, as discussed
further in Section 6.1.1, the corresponding simulated samples are corrected, and a dedicated
uncertainty is applied.

Furthermore, a portion of the detector was depleted entirely of HCAL energy deposits
in 2018 due to a damaged HCAL sub-module: the so-called HEM problem. As a result, the
number of reconstructed isolated electrons is significantly higher because HCAL information
is used to discriminate between genuine electrons that deposit energy in the ECAL and jets
that would also deposit energy in the HCAL. The effect on the analyses reported in this thesis
is minor; nonetheless, this impact is considered with a dedicated uncertainty.
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his chapter illustrates how detector information is employed to reconstruct high-level objects

such as tracks, vertices and calorimeter clusters, and subsequently to build physics objects

such as leptons and jets. The reconstruction of these objects is crucial for the identification
and measurement of the various types of particles produced in LHC collisions. The CMS detector
provides a wealth of information about the collision events, but this information needs to be processed
and interpreted in order to extract the physics objects of interest. This chapter provides a detailed
description of the various reconstruction algorithms and techniques used in CMS. The performance of
these reconstruction algorithms is also discussed, with a focus on their accuracy and efficiency.

3.1 Basic objects

The raw data recorded by the detector consists of multiple silicon sensors and muon
detector hits, and calorimeter clusters. In order to correctly measure and identify events of a
given physics process like ttH production, it is essential to employ advanced algorithms to
identify which combination of hits and clusters are caused by which particles. This is further
challenged by the many simultaneous p-p collisions in an event and by electrical detector
noise causing fake signals. Basic objects like tracks, particle trajectories, and calorimeter
clusters are reconstructed in the first step. Then, the tracks allow for reconstructing the
vertices of many p-p interactions and identifying the primary vertex. The algorithms utilized
to reconstruct these basic objects are described briefly below.

An example of a transverse view of the CMS detector is shown in Figure 3.1, with the
signatures of the detectable particles.
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Figure 3.1: Transverse view of CMS detector in the barrel region, where typical signature of detectable particles
are also highlighted [183].

3.1.1 Track and vertex reconstruction

The initial step in the procedure is the complex algorithm of track reconstruction that
processes the inner tracking system readout (Section 2.2.1) to estimate the trajectory and
momentum of charged particles. The magnetic field created by the superconducting magnet
(see Section 2.2.3) is almost uniform in the tracker region, therefore a charged particle
moves along a helical path described by five parameters: d, zy, ¢, cotf and the transverse
momentum pr of the track defined at the impact point (xg, iy, zo)- € and ¢ are the polar and
the azimuthal angles of the track momentum vector, respectively. dy = —y, cos ¢ + xsin¢ is
the impact parameter of the track in the transverse plane.

Pattern recognition algorithms [145] can recreate a particle’s original trajectory based
on charged deposits (hits), assigning hits to a track and evaluating the five helix parameters
that best match the hits. The CMS track reconstruction algorithm is based on an iterative fit
procedure based on the Kalman Filter (KF) [184, 185]; it starts with tracks that are easier to
discover (prompt and high pr) and progresses to more complicated ones (low pr range or
displaced vertices). The excellent knowledge of the exact position of the individual modules
in the tracking system is required: this is achieved with the alignment procedure [186, 187].
Additional information are further described in Refs. [145, 188—190]

The tracking efficiency for the isolated muons (pions) is measured to be 99% (80-99%) [145],
depending on the pseudorapidity range. The fake rate is between 5 and 15%. Excellent agree-
ment is established between data and simulation, and the track pt resolution is calculated to
be between 1 and 10%, depending on the track p and # for muon tracks ranging from 1 to
100 GeV [145].

Numerous collisions occur when proton bunches collide at the LHC, yet only few of these
induces hard scattering. A accurate reconstruction of all p-p interaction positions, known
as primary vertices (PV), facilitates the rapid identification of the primary hard (high pr)
interaction products from all other pileup collisions. Furthermore, accurate identification
of physical objects necessitates excellent primary and secondary vertex position measure-
ments. Primary vertex reconstruction uses all reconstructed tracks with high-purity quality
criteria [145]. First, tracks are selected to match the beam spot (within a distance of 24 cm
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in z direction, and 2 cm in the x — y plane) and then clustered based on a potential com-
mon vertex origin [191]. Afterwards, each cluster is fitted to retrieve the best estimate of
the three-dimensional position of each vertex and their covariance matrix. The iterative fit

process is repeated reducing the contribution of fake tracks until the convergence is reached.
#objects
The primary hard interaction vertex is defined as the one with the highest ) p%, while
i=1
the others are pileup vertices. The resolution of the primary vertex position spans between
10 and 100 pm, with an efficiency of more than 98% (99.8%) for vertices with 2 (or more)

associated tracks [145].

3.1.2 Energy reconstruction in the calorimeter

The ECAL and HCAL systems collect the energy of electron and photon showers (see
Section 2.2.2). However, electron bremsstrahlung and photon conversion prevent calorime-
ters from containing all energy. Therefore, jet clustering techniques are employed: to collect
all the shower energy, nearby ECAL cells exceeding the noise level threshold are clustered
around a seed (cell with higher energy). The clustering method improves the estimation of
stable neutral particle energy and direction, reconstructs electron bremsstrahlung photons,
and distinguishes neutral from charged particle energy deposits. Each subdetector (ECAL,
HCAL, barrel, endcaps, and preshower) is independently clustered. Cluster energy determi-
nation is subject to a thorough calibration of the calorimeters’” hadronic and electromagnetic
energy responses to optimize identification efficiency and decrease misidentification [192].

3.2 Physics objects

The previous section introduced the basic objects; the next describes the algorithms used
to connect tracks and calorimetric data to reconstruct electrons, muons, and jets.

3.2.1 Particle-flow algorithm

The Particle Flow (PF) [193-195], developed and used by the ALEPH experiment at LEP,
has been applied for the first time at the hadron collider for CMS particle reconstruction and
identification. The algorithm aims to optimally reconstruct and identify all stable particles
linking the individual detector objects (charged-particle tracks, calorimeter clusters, and
muon-system hits). Figure 3.2 shows the typical detector signatures for different particles.
Fine-grained calorimeters and an advanced clustering algorithm are needed for accurate
standalone reconstruction of each linked element.

PF blocks are formed by geometrically linking neighboring possible pairs of charged
particle tracks, calorimeter clusters, and muon tracks in the (17 — ¢) plane. Each element
can be assigned to multiple blocks, and the distance between two elements quantifies the
quality of the link. Finally, all linked elements are combined to find the PF candidate. From
the outermost hit in the tracker to the calorimeter system, a track is extrapolated and linked
to all clusters, with an extrapolated track position falling within the cluster area. Tracks can
be linked together also in case they originate from a common secondary vertex. Figure 3.3
depicts the concept behind the PF algorithm.

The particle-flow algorithm iteratively reconstructs and identifies PF particles from the
blocks of linked PF elements. Blocks already assigned to PF particles are excluded from
subsequent iterations to avoid double counting. The identification proceeds in the following
order: muons are identified first, then electrons and photons, and finally charged or neutral
hadrons [197].
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Figure 3.3: Schematic view of the PF algorithm principle [198].

3.2.2 Muons

Muon reconstruction is the first phase in the PF algorithm. Muons have a mean lifetime
of ~ 2.2 ps, and only a small amount of energy is lost from interaction with tracker material
over a wide range of pr. This allows muons to pass through the entire detector, leaving tracks
in both the inner tracker and the muon system [165]. Therefore, CMS can rely on excellent
muon identification and reconstruction thanks to two independent systems.

The CMS muon collection consists of Standalone, Tracker, and Global muons. Standalone
muons are reconstructed by the muon system tracks exclusively. CMS utilizes two off-line
muon reconstruction approaches, the inside-out for the Tracker muons and the outside-in for
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the Global muons.

Approximately 99% of muons produced in p-p collisions within the muon system geo-
metrical acceptance and with enough momentum are reconstructed with one of the above
methods. Global muon provides better momentum resolution for tracks with pr >200 GeV;
the tracker-only fit performs better for tracks with pp <5 GeV.

The reconstructed muon candidates must also pass additional identification (ID) criteria.
The CMS Collaboration employs several IDs, with varying efficiency and misidentification
rates. The efficiency is defined as the number of reconstructed divided by the number
of expected muons, whereas the fake rate is the rate of particles misidentified as muons.
Among all, the Tight Muon criteria apply stringent requirements for the tracks and matching
qualities, focusing on prompt muons and rejecting many secondary muons that originated in
decays within the detector. Moreover, to improve the purity of the muon selection, the muon
candidates must be isolated. The isolation criterion corresponds to having a momentum that
is significantly larger than the energy flow within a cone of AR = 0.4.

For the muons with 20<pt <50 GeV and I,,; < 0.1, the efficiency (measured by the tag-
and-probe technique in Z— upu) is above 92%, while the background efficiency (measured in
the QCD-enhanced data set) is below 2.5% [165].

3.2.3 Electrons and photons

An electron can emit 33% of its energy interacting with the tracker material before reach-
ing the ECAL in the central barrel region (|| ~ 0) and up to 86% in the |7| ~ 1.4 area. On the
contrary, photons deposit their energy only in the ECAL. Moreover, electrons and photons can
interact with the material via Bremsstrahlung (ejE — 'yei) or photo conversion (y — ete),
spreading the energy deposited in the ECAL in the ¢ direction. The energy deposit from
both the original electron and the Bremsstrahlung products must be combined to retrieve the
unique properties of the resulting multi-particle showers. Dedicated algorithms for identify-
ing photons and electrons combine electromagnetic calorimeter and tracker tracks [199]. The
standalone algorithm uses ECAL super-clustering techniques, but combining standalone and
PF approaches optimizes the electron reconstruction [192, 199].

The electron reconstruction efficiency is above 95% [159]. The final energy resolution is
2 2% in the barrel and 2 5% in the endcap for pr > 20 GeV [159].

Similarly to muons, reconstructed electrons and photons must meet identification criteria.
Jets and electrons from photon conversion or semi-leptonic b-quark and c-quark decays are
the main sources of misidentification. To increase the identification sensitivity, the electrons
are identified using a multivariate Boosted Decision Three (BDT) discriminator [200]. Three
working points (WPs) loose, medium and tight with efficiencies of 90%, 80%, and 70%,
respectively, are defined.

3.2.4 Hadrons and non-isolated photons

After identifying muons, electrons, and photons, residual tracks and calorimeter clusters
are used to reconstruct charged and neutral particles (ni, Ki, KO, protons or neutrons).
Unlinked calorimeter clusters are reconstructed as photons or hadrons. In particular, ECAL
clusters without a matching HCAL are photons; otherwise, the PF candidate is a neutral
hadron. The calorimeter clusters directly measure the energy of neutral particles. To infer
extra neutral particles, the sum of the momentum of all linked tracks is compared to the
calorimetric energy. If it exceeds the sum of the track momenta, the excess is attributed to
extra PF candidates (photons or neutral hadrons for an ECAL or HCAL excess, respectively).
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3.2.5 Jet reconstruction

Quantum chromodynamics processes dominate the underlying processes of the LHC p-p
collisions. Except for the top quark, which has a lifetime (7, = 0.3 x 10~** 5) long enough to
decay into a W boson and a b quark before hadronization, all other color-charged particles
cannot be observed free and undergo fragmentation and hadronization almost immediately.
Quarks and gluons generate a collimated spray of hadrons due to the Lorentz boost. The
final state products emerge in a narrow (17 — ¢) cone as an energy cluster called jet (Figure
3.4). An analysis using jets must infer the kinematic properties of the initial color-charged
parton by clustering the particles observed in the detector into a jet.

‘p\ Particle Jet Energy depositions

in calorimeters

Figure 3.4: A simplified representation of a jet and its component.

The CMS algorithm used in this thesis starts from particle-flow objects, clustered using the
anti-k; algorithm as implemented in the FASTJET package [201, 202]. The anti-k; algorithm is
a sequential recombination algorithm that generalize the k; [203] and Cambridge/Aachen
[204, 205] jet finding algorithm. Jets reconstructed with this algorithm are resistant to soft
radiation (infrared safety) and collinear decay products from particle splitting (collinear
safety). In each iteration, the algorithm recombines the current set of entries (both PF particles
and jet candidates) and calculate their mutual distances (d;j) and update also the distance
between an entry and the beamline (d;3) [201]:

2
ARZ]
R2

. 2p 2
dij = mm(PTfJ/ PTf)

2p
dip = pT.

where pr. is the transverse momentum of entry i; AR;; = (17; — 17]-)2 + (¢; — (,b]-)2 is the distance
in the (7 — ¢) plane between entries i and j; R is the cone radius parameter, typically called
jet radius; the parameter p characterizes each algorithm. p = 1 for the inclusive k¢ algorithm,
p = 0 corresponds to the inclusive Cambridge/Aachen algorithm and p = —1 refers to the
anti-k; algorithm. In this thesis jets with R = 0.4 are used.

The clustering proceeds by identifying the smallest between d;; and d;: if d;p is smaller
than d;;, the element i is promoted to a reconstructed jet, and it is excluded from further

iterations. Otherwise, entries i and j' = min dij, defined as the element that minimizes dij, are

merged into a new entry i’ and the algorithm proceeds to the next iteration. The algorithm
stops as soon as all jet candidates are promoted to reconstructed jets. As a result, the anti-k,
algorithm initially clusters hard and close particles before moving on to soft and distant ones,
providing a simple, intuitive, and circular cone structure in the (7 — ¢) plane.
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The reconstructed jet energy does not match the total energy of the particles in the jet
because the calorimeter response is non-uniform and non-linear. The jet energy is corrected
by applying a multiplicative factor to each of the four components of the raw momentum of
the jet. A multi-step calibration technique is used to determine the jet energy scale (JES) and
resolution (JER) in both real data and simulated events [161], as shown in Figure 3.5.

Apzhid ° Pileup  Response (p;,;) Residuals (1) Residuals (p;)  Resolution Calibrated
ata
MC + RC dijets v/Z+jet, MJB
MC
Applied to MC dugts .
. . Z+jet
simulation

Figure 3.5: Simplified representation of the factorized approach used for jet calibration in CMS [161].

Several types of jet energy corrections (JEC) are used in a modular approach to account
for contamination from neutral pileup particles and detector noise, non-linearity of the
calorimeter response in the jet, and jet py; an additional correction is used only in data events
to account for residual differences between the jet response in data and simulation. These
correction factors are calculated using the jet pr and 7 to rescale the four-momentum of the
original jet. The jet identification efficiency was measured with a tag-and-probe technique to
be close to ~100% using 2.3 b~ ! of collision data recorded in 2015 at Vs =13 TeV [206].

The overall uncertainty associated to the jet energy calibration procedure for central jets
with pt > 30 GeV is substantially below 2% and is dominated by jet flavor dependency, with
modest contributions from pileup offset, absolute, and relative scale corrections. In terms
of dependence on 7, the overall uncertainty is flat in the area |77|<2.5 and calculated as 2.5%
for jets with pp ~ 30 GeV. In the central detector, the jet flavor description predominates,
whereas pileup modeling and methodology-related uncertainties gain importance in the
more forward region. After, the jet transverse momentum resolution in simulation needs to
be adjusted to match the jet resolution in data: they are measured in data and MC events
and the resulting data/MC scale factors are used to correct the JER in simulated events. The
typical jet energy resolution for jets in the barrel region is approximately 15-20% for pt ~ 30
GeV, 10% for pt ~100 GeV and 5% for pr ~ 1 TeV [161].

3.2.6 Missing transverse momentum

CMS can not directly detect neutrinos and other hypothetical neutral weakly interacting
neutral particles due to their low interaction rate with the matter. An imbalance in the
transverse momenta of all visible products in the event indicates the presence of neutrinos.
Under the assumption that the colliding proton pair’s transverse momentum is negligible,
all p-p interaction products should have zero transverse moments. The missing transverse

momentum ﬁr}liss is estimated as the negative vectorial sum of all PF particles’ transverse

miss,

momenta in an event and its magnitude is denoted as py

pro =P = - Z Pr

visible

The accuracy of p?iss is sensitive to tracker inefficiency, sub-detector calibration, recon-
struction efficiency, mis-measurement of jet energy, and pileup effects. Because of the high
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3 — Event reconstruction

sensitivity to overall detector performance, some events may have very large values. Special
noise-rejection algorithms are used to reject events with a bogus pt - [207]. The bias on its
measurement is minimized by using jet energy corrections and propagating them into the

pr " measurement as follows:

miss,corr __ _— miss —COIT =
Pt = Pr - Z(pT,jet - pT,jet)f

jets

where corr refers to the corrected values [207].

The analysis reported here employs a threshold to select events with appropriate neu-
trino activity based on the predicted ttH,H — bb signal process signature and to reduce
background from QCD multijet processes.

3.2.7 Pileup mitigation

The PF algorithm effectively mitigates the effects of pileup events, but the CMS Collab-
oration also uses other techniques. For example, the Charged Hadron Subtraction (CHS)
algorithm [197] is widely used in Run 2 analyses and this thesis. In the CHS algorithm,
charged hadrons with reconstructed tracks associated with pileup vertices are removed from
jet clustering. CHS cannot be applied to photons, neutral hadrons, and reconstructed particles
outside the tracker acceptance. Due to limited coverage in #, no information is available on
the origin of a particle for the latter case; therefore, the average pr contribution of pileup
events is estimated based on the assumption that the p density is uniform per unit area in
the (7 — ¢)-plane. This approach has a limited impact because the additional corrections
do not affect the jet shape or substructure. The pileup per particle identification (PUPPI)
technique was introduced to overcome this limitation [208]. It calculates, event by event,
and for each particle, the probability that it comes from the leading PV and scales down
their energy based on that probability. The sketch in Figure 3.6 depicts the CHS and PUPPI
algorithms.

Reconstructed Jet Charged Hadron Subtraction (CHS) Pileup Per Particle Identification (PUPPI)

o,

Iy L i A - 2 A ~ ~ < ~ - i ~ ~
A AN ™ A S g ~ NSNS WO NN ‘ A NN =~ A g

Pileup Interesting Pileup Pileup Interesting Pileup Pileup Interesting Pileup
vertices vertex vertices vertices vertex vertices vertices vertex vertices

Figure 3.6: Sketch of a PU suppression techniques. Solid (dashed) lines represent charged (neutral) PF candi-
dates. Thin lines represent down-weighted 4-momenta [209].

3.2.8 Heavy flavor jet identification

Many CMS analyses rely on accurately identifying the type of particle that generated a
certain jet. A reliable classification (jet tagging) improves the selection efficiency of relevant
events and reduces the large backgrounds coming mostly from light-flavor processes. Since
t—Whb, the identification of b jets (b tags), known as b tagging, has been used in SM Higgs
boson and top-quark research. The ttH, H — bb signal process, investigated in this thesis,
consists of four jets generated from decays of long-lived B hadrons, whose fragmentation
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process cannot be fully described at the perturbative level. The b-tagging procedure relies
on features of B hadrons, such as secondary vertices, kinematic properties (long lifetime
and relatively large mass m ~ 5 GeV), and jet composition ( the decay products are more
energetic than those of light-quark hadrons). Figure 3.7 shows a simplified schematic of a
b jet that travels a long distance in the detector before decaying at a secondary vertex and
can be resolved thanks to the inner tracking system’s high resolution. Secondary vertex (SV)
reconstruction can yield powerful discriminating factors, but it’s not always achievable. The
SV mass, related to heavy-flavor hadron mass, and PV distance are efficient for flavor tagging.
To recover B hadron decays from tracking data, specific techniques like the Inclusive Vertex
Finding (IVF) algorithm have been deployed [210].

Displaced ot
tracks

Figure 3.7: A simplified representation of a b jet [211].

The CMS Collaboration developed several b-tagging algorithms throughout Run 1 and
Run 2. MVA b-tagging originally used high-level variables as inputs for b-jet recognition.
Modern techniques use machine learning algorithms to incorporate these features into more
advanced discriminators. Each method produces a single discriminator value for each jet;
larger values indicate b-flavor, and lower values indicate light flavors. It is possible to compare
algorithm performance based on tagging efficiency (fraction of jets created by b quarks that
are accurately tagged) and mistag rate (fraction of light flavor or gluon tagged jets). A jet
is attributed a b tag if the discriminator output exceeds a threshold value; these values are
defined by a misidentification rate and summarized in Table 3.1.

Working Point | Min. b-tag discriminant value Misidentification Rate (%)
2016 2017 2018
loose 0.0614 0.0521 0.0494 10
medium 0.3093 0.3033 0.2770 1
tight 0.7221  0.7489 0.7264 0.1

Table 3.1: Summary of the working points, the associated minimal values of the DEEPJET discriminant and
the corresponding misidentification rates of light-flavor jets.

This analysis requires the best b tagger to ensure good signal identification efficiency. The
DEEPJET jet-flavor identification algorithm [212] is the most efficient one; it uses high-level
variables and low-level features to improve identification. The algorithm is a deep neural
network that uses global event variables, charged and neutral PF jet-component properties,
and SV information. A comparison between the performance of DEEPJET and DEEPCSV in
the identification of b jets is in Figure 3.8. For the medium WP, with 1% misidentification
probability, the DEEPJET tagger reaches b-jet identification efficiency of ~ 82%.
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Figure 3.8: Performance of the DEEPJET and DEEPCSYV algorithms. The plot shows the probability of misiden-
tifying non b jets as b jets to the efficiency of correctly identifying b jets. The results shown were
obtained using jets with |n| < 2.5 and pr > 30 GeV from simulated top pair events. For the loose,
medium, and tight working points, the data-to-simulation scale factors have been applied and are
represented by the cross-hairs. Circular markers represent the performance of the respective working
point in simulated data. [213].
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his chapter presents an overview of the precision luminosity measurement performed with

the CMS detector using p-p collisions at \/s = 13 TeV during the Run 2 data-taking period.

Luminosity is a crucial parameter in high-enerqy physics experiments as it determines the
number of collisions that occur per unit of time and therefore the number of particles produced. The
measurement of luminosity is therefore essential for the accurate calculation of cross sections and
other physics observables. The focus of this chapter is on the general procedure used to obtain the
absolute luminosity value and the investigation of specific systematic uncertainty sources. In particular,
the chapter will discuss the beam imaging method employed to assess the systematic uncertainties
associated with the so-called factorization bias.

4.1 Luminosity of collider experiments

The luminosity £ is a measure of the collision rate, so a critical feature of any collider
experiment. It corresponds to the proportionality factor between the event rate and the cross
section of a process:

dN

The cross section ¢ of a process can be estimated via the underlying interaction theory
and depends on parameters like the center-of-mass energy +/s of the collision, the mass of
the final state particle, and the coupling strength between the initial and final state particles.
However, ¢ can also be calculated by counting the number of events Ngyenis from a collision

experiment as:

! Jeven’cs
= —. 4.2
7 L (42)

As o can be both estimated and calculated, comparing the values is fundamental to extract-
ing the theory parameters. Therefore, the precision cross section measurements require an
accurate understanding of the luminosity [214].

In general, the luminosity £ can be derived from the knowledge of machine parameters:

£ . N1N21/

Atransverse

, (4.3)

with Nj, N, the number of particles in each of the two colliding beams circulating at a
revolutionary frequency v, and Ay neverse the effective area where the collisions occur. Usually,
v is known, and the number of particles can be precisely assessed via the beam currents.
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However, the poor knowledge of the overlap area limits the precision of the luminosity
calculation [215].

Some collider experiments conduct precision cross section measurements of processes
well-known with high accuracy, such that the inverse of Equation 4.2 provides an estimate of
the luminosity. However, at hadron colliders, measuring the luminosity is more complicated
due to the composite nature of the proton and the non-perturbativity of QCD at small
energies. At the world’s first p-p collider, the Intersecting Storage Rings at CERN, Simon
van der Meer proposed to estimate the beam overlap area in Equation 4.3 using beam
separation scans [25]. With this formulation, for the special case of factorizable particle
densities f;(x,y) = £ (x)f/ (v), the overlap area is expressed as Ayansverse = 273, %, via the
effective widths of the beam overlap area along two orthogonal directions X, 2, . Through the
so-called Van der Meer (VdM) scans, where the two beams are first significantly separated
and then moved across each other in their respective directions, it is possible to derive the
effective widths and estimate the luminosity for head-on collisions. Then, the absolute scale
of the rate measurement of the luminosity detector, o, is calibrated with the measured
luminosity [216].

The LHC experiments during the Run 1 p-p collisions at /s = 8 TeV reached a precision
between 1.2% and 2.6% for the luminosity measurement [217-220], with the LHCb experiment
achieving the best precision with a combination of the VdM method and results from a beam-
gas imaging method. The methodology and the dominant sources of systematic for the
measurements of the CMS experiment at Run 2 proton-proton collisions at /s = 13 TeV are
presented in the following.

4.2 Precision luminosity measurements at CMS in Run 2

In the CMS experiment, the VAM method is first used to calibrate the absolute luminosity
scale of the luminosity detectors (luminometers). Then, the VdM scans are used to compute
the visible cross section of the luminometers from the measured rate measurement at head-on
collisions R(0,0) as:

ZnZXZyR(O, 0)

44
vN|N, 44

Ovis =
Afterward, the second part of this two-step procedure is integrating the rate of the luminosity
detectors over the whole data-taking period and normalizing it with the obtained o to yield
the integrated luminosity of the whole data set.

During the LHC Run 2 period, several luminometers were employed by the CMS ex-
periment to monitor and measure the luminosity. The Pixel Luminosity Telescope (PLT),
consisting of eight three-layer telescopes located 1.8 m from the interaction point in both
directions [221], and the Fast Beam Conditions Monitor (BCM1F), made of silicon and dia-
mond sensors with a time resolution of 6.25 ns, mounted on the same carriages as PLT, are
two systems dedicated to luminosity measurement. Together with the luminosity system
installed as part of the Hadron Forward Calorimeter (HF), they run on a separate data ac-
quisition (DAQ) system, completely independent of the main CMS readout. HF uses two
algorithms, one based on the transverse energy sum (HFET) and the other on the fraction
of occupied towers (HFOC). The results are based on offline measurements made with the
forward hadron calorimeter and the pixel cluster counting (PCC) method, which uses sil-
icon pixels to determine the offline luminosity. In addition, the inner tracker information
is employed in the vertex counting (VTX) method, the rate of the muon track in the muon
barrel track finder is measured from the barrel drift tubes (DT), and also the rate of photons
in ionization chambers from the CERN radiation and environmental monitoring system
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Figure 4.1: Schematic view of the CMS detector in the (r-z) plane with the main luminometers [26]. The
two RAMSES monitors are located directly behind HF. Only a quarter is shown here because the
detector view is symmetric about the horizontal and vertical axes. The center of the detector is at
the origin and corresponds to the collision point [26].

(RAMSES). Figure 4.1 shows a schematic cross section in the (r-z) plane of the CMS detector,
highlighting the main luminometers.

The VdM scans and other beam separation scans are performed by LHC using special
beam optics to increase the transverse size of the bunches and allow precise measurements
of the beam overlap region. In particular, small isolated and well-separated bunches are
used to reduce beam-beam effects or other effects like long-range interactions away from the
collisions.

Figure 4.2 represents the relative transverse beam positions as a function of time during
the p-p data taking period in 2016 at /s = 13 TeV, with different kinds of beam separation
scans. During the VdM scans, the beams are separated in the transverse plane and then
moved in 25 steps; there are always two scans along the horizontal and vertical directions.
Several scan pairs of this type are performed for reproducibility checks and monitoring of
the changes. Then, there are beam-imaging (BI) scans, which are like the VdM scans but
with only one beam moving in 19 steps across the other beam kept at the nominal head-on
position; for both beams, both horizontally and vertically, this results in four beam-imaging
scans employed in the beam-imaging analysis presented in Section 4.2.1. Finally, the length
scale (LSC) scans, where the two beams are separated and move simultaneously to keep the
separation constant, are employed to calibrate the beam separation scale.

Several systematic effects known as calibration uncertainties affect the value of o,,;; derived
from the VdM scan analysis. In addition, there are also integration uncertainties arising from
transferring the calibration of the luminometers from the special VdM fill conditions to the
conditions in normal physics data-taking fills. The significant sources contributing to the
uncertainty of the measured luminosity are the following:

¢ Beam current measurement. The number of protons per beam is provided by dedicated
LHC devices and can be measured with an accuracy of 0.2 % [28, 222, 223].

* Ghost and satellite charges. Non-colliding protons can also contribute to the beam
current measurement, but not the luminosity, via spurious charges in nominally empty
bunch slots (ghost charges) and non-colliding buckets of the colliding bunches (satellite
charges). Therefore they should be subtracted by measuring the longitudinal distribu-
tion of protons in empty bunch slots. The impact on ¢, is about 0.1% [224].
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Figure 4.2: Relative change in the position of the two beams during a fill in 2016, in the horizontal (x) or
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vertical (y) directions, as a function of time [26]. The grey vertical lines delineate different kinds of
beam separation scans.

* VdM scan evaluation. The effective beam overlap widths X, (¥,) are obtained from

a fit with a double-Gaussian function to the measured rates as a function of the beam
separation in the horizontal (vertical) plane. An example fit result is shown in Figure
4.3 (a). An uncertainty is estimated from the consistency of £, ¥, among the estimates
from different pairs of VdM scans [26].

Beam separation scale. The precise knowledge of the beam separation at each scan step
is essential for any measurement evaluated from any beam separation scan. Several
known features affect the nominal position inferred from the current setting of the
steering magnets. The length scale scans calibrate the absolute beam separation scale by
comparing nominal beam positions to the measured one of reconstructed interaction
vertices with the CMS tracker [26, 28]. A time-dependent movement of the proton
beams away from their regular orbit, known as orbit drift, has been observed and
accounted for.

Beam-beam effects. The electromagnetic interactions between the beams increase the
transverse distance due to electric repulsion and result in a separation-dependent rise
of the collision rate because of a variation of the transverse shape of the proton bunches
due to (de)-focusing effect.

Residual differences. Despite several VdM scan pairs being conducted during cal-
ibration and the bunch-to-bunch and scan-to-scan consistency, also using different
luminometers, are examined to evaluate the systematic uncertainty of cross-detector
calibration, a residual difference is consistently observed, see Figure 4.3 (b); corrections
are taken into account.

Factorization bias. The VdM method computes ¢,,;; using Equation 4.4, assuming that
the beam proton densities are factorizable. If this assumption is not respected, then the
estimated value of ¢,;, is biased and needs to be corrected. The beam-imaging scans
help reconstruct the two-dimensional transverse beam shape, and the uncertainty of
the bias estimation is one of the dominant contributions [225-227]. The last Section of
this chapter focuses on the method employed by the CMS experiment to account for
this effect.

Out-of-time pileup. Most detector measurements involve false signals from contribu-
tions caused by electronic spillover or activation of the detector material after collisions,
leading to a sizable increase in the measured rate. Even though the calibration is not
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affected, this yields a non-linear response of the detector. The observed rate from
nominally empty bunches is used to assess the extent of these corrections.

Linearity. Luminometers are required to have a linear response to the instantaneous lu-
minosity when extrapolating the calibration from the special to the regular data-taking
conditions. However, most detectors show some non-linearity, thus independently cor-
rected and monitored with short VdM-like beam separation scans, so-called emittance
scans, at the beginning and end of fills. The aging of photomultipliers and fibers in the
forward hadron calorimeter is an example of changing detector conditions over time.
The efficiency of the HFET response, as measured by emittance scans, is depicted in
Figure 4.4 for 2017 and 2018, with a slope showing a significant reduction in efficiency
with time. Additionally, the overall linearity is assessed with cross-detector compar-
isons. Finally, the ratio of two luminosity detectors is computed as a function of the
instantaneous luminosity. A slope in the distribution is derived to quantify the residual
non-linearity, up to 1%.

Stability. Luminometers are also required to be stable against changes in the detector
over time, which might be caused by radiation damage or operational issues. Cor-
rections are calculated using the emittance scan data and cross-detector comparisons,
similarly to linearity.

Table 4.1 summarizes the different sources contributing to the uncertainty of the measure
of integrated luminosity for the p-p collision at /s = 13 TeV due to the VdM scan procedure
(calibration) and the detector operations (integration).

In Run 2, the luminosity at the CMS experiment has been also measured for p-p collisions
at /s =5.02 TeV [228, 229], lead-lead collision at /s = 5.02 TeV [230], as well as for proton-

lead collisions at /sy =
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Figure 4.3: (a) Example of a VAM scan illustrating the normalized rate as a function of beam separation in the

x direction and the fitted curves. The difference between the measured and fitted values is shown in
the lower panel, divided by the statistical uncertainty [26]. (b) The beam-separation residuals in
y [26].
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Figure 4.4: Relative efficiency of the HFET detector response as determined from emittance scans as a func-
tion of integrated luminosity for all LHC fills in 2017 and 2018 p-p data. The slope indicates
instability [232].
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Integration uncertainty
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Beam current normalization
Ghost and satellite charge

2

[
[
Length scale calibration [
Orbit drift [
[
[
[

X X

Beam-beam effects
Residual differences

Transverse factorizability

Out-of-time pileup Type 2 corrections  [%] 01 03 03 04
Cross-detector stability [%] 0.6 0.5 0.5 0.6
Linearity [%] 0.5 0.3 15 1.5
Total uncertainty [%] 1.6 1.2 2.3 2.5
Integrated luminosity [fb™'] 227 363 415 598

Table 4.1: Summary of main contributions (in %) to the systematic uncertainty in o, at \/s=13 TeV [26-28].
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4.2.1 Factorization bias with beam-imaging method

The VdM method uses two orthogonal transverse scans to estimate the width of the beam
overlap region, which is assumed to be described by a function that factorizes into two one-
dimensional function f;(x,y) = f; (x)f! (y), as in Equation 4.4. However, this assumption
does not hold as soon as the width of the transverse area in one direction depends on the
other, resulting in an overestimation of the beam overlap area.

At LHC, the first evidences of non-factorizable beam shapes were found in p-p collision
at y/s = 8 TeV. Starting from Run 2, the experiments began estimating the bias by computing
the transverse area from a direct integration and comparing it to the beam overlap region
computed from the widths along the two directions. In CMS, the beam-imaging method
reconstructs the transverse proton densities from four beam-imaging scans. The distributions
of measured vertices during the scans estimate the proton density, whose parameters are
then extracted from a fit to the vertex data.

As described above, during the beam-imaging scans, one beam remains at the nominal
head-on position while the other moves along one transverse direction in steps. At each step,
the transverse distribution of vertices depends on the separation of the two beams and the
two proton densities as:

Ny (x,y; 8x) o< [fi(x + Ax,y) - fo(x,y)| @ V. (4.5)

for the case of the first beam moving horizontally and with a convolution to the vertex
resolution function V. When all steps are combined (the so-called beam image), the transverse
distributions of the vertices are described by the sum over the per-step distribution, which
can be approximated for a small step size by the integral :

AZX:Nth(x,y; Ax) o [(/O:oo filx+ Ax,y)dAx) -fz(x,y)} ®V. (4.6)

After the integration over the horizontal direction, the dependence on x remains only in
f2(x,y). Therefore, the horizontal dependence of the vertex distribution from all steps rep-
resents a measure for the horizontal profile of f,(x,y). Then, to completely determine the
transverse proton distribution functions of the two beams, four beam images are needed
from scans for each beam along the two orthogonal directions.

The presence of the vertex resolution V in Equation 4.5 represents a challenge in the beam-
imaging method. V is usually modeled with a two-dimensional Gaussian function without a
correlation parameter. Since the convolution of two Gaussian functions is another Gaussian
function with parameters that can be estimated analytically, only Gaussian functions and
sums of Gaussian functions are employed as proton density models.

A two-dimensional Gaussian distribution GaussZD(x, Y; 040y, 0) is the simplest model
to describe the non-factorizable normalized transverse beam distributions:

_ 1 1 (2L Y
filx,y) = exp[ 20— (UZ 5 Zpi@xﬁfi,)]' (4.7)

2
2703 0340\ 1 — 05 ix iy ’

The correlation parameter p represents the rotation of the factorization axes relative to the
coordinate directions and is bounded to be |p;| < 1. A value of p; = 0 represents the case of
the two-dimensional Gaussian factorizing into the two one-dimensional distributions.

Another possible way to describe the non-factorizable transverse beam distribution is via in-
volved shape models built by the sums of Gaussian distributions. In this analysis, normalized
sums of up to three Gaussian distributions are considered as fit models, as listed in Table 4.2.
The additional Gaussian components with wider widths contribute to the description of
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name

formula

single-Gaussian

double-Gaussian

SG = Gaussy

DG = wyGaussy; + wyyGaussy

triple-Gaussian TG = wy,Gaussy; + wyGaussyy + wgGaussg

super-Gaussian SupG = -wyGaussy + wyGaussy

super-double-Gaussian SupDG = -wyGaussy + wy Gaussy; + wyGaussyy

Table 4.2: List of two-dimensional functions utilized in the beam-imaging method as fit models to represent the
beam proton densities. The indices stand for the main (M), narrow (N), wide (W), and extra-wide
(E) components. All models are constrained to have the sum of the weights set to one.

the tails. In contrast, narrow width and a small weight subtracted from the main Gaussian
function in the super functions approximate the flattened central part.

For the beam-imaging analysis from p-p data-taking at /s = 13 TeV, the reconstructed
vertices are selected if they meet standard quality criteria, have at least 14 associated tracks,
and correspond to the time interval of beam-imaging scans.

Technically, the beam-imaging method does not explicitly rely on the beam positions but
on the assumption that one beam stays at a fixed position. Nevertheless, as introduced in
Section 4.2 there are beam-beam effects that could impact this assumption. First, the electric
repulsion between the two proton beams causes a change in the position of the non-moving
beam. The beam-beam deflection, analytically determined and dependent on the separation
of the beams, is depicted in Figure 4.5 (a). Second, there is the so-called dynamic ,B* effect,
which describes the defocusing of one beam due to the quadrupole field of the other beam.
This phenomenon affects the shape of the proton density differently at different distances,
as shown in Figure 4.5 (b). Both these effects can be calculated analytically, and therefore
they are fully taken into account in scaling the positions of the reconstructed vertices and as
per-vertex weights, respectively.
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Figure 4.5: (1) Beam-beam deflection due to closed-orbit shift and (b) the rate correction due to the dynamic
B* effect, as a function of the nominal beam separation. Lines represent first-order polynomial
interpolations between any two adjacent values [26].

A simultaneous fit to the four beam images is performed with the ROOFIT software [233];
for each bunch crossing number (BCID), the collision events are analyzed independently.
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The agreement between the fitted model and the data is analyzed with a two-dimensional
residual distribution for each beam image. The relative residual is obtained as the difference
between the data and the fit model, divided by the statistical uncertainty of the data. From the
sum of all relative residuals, a x* is obtained to quantify the agreement. Two projections along
the radial and angular coordinates are also provided for all fits. In particular, for the radial
projection, the distance of each bin to the center of the vertex distribution is estimated, and
the average relative residual is assessed. For the angular projection, the angle is determined
between the positive x-axis and the ray from the center of the vertex distribution through the
bin.

A fit of all available data sets is performed, starting from the most straightforward and
still factorizable fit model of a single-Gaussian with the correlation parameter fixed to zero
to the most complex super-double Gaussian. For example, three fit results for a specific fill
and BCID are shown in Figure 4.6, 4.7 and 4.8 using single-Gaussian with p # 0, double-
Gaussian, and super-double-Gaussian, respectively. Note the different scale on the y-axis
of the radial and angular pulls in the single- and double-Gaussian results with respect to
the super-double-Gaussian. The SG type still shows a strong correlation between pulls and
angular directions, but as the complexity increases, the remaining structures get flattered
and are well-described by the SupDG type fit model. Consistently, for both fills analyzed
here and all BCIDS, the best data descriptions come from the SupDG fit, i.e., the sum of three
Gaussian distributions, where the narrow component has a negative weight.
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Figure 4.6: Example of the pull distributions of the single-Gaussian fit model with respect to the vertex
distribution recorded in a fill in 2015. (a) The plot depicts the two-dimensional pull distributions.
(b) The plots show the per-bin pulls averaged over the same radial distance (upper) or angle (lower).
The error bars represent the standard error in the mean of the pulls in each bin.

The parameters describing the transverse proton densities of the two beams are the fit

results, and they can be used as inputs to obtain the true beam overlap area Ag‘l,‘,;lap from

direct integration of the overlap of the bunch densities. The comparison to Agfé\r/{ap, derived
from a MC simulated VdM scan pair generated with the reconstructed bunch densities, yields

the evaluation of the factorization bias, and a correction to the values of o, is applied as:

AVdM . Atrue
corrected ___biased (1 + overlap overlap>

Ovis

=0 Alrue (4.8)

vis
overlap
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Figure 4.7: Example of the pull distributions of the double-Gaussian fit model with respect to the vertex
distribution recorded in a fill in 2015. (a) The plot depicts the two-dimensional pull distributions.
(b) The plots show the per-bin pulls averaged over the same radial distance (upper) or angle (lower).
The error bars represent the standard error in the mean of the pulls in each bin.

The bias is calculated individually for each fill and each bunch crossing, and Figure 4.9
summarizes the results. The values for the estimated bias are averaged into a final correction
value of 1.3 (0.9)% in o, for 2015 (2016) because of the assumption of x — y factorization.

The statistical uncertainty of 0.1% associated with the measured bias is estimated by
1000 repetitions of the MC simulation of the VdM scans with the same proton densities.
Additionally, a systematic uncertainty of 0.5% is assessed via a closure test compared to
the data fits of simulated beam-imaging scan data built by randomly drawing fit model
parameters, then fitted with the same model and procedure [26, 234].

The beam-imaging method, and the simultaneous fit performed with the ROOFIT software,
have been applied to provide preliminary results of 2017 and 2018 data [27, 28]. However, in
contrast to the good description of the beam-imaging data from 2015 and 2016 using a SupDG
model for proton densities, the fit results indicate a worse agreement between data and the
tit model (Figure 4.10 and 4.11). The significant remaining residuals result in unreliable
estimates of the corrections to 0.

The reasons are not yet understood, but possible explanations could include alignment
issues or correlations in the beam shapes not similar to those observed in previous years.
Therefore, it is necessary to investigate the method further and address the issues.

The convolution with the two-dimensional vertex resolution function (see Equation 4.5)
is one obvious limitation since it restricts the models describing the proton density to those
that can be analytically convoluted with a Gaussian function. Alternative approaches have
been examined by the author of this thesis to investigate the factorization bias estimation
further. Among these are studies on the effect of vertex resolution value on final results
and a feasibility study on using a deconvolution technique of beam-imaging data to fit
arbitrary models directly. The aim is to quantify how the number of tracks associated with the
reconstructed vertices affects the results. Figure 4.12 depicts the vertex resolution and number
of events from a fill in 2017 data as a function of the minimum number of associated tracks:
the loss in statistics is greater than the reduction in vertex resolution values. The decrease
of vertices statistics results in a significant reduction of the steps sensitive to additional
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Figure 4.8: Example of the pull distributions of the super-double-Gaussian fit model with respect to the vertex
distribution recorded in a fill in 2015. (a) The plot depicts the two-dimensional pull distributions.
The lower plots show the per-bin pulls averaged over the same radial distance (b) or angle (c). The
error bars represent the standard error in the mean of the pulls in each bin [26].

components, i.e., the outer steps. As a result, constraining the broader component of the
double-gaussian models is impossible. Instead, the super components primarily affect the
central part, unaffected when the minimum number of tracks is changed. Figure 4.13 depicts
the factorization bias estimated from fits with the SG, DG, SupG, and SupDG fit models for
a specific BCID. The corrections to o, are almost unaffected by the number of tracks. In
the limit of many tracks, the DG (SupDG) produces the same results as the SG (SupG), as
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Figure 4.9: Factorization bias estimated from the fits to the beam imaging data in Fills 4266 (a) and 4945

(b). The error bars represent statistical and systematic sources of uncertainty that were added in
quadrature [26].
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Figure 4.10: Example of the pull distributions of the super-double-Gaussian fit model with respect to the vertex
distribution recorded in a fill in 2017. (a) The plot depicts the two-dimensional pull distributions.
(b) The plots show the 1-D per-bin pulls projections averaged over the same radial distance (upper)
or azimuthal angle (bottom) [27].

the sensitivity to the tails of the shapes is lost. The corrections associated with the SupDG
are more scattered due to the little flexibility and complexity of the fit model. Considering
the increase in the errors associated with the corrections, changing the requirements for the
number of tracks has almost no effect on the magnitude of the factorization bias.

Another constraint is the processing time required to perform the currently implemented
fits: more sophisticated models based on Gaussian functions cannot be executed in a rea-
sonable CPU time. To overcome the bottleneck due to runtime, state-of-the-art techniques
have been employed to build a new complementary framework using TENSORFLOW [235]
and KERAS [236] and also running on graphics processing unit (GPU) machines. The four
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Figure 4.11: Example of the pull distributions of the super-double-Gaussian fit model with respect to the vertex
distribution recorded in a fill in 2018. (a) The plot depicts the two-dimensional pull distributions.
(b) The plots show the 1-D per-bin pulls projections averaged over the same radial distance (upper)
or azimuthal angle (bottom).
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Figure 4.12: Distribution of the vertex resolution in the x- and y-axis and of the number of events as a function
of the minimum number of tracks associated with the reconstructed vertices used in the beam
image analysis for a fill in 2017.
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Figure 4.13: Distribution of the corrections to o for different fit models as a function of the minimum
number of tracks associated with the reconstructed vertices used in the beam image analysis for
a fill in 2017.

distributions with the collected vertex position from all steps of the four beam-imaging scans
are the inputs to a custom layer. The analytical fit function is applied, returning the physics
parameters of interest as trainable weights tensors. In this two-dimensional binned curve
titting approach with TENSORFLOW, the loss function mean squared error is responsible for
providing the best fit to the data. Major improvements have also been achieved in the runtime
for each fit model, especially for the more complex model. Figures 4.14 and 4.15 show the
pull distributions for the 2017 and 2018 data, also angular and radial projections. The major
features mimic what had been found with the previous method on Figures 4.10 and 4.11, but
the projections here appear flatter overall.

At the time of writing this thesis, an effort is going to validate the method, compute

the corrections to o,;; and perform additional studies to address statistical and systematic
uncertainties.
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Figure 4.14: Example of the pull distributions of the super-double-Gaussian fit model with respect to the vertex
distribution recorded in a fill in 2017 using the complementary framework with TENSORFLOW.
(a) The plot depicts the two-dimensional pull distributions. (b) The plots show the 1-D per-bin
pulls projections averaged over the same radial distance (upper) or azimuthal angle (bottom)
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Figure 4.15: Example of the pull distributions of the super-double-Gaussian fit model with respect to the vertex
distribution recorded in a fill in 2018 using the complementary framework with TENSORFLOW.
(a) The plot depicts the two-dimensional pull distributions. (b) The plots show the 1-D per-bin
pulls projections averaged over the same radial distance (upper) or azimuthal angle (bottom).
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his chapter presents the strategy applied to search for the ttH, H — bb process in the dilepton

final states. The ttH, H — bb process, in which the Higgs boson is produced in association

with a pair of top quarks, is a key process for studying the properties of the Higgs boson and
its interactions with other particles. The chapter begins with an introduction to the physics process
and corresponding final states, followed by a description of the recorded and simulated data sets
used in the analysis. To ensure a good modeling of the data, the recorded data and simulated events
are selected following certain quality requirements imposed on the physics objects. This is further
discussed, including control distributions comparing data and simulation. The chapter then describes
the event selection and categorization procedures used to enhance the purity of the signal. These
procedures include the use of kinematic variables and machine learning techniques to discriminate
the signal from the background. Finally, the strategy and the construction of the final observables to
enhance the analysis sensitivity are presented, with a focus on validation of the input features to the
neural network.

5.1 Introduction

The production of a Higgs boson in association with a top-quark-antiquark pair is partic-
ularly interesting for testing the SM and the Higgs mechanism. Experimental measurements
of the ttH process are often performed separately based on the decay modes of the Higgs
boson and the tt system, mainly due to experimental reasons, as they address different final
states and require dedicated selection criteria. The Higgs boson decay mode relevant for this
thesis is H — bb. As the top quark decays almost exclusively into a W boson and a bottom
quark, the decay modes of the W boson into quarks or into a lepton and a neutrino identify
the decay modes of the tt system, as discussed in Section 1.3.2 and illustrated in Figure 1.16.
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This thesis focuses on DL tt decay channel, characterized by two highly energetic, isolated,
oppositely-charged leptons (e e, u"p ™, eﬂti). Although this channel has a relatively small
branching ratio, it benefits from significantly lower backgrounds than the other tt decay
channels. Additionally, events in which the leptonic W boson decays into T leptons are
considered signal events if all T leptons in the event further decay to electrons or muons;
otherwise they are considered as background in this analysis.

The selection of ttH event candidates with H — bb and tt decaying leptonically is
designed to achieve high signal purity by imposing requirements on the physics objects that
characterize the final state. This is challenging in practice, since the measured objects are
subject to detector effects such as inefficiencies, limited acceptance, or incorrect identification
of the actual objects. Moreover, the sensitivity of the analysis is limited by a combinatorial
background due to multiple bottom quark jets in the final state, that does not allow to
reconstruct the invariant mass peak of the Higgs boson in an unambiguous way. Therefore,
the measurement strategy aims to increase the analysis sensitivity by categorizing events
and constructing observables that exploit features in the underlying physics processes to
further separate signal- and background-enriched phase space regions. Sophisticated analysis
techniques, in particular, Artificial Neural Networks (ANN) are employed in this work for
the first time to accomplish this separation.

To ensure good scientific practice and guarantee unbiased progress in the analysis of
the data, a practice so called blinding procedure is applied. This is done by not initially
examining the recorded data in the analysis region. Instead, an artificial data set is used
for signal extraction. This data set is generated through simulation and all observables are
estimated from it [237]. Once the agreement between the simulated data and observed data
has been validated, the analysis is unblinded and a fit to the actual data is performed to
estimate the parameter of the signal-strength modifier.

In this analysis, the signal is extracted in a binned maximum likelihood fit to the expected
distribution of discriminating observables for both signal and background to the data across
all categories, taking into account any correlations among corresponding processes. Sys-
tematic uncertainties are handled by incorporating nuisance parameters with appropriate
constraints [238, 239], as discussed later in Section 6.1, and are correlated among processes,
categories and data-taking periods as needed. The presence of different background com-
positions in the categories helps to constrain these uncertainties and improves the overall
sensitivity. The focus of this analysis is to measure the ttH production rate, both inclusively
and in different regions of Higgs boson py using the Simplified Template Cross Section
approach [21] (presented in Chapter 7).

5.2 Event samples

As in almost every physics analysis, this work makes a wide usage of simulated events to
develop the various procedures and methods used to extract the physics results. Simulated
samples generated using Monte Carlo methods (see Section 1.2.2) are primarily used to
parameterize detector acceptance and resolution effects and to derive the signal model, but
are also relevant for studying the different signal and background processes and optimizing
the analysis strategy accordingly.

The data samples used in this analysis, together with their simulated equivalents, corre-
spond to p-p collision events collected by the CMS detector during the Run 2 phase of the
LHC from 2016 to 2018 at /s = 13 TeV. Separate simulated samples are produced for each
year of data taking with simulation parameters tuned to each year’s particular conditions
where possible. This section introduces the samples of measured and simulated events used
in this analysis to search for ttH, H — bb.
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5.2.1 Data samples

The analysis is performed using the p — p collision data at /s = 13TeV recorded from
2016 to 2018 with the CMS detector at the LHC at /s = 13TeV. The full data set corresponds
to a total integrated luminosity of 137.60 fb~! with per-year luminosity as listed in Table 5.1.

Year Integrated luminosity

2016 36.33fb !
2017 4153fb !
2018 59.74fb !
Total 137.60fb !

Table 5.1: Integrated luminosity per year and total [139].

Only data recorded in stable detector conditions and with optimal quality by CMS are
taken into account in the analysis presented here.

5.2.2 Simulation samples

Dedicated tools are used to simulate events according to the theory prediction at different
degrees of accuracy for each step of the simulation chain. Generally, the events for signal
and the expected background contributions are generated at NLO of perturbation theory, as
detailed in the following, depending on the process. The value of the Higgs boson mass my
is set to 125 GeV and the top quark mass m;, is assumed to be 172.5 GeV. The simulation of
the detector response is performed with GEANT4 [102]. Between 2016 and 2017, the tracker
system has been upgraded, adding a layer; thus, the detector response in the simulation for
2016 differs from the other two years.

The probability density function of the partons in the initial-state protons are provided by
the NNPDEF3.1 set [103] as described in Section 1.2.2. In all simulated samples, the parton
showering and the hadronization processes are simulated with PYTHIA8. They rely on a
phenomenological model which entails tuneable parameters: the energy scale used for the
matching of the ME and the parton-showering diagrams (ME-PS matching scale hdamp), and
the ones used to describe the underlying events of the collisions (UE tune) are among these.
The parameters for the underlying event description correspond to the CP5 tune [240] for all
2017 and 2018 samples, and for most of the relevant MC samples of 2016; for few background
samples of 2016, the CUETP8M1 [241] tune is used (see Table 5.3).

To improve the accuracy of the simulation, a reweighing process is applied. This involves
adjusting the weight of the events generated by the MC generators, which may not reproduce
the state-of-art calculations of the theoretical cross sections. The reweighing considers any
discrepancies in the theoretical cross sections used in the simulation and any differences be-
tween the simulated detector and actual experimental conditions. By doing so, the reweighing
provides a more accurate representation of the data, leading to more meaningful comparisons
and analysis.

The events in the simulated samples are normalized to the same integrated luminosity
as the data sample, using event weights that include best known theoretical prediction for
the SM cross section of the generated process and its branching ratio (¢, x B)r, sm, the
integrated luminosity £, and a per-event weight wg,, ; of the MC generator used. Thus, the
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normalization for an event i is given by:

_ (Up X B)Th., SM * L Ween,i * Weorr SP, (5.1)

N,
p.gen
Zj wgen,i

pi

where the denominator sums over all N, .., generator event weights so to get the expected
yields for each process. Additional dedicated contributions as w,,,, are introduced to match
the MC to the observed data, like the L1 trigger primitives pre-firing issue described in
Section 2.2.7, and as per-event scale factor SF, like for leptons’ efficiency. More details about
these additional contributions are described in Section 5.4. The specifics of the MC generators
utilized to simulate the physical processes involved in the analysis, and the corresponding
values for (¢, X B), su are detailed in the following sections, covering both signal and
background processes.

Signal processes

The focus of this analysis is on Higgs bosons decaying into a pair of bottom quarks,
H — bb, which is the dominant decay mode (B = 58% for myy = 125 GeV as introduced in
Section 1.3.1). The hadronization of bottom quarks yields B hadrons, whose long lifetime
makes them travel a measurable flight distance before decaying (see Section 1.3.1). A sec-
ondary vertex can be identified by reconstructing and extrapolating trajectories of the charged
decay products (see Section 3.2.8). In the majority of the cases, the two b jets originating
from the hadronization of bottom quarks should have a sufficiently large spatial separation
allowing for their resolved measurement and identification. This allows to distinguish b jets
from jets of other flavors.

AN IR T T T

-

Figure 5.1: Leading-order Feynman diagram for the process ttH, H — bb in the DL channel, with { = e, u
being the leptons considered for the scope of this analysis.

Figure 5.1 shows as example a leading-order Feynman diagram for ttH, H — bb in the
DL decay channel. More diagrams exist to describe ttH production, with gluon-initiated
processes having the largest contribution to the total ttH cross section at /s = 13 TeV. The
final state of interest features four b jets, two isolated leptons with opposite charge and a
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5.2 — Event samples

significant amount of missing transverse momentum due to the presence of non-detectable
neutrinos. Overall, the full reconstruction of the event is challenging due to the high jet
multiplicity. The DEEPJET algorithm (introduced in Section 3.2.8) used to identify the b jets
has a non-negligible misidentification probability for the different quark flavors. Therefore,
small contributions from other Higgs boson decay channels are expected. In order to correctly
take into account these contributions, all decay products of the Higgs boson are considered
as signal in the scope of this work.

Signal samples

The ttH signal process is simulated with POWHEG at NLO accuracy [98, 99, 242] and it is
split according to the decay channel of the Higgs boson into bb pairs or any other decay. The
inclusive ttH cross section is normalized to 507f§8 fb taken from calculations at NLO QCD
and NLO EWK accuracy [21].

For all Higgs boson MC samples, the cross sections and branching ratios have been
rescaled to the most recent and precisely measured Higgs boson mass in the diphoton
channel of my; = 125.38 +0.14 GeV [107], using the correction factors given in Table 5.2.

Value at my; = 125 GeV  Scale Factor

ttH XS 0.507 pb 0.9928
tHW XS 0.015 pb 1.0000
tHq XS 0.077 pb 0.9987
By i 0.5824 0.9896
Z F— 0.2137 1.0293
Byt g 0.0819 0.9953
By i 0.0627 0.9903
By e 0.0289 0.9898
By 2z 0.0262 1.0352
By, 0.0023 1.0000
Biiz, 0.0015 1.0209

Table 5.2: Rescaling factors used to update the production cross section (XS, upper block) and branching ratios
(lower block) to a Higgs boson mass of my; = 125.38 = 0.14 GeV [107]. All values are taken from
[21, 243, 244].

Main background processes

In the context of the ttH, H — bb measurement, tt production in association with addi-
tional jets (tt + jets) is the dominant background contribution, as was mentioned in Section
1.3.3. This background is further divided in different sub-processes according to the flavor
of the additional jets, determined at generator level via ghost-hadron matching [245-247].
Among these, tt events with additional b-jet production are particularly challenging pro-
cesses, both from the experimental and the theoretical point of view. An example of a LO
Feynman diagram for tt production in association with two bottom quarks (tt + bb) is shown
for the DL channel in Figure 5.2. From the experimental side, the final state is identical to that
of the ttH, H — bb signal process, and both processes have very similar kinematic properties.
This makes it impossible to define a pure tt + bb control region. For these reasons, the tt + bb
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5 — Measurement of ttH, H— bb - Analysis strategy

process is an irreducible background for the ttH, H — bb measurement. From the theoretical
side, the calculation of the tt + bb process is challenging because the production of tt pairs
and the splitting of gluons into bb pairs usually does not happen at the same energy scale,
ranging from about 4 GeV (bottom quark mass) to about 173 GeV (top quark mass). Due to
the nature of such processes, large uncertainties arise from the choice of the renormalization
and factorization scales even when calculated at NLO precision and are, therefore, difficult
to model precisely. Dedicated measurements [43, 119, 120] and previous iterations of this
analysis [121, 127] have shown that the tt + b jets contribution in data is larger than expected
by the simulation by a factor of 1.2-1.4 depending on the generator. Overall, the control
over this process is limited, and advanced techniques are required both in developing an
analysis strategy (i.e., defining signal- and background-enriched phase space regions) and in
statistical data analysis (i.e. assigning properly the different theoretical uncertainties).

[t

Vi

Figure 5.2: Leading-order Feynman diagram for the tt + bb process in the DL channel, with ¢ = e, y being the
leptons considered for the scope of this analysis.

The different tt 4 jets subprocesses are defined using information from the event simula-
tion. At simulation level, after ME generation, parton showering and hadronization processes
(see Section 1.2.2), the final state particles are grouped into jets with the anti-kt algorithm and
a distance parameter R=0.4. All jets associated to the hard scattering process, i.e. originating
from the top quark or hadronic W boson decays, or with a transverse momentum below
20 GeV are rejected. The remaining jets are split into five mutually exclusive tt processes
at simulation level according to the number of additional jets and B and C hadrons, tt + X,
namely:

e tt + bb (resolved) Events with at least two additional jets, each containing at least one
B hadron within the acceptance of the applied selection;

e tt+ b Events with only one additional jet inside the acceptance of the applied selection
and containing exactly one B hadron;

e tt 4 2b Events with one additional jet with two B hadrons clustered into the jet;
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5.2 — Event samples

e tt + cc (also labeled as tt +C/tt +cc) None of above criteria stands, but the events have
(at least) one additional jet containing (at least) one C hadron;

e tt+ LF (also labeled as tt+1f) None of above criteria applies.

The first four processes involve additional heavy-flavor jets, tt + HF. On the contrary, the
tt + LF are additional jets originating from other quark flavors (uds) as well as additional
gluon emissions. Figure 5.3 schematically represents the tt + bb sub-processes, based on
resolution and acceptance effects in the detector. In this thesis, the first three processes are
treated as a single process referred to as tt + bb or tt + B. At this stage no b-tagging algo-
rithm is employed and this categorization holds only for simulated events. The calculation
of the additional collinear gluon splitting effects in the tt + 2b subprocess is particularly
challenging, and a dedicated source of systematic uncertainty is determined to account for it
(see Section 6.1).

1t + bb tt+ blb tt+2b

Figure 5.3: Classification of the tt + bb sub-processes defined in the text. The cones represent reconstructed
jets, while the purple dots are the bottom quarks in the system. Figure adapted from Ref. [248].

The tt + cc process should be easily distinguished from the ttH, H — bb process, which
requires the existence of b jets in the final state. However the b-tagging misidentification rate
for charm quarks is not negligible (see Section 3.2.8). Similarly for the the tt 4+ LF process:
even though the mistag probability in this case is considerably lower, the large branching
ratio for these process makes their contribution significant in the analyzed phase space.

Main background samples

The tt background processes are simulated using POWHEG. The inclusive cross section is
normalized to 831.76 "5 (scale) Taz0¢ (PDF + a,) pb, which has been calculated at next-
to-next-to leading order (NNLO) in QCD including resummation of next-to-next-to-leading
logarithmic (NNLL) soft gluon terms with top++2.0 [29-35].

The tt events are categorized based on the flavor of additional jets, as detailed above.
Specifically, irreducible background process events with additional b jets , are generated
using the POWHEG MC generator with NLO accuracy in the 4FS. This is the preferred method
as it better describes the hard interaction processes in the generation of the tt + bb process.
The LHC Higgs Cross Section Working Group has studied this simulation in detail in the
scope of the full Run 2 ttH, H — bb analysis [42]. The other tt + jets events (tt + cc, tt + LF)
are generated using a POWHEG tt simulation at NLO accuracy in the 5FS, with only one of
the additional jets described by the ME calculation. Details of the MC configurations can be
found in Appendix C, and a more detailed description is in Section 5.5.
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5 — Measurement of ttH, H— bb - Analysis strategy

In the POWHEG samples, a damping parameter value of hdamp = 237.9 GeV has been
used together with the CP5 tune, and a value of hdamp = 172.5 GeV together with the
CUETP8ML1 tune. The values are summarized in Table 5.3 for the different simulated samples.
The uncertainties assigned as a result of the factorization and renormalization scales, as well
as the PDF, are also listed in Section 6.1.

Year Sample UE Tune  ME-PS matching
2016 V +jets, tt + V, Diboson CUETP8M1 172.5 GeV

all others CP5 237.9 GeV
2017 all CP5 237.9 GeV
2018 all CP5 237.9 GeV

Table 5.3: Parton-shower tune and damping-parameter values used in the simulation with PYTHIA 8.2.

The samples are merged to cover the entire tt + jets phase space: the tt + bb 4FS prediction
is normalized to the corresponding fraction that contributes to the inclusive tt cross section
in the 5FS. The differential information for the tt + bb process is obtained from the 4FS
prediction, while the precise NNLO + NNLL inclusive tt cross section is required not to
change. The tt + bb and tt + cc normalizations are left as a freely-floating parameter in
the final fit to be determined in-situ to allow adjusting the predicted tt + jets yield to that
observed in data.

Minor background processes and samples

In addition to the background processes from tt + jets production, there are several other
physics processes that can mimic the ttH, H — bb final states and therefore contribute to the
event yield in the analysis selection region. These are referred to as minor backgrounds and
are discussed in the following.

The tH processes produces the same final state when additional radiation is recon-
structed as part of the tt system. This process is split into the tHq and tHW processes
to allow for further measurements like the CP properties of the Higgs boson and the sign
of the top-Higgs-Yukawa coupling. The tHq and tHW processes are simulated with MAD-
GRAPH5_AMC@NLO at LO accuracy. The tHq sample is generated in the 4FS, allowing for
a more accurate description of the extra bottom quark from the initial-state gluon splitting.
The tHW is instead modeled in the 5FS since it is so far the only way to accurately account
for the interference effects between the 4FS prediction at LO and the 5FS prediction at NLO
during the reweighting process. The inclusive cross sections are normalized to NLO accuracy
in QCD (no NLO EWK corrections are available), computed in the 5FS [243, 249, 250]. The
tH processes have little effect in the fiducial phase space of the ttH, H — bb analysis, thus
they are actually considered as minor backgrounds. The contribution from s-channel tH
production is negligible and therefore not considered. As for the ttH samples, all decays
channels of the Higgs boson are taken into account.

The production of single top (anti)quark, single t, can also mimic the relevant final
state. The overall production cross section is O(400) times larger than the ttH one [251], so
although the selection of this process is less likely, the contribution to the final phase-space is
not negligible. The single-top background processes in the t- and tW-channels are simulated
with POWHEG [252, 253], while MADGRAPH5_AMC@NLO is used to simulate the s-channel
single top quark processes. The inclusive cross sections are normalized to approximate NNLO
(tW channel [254]) and NLO (t- and s-channels [255, 256]).
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5.3 — Event selection

Processes with a top quark pair produced in association with vector bosons (W, Z, y) are

also relevant for this analysis and referred to as ttV. The cross sections for these processes
are of the same order of magnitude as the ttH one [257], but the CKM matrix suppresses
the relevant decays. Processes with a single W or Z/" vector boson and extra jet emission
can also resemble the signal, especially for decays into charged leptons; these are referred
to as V+jets and their contributions are severely reduced with increasing of jet multiplicity.
Another contribution comes from vector boson pair production (WW, WZ and ZZ), here
referred to as diboson production. Specifically, these processes yield a similar final state as
ttH, H — bb when the Z boson decays into bottom quark pairs and the light-flavor jets from
the W boson are misreconstructed as b jets.
The V+jets and ttV processes are simulated with MADGRAPH5_AMC@NLO, where the
matching of ME jets to PS is performed using the FXFX [258] prescription. Diboson production
is simulated using the PYTHIA event generator. The inclusive cross sections are normalized to
NNLO (WW and all V+jets, except Z+jets 2016 [259]), to NLO+NNLL QCD and NLO EWK
(tt+V [257]), and to NLO (other diboson [260] and Z+jets 2016) accuracy.

A list of the cross section used for the normalization of the signal and background
processes employed in this thesis is presented in Table 5.4, calculated at /s = 13 TeV and
assuming m, = 172.5 GeV, myy = 80.398 GeV and and my = 91.1876 GeV [55], if not stated
otherwise.

Tables 5.5, 5.6 and 6.5 provide a summary of the main simulated samples, as well as the
generated number of events and the naming and color schemes used for the plots in this
analysis.

5.3 Event selection

Generally, in a physics analysis, the selection of events has the goal of identifying the
particular signal process under study, in this case, the ttH, H — bb signature. This can be
achieved by exploiting differences in particle composition as well as kinematic features
between signal and background events. Furthermore, the selection criteria should also aim to
reduce the impact of systematic uncertainties.

When searching for the production of ttH events with H — bb in the DL decays of the
tt system, the final state consists of four b jets, two oppositely charged electrons or muons,
and a considerable quantity of missing transverse momentum arising from the undetected
neutrinos. The main background is due to the top quark pairs production with additional
heavy flavor jets, whose events cannot be fully separated from the signal ones with only
selection cuts in the phase space, as already discussed above in Section 5.2.2.

The most relevant objects for this thesis are electrons, muons, reconstructed jets and the
missing transverse momentum originating from the neutrinos. These objects and their quality
requirements are described in Section 3.2. Only events that pass the CMS trigger requirements
are considered. In this analysis, events are selected by trigger paths requiring in the final state
one or two isolated leptons (e, 1) with transverse momenta above predefined thresholds.
The dielectron (dimuon) trigger checks for the presence of two electrons (muons) with one
electron (muon) satisfying pr > 23 (17) GeV and the other pp > 12 (8) GeV. The e™ ‘ui-trigger
instead requires either an electron (muon) with pt > 23 (23) GeV and muon (electron) with
pr > 8 (12) GeV. The dilepton trigger is not 100% efficient, therefore to increase the selection
efficiency, events are selected involving also the complementary single lepton triggers. The
requirements on the threshold values span from 24 to 27 GeV for muons, and from 27 to
32 GeV for the electrons, depending on the data-taking period and conditions. In order to
compensate for the increased pr threshold of the single-electron trigger in 2017 and 2018, a
cross trigger requiring an electron with pr > 28 GeV and the pr sum of all jets Hy > 150 GeV
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5 — Measurement of ttH, H— bb - Analysis strategy

Process Channel/phase space Cross section
H — bb 295.3 fg:gg:(scale):l: 3.6% (PDF) fb (NLO QCD and NLO EWK)
iH H - bbDL! 31.4 fb (NLO QCD and NLO EWK) [21]
H — bbSL? 129.8 fb (NLO QCD and NLO EWK)
ttH,H 4 bb 211.8 fg:gg:(scale):l: 3.6% (PDF) fb (NLO QCD and NLO EWK)
. tHq 74.25 T45% (scale)+ 3.6% (PDF) fb (vLo) D)
tHW 15.17 ¢ 7o (scale)+ 6.1% (PDF) fb vio)
inclusive 5FS 831.76 T390 (scale) + 35.06 (PDF) pb (NNLO+NNLL)
T tt (SL) 365.46 pb (NNLO+NNLL) [261]
tt (DL) 88.34 pb (NNLO+NNLL)
tt (FH) 377.96 pb (NNLO+NNLL)
tt+ bb inclusive 4FS reweighted to tt + bb (5FS) [261]
- channel W—had 6.96 7018 (scale) + 0.14 (PDF) pb ovio)
Wty 3.36 "0 09 (scale) = 0.15 (PDF) pb xio)
Single t/t ¢ 136.02 742 (scale) + 3.52 (PDF) pb x10) [251]
t-channel
t 80.95 7333 (scale) + 3.18(PDF) pb o)
tW-channel t/t 35.85 £0.90 (scale) £ 1.70 (PDF) pb (\NLoy
W + jets W— v 62877 T38° (scale) = 771 (PDF) pb o) [262]
Ziand 22635 pb
10 <my, < 50
70 <Hy <100 175.3 pb o)
100 < Hy <200 147.4 pb (o)
Z/y" +jets 200 < Hy < 400 40.99 pb o) [262]
Z/y" — L 400 < Hy < 600 5.678 pb o)
50<my <o 600 <Hy <800 1.367 pb o)
800 < Hr <1200 630.4 fb o)
1200 < Hy < 2500 151.4 fb o)
Hr > 2500 3.565 fb (o)
WW 118.7 pb (NNLO)
Diboson WZ 65.54 pb (NLO) [262]
Y4 15.83 pb Loy
W— v 179.2 fb (NLO+NNLL QCD and NLO EWK)
4V W— qq 370.8 fb (NLO+NNLL QCD and NLO EWK)
Z— Ll/vv 258.9 fb (NLO+NNLL QCD and NLO EWK) [257]
Z—qq 601.2 fb (NLO+NNLL QCD and NLO EWK)
0% 3.697 pb (NLO)

Table 5.4: List of signal and background cross section at \/s = 13 TeV for the ttH events with H — bb analysis.
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5.3 — Event selection

Sample Number of Events Label Color
2016 2017 2018
ttH, H — bb 10000000 8000000 12000 000
ttH,H — bbSL | 10000000 9558675 10000 000 .
- _ signal L
ttH,H — bb DL | 10000000 9794620 10 000 000
ttH,H /4 bb 10000000 7966 779 8 000 000
tHq 10 000000 10000000 30 000 000 tHq (SM)
tHW 5000 000 5000000 15000000 | tHW (SM) -
inclusive tt (4FS)
tt SL 110 000 000 159 889425 114520000 | _
_ tt+bb (4FS) 1A
tt DL 70000000 69155808 70960 000
tt FH 70000000 130797 650 134 808 000
inclusive tt (5FS _
- (FS) tt + cc 1
tt SL 6 494 400 5667 979 6123 100
tt DL 3749 700 3 697 000 3615 000 _
- tt+ LF
tt FH 6 077 198 6 727 500 5914 500

Table 5.5: Number of generated events produced for each year of data taking in the simulated signal and
background samples used in this analysis. The label and color columns define the grouping of
processes depicted in histograms throughout this thesis.

was also used. The inclusion of single-lepton triggers helps recovering about 10% of DL
events. Appendix D lists the trigger paths used for the different years and the specific run
ranges, as configured for use both in data and simulation. A logical OR among the different
triggers is considered (e.g. the event is accepted if one or more trigger paths are fired).
To avoid double counting, only triggers corresponding to the same lepton final state are
considered for each dilepton final states by additionally vetoing the remaining trigger paths.

Selection criteria are then applied to the objects of interest to further purify the signal-to-
background ratio and identify the phase space of events to be analyzed. The goal is also to
ensure that the analysis is performed in a region where the simulation describes with good
accuracy the recorded data. The same selection cuts on global event and physics quantities
are applied both to data and simulation.

First of all, this analysis targets events containing two leptons in the final states, focusing
on isolated electrons and muon and disregarding decays involving T leptons. The DL channel
is constituted by two oppositely charged leptons (e7e”, e™ u=, " u"). Events with two
isolated leptons can potentially emerge from almost all processes considered in this analysis,
so requiring opposite electrical charges reduces significantly some background contributions.
In addition, the online and offline content of the event is required to be consistent, e.g. a
dimuon event has to be recorded by a single or double-muon trigger. The purity of the isolated
leptons should be high enough to reduce fake contributions, but also sufficiently large to retain
a reasonable amount of events to analyze. This is usually achieved with cuts on kinematic
properties. In case of two leptons a common approach is requiring the leading (i.e., the
highest-p1) lepton to satisfy rather tight selection criteria, and the sub-leading lepton to pass
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Sample Number of Events Label Color
2016 2017 2018
single t
s-channel (W— ¢v) | 10000000 19846893 20 000 000
s-channel (W—had) | 5000000 10000000 10 000 000
t-channel 32000000 5982064 160 000 000 t =
t-channel 18000000 3984790 80 000 000
tW-channel 5000000 7945242 10000 000
W-channel 5000000 7977430 7745276
ttW
W— lv 2160168 9994543 5000 000
W—had 833 298 811 306 830 000 GV
ttZ
Z— v 1992438 11141490 14 000 000
W—had 749 400 750 000 750 000
tty* 1474885 1607839 4691915
Diboson
WW 7982180 7779630 8000 000
VA% i
Wz 3997571 3928630 4000 000
77 1988098 1925931 2000 000
W— lv 5280565 4994543 4911941
Z/y" —
35114960 39536840 86369 010
10 < my,< 50
Z/y" —
50 <my, < o
70<Ht <100 9691660 9344037 10019 684
100<Hy <200 11017086 11197488 11530510
200<H7 < 400 9754170 10728447 11225887 | Vtets
400<H; < 600 10152204 10219524 9697098
600<H; < 800 8292957 8743640 8862104
800<Hr < 1200 2673066 3114980 3138129
1200<Hy < 2500 596 079 625517 536 416
Hp > 2500 399 492 419 308 427 951

Table 5.6: (Continue) Number of generated events produced for each year of data taking in the simulated signal
and background samples used in this analysis. The label column defines the groups of processes
depicted in histograms throughout this thesis. The dilepton mass m, and the sum of transverse jet
momenta Hr are given in GeV.
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partially loosened one. In particular, the transverse momenta and absolute pseudo-rapidities
of leading leptons must have pr > 25 GeV and || < 2.4. To suppress events from heavy-flavor
resonances decays and low-mass Drell-Yan processes (i.e, photons decaying into pairs of
leptons), the invariant mass of selected lepton pair m, is required to be greater than 20 GeV.
Moreover, same-flavor events (¢"e”,u* ™) with 76 GeV < my, < 106 GeV are discarded to
reject high-mass Drell-Yan processes. Effectively, these criteria suppress contributions from
Z+jets and diboson processes. The ttH signal final state features four jets in the DL channel
originating from decays of B hadrons. The majority of background processes, excluding the
tt + bb contribution, exhibit fewer jets or b tags and must be suppressed by selection cuts on
their multiplicities. An event is accepted when it contains at least 2 jets (and of which one
has to be b tagged) with pr > 30 GeV and |7| < 2.4. Finally a cut on the amount of missing
transverse momentum is applied to suppress background contributions that are not induced
by processes involving W bosons originating from top quark decays. Dilepton events must
have prTniss > 40 GeV to suppress sufficiently events from pure QCD multijet backgrounds,
which are difficult to simulate with an adequate amount of statistics due to its high cross
section and low selection efficiency. Table 5.7 provides a summary of all selection criteria,
referred to as baseline selection, and exhibiting a good level of agreement between data and
the total MC yields.

Observable Selection
Number of leptons 2
Sign and flavor of leptons efe ,e" yi, whu
Min. pr of pr-leading electron [GeV] 25
Min. pr of pr-leading muon [GeV] 25
Min. py of pr sub-leading lepton [GeV] 15
Max. |77| of leptons 24
Min. number of jets 2
Min. pr of jets [GeV] 30
Max. |n| of jets 24
Min. number of b-tagged jets 1
Min. p [GeV] 40

Table 5.7: Baseline selection criteria in this analysis.

After applying the baseline selection the yields observed in data and predicted by the
simulation are listed in Table 5.8. As a reminder, the ttH signal includes H — bb as well as
all other Higgs boson decay modes. Background contribution from QCD-multijet production
have been found to be negligible.

5.4 Corrections to the event simulation

Since the final measurement relies to a large extent on the simulated samples described
above, it is very important to ensure a high quality description of the observed data by the
MC simulation. This section describes the corrections applied to simulated events to smooth
out the observed discrepancies, induced by various effects ranging from MC event generator
tunings to parton showering, hadronization, and detector simulation and reconstruction
algorithms.
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Process 2016 2017 2018
Data 328586 400062 578521
ttH 326.9 392.1 585.5
=+ tot unc. +12.7 +14.9 +21.1
tt+ LF 273597.3 3255259  487855.7
+ totunc. +10409.1 +12776.9 +18711.8
tt+ cc 23188.7 27692.7 41761.4
+ totunc.  +1753.3  +1811.0 +2432.3
tt +bb 8300.4 9850.2 14993.8
=+ tot unc. +396.0 +452.8 +737.8
Single-t 14363.1 17436.9 26377.1
=+ tot unc. +750.3 +8755  +1107.6
ttV 869.5 1048.3 1616.4
=+ tot unc. +47.8 +53.6 +75.9
V+jets 1598.2 1951.3 3041.6
=+ tot unc. +124.5 +143.5 +213.5
tH 18.0 5.3 7.6
=+ tot unc. +0.4 +0.1 +0.2

Total bkg.  328259.2  394919.1 590386.0
+ totunc. £12428.0 £15134.9 +£21540.3

Table 5.8: Event yields observed in data and predicted by the simulation after the baseline selection for 2016,
2017 and 2018, prior to the fit to data. The quoted uncertainties correspond to the total statistical
and all systematic uncertainties with a shape changing effect (see Section 6.1).

For these reasons, dedicated control regions are defined. In these control regions, the
underlying physics is well known and understood, such that the comparison of the simulated
events to the data can help validating the simulation. Correction factors, generally known as
scale factors (SFs), are derived and used to reweight the simulation to reduce the differences
between simulated and recorded data. These SFs can modify the individual event features
or account for observed deviations by reweighting the events based on the distribution of a
specific parameter. These corrections are centrally provided by the corresponding groups
within the Collaboration.

At analysis level, the various corrections are applied as an event weight calculated as the
product of all incorporated corrections. In the following, the different corrections applied to
simulated events are described. The determination of the SF results in additional uncertainties
that will be discussed in Section 6.1.

Pileup reweighting

The effect of additional p-p interactions in the same bunch crossing (pileup) is included
in the event simulation by generating the final-state particles of minimum bias collision
events and overlapping it to the process of interest. An event by event correction centrally
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provided is then applied to simulated events, so that the pileup distributions in MC matches
the one measured from the data. The approach necessitates a measure of the probability of
p-p interaction during bunch crossing, which is given by the inelastic cross section ¢;,.. The
most recent recommended value is 0y, = 69.2 mb =+ 4.6%. To obtain the pileup distribution
in data, 0y, is multiplied by the instantaneous luminosity for each bunch crossing.

Trigger efficiencies

The triggers considered are critical for selecting ttH,H — bb events; similarly to the
lepton identification and isolation efficiencies, the trigger performance in simulation is
corrected to account for any differences to data.

The DL tt + jets MC simulation sample is used to calculate dilepton trigger efficiency
in simulation, and scale factors are calculated individually for each dilepton channel and
year, taking into account both statistical and systematic uncertainties. These factors are
also determined for different kinematic regions (high and low number of primary vertices,
number of jets, and missing transverse momentum). The methods used are similar to previous
ttH,H — bb analyses [121, 127]. The scale factors are determined to be close to 1 with
uncertainties below 5%. In the dilepton channel of the ttH, H — bb analysis, 2D scale factors
are derived as a function of the leading and sub-leading lepton’s p1. These factors are shown
in Appendix E, Figures E.1-E.3 for the 2016, 2017, and 2018 eras.

Lepton corrections

Since the selection requires the presence of electrons and muons in the final state of this
analysis, SFs need to be applied to account for differences of their reconstruction, identifi-
cation and isolation efficiencies between data and MC. Furthermore, the muons transverse
momenta are corrected for biases caused by detector misalignment. Corrections are derived
in bins of pr and 7 for the individual years of data taking and applied on an object-by-object
basis. They are centrally provided in the CMS Collaboration by the groups dedicated to the
reconstruction and measurement of muons, and the one dedicated to electron and photon.

All electron and muon selection criteria of the analysis are identical to those employed in
the efficiency measurements, so that the derived weights are applicable to the phase space of
this analysis without the need for extrapolation.

Jet Energy corrections

Measuring the energy of jets is extremely difficult because of the hadronization of color-
charged particles; thus, the detector response is continuously monitored and calibrated. The
JEC are classified into two categories: the jet energy scale and jet energy resolution.

The CMS Collaboration measures the correction to the JES [263] following several steps.
First, the energy of pileup contributions during jet clustering is subtracted by comparing
samples created with and without pileup overlay. Residual differences between data and
the detector simulation as a function of 77 are determined in the observed data events and
then the simulated jet response corrections are derived by comparing the reconstructed jet p
to the truth-level transverse moment. These corrections are derived as a function of the jet
pr and 1, making the detector response uniform in these variables. At this stage only minor
discrepancies in the order of few percents are observed between data and simulation. On the
one hand, the 7 dependence of the corrections is further refined by adjusting the response to
a jet in a simulated dijet sample with respect to a jet of similar pr in the barrel region of the
detector. In addition, to account for the implications of the HEM problem outlined in Section
2.2.7, a separate JES source is used for both observed data and simulated samples for 2018.
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For the second category, dedicated studies indicate that the Jet Energy Resolution is worse
in data than in the event simulation at the CMS experiment. The simulated jet pt distribution
is smeared to match the JER in data [161].

b-tagging corrections

The expected final state in the ttH, H — bb analysis features multiple b jets in the final
state. Jets originating from bottom quarks are identified using the DEEPJET tagging algorithm
(see Section 3.2.5), which is applied both to data and simulated events. However, since the
underlying machine learning technique contains numerous input variables vulnerable to
mismodeling, variations in the efficiency of this tagger in data and simulation have been
reported [213, 264].

Generally, the output of the DEEPJET tagging algorithm can be exploited in two ways: a
certain threshold value can define a b tag, resulting in specific identification and misiden-
tification efficiency, or the shape information of the tagger discriminant can be used. This
analysis utilizes the discriminant values as inputs to neural network algorithms for event
classification; for this reason a calibration of the discriminant shape is required.

B-tagging SFs are measured a function of the jet b-tagging score, pr and 7 using a tag-
and-probe technique, separately for heavy flavor (HF) and light flavor (LF) jets. The SFs
are derived in dedicated control region of tt events using a selection requiring exactly two
leptons and two jets. The distribution of the b-tag score of the probe jet is compared in py
and 7 intervals between observed data and simulated samples, with the latter normalized to
the observed event yield, since the SFs are only designed to do shape calibration rather than
rate correction. In order to account for a possible contamination of the control samples, the
expected LF contribution is subtracted from the data before the actual calculation of the SF.
For example, the correction for the HF jets is calculated as:

Data — s
SE(btag, pr, 1) = ——=,

SHF
where s; and sy denote the number of events in the simulated samples arising from
light-flavor and heavy-flavor contributions , respectively. The calculation for the LF jets is
performed analogously. The final SF for the event is the product of the corrections for the
individual jets in the event.

The SFs are then interpolated over the corresponding pt and 7 bins using an iterative fit
approach. For all jet b-tag score, pr and 7 values, the method gives continuous scale factors.
It should be noted that the method is not supposed to change the expected rate of events as
determined prior to the application of any b-tag selection criteria, which potentially requires
an a-posteriori reweighting of events in bins of jet multiplicity.

Figure 5.4 shows exemplary scale factors for b jets (a) and for udsg jets (b) for the three
years. An unexpected behavior is observed in the simulation after the application of the SFs:
changes in the distribution of observables such as the jet multiplicity and the transverse
momenta of the jets. The effect is almost negligible in 2016, while it becomes significant in
2017 and 2018: the largest deviation is observed in 2017, as visible in Figure 5.5 comparing
blue to the black distributions.

This unwanted effect is compensated by including an additional event-by-event correction.
This additional b-tag normalization scale factor is applied as multiplicative correction to
the simulation and represents an additional step of the b-tag SF derivation, optimizing the
SF for the specific analysis phase space. The weights are generated using simulated events
that match all of the selection criteria listed in Section 5.3, except for the b-tagging condition,
to ensure that the phase space is as close as possible to the one of this analysis. The b-tag
normalization SF is derived separately for the major signal and background processes ttH,
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Figure 5.4: (a )]et scale factors for b jets with 20 < pr/GeV < 30 and |yj| < 2.4, and (b) for udsg jets with
20 < pr/GeV < 30 and 0.8 < || < 1.6 for the three different years of data-taking. Dotted lines
represent total uncertainties of the scale factor calculation.
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Figure 5.5: Jet multiplicity (a) and Hy (b) distributions for ttH events for 2017 after the baseline analysis
selection. The distributions are shown before any b-tag correction (black), after applying the b-tag
SF (blue), and after applying the b-tag SF and additional patch (red).

tt + bb, tt + cc and tt + LF; minor background processes are corrected with the weight for
tt + LF events due to the poor statistics of simulated events. This is a purely MC-internal
procedure added to the SF derivation to retain its internal consistency; no data is involved.
First, two sets of 2D histograms of the jet multiplicity vs. sum of transverse jet momenta Hr
are built for each background and signal processes, once with the b-tag scale factors applied
and once without. The binning in jet multiplicity and Hy has been optimized for each class of
processes such that the statistical uncertainty on the scale factor does not exceed 30% in most
of the bins. The weights are then derived for each processes by dividing the 2D histogram
where no b-tag SF is applied by the one with the b-tag SF applied. The event weights are
shown in Appendix E in Figures E.4-E.7 for all the years.

As a validation, in Figure E.8 E.9 and E.10 of Appendix E, the DEEPJET b-tagging discrim-
inant distributions as well as jet kinematic distributions are shown for each process before
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applying any b-tag correction (black), after applying the b-tag scale factors (blue), and after
applying the b-tag reweighting patch. After application of both the b-tagging SF and the
patch (red), the shape-altering effect of the b-tagging SF (blue) is corrected and the same
shape as before applying any correction (black) is retained. Likewise, jet 1 distributions are
not affected by the patch, while the jet py distribution, which is biased due to the application
of the b-tagging SF, is properly corrected. This verifies that the reweighting patch corrects the
bias introduced by the b-tag SF but does not change the shape of the relevant distributions,
such as the Deep]Jet discriminator.

The data-to-MC agreement after the baseline selection is shown in Figure 5.6 for the jet
and b-tagged jet multiplicity distributions for the three data-taking periods. Figures 5.7-5.9
illustrate the pt and 7 distributions for the leading lepton and the two leading jets. Overall
good agreement is observed within the uncertainties. The trend visible in the phase-space with
higher jet and b-jet multiplicity is expected. This is because the tt + bb (4FS) sample features
harder jet and b-jet spectra (as described in the next Section), due to the two additional b jets
from the ME which have higher p and thus more often pass the jet-p threshold.

5.5 tt+ jets background model

Upon the baseline selection, the tt + jets production represents the major background
contributions, accounting for approximately 95% of the total predicted background events in
the DL channel (see Table 5.8). As already highlighted above in Section 5.2.2, the tt events
with additional b jet production are highly crucial. Generally, they are theoretically difficult
to model due to the multi-parton final state with two very different scales, and in the context
of this analysis their topology is identical to the ttH signal events but with a cross section
10-20 times larger in the analyzed phase space. Dedicated measurements [43, 119, 120] and
previous iteration of this analysis [121, 127] have demonstrated that the tt + b jets contribution
in data is larger than expected by the simulation by a factor of 1.2-1.4.

The tt + jets production is modeled using MC simulation and the simulated events are
split into mutually exclusive processes according to the flavor of the additional jets at truth-
level not originating from the top quark decay (see Section 5.2.2 for detailed description).
This distinction is critical since the processes are subject to distinct systematic uncertainties.

Previously, the entire tt 4 jets background, including tt + b-jets events, has been modeled
using an inclusive tt simulation at NLO in the 5FS. There, the critical additional b jets not
from the top decay are modeled by the PS and subject to PS tune and large uncertainties
in general. Additional, empirically driven cross section uncertainties were also assigned to
the different tt + b jets topologies. An improved background model was instead developed
for this analysis. A dedicated exclusive tt + bb simulation [44] at NLO in the 4 FS is used
to model the tt + b jets events, and their overall normalization is left as a freely-floating
parameter in the final fit. The three processes, tt + bb, tt + b, and tt + 2b, are now treated as
one single process, tt + B, subject to the same common normalization correction and the same
scale uncertainties, which reflects the fact that they stem from the same underlying diagrams.

The process simulation has been investigated within the LHC Higgs Cross Section Work-
ing Group [42]: several variables relevant to this analysis have substantially different pre-
dicted distributions in the tt and tt + bb simulations. The measurement precision is not yet
good enough to distinguish between the models, but there is an a priori preference for the
more fundamental ME-level prediction of the tt 4+ bb sample. In addition, the scale uncertain-
ties of the ME computation, which are conceptually better defined than the uncertainties on
the PS-tune parameters, are the major uncertainties. Therefore, the tt 4 bb simulation is here
employed to model the tt + b jets background.

The prediction of the tt (5FS) and tt + bb (4FS) samples have been compared at truth-level:
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Figure 5.6: Jet (left) and b-tagged jet (right) multiplicity for 2016 (top), 2017 (middle), and 2018 (bottom)
after the baseline selection. The expected background contributions (filled histograms) are stacked,
and the expected signal distribution (line) is superimposed. The last bin includes overflow events.
The hatched uncertainty bands correspond to the total statistical and systematic uncertainties
with a shape changing effect, added in quadrature. The light gray band indicates the systematic
uncertainties, while the dark gray band illustrates the statistical uncertainties in each bin of the
background prediction. The lower plots show the ratio of the data to the background prediction.
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Figure 5.7: Leading lepton pr (left) and n (right) for 2016 (top), 2017 (middle), and 2018 (bottom) after
the baseline selection. The expected background contributions (filled histograms) are stacked, and
the expected signal distribution (line) is superimposed. The last bin includes overflow events.
The hatched uncertainty bands correspond to the total statistical and systematic uncertainties
with a shape changing effect, added in quadrature. The light gray band indicates the systematic
uncertainties, while the dark gray band illustrates the statistical uncertainties in each bin of the
background prediction. The lower plots show the ratio of the data to the background prediction.
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Figure 5.8: Leading jet pr (left) and y (right) for 2016 (top), 2017 (middle), and 2018 (bottom) after the baseline
selection. The expected background contributions (filled histograms) are stacked, and the expected
signal distribution (line) is superimposed. The last bin includes overflow events. The hatched
uncertainty bands correspond to the total statistical and systematic uncertainties with a shape
changing effect, added in quadrature. The light gray band indicates the systematic uncertainties,
while the dark gray band illustrates the statistical uncertainties in each bin of the background
prediction. The lower plots show the ratio of the data to the background prediction.
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Figure 5.9: Sub-leading jet pr (left) and y (right) for 2016 (top), 2017 (middle), and 2018 (bottom) after

96

the baseline selection. The expected background contributions (filled histograms) are stacked, and
the expected signal distribution (line) is superimposed. The last bin includes overflow events.
The hatched uncertainty bands correspond to the total statistical and systematic uncertainties
with a shape changing effect, added in quadrature. The light gray band indicates the systematic
uncertainties, while the dark gray band illustrates the statistical uncertainties in each bin of the
background prediction. The lower plots show the ratio of the data to the background prediction.



5.5 — tt+ jets background model

in general, the tt + bb (4FS) sample features harder jet and b-jet spectra in the phase-space
with high jet and b-jet multiplicity, especially close to the selection threshold. This behav-
ior is expected because of the two additional b jets coming from the ME, generally having
higher pr. Observables related to the distance and invariant mass of the two additional b jets
are different because the prediction of the kinematics can differ. The uncertainties are larger
in the tt + bb (4FS) sample than in the tt (5FS) sample, due to the additional b jets originating
from the ME and subject to scale uncertainties.

The tt + cc and tt + LF events instead are taken from the tt sample, since they do not
include additional b jets within acceptance but can still pass the event selection due to
mistagging. A merging procedure has been developed to combine both samples to cover the
full tt + jets phase space without overlaps, as illustrated in Fig. 5.10. The tt + bb simulation is
expected to better model the kinematic but not the cross section prediction. For this reason,
the fractional contributions of the tt + B, tt + cC, and tt + LF events are chosen based on
the tt sample and the total yield of the tt + jets events is scaled to the NNLO+NNLL tt
inclusive cross section of 831.76 pb calculated in the 5FS scheme [261]. So the dedicated
tt + bb simulation is used to describe the shapes of the kinematic distributions of tt + b jets
events, while their normalization is scaled to the yield predicted by the inclusive tt + jets 5FS
sample. As a result, the overall yield of all tt + X events remains unchanged. The final yields
of the tt 4+ B and tt + cc contributions are free parameters and determined in-situ in the fit to
data, allowing flexibility to match the predicted tt + B yield to the one observed in data.

tt NLO (5FS) sample tt+bb NLO (4FS) sample

tt+LF, tt+C

tt+B

B

merged tt+jets sample

tt+LF, tt+C

3)

Entire tt+jets phase-space

Figure 5.10: Illustration of the procedure to merge the t + bb and tt samples.

For the tt and tt + bb samples, dedicated modeling uncertainties have been assigned
when they have different definition for the 5FS vs. 4FS samples (more details in Section 6.1).
In general, the relative yields of the tt + jets and tt + bb samples can change when varying
the ISR, FSR, py and yp scale and PDF uncertainties. Therefore, for each variation, the
tt + bb sample is normalized such that its inclusive yield after the variation (and before any
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event selection) corresponds to the one predicted by the inclusive tt + jets simulation after
the simulation (and before any event selection). However, the tt + 2b process is affected
by additional effects occurring in the collinear regime: additional gluon emission from
the splitting gluon is probably underestimated [265]. Therefore, an additional 100% rate
uncertainty is still assigned to the tt 4 2b part.

Figure 5.11 shows a comparison of discriminant distributions used in the final fit (as
defined in Section 5.7) for tt + B events in the categories most sensitive to the ttH signal, for the
2016 data. The distribution obtained with the dedicated tt + bb sample (tt + bb 4FS) used in
this analysis is compared to the distribution obtained when using the tt sample (tt + bb 5FS).
The error bands show the total systematic uncertainties and the shape differences are well
below or at the 1o level. Again, the normalization differences are covered by the freely-
floating normalization parameter in the fit. The same conclusions holds for all years, as
visible in Figure F.1 in Appendix F.
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Figure 5.11: Distribution of tt + B events in the > 4 jets, > 3 b tags category for 2016 for the observable used
in the final fit. The distribution obtained with the dedicated tt + bb sample (tt + bb 4FS, cyan) is
compared to the one from the tt (tt + bb 5FS, red) sample and the error bands contain the total
systematic uncertainty.

The modeling of the tt + B background has been validated also in a comparison to the
data in the different phase-space regions, also the ones relevant for the STXS measurement.
As expected, in a phase-space region with more b jets the data is harder than in the simu-
lation with the tt (5FS) sample and therefore much better described with the tt + bb (4FS)
sample. For example, the predicted distributions of the jet and b-tagged jet multiplicities
(see Figure 5.6) after the baseline selection agree well with the ones observed in data within
the uncertainties. As another example, the Higgs boson candidate identified using the two
jets with the invariant mass closest to 125 GeV has also been validated in different regimes of
Higgs-boson pr. Figure 5.12 shows the distribution in a region of high jet and b-tagged jet
multiplicity, considering all the combined data sets used in the analysis. The actual sensitivity
to ttH in this observable is small so that the analysis is unblinded, but the background
modeling can be tested in this way. The shape of the data distribution is well described by
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the simulation. Differences in normalization are due to the expected under-prediction of the
tt + B cross section by the simulation.
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Figure 5.12: py of the Higgs boson candidate for events passing the baseline selection requirements in the
> 4jets,> 3 b tags category, considering all the combined data sets used in the analysis.

Furthermore, the stability and robustness of the statistical model against statistical fluc-
tuations in the data and against potentially mismodeled tt + bb background have been
successfully tested using toy data as reported in Appendix F.

5.6 Event categorization in the analysis regions

After the MC simulated samples are confirmed to describe the recorded data well, the
selected events are split into further analysis regions. To improve the sensitivity of the binned
maximum likelihood fit, event categories are constructed such that each of them is enriched in
either different background contributions or the ttH, H — bb signal. This allows constraining
the nuisance parameters in the fit that are related to the background contributions. The
description of the maximum-likelihood fit is given in Chapter 6.

Two mutually exclusive event categories are defined based on the number of jets and
b-tagged jets: exactly 3 b-tagged jets 3jets, > 3b tags and at least 4 jets of which at least 3 are
b-tagged > 4jets, > 3b tags. The first category is enriched in background events originating
from the tt + LF process, while the relative contribution of signal events and tt + HF events
increases dramatically in the > 4jets, > 3b tags category. The splitting in these two analysis
regions to increase the sensitivity to the signal comes at the expense of a decrease in the statis-
tical precision. However, it has been proven to be the choice that provides an optimal balance
between reaching higher signal purity and maintaining good control over the background
processes and systematic uncertainties.

Table 5.9 reports the event yields in data and MC for the two event categories.
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2016
Process 3jets,> 3btags > 4jets,> 3b tags
Data 1697 2701
ttH 13 55
=+ tot unc. +2 +5
tt+ LF 433 551
tt+ cc 322 596
tt + bb 626 1155
Single-t 47 53
ttV 8 42
V+ets 7 26
Total bkg. 1448 2434
=+ tot unc. +360 +332

2017
Process 3jets,> 3btags > 4jets,> 3b tags
Data 2740 4297
ttH 118 70
=+ tot unc. +2 +6
tt+LF 722 925
tt+ cc 505 905
tt + bb 859 1551
Single-t 60 85
tV 15 58
V+ets 12 29
Total bkg. 2183 3564
=+ tot unc. +530 +485

2018
Process 3jets,> 3btags > 4jets,> 3b tags
Data 4167 6569
ttH 27 105
=+ tot unc. +4 +10
tt+ LF 1234 1534
tt+ cc 742 1370
tt + bb 1287 2340
Single-t 103 131
tV 23 80
V+jets 19 41
Total bkg. 3421 5526
=+ tot unc. +758 +737

Table 5.9: Event yields observed in data and predicted by the simulation after the categorization into
3jets, > 3 b tags and > 4jets,> 3 b tags for 2016 (top), 2017(middle) and 2018 (bottom), prior
to the fit to data. The quoted uncertainties correspond to the total statistical and all systematic
uncertainties with a shape changing effect (see Section 6.1).
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5.7 Observables for the parameter estimation

As the search for ttH production is background-dominated, the choice of the observ-
ables for the parameter estimation is crucial to optimize the sensitivity of the ttH, H — bb
analysis. Ideally, the observable should provide an adequate separation between signal and
background events and also constrain background processes individually. In the final state
under investigation, one could expect the reconstructed invariant mass of the two b-tagged
jet emerging from the Higgs boson decay to be very sensitive, having a narrow resonance
peak around the mass of the Higgs boson and a continuous distribution for the background
processes. But this is not the case, as shown in Figure 5.13, due mostly to large background
rate and experimental inefficiency effects in the jet reconstruction and the b tagging, which
result in a non-unambiguous way of reconstructing the distinct invariant mass peak of the
Higgs boson. This is based solely on the 2016 data set and should be considered indicative
for the general pattern, as the distribution is consistent for the other years.
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Figure 5.13: Reconstructed invariant mass of the two b-tagged jets closest to 125 GeV, for the 2016 data set. The
stacked histograms show the distributions of the background processes. For a better comparison,
the expected signal process is scaled with a normalization factor of 500. The black dots indicate the
observed data. The bottom half of the figure shows the ratio of observed data with respect to the
background prediction. The light gray band indicates the systematic uncertainties, while the dark
gray band illustrates the statistical uncertainties in each bin of the background prediction.

Even after constructing the signal-enriched analysis region described above, the recon-
structed invariant mass of the two b-tagged jets closest to the Higgs boson mass does not
provide the desired separation between signal and background events due to the still large
background contribution. Therefore, more suited discriminating observables need to be
found that allow for a proper signal extraction. In principle, any distribution of any variable
can be used, as long as it provides the necessary signal and background separation based on
proper understanding of the features of all involved processes. This is usually accomplished
by harnessing the power of multivariate analysis methods (MVA), which can more easily
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identify differences and exploit the correlation among multiple variables of the reconstructed
events.

Previous searches for ttH, H — bb employed the Matrix Element Method (MEM) (details
in Appendix G), and a machine learning algorithm in the form of Boosted Decision Trees
(BDT), as highlighted in Section 1.3.4. Both techniques thus differentiate just between signal
and background, in which all distinct contributing processes are equally treated. The work
presented in this thesis employs a newly designed multi-classification method as well as a
collection of discriminating variables customized for the search of ttH, H — bb production in
the DL final state. This algorithm is based on artificial neural networks (ANNSs) with a novel
approach for selecting the most discriminating variables and validating them to address
higher order-correlations. An introduction to neural network is available in Appendix A.
The strategy is designed not only to distinguish between signal and background events,
but also to split the latter into distinct contributions, resulting in bins enriched with one
of the relevant physics processes and improving the overall analysis sensitivity. As shown
in Figure 5.14, a selected set of input variables measured for each event is fed into the
ANN. It returns as output a vector of values between 0 and 1, reflecting the likelihood of a
given event to originate from the signal or one of the three background tt + jets processes
(tt + bb, tt + cc, tt + LF). As a result, the ANN has four distinct classes in the most sensitive
category. The vector elements sums up to one, and the classification into one of the classes
is based on the most probable process, i.e. the class with the largest output value. The
corresponding event mapping is unambiguous, preventing any double-counting. At the
same time, the distributions of the output serve further to construct the final discriminant
distributions that enter the fit.

input variables “Probability”
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CN N Y
- NN AN \
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Events NN by highest
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Figure 5.14: Example of strategy based on multi-class classification ANNs. Four values are assigned to events
based on their likelihood of originating from the ttH signal or from one of the backgrounds. An
event is assigned to the class with the greatest probability (ttH in this example).

Figure 5.15 displays the analysis workflow, from selection, categorization by the number
of reconstructed jets/b jets, to the ANN trained and optimized in each jet/b-tag multiplicity
category. In total this results in 5 categories with corresponding discriminants, which are
employed simultaneously in the signal extraction procedure.
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Figure 5.15: Representation of the analysis workflow with a focus on the classification and categorization.
ANNe s are trained in each jet/b-tag category to further classify the events based on their most
likely process. The measurement is performed by a simultaneous fit of the expected ANN output
distributions to data in all 5 categories with binned maximum likelihood fit.

5.7.1 Input variables to the neural networks

For each year and each jet/b-tag category, the most discriminating ANN input variables
are selected based on their discrimination power between ttH signal and tt background
events. The large set of inputs (~130) includes variables related to kinematic properties of
single object quantities (e.g. transverse momenta of leptons and jets), combined variables
of multiple physics objects (e.g. angular distributions between momentum vectors), jet b-
tagging discriminant, event-shape variables but also more sophisticated observables like the
b tagging likelihood ratio (BLR) and the MEM discriminants. The complete list with detailed
definitions can be found in Appendix G, as well as a selection of their distributions.

In the first step, variables are ranked according to the output score of an unbinned one-
dimensional Kolmogorov-Smirnov (KS) test [266, 267]: the most discriminating ones are
selected and used in the subsequent steps. As expected, the MEM is among the input variables
with the highest signal-vs-background discrimination power. The correlations among these
first pre-selected variables are shown in Figures 5.16 for the > 4jets, > 3 b tags category.

The second step is the construction of a preliminary fully-connected feed-forward network
to gain further insight on the relative influence of each input to the ANN output. A Taylor
expansion of the ANNs outputs [268] helps performing a second ranking based on the
tirst-order derivatives of the output with respect to the individual input features. The first 20
(40 for the > 4jets, > 3b tags category) inputs are selected. Additional studies to improve the
understanding of the relative importance among the input features are performed looking
also at the Shapley metric [269]. This method originated in game theory and computes
the importance of an input feature in the ensemble by calculating the Shapley metric with
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Figure 5.16: Correlations among the preselected input variables in the > 4 jets, > 3 b tags category for the
2018 data set.

and without a given observable, thus gauging the impact on the ANN. In Appendix H,
Figures H.1-H.3 show the Taylor coefficients determined for the input variables used in
the 3jets, > 3b tags and > 4jets, > 3b tags categories for 2016, 2017 and 2018, respectively.
Figure 5.17 represents the Shapley values for the relative importance of the input features for
the > 4jets, > 3b tags category.

In general, the three distinct methods of ranking consistently identify the inputs with the
highest discrimination power (first 5-10 inputs); in particular, the second and third rankings
largely affect the remaining (sub-leading) inputs. The final rankings obtained with this
procedure are consistent with the expectation. In the > 4jets, > 3b tags category, the MEM
and the BLR provide the best separation between the ttH signal and the tt + bb background,
with the BLR also helping the discrimination between tt + bb and tt + LF; other variables,
such as A, or my i further contribute to the overall discrimination.

At this point a subset of approximately 30 variables, from the initial large set of observables
considered as potential input features, is selected based on their importance. The distributions
of the selected inputs are required to be properly described by the MC simulation with respect
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Figure 5.17: The x-axis shows the mean of the absolute Shapley values used for the ranking of the input
variables in the final ANN training of the > 4 jets, > 3 b tags category, considering all three eras
of data taking. The different colors of the bars indicate the dependence of the given category class
on the respective input feature. Large values indicate a high importance.

to data. The central prediction and the correlation of the input features, together with their
uncertainties, are the critical aspects to validate.

The validation is here performed with binned Goodness-Of-Fit (GoF) tests based on the
full uncertainty model, i.e. including statistical and systematic uncertainties (see Section 6.1)
using the saturated model method (see Appendix B.3). The aim is to guarantee that evident
mismodelings between data and simulation (for example, detector effects not entirely ac-
counted for by the uncertainty model) do not propagate to the output of the ANN classifiers.

In a first iteration, the 1D distribution of each potential input variable is considered.
Subsequently, the 2D distribution for each pair of variables passing the 1D GoF test is tested,
in order to ensure (to a certain extent) the proper modeling of the correlations between
different inputs. From post-fit distributions of a test statistic constructed using the saturated
model, a p value on the marginal distribution is determined, corresponding to the likelihood
of observing the value of the test statistic calculated in observed data or a larger value given
the probability density of the statistical model. Consequently, large p-values implies good

agreement between the observed data and the simulated samples, whereas small values
suggest a poor description. Variables with a p value below the threshold of 5% are further
closely inspected and potentially not used in further analysis.

For the p value calculation, first, the observed value ¢, of the test statistic is computed by
fitting the model to data. Next, the expected distribution f () of the test statistic is constructed
using pseudo data (300 toys) sampled from the post-fit model obtained from the fit to data.
Finally, the p value is calculated with p = ft t) dt. An example of the obtained test statistic
is shown in Fig. 5.18.

The p values for the 1D and 2D GoF tests of the selected variables are summarized in
Figures H.4-H.9. The data/MC comparison of the variables shows good agreement as well
(see Appendix E), providing further evidence that the variables are well modeled.

The input validation procedure generally rejects a small number of variables depending
on the year and the category. The final selected and validated variables for each category are

presented in Tables 5.10- 5.11.

5.7.2 Neural network architecture and training

The neural networks are now trained separately in each category. A binary (signal vs
background) classifier is trained in the 3jets, > 3b tags category, while in the most sensitive
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Variable  Definition 3jets,> 3btags > 4jets,> 3D tags
MEM matrix element method dis- — +
criminant
BLR likelihood ratio discriminat- — +

ing between events with 4 b-
quark jets and 2 b-quark jets

pr(jet2)  pr of the 2. jet, ranked in jet - +
Pt
pr(jet3)  pr of the 3. jet, ranked in jet + -
Pt
pp(b-jetl) pr of the 1. b-tagged jet, — +
ranked in jet pr
pr(b-jet2) pp of the 2. b-tagged jet, - +
ranked in jet py
pr(b-jet3) pr of the 3. b-tagged jet, - +
ranked in jet pr
pr(b-jet4) pr of the 4. b-tagged jet, - +
ranked in jet pp
N number of b-tagged jets at the — +
loose working point
Hr scalar sum of pr of jets - +
H?r scalar sum of pr of b-tagged — +
jets
mpe®® mass of pair of b-tagged jets — +
closest in AR
m{anR mass of pair of jet and b- — +
tagged jet closest in AR
mypp . mass of pair of b-tagged jets + +
with largest mass
m;‘;"g PT mass of jet and two b-tagged - +
jets system with highest pr
prai® sum pp of pair of closest b- + +
tagged jets
pr%“ﬁ AR sum py of pair of closest jets + —

Table 5.10: Input variables used in the DNNs in each category. Variables used in a given category are denoted
by a 4 and unused variables by a —.
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Variable Definition 3jets,> 3btags > 4jets, > 3b tags
pr%?jr,‘bAR sum pg of pair of closest jet and b- + -
tagged jet
AR;/ng average AR between b-tagged jets — +
AR minimal AR between any two jets + —
ARPY" minimal AR between any two b-tagged + +
jets
Ani™ largest Ay between any two jets + +
Ao largest Ay between any two b-tagged + -
jets
Rg ratio H,b/ Hyb of Oth and second Fox— — +
Wolfram moment [215] computed with
all b-tagged jets
R, ratio H,/H, of Oth and second Fox- — +
Wolfram moment [215] computed with
all jets
cP scalar sum of the b-tagged jet pr di- — +
vided by the sum of the energies of all
jets
H, 2nd Fox—Wolfram moment [215] com- - +
puted with all jets
Hg 0th Fox-Wolfram moment [215] com- — +
puted with all b-tagged jets
HZ 4th Fox—Wolfram moment [215] com- - +
puted with all b-tagged jets
d(jets) average b-tagging discriminant value - +
of all jets
d(jet4) b-tagging discriminant value of 4. jet, - +
ranked in jet pr
Ngiggs multiplicity of dijet pairs with invari- + +
ant mass between 100 GeV and 140
GeV
mﬁfg fan median mass of pair of jets + -
centrality(jets+leps) centrality of leptons and jets + -
centrality(tags) centrality of b-tagged jets — +
sphericity(tags) 3 (A, + A3), with A; the eigenvalues of — +
the momentum tensor computed with
jets
mppsestio 12 mass of pair of b-tagged jets closest to + —

125 GeV

Table 5.11: Input variables used in the DNNs in each category. Variables used in a given category are denoted
by a 4 and unused variables by a —.
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Figure 5.18: Goodness-of-Fit test for the MEM output in the > 4 jets,> 3b tags category for 2017 data.
Shown is the distribution f(t) of the test statistic for the generated pseudo data (black dots), the
values of test statistic when the observed data is evaluated (vertical blue line) and a comparison to

a x* distribution (red line). The p value is indicated by the shaded blue area.

> 4jets, > 3b tags category, events are further separated based on a multi-class neural net-
work with four output nodes, corresponding to the ttH, H — bb, tt + bb, tt + cc and tt + LF
processes.

The signal events for the ANNs training are provided by a dedicated MC sample of
ttH, H — bb events used exclusively for training, where both top quarks are forced to decay
leptonically. The background samples used for training correspond to approximately half of
the simulated DL tt MC sample; the other half is used to analyze the data. Each of the training
samples is then randomly split into a subset for the real training (60%), a test subsample
(20%) for cross-validation, and a validation set (20%) used to monitor the performances of
the ANNSs. The number of events used for training, evaluation and testing is summarized in
Table 5.12.

Events are weighted in order to balance the impact of individual processes during the
training. Additionally, before the actual training, a normalizing algorithm is applied so that
all input variables have a mean value of zero and a standard deviation of one, ensuring
that the value ranges of the inputs stay consistent with the domain of the chosen activation
functions, as explained below.

For each of the two categories, only one single ANN is trained for all the three years
of data-taking. The simulated events from all three years are weighted to reflect the differ-
ent integrated luminosities. It has been checked that training one ANN valid for all three
years rather than each year independently does not reduce the sensitivity of the resulting
discriminants. In Table 5.13, fit results (considering all sources of systematic uncertainties)
are summarized for an exemplary setup of ANNs in the most sensitive category. 95% CL
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3jets,> 3b tags > 4jets,> 3b tags

events for training 321091 952373
events for validation 107030 317457
events for testing 107030 317457

events per process

ttH 457731 1486906
tt +bb 40901 53618
tt + cc 16623 25809
tt+ LF 19897 20955

Table 5.12: Number of events used to train the ANNSs per category. Also listed are the number of events per
process and the number of events in the training, test, and validation subsamples.

expected upper limits are shown when using one single ANN per year or one combined ANN
for all three years. The results seems to benefit from the increase in the training statistics.
In any case, distinct final discriminant distributions are constructed per year during the
evaluation step to constrain uncorrelated uncertainties between the years.

| 2016 2017 2018 | combined
3ANNs | 1587072 157705 128703 | 1.84705
1ANN | 154705 15570% 1307035 | 1.827535

Table 5.13: 95% CL expected upper limits in an Asimov fit to pseudo data for the three data years and the
combination. The fit has been evaluated when using a unique ANN per data era (3 ANNs) or one
combined ANN for all three years (1 ANN). All systematic uncertainties have been included in the

fit.

The architecture is a fully connected feed-forward network implemented in KERAS. The
hyperparameters of such an architecture are the number of layers, the number of nodes
per layer, the activation function after each layer, the optimizer and its learning rate. The
number of nodes in the last layer and the last activation function must be set to the number
of desired output classes and the function to be used to interpret each output as a probability,
respectively. In the multi-classification training, the four output nodes are normalized to
unity with a ‘softmax function, and the minimized cost function is the categorical cross
entropy. A tanh output activation function and the squared hinge cost function are instead
employed for the binary trainings. The ANN hyperparameters, for both the binary and
multi-class classifiers, are optimized using a Bayesian approach [270, 271]. This technique
allows to use information from previous trials to guide the next set of hyperparameters to
explore. It generates a probability distribution function that evaluates how good a model is
for a given set of hyperparameters. The hyperparameters have been optimized based on the
performance on the test set. To rapidly assess the accuracy of the classifier, the maximized
cost function is the approximate median significance [272] computed with the output signal
and background histogram distributions. Additional requirements to minimize overtraining
are applied already during the optimization procedure: the Kolmogorov-Smirnov test results
between training and testing output distributions (both for signal and background) are
required to be > 0.2. This optimization is carried out independently for each of the two
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categories. The final ANNSs are trained with the architectures summarized in Table 5.14.

3jets, > 3b tags > 4jets, > 3b tags
Optimizer Adagrad
Learning rate 2107* 9104
Loss function squared hinge categorical cross-entropy
Number of input variables 13 29
Hidden Layers 3
Nodes per Hidden Layer [682,258,253] [512,256,128]
Node Activation leakyrelu
Output Node activation tanh Softmax
L2 regularization 2107° 710"
L1 regularization 107° 10°°
Dropout Percentage 0.03 0.05
Early stopping min epochs 50 50
Batchsize 400 2048

Table 5.14: Hyperparameters of the neural networks per category.

Every training is performed over a maximum of 1000 epochs but some of the training
don’t reach such a number of epochs because an early-stopping criterion is applied to limit
overtraining. Effectively, every training terminates when the performance on the validation
set does not increase for 100 consecutive epochs. To reduce overtraining even further, both
L1-L2-regularization and dropout are used, with their numerical values determined by the
Bayesian optimization technique. Furthermore, the cost function value is required to agree
within 2% or less between training and validation samples.

Figure H.10 shows two examples of the evolution of the ANN cost function as a function
of the number of epochs, or the training and validation data sets.

5.7.3 Evaluation of training results

One commonly used method to demonstrate the classification ability of ANNSs is through
the Receiver Operating Characteristic (ROC) curve. This curve represents the accuracy of
correctly identifying events as a proportion of events assigned to the incorrect class. In the
context of high-energy physics, it reflects the accuracy of correctly identifying signal events
versus incorrectly classifying background processes. The separation power of the ANN is
further quantified by the Area Under the ROC curve (ROC-AUC), which is reported in
Table 5.15. In addition, the thesis employs the use of confusion matrices, which serve as a
gauge for classification efficiency and the probability of misidentification for each class. A
confusion matrix shows ideal discrimination between classes when the diagonal entries are
one and all other entries are zero. The confusion matrix for the 4-class ANN used in the
> 4jets, > 3b tags category for three years can be found in Figure 5.19.

The outputs of the ANN discriminant (normalized to arbitrary units) for the different
categories can be found in Figure 5.20. Additionally, the result values of the Kolmogorov-
Smirnov test between training and testing distributions are also reported on the plots.

The highest value of the four output nodes for each event is used to allocate the event
to a sub-category. The amount of signal and major background events for each category is
represented in the pie charts in Figure 5.21 for the different years separately.
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3jets,> 3btags > 4jets,> 3b tags

ROC AUC 0.74 0.81

Table 5.15: Area under the curve of the receiver-operator-characteristic (ROC AUC) for the binary ANNs of
the 3 jets, > 3 b tags category and for the multiclass ANNSs in the > 4 jets, > 3 b tags category.
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Figure 5.19: Confusion matrix after the ANN training of the 4-node ANN trainings in the > 4 jets, > 3b tags
category evaluated with the test data set. Quoted values correspond to the fraction of events of
process X assigned to the output node (event sub-category) targeting process Y. The values are
normalized to one per row, hence representing the classification accuracies (diagonal elements)
and misclassification rates (off-diagonal elements) per process.

Then, the ANN output value o(i) of the node i, corresponding to the process category,
is employed directly as final discriminant for all events that fall in the tt 4+ cc and tt + LF
nodes. To exploit more information of the ANN classification, only for the events in the ttH
and tt + bb process categories of the > 4jets, > 3b tags category, the final discriminant is a
likelihood ratio computed from the ANN output values defined as

o(ttH)

Po = G(ttH) + o(tbb) ’ (©:2)

where o(i) is the ANN output value in the node i. This leads to a better separation of the ttH
signal from the critical tt 4+ bb background, which is discussed further in Appendix L
This approach leads to a total of four exclusive discriminant distributions:

e 1likelihood ratio distribution p, for the events in the ttH and tt + bb process categories
in > 4jets, > 3b tags category,

e 2 ANN output value distributions o(i) for the events in the tt + cc and tt + LF of the
> 4jets, > 3b tags category,
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Figure 5.20: Distributions of the ANN binary classifiers in 3 jets, > 3 b tags category (upper row) and of the
multiclass ANNs in the > 4 jets,> 3 b tags category.

¢ and 1 binary ANN output distribution for the 3jets, > 3b tags category,

which are ultimately combined in the statistical analysis for the signal extraction.

Figures 5.22-5.24 show the distributions of the discriminants for each separate year of data
taking. Good data/MC agreement is observed overall, and the normalization differences are
attributed to the underprediction of the inclusive tt + bb cross section.

5.7.4 The other channels

The analysis of the DL channel presented in details in this thesis is only one of the input
channels of the full ttH, H — bb analysis. Also the other decay channels of the tt system are
considered: the fully-hadronic (FH) and the semileptonic (SL) channels. The whole analysis
strategy is illustrated in Figure 5.25. The optimization has been performed separately in each
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Figure 5.21: Pie charts with content of signal and background events for each category in 2016 (top row), 2017
(middle row) and 2018 (bottom row). The value of signal to background ratios are reported for
each category.

channel based on the expected sensitivity to a SM signal evaluated with simulated data. The
ultimate results for the full combination will be presented in Section 6.3.

In both channels the selected events are also split into categories based on the jet and
b-tagged jet multiplicity. Dedicated ANNSs are optimized to enhance the separation between
the signal and the background processes.

In the FH channel, three categories with (7jets, > 4b tags), (8jets, > 4D tags), and
(> 9jets,> 4b tags) are used for the signal extraction. In each signal region, a binary-
classification valid for all three data-taking periods separates the ttH signal from the back-
ground events; this choice was found to provide sufficient sensitivity for the measurement.
The QCD multi-jet production, referred to as QCD, represent the dominant background; to
avoid the implications of poor modeling and too few events in the relevant phase-space
areas of the available QCD simulation, it is modeled from the data. Independently for each
signal region, the yield is left as free parameter in the final fit. For each signal region, two
mutually exclusive control regions with loser b-tagging requirements are defined and used to
estimate the QCD-multijet background and to train the ANNSs. As for DL, the ANN training
is performed with simulated ttH events, where only Higgs boson decays to bb are considered.
The ANNSs deploy input variables related to the kinematic properties of individual objects
and event shape information as well as the MEM discriminant output. The input variable
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Figure 5.22: Discriminants distributions in the 3 jets, > 3 b tags (top left), > 4 jets, > 3 b tags ttH + ff+ bb

ratio observable (top right), > 4 jets, > 3b tags tt + cc (bottom left) and > 4 jets, > 3 b tags
tt + LF (bottom right) categories for 2016. The expected background contributions (filled his-
tograms) are stacked, and the expected signal distribution (line) is superimposed. The black points
represent the observed data. The hatched uncertainty bands correspond to the total statistical and
systematic uncertainties with a shape changing effect, added in quadrature. The lower plots show
the ratio of the data to the background prediction.

distributions are verified to model well the data based on a x? criterion. The classifier output
distribution is then directly used as the final discriminating observable.

In the SL channel, two categories with (> 6jets, > 4b tags) and (5jets, > 4b tags) are
considered. The output of multi-classification ANNSs is used to further categorize events;
as in DL, the output value o(i) are normalized to unity to be interpreted as probabilities of
the event being of a certain process i. There are three signal processes ttH, tHq, and tHW,
and the four tt + jets background processes tt + LF, tt + C, tt + 2b, and tt + B. For events in

the ttH and tt + b(b) process categories, a likelihood ratio discriminant is computed as final
discriminant observable from the ANN output values as:

0 (tH—E)

o(ttH) + o(tt + b(b)) + o(tt + 2b)

SL
Po =

In all of the remaining process categories, the ANN classifier output distribution of the node
that matches the process category is used as the final discriminating observable, where in
several categories effectively only the event yield is considered. In total, this leads to 12
categories in the SL channel per data-taking period, see Fig. 5.25.
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Figure 5.23: Discriminants distributions in the 3 jets, > 3 b tags (top left), > 4 jets, > 3 b tags ttH + t+ bb
ratio observable (top right), > 4 jets, > 3b tags tt + cc (bottom left) and > 4 jets, > 3 b tags
tt + LF (bottom right) categories for 2017. The expected background contributions (filled his-
tograms) are stacked, and the expected signal distribution (line) is superimposed. The black points
represent the observed data. The hatched uncertainty bands correspond to the total statistical and
systematic uncertainties with a shape changing effect, added in quadrature. The lower plots show
the ratio of the data to the background prediction.

Additional variables constructed using information from the BDT-based event reconstruc-
tion are used as inputs. As in the DL channels, the input variables and their correlations have
been validated to model well the data, based on a goodness-of-fit test with the full uncertainty
model. In each category a single ANN is trained for all three data-taking periods weighted to
reflect the different integrated luminosities to reduce statistical fluctuations. Only events with
Higgs boson decays to bb are considered, and the tt system is required to decay to one lepton;
for the tH events, only those with leptonic decays of the top quark are used. However, while
evaluating the ANNSs, distinct final discriminant distributions are constructed per data-taking
period to allow constraining uncertainties that are uncorrelated between the periods. It has
been thoroughly proven that the sensitivity of the analysis does not degrade when compared
to training ANNss independently for each data-taking session.
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Figure 5.24: Discriminants distributions in the 3 jets, > 3 b tags (top left), > 4jets, > 3b tags ttH + tt + bb
ratio observable (top right), > 4jets, > 3b tags tt + cc (bottom left) and > 4jets,> 3 b tags
tt + LF (bottom right) categories for 2018. The expected background contributions (filled his-
tograms) are stacked, and the expected signal distribution (line) is superimposed. The black points
represent the observed data. The hatched uncertainty bands correspond to the total statistical and
systematic uncertainties with a shape changing effect, added in quadrature. The lower plots show
the ratio of the data to the background prediction.
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his chapter presents the results of the inclusive measurement for ttH,H — bb production.

The chapter begins with a discussion of the statistical model and the sources of uncertainties.

This model provides the foundation for extracting the signal strength modifier in a fit to the
data. The results are then presented, with a focus on the impact of individual sources of systematic
uncertainties, such as the uncertainty on the modeling of the background processes. In the last section
of the chapter, the contribution of the dilepton channel is discussed in the context of the combination
with other channels (single lepton and fully hadronic). This includes a description of the methods used
to combine the results from the different channels, and the impact of the dilepton channel on the overall
sensitivity of the search.

6.1 Uncertainty model

This analysis focuses on the signal-strength modifier y,,;;, defined as p;y = ag?f / 0_31}\{/[,

the ratio of the measured cross section angS to the value predicted by the SM (73%/11.
The signal extraction is based on a fit to data of a simulated parameterized variable distribu-
tion, given that an excess in the invariant mass spectrum of two b-tagged jets is not expected
to be observable. In principle, any distribution of any arbitrary variable can be fitted to data,
as long as it has the necessary discrimination power to separate signal from background.
The model parameters derived in the fit include both the parameter of interest, namely the
ttH signal strength modifier .y as well as any other systematic uncertainties, known as
the nuisance parameters. i, is largely sensitive to the latter, especially in the context of
such a background dominated analysis, since any any discrepancy in the modeling of the
data by the simulation is initially adjusted by shifting the central values of the nuisances.
The parameter of interest (POI) and the collection of nuisance parameters (NPs) are the
parameters with respect to which the test statistic is minimized and taken into account in the
profile maximume-likelihood fit (see Appendix B).

The systematic uncertainties that are relevant for the presented analysis are discussed
in the following. These can have an effect on both signal and background processes and are
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correlated when necessary, i.e. the effects from the same source are treated as fully correlated.
The probability of a specific nuisance is described by an a priori distribution, which can
depend on a particular bin and/or a physics process. When there is no dependence on the
bin, the nuisances only affect the overall yield of a process and are called rate uncertainties.
The change in yield caused by the variations of these parameters follow a log-normal prior
probability density function. Alternatively, uncertainties that impact both the yield and the
shape of distributions are shape uncertainties. Internally, yield variations are treated as rate
uncertainties. The shape variation, instead, is implemented as an interpolation between
distributions representing a 1 standard deviation (std. dev.) change of the appropriate
uncertainty source, as discussed in Appendix B. It should be mentioned that, rate changing
nuisances can modify the composition of a process within a given category, resulting in
effective changes of shape distributions.

The relevance of uncertainty sources varies with analysis, phase-space, and physical
objects. Due to the high b-jet multiplicity required in this in this study, the uncertainties
related to b-jet identification are expected to have a considerable effect on the measurement.

The correlation between uncertainty sources has to be addressed to ensure the correct
treatment in profiled maximum-likelihood fits; the whole Run 2 data set analyzed here in-
cludes three data sets recorded from 2016 to 2018, so each data collection has distinct features
that must be considered when assessing the correlation among the sources of uncertainty. All
sources related to the statistical uncertainties are uncorrelated among eras, but systematic
uncertainties that originate in the methodology of the derivation of a specific quantity are
generally treated as fully correlated.

The considered sources of uncertainties relevant to the ttH, H — bb measurement are
summarized in Table 6.1. Partial correlation means that some of the sub-sources of the
systematic uncertainty group are fully correlated while others are not, as it will be explained
in detail later in this Section. Their impact on the final result is discussed in Section 6.2.

6.1.1 Experimental uncertainties

Experimental sources of systematic uncertainties are those that originate from detector
effects such as misidentification of particles, inefficiencies, and limited resolutions of detector
sub-systems. This analysis takes into account uncertainties in the measurement of the inte-
grated luminosity, the calibration of the jet energy scale and resolution, corrections applied
to event weights and the limited number of simulated events that affect the precision of
predicted distributions. They are detailed in the following.

Integrated luminosity

The uncertainties on the instantaneous and integrated luminosity estimates per year is
provided in Table 6.2 and is required to accurately normalize the simulated samples for
the final comparison to the observed data set. The uncertainties are assessed following the
recommendation of the dedicated group within the CMS Collaboration. This has an impact
on the rates of all processes; as advised, the uncertainties are partially correlated throughout
the years.

Lepton scale-factors

pr- and 17- dependent lepton scale factors used as event weights are employed to increase
the compatibility for the tracking (only electrons), reconstruction, ID, and isolation efficiency
of the simulated samples with the observed data. The uncertainties in the calculation of these
scale factors are taken into account in accordance with the recommendations provided by the
CMS groups in charge of muon and electron reconstruction.
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Source Type Correlation Remarks
Integrated luminosity R partially Signal and all backgrounds
Lepton ID/Iso S uncorrelated  Signal and all backgrounds
Trigger efficiency S uncorrelated  Signal and all backgrounds
L1 prefiring correction S uncorrelated  Signal and all backgrounds
Pileup S correlated  Signal and all backgrounds
Jet energy scale (11 scheme) S partially Signal, tt + jets and Single-t
Jet energy resolution S uncorrelated  Signal, tt + jets and Single-t
b-tag HF/LF fraction S partially Signal and all backgrounds
b-tag HF/LF stat (linear) S uncorrelated  Signal and all backgrounds
b-tag HE/LF stat (quadratic) S uncorrelated  Signal and all backgrounds
b-tag charm (linear) S partially Signal and all backgrounds
b-tag charm (quadratic) S partially Signal and all backgrounds
Size of the MC samples S uncorrelated  Statistical uncertainty of signal and back-
ground prediction due to limited sample size
Renorm./fact. scales R correlated  Scale uncertainty of (N)NLO prediction, inde-
pendent for ttH, tHq, tHW, tt, t, V, VV

PDF+a, (gg) R correlated  PDF uncertainty for gg initiated processes, in-
dependent for ttH, tHq, tHW, and others

PDF+a, (qq) R correlated  PDF uncertainty of qq initiated processes
(ttW,W,Z) except tHq

PDF+ag (g9) R correlated  PDF uncertainty of gq initiated processes (sin-
gle t) except tHW

Collinear gluon splitting R correlated  Additional 100% rate uncertainty on tt + 2b
UR scale S correlated  Renormalization scale uncertainty of the ME
generator, independent for ttH, tHq, tHW,
tt + B (4FS sample), other tt (5FS sample)
U scale S correlated  Factorization scale uncertainty of the ME gen-
erator, independent for ttH, tHq, tHW, tt+ B
(4FS sample), other tt (5FS sample)

PDF shape S correlated From NNPDF variations, independent for tt +
B (4FS sample), tHq, tHW and ttH/other tt
(5FS sample)

PS scale ISR S correlated  Initial state radiation uncertainty of the PS
(PYTHIA), independent for ttH, tt + B (4FS
sample), other tt (5FS sample)

PS scale FSR S correlated  Final state radiation uncertainty of the PS
(PYTHIA), independent for ttH, tt + B (4FS
sample), other tt (5FS sample)

ME-PS matching (tt) R correlated ~ NLO ME to PS matching (for tt + jets events),
independent for additional jet flavors
Underlying event (tt) R correlated  Underlying event (for all tt 4 jets events)
STXS migration R correlated  Signal, only in STXS measurement
STXS acceptance S correlated  Signal, only in STXS measurement

Table 6.1: Systematic uncertainties considered in the analysis. Type refers to rate (R) or shape (S) uncertainties.
Correlation indicates whether the uncertainty is treated as correlated, partially correlated (as detailed
in the main body), or uncorrelated across the years 2016-18.
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Year 2016in % 2017in % 2018 in %
Uncorrelated Fits 1.2 [26] 2.3 [273] 2.5 [274]
Uncorrelated 2016 1.0 — —
Uncorrelated 2017 — 2.0 —
Uncorrelated 2018 — — 1.5
Correlated 2016, 2017, 2018 0.6 0.9 2.0
Correlated 2017, 2018 — 0.6 0.2

Table 6.2: Luminosity uncertainty in percent per year. In the fits for the individual years, the luminosity
uncertainty is implemented as shown in the first row. For the combined fit corresponding to 137.60

ﬂ?_l, the uncertainties are partially correlated.

The uncertainty in the lepton scale factor has no effect on the final outcome. As a re-
sult, the uncertainties are propagated to the final discriminant distributions as a total shape
uncertainty, which corresponds to the quadratic sum of all statistical and systematic com-
ponents, independently for electrons and muons. The scale factors are calculated for each
year separately and are hence decorrelated between years. As an example, the effect on ratio
observable discriminant for the signal process in 2018 is shown in Figure 6.1 (a) and (b) for
electron and muons, respectively. The trend of similar effects holds true for the other two
years as well.
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(a) Combined electron efficiency uncertainty. (b) Combined muon efficiency uncertainty.

Figure 6.1: Effect of uncertainty variations on the ratio observable discriminant in the > 4 jets, > 3 b tags
category for the signal ttH,H — bb process in 2018. The bottom ratio plot shows relative shape
variations. Changes of the total expected yield are quoted for the respective variation.

Trigger efficiency

The uncertainties in the derivation of the trigger scale factors introduced in Section 5.4 are
also considered in the statistical model. Their impact on the final discriminants is estimated by
varying the trigger scale factors within their uncertainties. The effect on the ratio observable
discriminant in 2018 for the > 4jets, > 3b tags category for the tt + bb background process
is shown in Figure 6.2 (a). The trend of consistent results extends to the data from the other
two years as well. Similar to the lepton scale factors, the trigger scale factors are derived for
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each year individually. Consequently, these uncertainties are treated as uncorrelated across
the years in the final fit.

L1 prefiring correction

The impacts of the L1 prefiring problem presented in Section 2.2.7 are corrected by
adding special scale factors to the simulated events. The uncertainties on this corrections are
accounted for by propagating the specified uncertainties on the event weights to the scale
factors. The L1 prefiring adjustment is decorrelated between the data sets from 2016 and 2017
and does not exist in 2018.

Pileup

As mentioned in Section 5.4, the simulated sample distribution of pileup events is
reweighted to enhance agreement with the observed distribution. To assess the effects of
uncertainty in the distribution of the number of pileup interactions, the cross section used to
predict the number of pileup interactions in the MC is varied by 4.6% from its nominal value.
The changes in the weight factors are propagated to the final discriminant distributions and
considered as rate and shape variation in the final fit. Because the underlying technique and
its inputs are the same, the uncertainty is treated as fully correlated among all processes
and years. The effect on the ratio observable discriminant in 2018 for the > 4jets, > 3b tags
category for the tt + bb background process is shown in Figure 6.2 (b). Similar effects are
observed in the other two years.
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(a) Combined DL trigger efficiency uncertainty. (b) Pileup uncertainty.

Figure 6.2: Effect of uncertainty variations on the ratio observable discriminant in the > 4 jets, > 3 b tags
category for the background tt + bb process in 2018. The bottom ratio plot shows relative shape
variations. Changes of the total expected yield are quoted for the respective variation.

Jet energy scale

The JES is corrected to make usage of the latest calibrations of the detector, as presented in
Section 5.4, but each part of this procedure is subject to various sources of uncertainties These
JES uncertainties are evaluated by adjusting the jet energy scale applied to the reconstructed
jets up and down by one standard deviation. The events are then re-analyzed, including
re-applying the jet-based selection and recalculating all kinematic parameters, to provide the
corresponding final discriminant distributions.
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6 — Measurement of ttH, H— bb - Analysis results

They are considered as shape uncertainties in the final fit. The correlation of these sources
across the different years follows the recommendation by the dedicated group within the
CMS Collaboration.

Additionally, a dedicated uncertainty is applied in 2018 to account for the minor effects
due to the HEM issue described in Section 2.2.7.

The effectE on the ratio observable discriminant in 2018 for the > 4jets, > 3b tags category
for the tt + bb background process are depicted in Figures 6.2 (a), (b) and (c). Similar effects
are observed in the other two years.

The large extent of the statistical uncertainties in the final varied distribution can cover
possible shape variations and it is known that they can also artificially constrain the cor-
responding parameters in the estimation, therefore, these uncertainties are not applied to
processes with negligible contributions in the analysis phase space. This does not alter the
sensitivity of the signal strength modifier and the corresponding nuisance parameters.
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Figure 6.3: Effect of uncertainty variations on the ratio observable discriminant in the > 4 jets, > 3 b tags
category for the background tt 4 bb process in 2018. The bottom ratio plot shows relative shape
variations. Changes of the total expected yield are quoted for the respective variation.
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Jet energy resolution

The systematic uncertainty due to the JER is assessed by increasing/decreasing the
difference between the reconstructed and truth-level jet energy in accordance with the CMS
Collaboration’s prescription. To provide varied final discriminant distributions, the events
are re-analyzed, including re-applying the jet-based selection and recalculating all kinematic
parameters. This source is treated as a shape uncertainty in the final fit, which is completely
decorrelated over the years. Its effect on the ratio observable discriminant in 2018 for the
> 4jets, > 3b tags category for the tt + bb background process is depicted in Figure 6.2 (d).
Similar effects are observed in the other two years.

Similarly to JES uncertainties, the magnitude of statistical uncertainty in JER sources
might be strongly dependent on the considered process; therefore, the treatment for this
collection of uncertainty is the same as that described before for the JES uncertainties. It
has been shown that this modification does not impact the sensitivity and constraints of the
signal strength modifier and the corresponding nuisance parameters.

b-tag scale factors

The approach outlined in Section 5.4 for determining the SFs for the b-tag score is subject
to three sources of systematic uncertainty on both the heavy flavor and light flavor scale
factors:

Jet Energy Corrections: The b-tag uncertainty associated with the different JEC sources is
evaluated at the same time of the corresponding source of JEC uncertainty (JES or JER).
When the jet kinematics are shifted up or down by 1¢ according to the JEC, the b-tag
scale factor values are also shifted accordingly.

purity (HF/LF fraction): The uncertainties on the purity of the control samples used to
derive the scale factors are controlled by a separate nuisance parameter for light- and
for heavy-flavor jets. Shifting this parameter to 10 corresponds to a change of the
heavy-flavor (light-flavor) SF as caused by a higher or lower contamination by light-
flavor (heavy-flavor) jets in the control sample. Due to the iterative nature of the scale
factor calculation, this also has a small effect on the light-flavor (heavy-flavor) SE. The
purity is estimated using the same MC simulation, and the uncertainty is correlated
between 2017 and 2018. It is left uncorrelated with 2016 to allow for differences caused
by the upgrade of the pixel detector.

HF/LF statistics: Two nuisance parameters for heavy-flavor jets and two nuisance param-
eters for light-flavor jets are utilized to control the impact of statistical uncertainty
associated with the sample size used to derive the SF. These parameters correspond to
the degrees of freedom in the interpolation of the SFs described in Section 5.4. The sta-
tistical uncertainties are treated as decorrelated between the years since they originate
in the size of independent control samples.

Each of these systematic variations is considered separately. The effects on the ratio
observable discriminant in 2018 for the > 4jets, > 3b tags category for the tt + bb background
process are depicted in Figure 6.4. Similar effects are observed in the other two years.

Due to the challenges involved in building an adequate control region, the same approach
cannot be adopted with charm jets. Consequently, the linear and quadratic components of
the uncertainty from the heavy flavor SFs are added to the purity component in quadrature,
respectively. These numbers are multiplied by two and then utilized to develop two distinct
nuisance parameters for controlling these uncertainties. The uncertainties associated with
charm jets are treated independently from the uncertainties related to the HF and LF SFs.
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Figure 6.4: Effect of uncertainty variations on the ratio observable discriminant in the > 4 jets, > 3 b tags
category for the background tt 4 bb process in 2018. The bottom ratio plot shows relative shape
variations. Changes of the total expected yield are quoted for the respective variation.

Taking into consideration the update to the CMS detector’s pixel subsystem in 2017, the
purity uncertainties and uncertainties for the charm quark jets are decorrelated between 2016
and the other data years.

Size of the MC samples

The limited size of the simulated MC samples results in statistical fluctuations of the
nominal prediction. This is taken into account via the Barlow-Beeston-lite approach [275];
technically, the implementation is supported by the CMS Collaboration’s centrally provided
titting tool and used in this analysis. A rate-changing nuisance parameter is incorporated into
the statistical model for each discriminant bin, and it is connected with all predicted physics
process contributions in that particular bin. For bins with more than ten effective entries, a
single Gaussian-constrained nuisance parameter that scales the overall yield is introduced
in each bin; for bins with fewer entries, a separate Poisson probability density function is
employed for each process. Furthermore, the contributions of the signal distributions are not
taken into account when deciding whether to employ a single Gaussian nuisance parameter
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or a Poisson constrained parameter for each process, as recommended by the tool’s creators.
In the morphing method presented in Appendix B.1, the rate and shape effects are considered
independently.

6.1.2 Theory and background modeling uncertainties

The systematic uncertainty related to theoretical predictions and simulated event mod-
eling are presented in the next paragraphs; they arise from assumptions and inaccuracies
in the modeling of the MC simulations employed in the analysis for data comparisons and
result derivation. In particular, uncertainties due to variations in parton distribution func-
tions, renormalization and factorization scales, and generator-specific modeling uncertainties
that impact the form of the expected tt background contributions. Unlike the treatment of
experimental uncertainties, the majority of nuisance parameters introduced here influence
either a specific physics process or a group of processes based on theoretical reasoning.

Inclusive cross sections

The inclusive signal and background cross section expectations are obtained from theoret-
ical predictions with at least NLO accuracy. Uncertainties affecting these normalizations are
divided into two components: those caused by QCD scale uncertainties in the matrix-element
computation (renormalization/factorization scales) and those influenced by the PDF set
and choice of a; (PDF+a;) employed in the cross section computation. In the final fit, these
uncertainties are accounted for as rate uncertainties; when the origins are shared among
multiple processes they are correlated. The same cross section calculations are utilized for
the simulated samples of the various processes during the three years of data collection,
therefore, the uncertainties are correlated across the years. Tables 6.3 and 6.4 summarize the
uncertainty.

Collinear gluon splitting

Calculating extra gluon splitting effects is difficult and poorly modeled. As a result, a rate
uncertainty on the tt 4 2b process is created to account for uncertainties coming from this
effect. It is implemented as a shape uncertainty that provides a 100% prior uncertainty to
the cross section of tt + bb events emerging from the tt + 2b process. The effects on the ratio
observable discriminant in 2018 for the > 4jets, > 3b tags category for the tt + bb background
process is visible in Figure 6.5 (a). Similar effects are observed in the other two years. The
difficulties in calculating these extra splitting effects have an influence on the simulations
for the corresponding years of data collecting. As a result, this uncertainty is treated as fully
correlated across years.

PDF shape

The shape variation of the final discriminant distributions due to the uncertainty on the
PDF set is calculated by reweighting all distributions according to the variations supplied by
the NNPDEF3.0 sets.

The total uncertainty is estimated as the envelope of all individual variations at the
level of the final discriminant template, which means that for each PDF variation, first the
final template distribution are constructed, then the residual difference between the varied
and nominal templates in each bin computed, and finally the envelope of these residuals
constructed. In particular, the final uncertainty is calculated as either the RMS or the quadratic
sum of the residuals in each bin of the discriminant distribution, depending on the precise
PDF set used for the individual samples. The effects on the ratio observable discriminant in
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Process Scales(ttH) Scales(tHq) Scales(tHW)

ttH +5.8%/—9.2% [243]

tHq 1+6.5%/ —14.9% 1 [243]

tHW 14.9%/ —6.7% [243]

(a)

Process Scales(tt) Scales(t) Scales(V)  Scales(VV)
tt +2.4%/ —3.5% [261]
single t (¥ 1+3.1%/ —2.1% [276]
W +jets +3.8% [262]
Z +jets +2% [262]
tW +25.5%/—16.4% [257]
ttZ +8.1%/—9.3% [257]
Diboson +3% [262]

(1)
(2)

: includes flavor-scheme dependence
: only dominant ¢ channel considered

(b)

Table 6.3: Inclusive cross section uncertainties due to the renormalization and factorization scales on the signal

(a) and the background (b) processes. Uncertainties in the same column for two different processes
(different rows) are treated as correlated.

88 ttH qb t1q gb mw
tH  +3.6% [243]
tHq 43.7% [243]
tHW +6.3% [243]
(a)
88 q9 g9
tt +4.2% [261]
single t 1 12.8% [276]
W + jets —0.4%/ + 0.8% [262]
Z +jets +0.2% [262]
HEW +3.6% [257]
tZ 43.5% [257]
Diboson +5% [262]

oF only dominant t channel considered

(a)

Table 6.4: Inclusive cross section uncertainties due to the PDF+«, on the signal (a) and the background (b)

processes for different initial states. Uncertainties for the same initial state (same column) for two
different processes (different rows) are treated as correlated.
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2018 for the > 4jets, > 3b tags category for the tt + bb background process are depicted in
Figure 6.5 (b). Similar effects are observed in the other two years.

Because the (N)NLO cross section uncertainties (Table 6.4) cover the total normalization
uncertainties of the PDEF, only the shape or acceptance changes are evaluated here. As a result,
each variation is applied so that the total event yield is kept before any selection is retained.
The PDF uncertainties are treated as uncorrelated between the tt + B (4FS sample) and the
ttH and other tt (5FS samples) processes. The variations are taken from the respective PDF
sets NNPDF31_nnlo_as_0118_nf_4 (4FSsample) and NNPDF31_nnlo_hessian_pdfas
(5FS samples). There are also PDF uncertainties for tHq and tHW, which are calculated from
the quadratic sum of all residuals. Individual PDF uncertainties are associated across all years
since the same set is utilized for modeling of the corresponding processes in all data taking
years evaluated.
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Figure 6.5: Effect of uncertainty variations on the ratio observable discriminant in the > 4 jets, > 3 b tags
category for the background tt + bb process in 2018. The bottom ratio plot shows relative shape
variations. Changes of the total expected yield are quoted for the respective variation.

UR, U scales

The uncertainties caused by the choice of the renormalization yy and the factorization
scale i in the tt + bb and tt matrix-element generators are modeled by varying indepen-
dently the scales by factors of 0.5 or 2, respectively. This is accommodated via weights
obtained directly from the generator information. Following the recommendations of the
CMS Collaboration experts, the effects are propagated to the final discriminant distribution
in the fit. Since the (N)NLO cross section uncertainties cover the normalization uncertainties
of the matrix-element generator (Table 6.3), these parameters only cover effects on the shapes
or acceptance variation of the discriminant distributions, i.e. the variations are scaled to
retain the overall normalization as for the PDF shape uncertainty in the inclusive phase-space.
Additionally, changes in the relative percentage of tt + B events in the inclusive tt phase space
are also based on the composition of events in the tt (5FS) samples for these variations, using
the same merging approach outlined in Section B.1.

The scale-variation uncertainties are implemented as shape uncertainties and are consid-
ered uncorrelated among the the ttH, tHq, tHW, tt 4+ B (4FS sample) and other tt (5FS sample)
processes. The scales used for the three data sets are the same for the simulated samples for
the relevant processes. As a result, these uncertainties are correlated across all years. The
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effects on the ratio observable discriminant in 2108 for the > 4jets, > 3b tags category, for
the tt + bb background process, are depicted in Figure 6.6 (a) and (b), respectively for the
renormalization uy and the factorization scale . Similar effects are observed in the other
two years.
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(a) Renormalization scale uncertainty. (b) Factorization scale uncertainty.

Figure 6.6: Effect of uncertainty variations onithe ratio observable discriminant in the > 4 jets, > 3 b tags
category for the background tt + bb process in 2018.The bottom ratio plot shows relative shape
variations. Changes of the total expected yield are quoted for the respective variation.

PS scales ISR/FSR

To assess the influence of «, in the parton shower simulation, the relevant scale parame-
ters in the shower simulation are modified by factors of 0.5 and 2. This is done separately
for the initial-state radiation and final-state radiation showers. Because the (N)NLO cross
section uncertainties also cover the normalization errors of the matrix-element generator,
these uncertainties only assess the influence on the overall shapes of the final observables.
(Table 6.3). Similarly to the yy, yir scales shape uncertainties, changes in the relative propor-
tion of tt 4 B events to the inclusive tt phase-space are examined based on the composition of
events in the tt (5FS) samples. The effects on the ratio observable discriminant in 2018 for the
> 4jets, > 3b tags category for the tt + bb background process are depicted in Figure 6.7 (a)
and (b), respectively for the ISR and the FSR. Similar effects are observed in the other two
years.

The ISR and FSR uncertainties are treated as uncorrelated among the ttH, tt + B (4FS
sample) and other tt (5FS sample) processes; but correlated across all years because the parton
shower for the relevant simulations is the same.

ME-PS matching

The uncertainty in the matching between the matrix element generator POWHEG and the
parton shower PYTHIA simulation is estimated using dedicated samples listed in Table 6.5
with varied hdamp settings. The core simulation has hdamp = 1.379 m,, while the variants
have hdamp = 2.305 m; and hdamp = 0.874 m.

Ideally, the ME-PS matching uncertainties would be treated as shape uncertainties by
building the distributions of the final discriminant from the appropriate dedicated simu-
lations. However, the limited number of events available in the tt + B (4FS) and tt (5FS)

128



6.1 — Uncertainty model

59.7 fb™ (13 TeV) 59.7 ib™ (13 TeV)
1920001”“HH“H“HH“H‘“H“H‘“HH“H“H‘: ‘(220001\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\E
qc_) FECMS —=—— Nominal (= stat. unc)) E qc_) FECMS —=—— Nominal (= stat. unc) =
> 1800 Work in progress — > 1800 Work in progress -

F CMS_ttHbb_ISR_ttbb Up (= stat. unc.) 3 | E CMS_ttHbb_FSR_ttbb Up (= stat. unc.) E
1600; tibb CMS._ttHbb_ISR_ttbb Down (= stat. unc.) E 1600; tibb CMS_ttHbb_FSR_ttbb Down (= stat. unc) o
14001 Nominal = 1514.981 E 1400 Nominal = 1514.981 =
1200 Up =1522.45 (0.5 %) = 1200 Up = 1456.645 (-3.9 %) 3
1000i Down = 1509.143 (-0.4 %) = 1000i Down =1542.199 (1.8 %) =
800F- = 800F- ) =
600F- = 600F- =
400 = 400 =
200 = 200 =
E ‘ = = R RN WU W i Bt n . n e
O\D 2 ‘ ‘ ‘ ‘ \‘\ ‘\\\‘\\\\‘\\\‘ E O\O 10:\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\;
E 0 e ?—) 0OF —] ]
g i T ! ! ! ! ! ! ! IE g -105, | ! ! ! \u ﬁ_,ﬁ "
0O 01 02 03 04 05 06 0.7 08 09 1 0O 01 02 03 04 05 06 07 08 09 1
ttH_hbb_13TeV_2018_dI_4j3b_DNN_ttHbb ttH_hbb_13TeV_2018_dI_4j3b_DNN_ttHbb
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Figure 6.7: Effect of uncertainty variations on the ratio observable discriminant in the > 4 jets, > 3 b tags
category for the background tt + bb process in 2018. The bottom ratio plot shows relative shape
variations. Changes of the total expected yield are quoted for the respective variation.

samples yields in substantial statistical fluctuations and consequently unrealistic shapes of
the final distribution templates. The fluctuations between these distributions and the nominal
expectations are statistically consistent with a pure rate variation (no shape variation). As a
result, a rate uncertainty is computed per tt + X process and per category: the average of the
absolute up/down rate changes is used as uncertainty, symmetrically around the nominal. In
order to increase the statistical accuracy of the estimate, the average relative variation across
all three years is computed. This leads in a rate change of 3-10%, with uncommon outliers of
up to 20%, which is equivalent to the scale of the statistical variations.

An independent approach (TRF) is used to verify the premise that no substantial shape
variation exist. For this, the varied distributions are produced from events in a control region
with fewer b-tags than the analysis selection but identical event selection otherwise. The
effect of the missing b-tag selection is then accounted for using event weights that operate as
a transfer factor and are dependent on the pt, #7 and flavor of the jets in the event. As a result,
the statistical fluctuations of the various templates are reduced, allowing us to confirm that
the effect of the matching uncertainty is compatible with a rate variation. A comparison of
the variations derived from dedicated samples and the TRF approach is given in Figure 6.8
for 2018. Similar effects are observed in the other two years.

The uncertainties are treated uncorrelated across the many tt + jets background processes
(tt+ B, tt + cc, tt + LF) and correlated per process between the analysis categories and chan-
nels; because the fluctuations of these parameters are calculated as an average throughout
the years, each of these uncertainties is fully correlated across the years.

Underlying event

The influence of uncertainty in the underlying event tune on the tt + jets processes
production cross section is assessed using dedicated samples with varied setting, listed in
Table 6.5; the settings for these samples correspond to the errors in the derivation of the
tune [240, 241]. The variation of the underlying event tune affect the soft-particle regime
and should not depend on the details of the simulation of the hard process. As a result, no
dedicated samples are produced for the tt + B (4FS) samples, but the relative effect of the

129



6 — Measurement of ttH, H— bb - Analysis results

Sample Number of Events
2016 2017 2018

tt (SL)

ME-PS matching Up 30 000 000 27500000 27496 000

ME-PS matching Down 30000000 27130991 26468 000

Underlying Event tune Up 30000000 20122010 27482000

Underlying Event tune Down | 30 000 000 22911672 27189 000
tt (DL)

ME-PS matching Up 15000000 3405716 5284000

ME-PS matching Down 15000000 5476459 5488000

Underlying Event tune Up 15000000 5500010 5494 000

Underlying Event tune Down | 15000 000 5500000 5452 000
tt (FH)

ME-PS matching Up 30 000000 27260880 25305 000

ME-PS matching Down 30000 000 27164554 27315000

Underlying Event tune Up 30000000 27301272 24064 000

Underlying Event tune Down | 30 000 000 26 200472 27 500 000
tt + bb (SL)

ME-PS matching Up 2061000 2061000 2061000

ME-PS matching Down 1991500 2098500 2019000
tt +bb (DL)

ME-PS matching Up 2394000 2394000 2394000

ME-PS matching Down 2135700 2137500 2137500
tt 4+ bb (FH)

ME-PS matching Up 2152500 2152500 2152500

ME-PS matching Down 2389290 2391790 2389493

Table 6.5: Number of generated events produced for each year of data taking in the simulated SM samples used
in this analysis for the estimation of the ME-PS matching and the underlying event uncertainties.

underlying event tune is extracted from the tt + B (5FS) prediction and applied to the nominal
4FS prediction.

The effect of the underlying event tuning accuracy, like the ME-PS matching uncertainties,
would ideally be treated as shape uncertainties in the statistical model; however, the same
challenges exist in the processing of these samples. As a result, the same technique as
described above for the ME-PS matching scale uncertainties is employed to mitigate the
impacts of statistical fluctuations induced by the restricted number of events in the dedicated
samples. Because the underlying event tuning should be independent of the arising final
state, the rate uncertainties are handled as fully correlated across all tt + jets background
processes, categories and channels. The variations of these parameters are averaged across
all years of data taking and are therefore treated as fully correlated across the years.

This technique stabilizes the expected results without significantly impacting the expected
sensitivity on the signal strength and the constraints on the nuisance parameters under study.

6.2 Measurement results

As described in detail in Section 5.7, there are 5 different event categories per year entering

the final fit: 1 likelihood ratio distribution p, = % for the events in the ttH and
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Figure 6.8: Effect of the hdamp uncertainty on the ANN output distribution of tf + bb events in the ttH
category in 2018. (a) The nominal tt + bb template (black solid line) is compared to the templates
obtained when varying the hdamp parameter by its uncertainties, i.e. from the events in the
dedicated samples (blue and red solid lines). The dashed lines represent the rate variation obtained
from this, which is used as uncertainty in the fit. (b) the nominal tf + bb template (black solid line,
same as in the left plot) is compared to the varied templates obtained using the TRF method (yellow

and green solid lines). The KS, X%, and p value probabilities indicate the compatibility of the varied
templates with a rate-only (i.e. no shape) variation. For comparison, the rate variation used in the
fit (dashed lines, same as in the left plot) is overlaid.

tt + bb process categories in > 4jets, > 3b tags category, 2 ANN output value distributions
o(7) for the events in the tt + cc and tt 4+ LF of the > 4jets, > 3D tags category, and one binary
ANN output distribution for the 3jets, > 3b tags category. The binning of these distribution
has been chosen to include at least three background events and the maximum relative
statistical uncertainty of each bin is 30%, allowing for a meaningful statistical analysis.

The statistical combination of these regions use available information in the background
dominated regions to constrain the background normalization uncertainties in the signal
enriched regions.

As introduced in Section 5.1 and described in Appendix B, to ensure good scientific
practice and guarantee unbiased progress, the recorded data is not initially assessed in
the analysis region, with an approach referred to as blinding. The blinded analysis begins
with the signal extraction using an artificial data set in which all observables are estimated
from simulation [237]. Then, following comprehensive validation of the agreement of the
simulated samples to the observed data, the analysis is unblinded and a fit to real data is
performed. The pulls and constraints of the most important nuisance parameter are investi-
gated and finally the parameter estimation of the signal-strength modifier are addressed. The
structure of the following sections reflects this approach.

In the following, results are extracted through a binned maximum likelihood fit to data
based on the combined statistical model explained above, i.e. the simultaneous parameter
estimation in the 3jets, > 3b tags and > 4jets, > 3b tags categories. The following are the
usual quantities used to describe the expected and observed results of the analysis:

* Significance The excess of data over the expected background contribution is expressed
in Gaussian standard deviation via conversion of p-values.

¢ Best-fit value The central value of the best estimate of y and its uncertainty can be
transformed to the measured cross section of the signal process. In the blinded anal-
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ysis, the signal hypothesis helps to have an estimate for the expected accuracy of the
measurement.

Appendix B describes the fit procedure and the signal extraction procedure by means of the
statistical inference methods in depth.

6.2.1 Distribution and yields

A total of four categories per year contributes to the final fit. The corresponding fit and
post-fit yields are listed in Appendix J.1.

In addition the corresponding distributions before and after the fit are shown in Figure 6.9
for the ttH and tt + bb category, the one with the highest sensitivity to the ttH, H — bb signal.
Here the shape discrimination between background and signal is clearly visible, enhanced
by the effectiveness of the neural network based classification. In Appendix K.1 there are
the distributions for the other category and nodes. As explained already the binning of the
distribution has been carefully optimized to provide sufficient sensitivity but be flexible
enough to mitigate possible differences between simulation and observed data. In particular,
the categories with only one bin (tt 4+ cc and tt + LF) help contributing to the parameter
estimation only with the information of the process yields. All the other categories instead
provide more differential information helping in the parameter estimation.

The post-fit distributions are the results of the unblinded combined fit of all categories
and years together. Overall, the simulated predictions for the different processes are in good
agreement with the observed data points. As a side note, because it is not defined, the prior
uncertainty on the freely-floating parameters in the fit is not included in the prefit uncertainty
bands. But all systematic uncertainties are included in the postfit uncertainty bands. The
post-fit distribution has a smaller uncertainty band, reflecting that the fit is sensitive enough
to constrain some of the available degrees of freedom.

6.2.2 Goodness-of-Fit tests

To further validate the agreement between the simulation and the observed data, the
description of the latter is tested in the different analysis regions and in their combination
with saturated Goodness-of-Fit (GoF) test, as described in Appendix B.3. The results are
summarized in Table 6.6: all p-values are reported to be well above the 5% threshold, proving
the exceptional quality of the observed data representation within the limits of the statistical
model.

2016 2017 2018 full Run2

3jets, > 3b tags 0980 0.863 0.997 /
> 4jets,> 3btags 0.980 0.903 0.997 /
Combined 0.863 0.880 0.997 0.998

Table 6.6: Goodness-of-Fit test results for unblinded fit to the data. Each result correspond to the statistical
model for either the 3 jets, > 3 b tags category, the > 4 jets, > 3 b tags category or the combination
of both, for each year individually and considering the full Run 2 combination.

6.2.3 Nuisance pulls and impacts

A detailed study of the effects of the individual nuisance parameters on the value of
the signal strength allows to have a deeper understanding of the statistical model. In par-
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ticular, the impact of a given nuisance parameter is calculated by fixing the parameter to
its =10 boundaries, re-estimating the signal-strength modifier # and then computing the
difference with respect to the nominal best estimate of . More details of the definition of
pulls, constraints and impacts is in Appendix B.

Initially, the expected impacts are computed on a pseudo data set built on the sum of the
signal and background predictions to define the predicted behavior of the statistical model.
Afterwards, the ranking of the impact in the fit to observed data is calculated.

Figure 6.10 reports the 30 most relevant nuisance parameters having the largest expected
impact on the signal inference. They are mostly related to the uncertainties of the tt + jets
background and ttH signal or having a direct influence on the signal process itself. The fitted
parameter values, expected and observed constraints are also shown. Overall the ranking
of the expected impacts and the estimation of the nuisance parameters is reasonable and
the observed ranking is compatible to the expected one, confirming the compatibility of the
simulated predictions for the relevant processes and the observed data.
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Figure 6.10: The 30 parameters with the largest impacts and their pulls and constraints on the signal strength
obtained in the full Run 2 fit, both in the fit to pseudo data with the signal process expected from
the SM and in the observed data. The order is relative to their impact in the fit to the data. The
resulting fitted value for the signal strength is also given with its total uncertainty. The black
lines represent the nuisance parameter values in comparison to their input values before the fit
and relative to their uncertainty. The red and blue lines are the variation in Ay when the nuisance
parameter is varied up and down by its fitted uncertainty, respectively. The corresponding gray,
red and blue bands are the expected values from fits to pseudo-data.

The variations of the irreducible tt + bb background process are the dominant theory
uncertainty, as expected, given that any variation of this process affects other processes with
similar kinematic properties, such as the signal. Some of these parameters have a large a
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priori uncertainties to account for the challenges in the computation of these predictions.:
the 100% uncertainty on the collinear gluon splitting allows for large variations of the tt + bb
processes, yielding to corresponding changes in the signal process estimation, as well as the
freely-floating background normalization of the tt + bb process, modifying directly the yield
of the irreducible background. Also the large impact of the signal modeling parameters, like
the uncertainty on the initial and final state radiation, are reasonable as they direct influence
the signal process itself.

The b-tagging method parameters, the JES and the JER are the experimental uncertain-
ties with highest impact on the signal strength estimate. The final states have at least three
b-tagged jets, therefore the parameters affecting the b-tagged objects reconstruction directly
affect the signal inference. The tt + LF control region purity and charm quark tagging un-
certainties have the greatest impact on b-tagging and also the highest a priori uncertainty,
reaching up to 30%. Similarly, the JES and JER can affect the reconstruction of the vari-
ous processes entering the analysis and model migration effects of events passing analysis
phase space selections. Both in the expected and observed, this migration effect is shown as
asymmetric or one-sided impacts.

Additionally, the uncertainties related to the limited size of the simulated samples are also
present among the 30 with the highest impacts. In particular, these parameters modify either
the first or last bins of the distributions considered. The bins at the beginning of the spectrum
usually have the highest yields of simulated events, and any variation yield to impact the
overall normalization of the various processes. Conversely, the last bins are enriched of signal
process by construction and directly affect the signal strength estimation.

As expected from the fluctuations common in statistical inference, overall the nuisance pa-
rameters are found in an interval +=1¢- around the a priori expected values. All the constraints
shown in Figure 6.10 are reasonable and compatible with the expectation of this analysis
being sensitive to tt + jets background processes due to the large contribution to the analysis
phase space. Finally, the post-fit value of the tt + bb cross section normalization of 1407025 is
compatible with recent dedicated measurements [119, 277].

6.2.4 Parameter of interest estimation

The following section focuses on the sensitivity results of the analysis to the ttH, H — bb
signal. Both expected and observed sensitivity have been studied. Pseudo data constructed
from the sum of the SM prediction for both signal and background processes are used to
obtain the expected sensitivity.

Figure 6.11 and Table 6.7 summarize the results of the signal-strength estimation for
the individual years and the full Run 2 combination. It shows also the results of previous
ttH, H — bb analyses using the 2016 [121] and 2017 [127] data sets. To notice, the statistical
uncertainties in past analyses were significantly lower than the current ones. This is due
to the additional cross section uncertainties for the tt 4+ bb and tt + cc processes that were
modeled using an a priori uncertainty of 50%, while now they are directly estimated from the
data. Now they contribute to the statistical uncertainty whilst previously to the systematic
uncertainties.

The original measurements of the 2016 and 2017 data yielded overall to a sensitivity com-
patible to the current one within uncertainties. The major differences in the observed signal
strength are due to the treatment of the uncertainties of the tt + bb and tt + c¢ background
processes and their post-fit values. Even with the full Run 2 the expected sensitivity for this
channel is of 1.90 with respect to the background hypothesis, not sensitive enough to claim
any evidence of the ttH, H — bb process.

The total uncertainty of the measured best fit value y is also studied through a breakdown
into groups of specific uncertainties. In particular, the contribution of a source of systematic
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Figure 6.11: Best fit values of the signal strength modifiers y obtained in the fit of the individual data set and
in the full combination. Also shown are the 68% expected confidence intervals (outer error bar),
also split into their statistical (inner error bar) and systematic components.

Stat+Syst Stat-Only Significance
Observed (Expected)

HIG-17-026 (2016 - DL channel) -0.24 +1.21-1.12 +0.63 -0.60 0.0 -

HIG-18-030 (2017 - DL channel) 1.62 +0.90-0.85 +0.55-0.55 1.9¢ (1.20)
this analysis (2016) 0.33+0.93-0.92 +0.74-0.71 0.40 (1.10)

this analysis (2017) -0.96 +1.05-1.10 +0.73-0.71 0.0 (1.20)

this analysis (2018) -0.82 +0.85-0.91 +0.58 -0.56 0.0 (1.30)

this analysis (full Run 2) -0.49 +0.57 -0.60 +0.38 -0.37 0.0 (1.90)

Table 6.7: Results in the measurement of the signal strength modifier for the individual years and their
combination. For comparison, the first two rows show the results from previous measurements
[121,127].

uncertainty 7 modeled by 6, is estimated as:
* the total uncertainty Ay is obtained via the profile likelihood fit as above;

¢ the fit is repeated for the parameter under investigation fixing it to its post-fit value as
given by the initial fit; this yields to a changed total uncertainty Apg g ,,;

* the contribution to the overall uncertainty is given by the subtraction in quadrature as
2 2
£81, = /(410 ~ (Mpinea )
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This procedure is also applied considering a group of nuisance parameters. Instead, for the
statistical uncertainty, all nuisance parameters are fixed to their post-fit values.

Uncertainty source At ops
Theory +0.23/-0.29
Signal +0.08/-0.08
Background +0.23/-0.27
tH +0.08/-0.05
tt +0.24/-0.27
Freely floating tt + X normalization +0.25/-0.35
Experimental +0.20/-0.20
b tagging +0.13/-0.12
Jet energy corrections +0.16/-0.11
Luminosity +0.08/-0.08
Statistics of simulated events +0.21/-0.20
Total systematic +0.42/-0.47
Statistical +0.38/-0.37
Total +0.57/-0.60

Table 6.8: Contributions of various groups of systematic uncertainties to the observed uncertainty of the best
fit value pp;. Due to correlations among nuisance parameters within the fit, quadratic sums of
individual uncertainty contributions differ from the quoted total values.

Following this method, a breakdown of the uncertainty for the inclusive measurement in
the fit to the full Run 2 data is in Table 6.8. It should be noted that due to correlations between
nuisance parameters, the quadratic sum of uncertainties may differ from the quoted total val-
ues. The overall uncertainty is split into its statistical and total systematic components. Other
systematic uncertainties that are interdependent by construction are fixed simultaneously
and treated as a group. With a contribution of +0.42/-0.47, at this point the systematic un-
certainty are the limiting factor in the analysis; but the statistical uncertainties at +0.38/-0.37
is still dominant. The leading experimental sources are the uncertainties in b-tagging effi-
ciency and jet energy corrections, understandable given the phase-space considered in the
signal-enriched category.

In addition, to better understand the current results, Table 6.9 lists the parameters with
the largest correlations to the signal strength modifier .. The order of magnitude of the
correlations is similar both for the fit to the expected and observed data. As expected, the first
parameters are related to the tt + bb process. In particular, the anti-correlation of the tt + bb
cross section normalization reflects that any change in the background process yields result in
an anti-correlated response in the estimation of the signal strength modifier. Moreover, there is
also an uncertainty related to the limited size of the simulated sample affecting the content of
the bin with the highest signal purity. Also in this case, the anti-correlation is well explainable:
if the bin content is increased due to the uncertainty, the value of the signal-strength modifier
decrease to mitigate the agreement between the simulation and the observed data. Figure 6.12
depicts the likelihood scans of the tt + bb cross section normalization parameter, where the
tilt in the contours represent the correlations and overall showing no unexpected behavior.
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Nuisance parameter Correlation to py (%)

Blinded Unblinded

Collinear gluon splitting 52.8 57.8
tt + bb cross section normalization -51.9 -57.0
Renormalization scale pp (tt + bb) -17.0 -19.4
MC stat: > 4jets, > 3b tags, ratio observable bin 8 (2018)  -16.7 -19.7

Table 6.9: List of the four parameters with the largest correlation with the signal strength modifier in the
analysis of the full Run 2 data set. Both the values of the correlations in the fit to the the pseudo data
and to the observed data are reported.
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Figure 6.12: Likelihood scan of the freely-floating tf + bb normalization as a function of the signal strength

modifier yDL. The best fit value to the observed data (cross) and the 1o and 20 confidence intervals
(dotted lines) are shown.

6.3 Contribution to the combined analysis

After presenting the results in the DL only channel, the focus of the following section
is on the contribution of this specific channel to the full analysis phase space measurement.
Indeed, as introduced in Chapter 5, the analysis of the DL channel is one of the input channels
for the full ttH,H — bb analysis in combination with the other decay tt decay channels,
the fully-hadronic (FH) and the semileptonic (SL) channels. The production rates of the ttH
and tH signal processes are determined in a binned maximum likelihood fit to the final
discriminant distributions in all channels, categories, and data-taking. The rates of the tt + B,
tt + C as well as the QCD multijet background are separately left unconstrained in the fit.
The different background composition in the categories helps to constrain the uncertainties
and thus to increase the overall sensitivity.

At the time of writing this thesis, the ttH, H — bb analysis is still ongoing and under
review. Therefore, here the preliminary current results are presented and discussed.
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The results presented here follow the same skeleton as in the previous section for the
dilepton only fit. First , the pre-fit and post-fit yields for each DL category and each year are
listed in Appendix J.2. Then, the corresponding distributions are all shown in Appendix K.2,
split per category, node and year. Obviously the focus is on the dilepton channel and how
this is affected by the fit to the full phase space. In particular, Figure 6.13 shows a comparison
of post-fit distributions for the most sensitive category of DL channel, i.e. the ratio observable
in > 4jets, > 3b tags, for the fit using the DL-only statistical model and the full ttH, H — bb
combination. Overall the agreement is good in both models, highlighting the absence of
any tensions among the different channels entering the full combination fit. However, the
main difference to appreciate is the different size of the uncertainty bands. Despite being
compatible within few percent, the full combination benefits from the sensitivity arising from
the other channels, mostly from the SL channel.

Additionally, the Goodness-of-fit test results are in Table 6.10 to quantify the agreement
between the observed data and the simulation for each channel and year and their com-
binations. The p-values for the different inputs to the fit depict a good compatibility and
well-modeled observed data in all channels. The fluctuations of the values are expected within
a statistical data analysis. It has been properly investigated that the lower value for the full
Run 2 combination among all channels with respect to the individual leptonic combinations
is due to a tension with the FH channel. To control the QCD background, the FH analyses
introduce a data-driven background estimation with additional nuisance parameters that
have an interplay in the estimation of the tt 4 jets background modeling parameters.

2016 2017 2018 full Run2

FH Combined 0.818 0.349 0.492 0.462
SL Combined 0.810 0.999 0.712 0.951
DL Combined 0.832 0.873 0.998 0.998

All channels Combined 0.907 0.823 0.757 0.883

Table 6.10: Goodness-of-Fit test results for unblinded fits to observed data. Each result correspond to the statis-
tical model for each channel or the combination of all, for each year individually and considering
the full Run 2 combination.

Overall the different statistical models yield a good description of the observed data.
In the following, the estimation of the nuisance parameters is presented with a thorough
study of their pulls and impacts on the estimation of the best fit value of the signal strength.
Figure 6.14 shows the 30 nuisance parameters with the largest impacts on the signal strength
estimation, both in the fit to pseudo data and to observed data for the fully-combined fit
across all ttH, H — bb channels. As expected, also in this case, the most important nuisance
parameters are related to the normalization of the tt + bb and QCD-multijet background
modeling, and the uncertainty in the signal cross section as well as in the jet energy scale and
b tagging. The high impact of the background model parameters reflects the challenge in the
separation between this processes and the signal events. Since their shapes are really similar,
parameters modifying the prediction of the background yield also impact the estimation of
the signal yield.

For approximately all of the total number of nuisance parameters, the best fit values
are within 1 standard deviation of the prior uncertainty. The fit constrains the nuisance
parameters associated with the tt + B and tt + C background normalizations, as well as the
conservatively assigned additional 100% prior uncertainty on the collinear gluon splitting
model, as expected. A few more nuisance metrics related to jet energy scale and b-tagging

139



6 — Measurement of ttH, H— bb - Analysis results

CMS Work in progress 36.3tb™ (13 TeV) CMS Work in progress 36.3fb™' (13 TeV)
B R AR AR T T T T T T T T T e T T
P ® data M signal £ P ® data M signal
ZLZ‘”MSZB"’QS' B i o nzLigéetssatagtsn e I tTco
g5 tH+ttobnodepostiit .06 (4FS) It +ttbbnodepostfi .05 (4FS) Mt
OtV mtty OtV W
[ V+iets W tHW (SM) Ity I V+jets
10¢ CltHq(SM)  EEtH EEHW (SM)  ltHg (SM)

Events expected /(bin width)
Events expected /(bin width)

o e e e e L e e J M B O T T P BT Y.
gz ] oS f 1
5 ] o= L ]
U% 7 - # M- + | T U% JE - s L + | ]

2 = ¢ ¢ T ? * 1 2 F ¥ : T ? ? e

055, . . . . . . A 05 .. ., . . . . . . . =
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ratio Observable Ratio Observable

CMS Work in progress 41.5tb™ (13 TeV) CMS Work in progress 41.51b™ (13 TeV)

T T T T T T T T T = R o L e I R ML L
5 10 . @ data B signal ] . @ data B signal
o DL>4jets>3tags e =onay il DL>4jets>3tags = one

z ttHs ttobnodepostiit s ars) e z itHs ttbbnodepostiit s urs e
5 10° ItV (=1 35 v W
= I V+ets . tHW (SM) = [ 1% [ V+jets.

3 CltHa(SM)  EEtLH ° EEHW (SM)  SltHg (SM)
© ©

Q Q

g &

o o
2 2

c c

[ [

> >
i ]

P | B S O U PR BUE R R O153.“‘H‘,HH‘.H“‘H.“H‘,HH‘HH,HHJH‘E
= ¢ ] gs [ 1
ol ] o= F ]
g . CAPUR S . S8 L . PRI SR

= I (LA B B 2 T 3 .

055 . . . . . = 05k . . . . =
o1 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1
Ratio Observable Ratio Observable
CMS Work in progress 59.7 tb™ (13 TeV) CMS Work in progress 59.7 tb™ (13 TeV)
EH“HH‘HH‘HH‘HHH‘HH‘HH“H‘HH e B L R e EE:
10° DL>4jets>3tags o data I signal 10° DL>4jets>3tags o data I signal
{tH+ttobnodepostlit b s B {thi+tibbnodepostiit Wb ) B
10° Oti+v iy 10° OtV Wt
3 Vets W (SM) Bty I Veets
[CJtHq(SM)  EEtt+H W tHW (SM)  []tHq (SM)
10*

Events expected /(bin width)
Events expected /(bin width)

107
102 = =
5 15t e e e e owimHHHH.mm.mmmHHm_mf
g L ] gs [ 1
ST r q ol F ]
s L d g ¢ ]
e A R e = £ . N T I
= . = = L
0o ol 02 03 04 05 06 07 08 09 1 o1 02 03 04 05 06 07 08 09 1
Ratio Observable Ratio Observable

Figure 6.13: Post-fit discriminant distributions in the DL channel in the > 4 jets, > 3b tags ttH + tf + bb
ratio observable category for 2016 (top), 2017 (middle), and 2018 (bottom). The uncertainty band
correspond to the uncertainty in the full Run 2 DL combination (left) and full Run 2 all channels
combination fits. The black points represent the observed data; the stacked distributions correspond
to the simulations for the respective processes.
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Figure 6.14: The 30 parameters with the largest impacts and their pulls and constraints on the signal strength
obtained in the full Run 2 fit to the ttH,H — bb, both in the fit to pseudo data with the signal
process expected from the SM and in the observed data. The order is relative to their impact in
the fit to the data. The resulting fitted value for the signal strength is also given with its total
uncertainty. The black lines represent the nuisance parameter values in comparison to their input
values before the fit and relative to their uncertainty. The red and blue lines are the variation in
Ay when the nuisance parameter is varied up and down by its fitted uncertainty, respectively.
The corresponding gray, red and blue bands are the expected values from fits to pseudo-data.

uncertainties are constrained by a factor of about 40%. These constraints are explained by
the fact that events are chosen based on different, large multiplicities of jets and b-tagged
jets, increasing the sensitivity of the analysis to changes in the jet energy scale and b tagging
efficiency, as measured, for example, by their effect on event yield per analysis category.
Overall the pulls and constraints here are compatible with what shown in Figure 6.10 for
the fit with the DL only statistical model. However, it is remarkable how the uncertainties on
nuisance parameters are further restricted and improved in the combined ttH, H — bb anal-
ysis. For example, the relative improvement in the uncertainty on the tt + bb normalization
estimation is 50%. This indicates again that the sensitivity to the most important systematic
uncertainties is not driven by the DL channel and how much the estimation benefits from
the full available phase space. Moreover, the ranking is slightly different. The presence of
parameters related to the other ttH, H — bb channels change the ensemble of parameters
and the correlations among them, induced by the changes in the statistical model itself. This
results in the new parameters having a large impact, like the freely-floating parameters for
the data-driven QCD background estimation in the FH channel; or in different estimates of
the parameters, like FSR uncertainty for the tt 4+ LF process. In the DL estimate, the post-fit
value in compatible with the initial value, on the other hand in the full ttH,H — bb fit it
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is pulled. Additionally, there is a clear decrease of the impact of experimental uncertainties
when considering the full available phase space, that is now instead mostly dominated by
parameters affecting the normalization of background processes and uncertainties due to the
limited size of the simulated samples.

Also the post-fit values of the freely-floating tt + B and tt + C background normalization
parameters and their uncertainties for the combined fit of all channels are presented in
Table 6.11, for the single years and their combination. The results obtained from dedicated
inclusive tt + bb cross section measurements in a similar phases-pace with 2016 data are at
the level of 10-20% relative precision [119, 120].

Background Blinded Unblinded
tf 4 bb (CMS_t t Hbb_bgnorm_ttbb) (36.33fb 1) 17017 1.057018
tt+ C (CMS_ttHbb_bgnorm_ttcc) (36.33fb 1) 17039 0.8219%
tf+ bb (CMS_ttHbb_bgnorm_ttbb) (41.53fb~ 1) 17018  1.16701%
tt + C (CMS_t tHbb_bgnorm_ttcc) (41.53fb 1) 1702 0967930
tf+ bb (CMS_t tEbb_bgnorm_ttbb) (59.74fb 1) 17017 140703
tt + C (CMS_ttHbb_bgnorm_ttcc) (59.74 fb 1) 17026 1351028
tf 4 bb (CMS_t t Hbb_bgnorm_ttbb) (137.60 b~ 1) 17310 1187013

tf 4+ C (CMS_t tHbb_bgnorm_ttce) (137.60 b~ 1) 17019 105702

Table 6.11: Post-fit values and uncertainties of the freely-floating background normalization parameters from
the combined fit of all channels.

The following focuses on the sensitivity results of the full Run 2 analysis, looking at the
best-fit ttH signal strength modifier yy and the significance obtained from a fit to data in
each channel alone and in the combination of all channels. To notice, in the fit to the FH
channel alone, the sensitivity to the tt + B and tt + C normalization is minimal and therefore
these uncertainties are parameterized with a 50% InN uncertainties.

Figure 6.15 (a) illustrates the estimation of j g in the different channels of the full Run 2

ttH,H — bb analysis and (b) how it evolves across the years. In the combination of all
channels and years, an observed value of ygy = 0.34 fgé;’ is obtained with a significance
of the signal compared to the background-only hypothesis corresponding to 1.3 standard
deviations, with an expectation of 4.1. The p-value compatibility of the combined result
with the SM expectation of yu; = 1 is 0.02. The statistical model considering the full
phase space available yields the most sensitive results, with each channel individually
contributing to the reduction of both the statistical and systematic uncertainties. Additionally
Figure 6.15 (a) well depicts the contribution to the sensitivity coming from the single channels.
The single-channel results are compatible with the combined result at a level corresponding
to a p-value of 0.28. As well emphasized above, the reconstruction efficiency of the DL
channel is quite high thanks to the two expected leptons in the final state, helping reducing
the systematic uncertainty overall. But since the production probability is the lowest, the
statistical uncertainty is the largest among the channels. With a higher production probability
and a sufficient reconstruction efficiency, the SL channel is crucial and contributes the most
to the sensitivity, yielding the smallest uncertainties. On the other hand, the FH channel has
the smallest statistical uncertainties thanks to the large amount of data available (due to the
branching ratio of the W boson to quarks). However, due to the large hadronic activity in
any LHC event, making it difficult to reconstruct the ttH, H — bb system in this channel, it
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results in the largest systematic uncertainties.
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Figure 6.15: Best-fit results of the ttH signal-strength modifier obtained from a fit to observed data of 138 ﬂa_l
in (a) each channel and their combination and (b) for the individual years.

The observed best fit value g is measured as:
0.2 0.17 020
Uga = 034:ir029 = 0.34J_r0,17(stat.)f0,21 (Syst.).

Based on the SM prediction of ogy; = 5074_%(5) tb with NLO QCD accuracy and NLO electroweak
corrections, the cross section for the ttH production is:

O = 1721“%%% = 172f§2(stat.)ﬂ8é(syst.),

corresponding to a relative uncertainty of +77/-81%. Also for the full Run 2 all channels
combination, the total uncertainty of the measured best fit value gy is further studied
through a breakdown into groups of specific uncertainties as reported in Table 6.12. The
systematic and the statistical uncertainties, which include components from the background
normalization, contribute at a similar level to the total uncertainty. Experimental uncertainties
amount to +0.10/ — 0.11, dominated by the jet energy scale and resolution as well as b-tagging
related uncertainties. Systematic uncertainties due to the size of the various simulated samples
used to model the background and signal templates are at the same order and amount to
+0.13.

In order to check the compatibility of the fit result for the signal strength split between
different channels and years, the p-value against the combined signal strength for full Run 2
data has been calculated to be 0.283. The results are well compatible with the full combined
result. The p-value was also calculated to check the compatibility of the results with the SM
expectation as in Table 6.13. The compatibility is around 2-3% which is consistent with the
error bars obtained on the observed signal strength.

The compatibility with previous ttH, H — bb measurements performed with the 2016
and 2017 data sets by the CMS Collaboration was also quantified and it is listed in Table 6.14.
Also here, the statistical uncertainties in the previous iterations have smaller values due
to the parametrization of the tt + bb and tt + cc processes. Now their contributions is in
the statistical uncertainty because they are estimated directly from the data. Additionally,
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Uncertainty source Al gps
Theory +0.23/-0.23
Signal +0.26/-0.27
Background +0.24/-0.23
tH +0.26/-0.27
tt +0.24/-0.23
Freely floating tt + X normalization +0.12/-0.24
Experimental +0.10/-0.11
b tagging +0.06/-0.07
Jet energy corrections +0.07/-0.08
Luminosity +0.01/-0.02
Statistics of simulated events +0.13/-0.13
Total systematic 0.20/-0.21
Statistical +0.17/-0.17
Total +0.26/-0.27

Table 6.12: Contributions of various groups of systematic uncertainties to the observed uncertainty of the best
fit value pg;. Due to correlations among nuisance parameters within the fit, quadratic sums of

individual uncertainty contributions differ from the quoted total values.

Combination p-value

Combined signal strength for full Run 2 data (1 POI) 0.015
Signal strength split between channels for full Run 2 data (3 POIs)  0.022

Table 6.13: Results of the p-value compatibility against the SM expectation.

an artificially decrease in the sensitivity is expected due to the new background model
(4FS tt + bb sample) predicting a larger background yield but improved description of the
kinematic properties. However, these effects are mitigated by the refinements to the analysis
strategy and the overall sensitivity of the current analysis is comparable with previous
iterations of the ttH, H — bb measurement.

Previous result Current result p-value
2016 (SL +DL only) 0.7210% 2016 056 103, 0.73
2016 (SL +DL only) 0.727032 2016 (SL+DLonly) 0.32 7059  0.41
2016 0.85704 2016 056704,  0.54
2017 1497098 2017 040703 0.02
2016+2017 1157032 2016+2017 055703  0.06

Table 6.14: Comparison results with previous measurements and their compatibility [121, 127].
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his chapter presents the first interpretation of ttH, H — bb towards a differential measurement

within the Simplified Template Cross Section framework. The STXS framework provides a

powerful tool for studying the properties of the Higgs boson and its interactions with other
particles, by measuring the differential cross sections of the process as a function of various kinematic
variables. After a short introduction about the general concept of the STXS measurement in the context
of ttH analyses, the adopted analysis strategy is described. This includes a discussion of the event
selection and categorization procedures used to enhance the purity of the signal, as well as the methods
used to extract the STXS templates from the data. The results are presented, with a focus on the
impact of individual sources of systematic uncertainties. The last section of the chapter focuses on
the contribution of the dilepton channel in the context of the combination with other channels (single
lepton and fully hadronic). This includes a description of the methods used to combine the results from
the different channels, and the impact of the dilepton channel on the overall sensitivity of the STXS
measurement.

7.1 Simplified template cross sections framework

Using the significant amount of data collected during the LHC Run 2, several couplings
of the Higgs boson to vector bosons and second and third generation fermions have been
directly observed and opened the possibility to precision measurements of the Higgs boson
properties via differential measurements.

The STXS framework has been developed by the LHC Higgs Cross Section Working
Group (LHCHWG,) to evolve and move forward from signal strength measurements towards
differential ones in as many Higgs production processes and final states as possible given
the current experimental sensitivity. Furthermore, the STXS framework aims to differentiate
between measurement and interpretation steps to systematically reduce the theory dependen-
cies that are folded into the measurements, i.e., the dependence on theoretical uncertainties
and the underlying physics model.

The premise of the STXS interpretation is to perform cross section measurements in
well-defined and not overlapping regions of phase space of selected observables, which are
referred to as STXS bins [21, 47, 278], defined in a common framework with all Higgs boson
processes across experiments and the theoretical community to facilitate the combination of
measurements and their interpretations. The most important feature is the synchronization
across experiments and theory community on the definition of the STXS bins to help the global



7 — Toward differential measurements

combination of the measurements in all decay channels and the theoretical interpretations
with more finely-grained experimental measurements.

Technically, the STXS interpretation is performed in an analogous way to a likelihood-
based unfolding approach. The STXS bins are defined via observables at particle level and in
stages of sequentially finer splitting, with the goals of minimizing the number of bins and the
dependence on theoretical uncertainties but maximizing the experimental sensitivity and
isolating BSM effects. First, at the so-called stage 0, all events with Higgs boson in the central
region (i.e. absolute value of the Higgs boson rapidity |Y|< 2.5, to avoid the extrapolation
to phase space regions out of the detectors acceptances) are split based on their production
mechanism. Then, on stage 1, there is a splitting based on kinematic features of the event
at the particle level, e.g. the transverse momentum of the Higgs boson (p?) or the number
of additional jets. An overview of the binning for the different Higgs production and decay
channels is shown in Figure 7.1.
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Figure 7.1: Schematic representation of the STXS framework [21]. The different colors represent different
Higgs boson production modes. In the left, signal strength measurements are shown, split according
to the decay channel of the Higgs boson and their own individual analysis categories. In the middle,
STXS bins in different stages. On the right, the physical parameters that could be measured.

In the ttH production channel, the transverse momentum run is chosen as the observable
of interest because it is sensitive to contributions from BSM operators (see Section 1.3).

The templates for the STXS bin are constructed by splitting the simulated signal events
according to the edges of STXS bins defined at truth-level. Figure 7.2 (a) represents an
illustrative example of the predicted spectrum of run split into two STXS bins. The well-
defined separation of the two regions disappear after taking into account detector effects, as
indicated in Figure 7.2 (b), since the finite resolution introduced by the detector response,
parton shower, and hadronization leads to migration of events across bin boundaries. The
STXS approach aims at correcting for these smearing effects by propagating the truth-level
definition to the reconstruction after the detector simulation and performing a simultaneous
measurement of the contribution of each STXS bin. This enables the inference of the truth-level
properties while accounting for detector effects. Additionally, this whole approach also allows
benefiting from MVAs to enrich STXS bins at truth-level in categories at reconstruction level.
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Figure 7.2: Illustration of the definition of two bins at truth-level (a) and after the reconstruction (b) [278].

The STXS bins in the ttH production channel have been designed to optimize the sen-
sitivity in each STXS bin for different numbers of STXS bins but also for different bin
boundaries [278]. The final design corresponds to the so-called stage 1.2, with the run spec-
trum divided into five STXS bins as in Figure 7.3. Then the ttH signal strength is measured as
a function of the generated Higgs boson pr.

Stage 1.2

60
120
200

300

450

oo

Figure 7.3: Sketch of the five STXS bins used in ttH-related measurements [21]. Additionally, the rapidity of
the Higgs boson is restricted to be |Y| < 2.5.

7.2 STXS measurement in ttH, H — bb - Analysis strategy

The correct reconstruction of highly unstable, heavy particles like the top quark or the
Higgs boson from their decay products is one of the main challenges in experimental particle
physics.Therefore, the correct reconstruction of p? is an important ingredient in the definition
of the STXS analysis strategy.

In this analysis, the event categorization is built starting from the one optimized for the
inclusive ttH measurement. In the most sensitive category, namely the > 4jets, > 3b tags,
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after applying the baseline ANN multiclass leading to the tt + X categories, the events in the
ttH or tt + B classes are further split further into sub-categories targeting the STXS bins, i.e.
five bins in Higgs boson pI; with boundaries at [0, 60, 120, 200, 300, 450] GeV. The events
are assigned to the STXS bins according to the output of a further multi-class dedicated
ANN s (STXS ANN), with output nodes targeting the 5 STXS bins. For the other classes of
> 4jets, > 3b tags and 3jets, > 3b tags categories, the same templates as in the ttH inclusive
measurement are considered. The strategy with the independent final observables that enter
the 5D simultaneous fit are schematically depicted in Figure 7.4.
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Figure 7.4: Illustration of the analysis strategy for the STXS measurement in the dilepton channel. The
illustrated procedure is applied separately for all three years of data taking.

The dedicated STXS ANN is trained only for ttH simulated events in the > 4jets, > 3b tags
category that are within acceptance, i.e. rapidity |Y|< 2.5. One single classifier is trained for
all three data-taking years. The same ttH samples that were used to train the classifier for the
inclusive measurement are also used here. The number of events used for training, evaluation,
and testing is summarized in Table 7.1, and also the number of events per STXS category are
reported.

The STXS ANN classifies events according to the STXS bins and assigns a probability-like
number for each of the classes for each event. The STXS ANN features as input variables
both the properties of the individual objects and the whole event. In addition to the set of
input variables used previously in the inclusive analysis, the di-jet transverse momentum
of the 2 jets with the mass closest to the nominal Higgs boson mass (125 GeV) has been
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> 4jets, > 3b tags

events for training 852660
events for validation 284219
events for testing 284219

events per process

pr < 60 285369
60 < p7 < 120 456848
120 < pi < 200 403542
200 < ph < 300 198754
300 < pf 76585

Table 7.1: Number of events used to train the STXS ANNs in the > 4 jets, > 3 b tags category. Also listed
are the number of events per STXS category and the number of events in the training, test, and
validation subsamples.

introduced to expand the set (see Figure 7.5). According to the unbinned one-dimensional
Kolmogorov-Smirnov (KS) test and a Taylor expansion of the ANNSs outputs, this variable
has the largest discrimination power to further classify events as a function of the generated
Higgs boson pIT{. A simpler approach has been explored using just this variable alone as
template for the fit, rather than as one of the inputs to the ANN classifier, but it was found to
give worse performance.

The quality of each observable in the MC simulation with respect to data is evaluated with the
binned Goodness-Of-Fit (GoF) tests, based on the full uncertainty model, using the saturated
model method. In each analysis region, the test is performed for each individual observable
and for the correlation between all pairs of input variables. Only input features with a p-value
> 5% are further considered for the training.

The architecture is a fully connected feed-forward network implemented in KERAS.
The optimization of the hyperparameters follows a similar strategy as for the inclusive
measurement (see Section 5.7.2). The final architecture of the STXS ANN is summarized in
Table 7.2.

Figure 7.6 (a) shows the training metric for the final training of the STXS-ANN classifier;
no overtraining is observed. The confusion matrix for the STXS ANN classifier is shown in
Figure 7.6 (b). The reconstruction efficiency implied by the matrix shows a larger amount of
confusion in the bins below pIT{ < 200 GeV and in the neighboring classes. This classification
power is reasonable because the behavior reflects the features of some of the input variables.
The values of these observables are expected to be more distinct between the very low-
and very high-p}, whereas the difference between the neighboring STXS classes are less
pronounced. For example, the distance between two b-tagged jets is expected to decrease
with increasing p? since the Higgs boson decay products become more collimated; or for
the average transverse momentum of the b-tagged jets, since the Higgs boson decays into
bottom quarks, the emerging jets are naturally expected to have a larger py on average with
increasing p?.

The normalized outputs of the ANN discriminants for the different STXS categories are
shown in Figure 7.7.

It has been explored which metric is better to employ to separate the STXS bins at the
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Figure 7.5: Di-jet transverse momentum of the two b-tagged jets with the mass closest to 125 GeV in the
> 4jets, > 3 b tags category for the 2018 data set. The stacked histograms show the distributions
of the background processes. The black dots indicate the observed data. The bottom half of the
figure shows the ratio of observed data with respect to the background prediction. The light gray
band indicates the systematic uncertainties, while the dark gray band illustrates the statistical
uncertainties in each bin of the background prediction.

> 4jets, > 3b tags

Optimizer Adagrad
Loss function categorical cross-entropy
Number of input variables 31
Hidden Layers 3
Nodes per Hidden Layer [512,256,128]
Node Activation leakyrelu
Output Node activation Softmax
L2 regularization 107*

L1 regularization 107°
Dropout Percentage 0.0001
Early stopping min epochs 100
Batchsize 2048
Trainable parameters 184 837

Table 7.2: Hyperparameters of the STXS neural networks in the > 4 jets, > 3 b tags category.

reconstruction level. The two primary options are the most discriminating variable (i.e. the py
of the di-jet system with invariant mass closest to 125 GeV as in Figure 7.5) or the output of the
STXS multiclass ANN. Figure 7.8 shows the confusion matrices obtained in both scenarios
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Figure 7.6: (1) Development of loss function values in the STXS ANN training of the > 4 jets,> 3b tags
category. (b) Confusion matrix for the STXS ANN classifier in the > 4 jets, > 3 b tags category
evaluated with the test data set. The horizontal axis corresponds to the predicted class of an event
and the vertical axis to its true class. The values are normalized to one per row, hence representing
the classification accuracies (diagonal elements) and misclassification rates (off-diagonal elements)
per process. The STXS bins are defined by the Higgs boson pr with boundaries at 60, 120, 200 and
300 GeV.

after removing all background contributions: the STXS ANN is beneficial for enriching the
STXS bins and having a more diagonal matrix. As depicted in Figure 7.9, these two scenarios
have been tested also in terms of stability, purity, efficiency. The stability denotes the number
of events that are generated and correctly reconstructed in a given bin i relative to the number
of events that are generated in bin i but reconstructed anywhere. The purity denotes the
number of events that are generated and correctly reconstructed in a given bin i relative to
the number of events that are reconstructed in bin i but in this case generated anywhere.
The efficiency is the number of events reconstructed in a given bin which are matched at
generator level divided by the total number of events which have been matched at generator
level. Following these studies, the STXS multiclass ANN has been chosen to define the STXS
bins at reconstruction level.

In addition, it has been thoroughly investigated which distributions provide the best
discriminating power to distinguish between the various STXS signal templates at generator
levels as well as the ability to identify the signals from the background. Having established
that the STXS bin at reconstruction level is defined by the STXS ANN, various templates have
been developed, ranging from using the pt of the di-jet system with the closest invariant mass
to 125 GeV to the STXS ANN output weighted with the output of the baseline ANN (i.e. each
event in the STXS categories is weighted additionally by the output of the previous inclusive
categorization). This weighting procedure not only categorizes events into different STXS
bins, but it also helps retain information about the distinction between signal and background
processes from the first categorization. Table 7.3 presents the post-fit uncertainties of fits to
SM-like Asimov data (4 = 1) for STXS binning templates. Each STXS bin corresponds to a
parameter of interest, and for this simultaneous multidimensional fit on SM like Asimov data
all systematics were included. It was opted to utilize as the final template the scenario with
the best performance: the STXS multiclass ANN weighted by the baseline ANN.

In conclusion, the final observable that enters the parameter estimation is the distribution
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Figure 7.7: Distribution of STXS templates in each bin for each STXS multiclass ANN node in the
> 4jets, > 3 b tags category. The STXS bin template with the highest separation from the others is
visible for each plot, and corresponds exactly to that ANN node.

Fitted templates ‘ " Ty 3 Ty Ts5
baseline ANN —694/+7.08 -721/+771 —-513/+521 -3.60/+378 —292/+3.31
STXS ANN —794/ +838 —856/+842 —535/+4538 -—3.69/+3.85 —3.45/+3.68

STXS ANN * baseline ANN | —5.85/+6.32 —6.78/+7.14 —3.88/+414 —-268/+29 —-271/+3.06

Table 7.3: Post fit uncertainties for each STXS bin for a multidimensional fit on SM like Asimov data for
different fitting templates, with all systematics considered. For all scenarios the STXS bins at
reconstruction level are defined by the STXS multiclass ANN and they correspond to 5 STXS Higgs
boson pr bins with boundaries at [0, 60, 120, 200, 300] GeV.
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Figure 7.8: Confusion matrix (left) when the pr of the di-jet system with invariant mass closest to 125 GeV
is used to split the STXS bins at reconstruction level or confusion matrix (right) when the STXS
multiclass ANN is considered. In both cases all background contributions were removed. The entire
matrices are normalized to unity.
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Figure 7.9: Values of stability, purity and efficiency when the pr of the di-jet system with invariant mass
closest to 125 GeV is used to split the STXS bins at Reconstruction level (left) or when the STXS
multiclass ANN is considered (right).

of the STXS ANN output values weighted by the corresponding network employed for
the process classification in the inclusive measurement. Therefore, this metric provides
information regarding both the original process classification and the final assignment to
a certain STXS bin. The corresponding prefit distributions for each year are in Figures 7.10
and 7.11 for two of the signal bins, and all the others in Appendix K.3. The output values in
the background-related nodes are handled identically to those in the inclusive analysis. This
results in powerful discriminators suited for the simultaneous cross section measurement
of the pI; regions with high control over background processes contributing to the analysis
phase space. Therefore, the statistical inference is based on eight categories per period of
data-taking.
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7.3 STXS measurements results

The results of the inclusive measurements reported in Chapter 6 are interpreted in terms
of the signal strength modifier y;. Even though this method allows to compare the parameters
directly, it is also sensitive to theoretical computations. Any updates to the calculation of the
ttH, H — bb process and its uncertainties require re-evaluation of the measurement of the
signal strength modifier. Furthermore, two measurements are not comparable they are not
based on the same underlying theory calculations.

In the following the results of the final parameter estimation of ttH,H — bb STXS
measurement are summarized. Overall the analysis strategy follows the line of the inclusive
measurement, as described in Chapter 6. However, in this case, the expected yield y; for each
bin i is modified to allow the simultaneous measurement of the different STXS bins j:

A=Y sy (6) +b,(8),
]

with each signal contribution s; ; being multiplied by a parameter o;.

The STXS measurement is performed as a direct measurement of the cross section in the
various Higgs-pr bins, and therefore all former theory uncertainties on the inclusive ttH signal
cross section are omitted (rate parameters modeling effects arising from the renormalization
and factorization scales, from additional initial and final state radiation as well as the PDF
set). Instead, two types of additional uncertainty are provided to parameterize migration
effects between STXS bins (migration uncertainties) and acceptance inside single STXS bins
(acceptance uncertainties). They are constructed following central recommendation and they
are implemented as rate and shape uncertainty, respectively, and treated as correlated across
the years.

Migration uncertainties: The migration uncertainties are built using an adaptation of the
Steward-Tackmann method [279] by studying the effect of all combinations of factor-
ization and normalization scale variations across each Higgs-pr boundary on the total
cross section above this boundary. The boundary at 450 GeV from Figure 7.3 is only
considered for the migration uncertainty and not in the actual measurement. Since the
migration uncertainties only cause normalization effects, in the statistical model they
are implemented as InN distributed nuisance parameters and amount to 5-10 %.

Acceptance uncertainties: Acceptance uncertainties are constructed following the recom-
mendation from the Higgs group in CMS. The QCD scale variations are utilized for this,
where both the renormalization and factorization scales are varied at the same time.
Then, for each STXS process, a normalizing factor is applied so that the cross section
remains unaltered in an inclusive phase-space, i.e. without any Higgs boson p require-
ments. This uncertainty is decorrelated between low pr STXS bins ( pI;I < 300 GeV) and
the high pr bins (P > 300 GeV). The resulting shape variation is typically 1-3% and as
large as up to 7% depending on the classifier bin.

In addition to the afore-mentioned sources of uncertainty, the normalizations of the tt + bb
and tt + cC processes are estimated in situ while the ttH, H — bb process is measured. This
takes into consideration the challenging computation of these background processes and
allows the statistical model to account for variations between simulation and data. Such
discrepancies are to be expected as a result of earlier dedicated measurements [43, 46, 277].

To improve the stability of the final statistical model, some changes are made to the
treatment of some systematic uncertainty sources. The JEC are not considered for the small

154



7.3 — STXS measurements results

background processes tH, ttV, V + jets, and diboson because the statistical fluctuations are
large in the analysis phase space. Furthermore, each shape uncertainty is examined for a real
shape effect on the distributions: if there is no shape effect, it is turned into a rate uncertainty.
Finally, only rate uncertainties with an influence of at least 0.1% on a specific process are
considered. In the final fit, these checks are done independently for each of the categories.
This technique stabilizes the expected results without any impact the sensitivity on the signal
strength modifiers and the constraints on the nuisance parameters in question.

The effort of scrutinizing the observed data within the CMS Collaboration is still ongoing
at the time of writing, hence the conclusions presented in this chapter reflect the current
status.

The discussion follows the same structure as in Chapter 6. Figure 7.10 and 7.11 illus-
trates the final discriminants prefit and postfit for the second and last STXS bins in the
> 4jets, > 3b tags category, respectively. The complete overview of the other distributions is
in Appendix K.3. The separation between the STXS signals and the background process is on
a comparable level to the inclusive analysis, due to the deployed strategy itself (i.e. the STXS
classification occurs only after the process assignment by the initial neural network). How-
ever, the pre-fit plots highlight the separation among the various STXS classes. As expected,
for each plot, the distribution of the correspondent STXS is enriched at high discriminant
values. This reflects the express design achieved with the additional STXS neural network to
be sensitive to that specific bin. At the same time, the discrimination to the other STXS classes
increase with p¥': the distribution for the last STXS bin peaks at lower discriminant values.
Additionally, the number of events categorized into this ANN output reflects this behavior.
On the truth level, events from the first STXS bin contribute the most to this observable,
while events from the last STXS category contribute the least, reflecting the above STXS
ANN confusion matrix. The separation power between neighboring STXS bins is low, but
it increases with high pIT{ differences. Also in all the other STXS categories, the observables
show a good compatibility between the simulated samples with the observed data within the
uncertainties.

The good compatibility is further assessed with the GoF method and the resulting p-
values are listed in Tables 7.4.

2016 2017 2018 full Run?2
Combined 0.71 0.70 0.99 0.99

Table 7.4: Goodness-of-Fit test results for unblinded fit to data with the statistical model used for the STXS
measurement.

The nuisance parameters with the largest impact of the inference of the cross section for
each STXS bins are reported in Figure 7.12, both for the expected with a pseudo data set
corresponding to the SM expectation and for the real data.

Generally, the ranking and the order of magnitude of the impacts match the expectations
and and the post-fit values are compatible with the expected values within approximately
two standard deviations, indicating good compatibility between simulated samples and real
data. Despite the fact that the magnitude of the list of uncertainty sources is not exactly the
same, especially for the low-pl;I bins the list of uncertainty is comparable to the one from the
inclusive ttH,H — bb analysis. This is indeed expected because the inclusive ttH, H — bb
analysis is dominated by low—;ﬁI effects, with most of the ttH, H — bb events being in the
first STXS bins.

Overall, the modeling uncertainties on the tt + jets background and the experimental uncer-
tainties due to the limited number of simulated samples are expected to be the dominant
ones. In particular, the modeling parameters related to the irreducible tt + bb process are
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Figure 7.10: Discriminants in the second STXS bin > 4 jets, > 3b tags ttH + tt + bb ratio observable category.
Shown are the pre-fit (left) and post-fit (vight) distributions for 2016 (top), 2017 (middle), and
2018 (bottom). The black points represent the observed data. The stacked distributions correspond
to the simulations for the respective processes. The uncertainty band in the right distributions
corresponds to the uncertainties in the full Run 2 DL combination. For better visibility, the signal
template is scaled to the total background contribution in the pre-fit figures (cyan line).

156



7.3 — STXS measurements results

- . -
CMS Work in progress 36.3fb”" (13 TeV) CMS Work in progress 36.3fb”" (13 TeV)
R A iR T [ T T T TP T T T T T T T T T T T T
® data ——sTX83x43 | ] data_ el
DL>4jets23tags B oes e DL>4jets>3tags s o b5 )
(ttHs ttbb) nodesprefit — sTXS4x 10t STXS 0 x 14 (ttHttbb) nodespostit (=) =1
(ot [ STXS 1
[ tf+bb (4FS) . tivcT [ Vaiets w
t [l B 5Tx8 3 B STXS 4
] Vaiets - w CI8TXS0 EZsTXs 2

Events expected /(bin width)
Events expected /(bin width)

10°
1) PRI TR I ORI S O e b b b Ly g
o2 1sf + ] o2 15p ]
85 by . | S R ) g
N T 1 T R S B .
05 . i - 05 -
0 o1 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 O 0.9
Ratio Observable * STXS Bin3 Node Ratio Observable * STXS Bin3 Node
CMS Work in progress 415" (13 TeV) CMS Work in progress 41.5b" (13 TeV)
R R A AN SRS R RS SRS B R R R e O S
. —— STXS3x44 p data [ i
DL>4jets>3tags & e akes DL>4jets>3tags F Lol
10° == (ttHa ttbb) nodesprefit —_ srxs4:97 :Kgéi?z 108 |=— (ttH+ ttbb) nodespostfit It =:mm (4FS)
STXS B STXS 1 .
B lob ey Bt - HW (SM) [ Vets
5 = TtV [ STXS 3 B STXS 4
10 - HW (SM) 3 Vaiets CISTXS 0 sTxs2

Events expected /(bin width)
Events expected /(bin width)

— f—]

o o T I
g2 o= ]
o o 4 i
g N t . :

01 02 03 04 05 06 07 08 09 1 0 o1 02 03 04 05 06 07 08 09 1
Ratio Observable * STXS Bin3 Node Ratio Observable * STXS Bin3 Node
CMS Work in progress 59.7 b (13 Tev) _ CMS Work in progress 59.7 b (13 TeV)

e data —— STXS 3x 46

El . data it
DL>djets>3tags . oo [ t5+b5 (4FS)

DL>4je rs>3!ags

—— STXS 2 —— STXS1x1
10°|=— (ttHsttbb)nodesprefit e, R ORI (ttHs ttbb) nodespostiit B =1
el - o [ STXS 1 [ Vaets
. I {f:bb (4FS) B STXS 4 B STXS 3
10° otV :| VHsIs [ STXS 2 CISTXS 0

Events expected /(bin width)
Events expected /(bin width)

L1

T T N R I A A AP

o ) AR 3
gz RN "I T — !
= ] = 1 L !
05 . . . . - 05 . .
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Ratio Observable * STXS Bin3 Node Ratio Observable * STXS Bin3 Node
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157



7 — Toward differential measurements

expected to have a large impact, such as the factorization scales, the ME-PS matching, the
underlying event simulation and additional gluon splitting effects. The FSR uncertainties
have a larger impact in the last STXS bins because the probability for emissions in the final
state is proportional to the energy of the particles, and the last STXS bins are sensitive to
effects at high energies by construction. Additionally, the freely-floating normalization pa-
rameters for the tt + bb and the tt + cc processes are highly ranked, as expected and already
discussed for the inclusive measurement. For the parameters related to the limited size of
simulated samples, the ones with the highest impact are the ones that vary the content to
large discriminant values and expected to be mostly enriched in STXS events attributed to
the correspondent STXS bin. The impact on the measurement in the final STXS bin is larger,
considering the smaller number of events expected for the high-p} region.

On the experimental side, there are some sources of JES and JER, mostly for the first STXS
bins. These uncertainties model the fluctuations in the jet energy measurements, hence they
can produce event migrations within the analysis phase space. These migration effects are
more evident for jets with lower pt for the jet selection, resulting in the low-pIT{ region bins
being more affected by the JES and JER. Additionally, the b-tagging uncertainty simulating
the impacts of tt + LF contamination in the heavy-flavor control region is expected to be
noticeable in the low-energy regime because additional heavy-flavor jets are less likely in
this region. Also the presence of the migration uncertainties among the top ranked nuisance
parameters is expected since these uncertainties directly modify the expected signal yield for
a given STXS signal process. The few cases of uncertainties strongly constrained have been
studied, identifying the limited number of simulated events in the various distributions as
the main cause.

Figure 7.13 presents the signal strength and the corresponding uncertainties for each
STXS bins, obtained on the preliminary observed results for each period of data-taking and
for the full Run 2 combination. Overall the results are consistent with the SM expectation and
same behaviors are visible across the years. As expected, because of the small ttH production
individual cross section per STXS bin, all measurements are heavily dominated by statistical
uncertainty. This is in line with the behavior previously observed in the impacts ranking of
the nuisance parameters.

7.3.1 Contribution to the combined analysis

An overview of the STXS measurement in the full analysis phase space considering also
the fully-hadronic and the semileptonic channels, briefly discussed in Chapter 6 in the context
of the inclusive ttH measurement, is provided in the following.

In the FH channel, a Higgs boson candidate is reconstructed from the four jets with the
highest b-tagging discriminant value and whose invariant dijet mass is most compatible
with that of a 125 GeV Higgs boson, based on a x> criterion that takes into account the
experimental resolution of the jet py. The STXS signal region events are further classified
and allocated to one of the five Higgs boson p ranges based on the pr of the reconstructed
Higgs boson candidate, resulting in around 45-59% correct assignments for ttH events. Thus,
for each data-taking periods there are a total of 15 STXS categories in the FH channel and
the ANN output distribution is used as the final discriminant in each category without any
further optimization.

In the SL, the most signal-like events are categorized further by targeting the five regions
in Higgs boson pr, similarly to the DL approach. In particular these are all the events
entering the likelihood ratio discriminant for the (5jets, > 4b tags) and (> 6jets, > 4b tags)
categories. The STXS categorization is performed deploying an additional multi-classification
ANN, and the STXS ANN output value in that node weighted by the observable value of the
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pulls and constraints, while the right-hand side panels highlight the magnitude of the impact on
the signal inference for both a pseudo data set corresponding to the SM (expected) and the data

Figure 7.12: Impacts in the STXS bins for the full Run 2 combination. The middle panel displays the post-fit
(observed).
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Figure 7.13: Best fit values of the signal strength modifiers y obtained in the fit of the individual year data sets
and in the full combination. Also shown are the 68% expected confidence intervals (outer error
bar), also split into their statistical (inner error bar) and systematic components.

inclusive ttH measurement is used as final discriminating observable. Thus, in total, there
are ten STXS categories in the SL channel, corresponding to the five Higgs boson p ranges in
each of the jet multiplicity categories. All other events are classified in the same way as in the
inclusive ttH measurement.

Figure 7.14 illustrate the analysis strategy for the STXS measurement in the whole phase
space of the ttH, H — bb analysis, applied separately for all three years of data taking.

Also here the presentation of the results follows the same structure as above. Figures 7.15
and 7.16 illustrate the final discriminants postfit for the first and fourth STXS bins in the
> 4jets, > 3b tags category, respectively, comparing the fit to only DL (left) to the one consid-
ering all channels (right). The complete overview of the other distributions is in Appendix K.4.
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Figure 7.14: Illustration of the analysis strategy for the STXS measurement as it is applied separately for each
year of data taking.

As for the inclusive measurement presented in Section 6.3, the overall agreement is good in
both cases. However the full combination benefits from the sensitivity arising from the other
channels, mostly from the SL channel and this results in the smaller uncertainties bands. The
good compatibility is further evaluated using the Goodness-of-Fit (GoF) approach, with the
resulting p-values shown in Table 7.5 for each channel and year.

2016 2017 2018 full Run 2

FH Combined 0.87 0.60 0.79 0.85
SL Combined 097 099 094 0.98
DL Combined 071 070 0.99 0.99

All channels Combined 0.89 043 0.94 0.75

Table 7.5: Goodness-of-Fit test results for unblinded fit to data.

The inclusion of the fully-hadronic and the semileptonic tt decay modes enhances the
sensitivity of the cross section measurement in the STXS framework. In Figure 7.18 the
expected and observed high-ranked impacts are presented. In general, the post-fit estimations
and constraints for the different parameter values in the full ttH, H — bb measurement are
reasonable and in agreement with the estimation in the DL channel within one standard
deviation, showing that the statistical models are capable of describing the observed data.
However the overall ranking of the parameters agrees with the results obtained from a
SL channel fit, reflecting the higher sensitivity of this channel. The order of magnitude
of the impacts in the fully-combined ttH,H — bb measurement is smaller than in the
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Figure 7.15: Discriminants in the DL channel in the second STXS bin > 4 jets, > 3b tags ttH + tt + bb ratio
observable category, for a fit considering only the DL statistical model (left) and all channels
(right). Shown are the pre-fit (left) and post- fit (right) distributions for 2016 (top), 2017 (middle),
and 2018 (bottom). The black points represent the observed data. The stacked distributions
correspond to the simulations for the respective processes. The uncertainty band corresponds to
the uncertainties in the full Run 2 combination. For better visibility, the signal template is scaled
to the total background contribution in the pre-fit figures (cyan line).
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Figure 7.16: Discriminants in the DL channel in the last STXS bin > 4jets, > 3 b tags ttH + tf + bb ratio

observable category, for a fit considering only the DL statistical model (left) and all channels
(right). The black points represent the observed data. The stacked distributions correspond to the
simulations for the respective processes. The uncertainty band corresponds to the uncertainties
in the full Run 2 combination. For better visibility, the signal template is scaled to the total
background contribution in the pre-fit figures (cyan line).
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single channels fits. The uncertainties due to the limited size of the simulated samples are
mostly related to the SL channel and here in a larger fraction than in a single channel fit.
The additional information from the other decay channels increases the control over the
theoretical and experimental uncertainties in the fully-combined ttH, H — bb measurement,
increasing the importance of the parameters related to the limited number of events available.
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Figure 7.17: Best fit values of the signal strength modifiers p obtained in the fit to the full combination for all
years and channels. Also shown are the 68% expected confidence intervals (outer error bar), also
split into their statistical (inner error bar) and systematic components.

Finally, Figure 7.17 shows the measurement results using the full ttH, H — bb combina-
tion. As expected, the additional information from the other channels greatly improves the
sensitivity in all STXS bins by a better control over the systematic uncertainties. The contribu-
tions of the systematic uncertainties get reduced by around half in all bins. In addition, thanks
to the more data available for the full ttH, H — bb phase space, also the statistical precision
improve in all STXS bins by a factor 3. The sensitivity of this measurement is comparable
with the latest results published by the ATLAS Collaboration presented in Ref. [124].

In the CMS Collaboration, this STXS measurement is the first statistical analysis providing
details about p? in the ttH, H — bb production channel, and the work presented in this thesis
constitutes the first STXS result in the ttH, H — bb DL channel. Currently, the other available
STXS measurements for the ttH production channel are for events with the Higgs boson
decaying into two photons [280], in the leptonic WW decay [281] and in the four-lepton
final state [282]. The plan is to perform a combination of these analyses, along with the
one presented in this thesis and including VH + H(bb), which could potentially increase
significantly the sensitivity of future measurements.
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displays the post-fit pulls and constraints, while the right-hand side panels highlight the magnitude
of the impact on the signal inference for both a pseudo data set corresponding to the SM (expected)

Figure 7.18: Impacts in the STXS bins for the full Run 2 combination and all channels. The middle panel
and the data (observed).






CONCLUSION AND OUTLOOK

In this thesis, two primary studies are presented. The first aims to estimate the major
sources of uncertainty in the measurement of integrated luminosity with the Compact Muon
Solenoid (CMS) experiment at the Large Hadron Collider (LHC), and the second to present
inclusive and differential cross section measurements in the context of the Simplified template
cross section framework for the Higgs boson production in association with a top quark-
antiquark pair in the dilepton decay channel, using data from proton-proton collisions at 13
TeV collected by the CMS experiment.

The CMS experiment utilizes the Van der Meer method for calibrating its luminosity mea-
surement. This involves conducting beam separation scans to achieve a precise luminosity
measurement during a specific LHC fill. This information is then employed to calculate the
visible cross section of the assigned luminosity detector. However, the calibration process
for the luminosity measurement is subject to certain systematic uncertainties, including
uncertainties in the beam separation length scale and factorizable beam proton densities.
Efforts have been made in the context of this thesis to improve the precision of the integrated
luminosity measurement by reducing the bias caused by the assumption of factorizable
proton densities. The beam-imaging method was used to reconstruct the transverse proton
densities of the two beams, leading to a significant improvement in the experimental results
from 1.5% (0.9%) in 2015 (2016) to 0.5% overall. These results have been published in the
publication of the integrated luminosity measurement for the 2015 and 2016 data sets of
the CMS experiment [26]. Additionally, a new and faster method using for the first time a
machine learning approach, developed as part of this thesis, will be included in the upcoming
publication for the 2017 and 2018 data sets and is being used for analyzing the data currently
collected at the LHC.

Following the discovery of the Higgs boson, the ATLAS and CMS Collaborations accu-
rately measured its properties and couplings to other particles. Among all fermions, the
standard model (SM) predicts the top quark to couple with the Higgs boson with the strongest
Yukawa coupling. This thesis presents the analysis of the associated production of a Higgs
boson with a top quark pair (ttH) using the full Run 2 data set recorded at the CMS experi-
ment at a center-of-mass energy of /s = 13 TeV, with events where the Higgs boson decays
into a pair of bottom quarks and in the dilepton final state of the tt system. In particular, the
ttH, H — bb analysis is of special interest not only due to its direct access to the top-Higgs
Yukawa coupling but also due to the possible sensitivity to contributions from physics beyond
the standard model (BSM).

The primary challenge of the analysis in this thesis is the significant contribution of tt + jets
processes, particularly the irreducible tt + bb background. The critical tt + bb background
modeling was improved through simulation at next-to-leading order and a freely-floating
normalization to address this challenge. To further reduce its impact, optimize the analysis
strategy, and enhance the sensitivity to the ttH, H — bb signal, a sophisticated multiclass
artificial neural network was developed and deployed for the first time in the dilepton
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channel. Additionally, a more advanced validation technique was established for the input
variables. The traditional one-dimensional comparison between simulated and recorded
event variables was deemed insufficient for deep neural networks due to their ability to
exploit deep correlations. This new method covers the validation of higher-order correlations
by assessing fit quality using saturated goodness-of-fit tests on two-dimensional distributions
of all variables. Only variables that produced high p-values in combination with most other
variables are considered input variables to the neural networks.

In this thesis, a statistical model was developed and applied to measure the inclusive
ttH, H — bb production. The model has been shown to describe the observed data well.
Results were obtained by simultaneously analyzing data in multiple event categories in the
tt dilepton channel, defined based on the number of jets and enriched with events of one
of the considered physics processes determined by a neural network. For the less sensitive
categories, a fit was performed on the distribution of the network output corresponding to
the process category. For the most sensitive category, a better separation between the ttH
signal and the crucial tt + bb background was achieved by using a discriminant in the form
of a likelihood ratio based on the network output values.

The observed results of this analysis are consistent with earlier ttH, H — bb measure-
ments, both in the dilepton channel and in combination with other tt final states. As antici-
pated, the largest impact on the signal strength estimation arises from parameters related
to the modeling of the tt + jets background, as well as uncertainties related to the b-tagging
method and the limited size of the used simulated samples. The observed best-fit value for
the signal strength modifier is:

0.26 0.17 0.20
Hag = 0.341_0.27 = 0.34t0‘17(stat.)t0_21 (syst)

This result is compatible with the Standard Model prediction and corresponds to an observed

significance of 1.3¢ compared to the background-only hypothesis. A value of ytegg' =1.00022

and 4.1¢ was expected from simulation.

The presented results improve compared to the previous CMS measurements in this channel
due to increased integrated luminosity and refined analysis methods. The measured value
agrees with the latest measurement performed by the ATLAS experiment using a similar
amount of proton-proton collision data at a center-of-mass energy of 13TeV, but the analysis
presented here is considerably more accurate.

Moreover, this thesis presents the first CMS measurement of the ttH,H — bb signal
strength differentially as a function of the transverse momentum of the Higgs boson within
the Simplified Template Cross Section (STXS) framework. Despite the large data set, the mea-
surement is still dominated by statistical uncertainties, not only in the dilepton channel but
also when combined with the other ttH, H — bb channels. As in the inclusive ttH, H — bb
measurement, the cross section estimation in the low-pt region is impacted by systematic
uncertainties associated with tt + jets modeling and experimental uncertainties. Meanwhile,
uncertainties in the high-p region primarily stem from the limited size of simulated samples
and the modeling of the tt + bb process. The ttH, H — bb measurements presented in this
thesis are currently under review (“pre-approved”) within the CMS Collaboration, and the
corresponding journal publication is ongoing.

The analysis of ttH, H — bb would benefit significantly from dedicated tt + bb measure-
ments and improvements in theoretical models to control better and describe these leading
background processes. Currently, the cross-section measurements for tt + b jets take into
account all processes that result in the production of the tt-system with additional b jets. A
deeper understanding of multi-scale production can be achieved by separating the produc-
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tion into its components from tt + bb, tt + b, and tt + 2b processes and by determining their
relative contributions in the total cross-sections. In addition, larger data sets will enable more
accurate measurements of the tt + bb, tt + b, tt + 2b cross-sections. Ultimately, a simultaneous
measurement of similar processes like ttH, H — bb and tt + bb production would enhance
the precision of their cross section measurements and facilitate a more straightforward in-
terpretation of new physics models that simultaneously affect all the processes. The precise
measurement of ttH production is a key goal of the LHC physics program to understand the
electroweak symmetry breaking. The ttH, H — bb channel will become even more important
as more data becomes available. Future ttH, H — bb analyses may also be able to probe more
of the phase space with differential measurements, particularly in the high-pr regime where
sensitivity to new physics is high. No significant deviations from the SM prediction have
been observed at the time of writing this thesis. However, to account for possible new physics
contributions, effective field theories (EFT) have been developed that approximate the low-
energy effects of high-energy BSM physics. The EFT Lagrangian includes higher-dimensional
operators increasingly suppressed at higher energy scales of BSM physics. The ttH process is
expected to increase the sensitivity to the contributions of three operators in particular: the
top-Higgs Yukawa coupling, which also affects pairwise Higgs production with a tt pair, the
monochromatic dipole moment, and the effective gluon-Higgs coupling, both of which are
expected to modify the shape of the Higgs boson pt spectrum for high pr values.

Experimental particle physics aims to understand the limitations of the Standard Model
and discover new physics by collecting more data from high-energy proton-proton collisions
at the LHC. The ongoing Run 3 of the LHC will collect more data at higher center-of-mass
energy. By the 2030s, a data set of 3000 fb ™" is expected to be delivered to the CMS experiment
at the High-Luminosity LHC with five to seven times larger instantaneous luminosity. The
projected sensitivity used for the formulation of the European Strategy for Particle Physics
for this analysis is around 10%, with the largest systematic uncertainties being related to
the modeling of the signal process and the tt + jets background. However, the currently
expected sensitivity has already exceeded the projected value for the then-expected Run 2
data set, indicating that even more sophisticated measurements may be possible to reach
lower sensitivities in the future.
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MACHINE LEARNING AND NEURAL
NETWORKS

As high-energy physics research advances, the measurements of processes with small
production probability and where background processes dominate the physics process of
interest are more and more frequent. Therefore, separating signal and background in these
scenarios is crucial, exploiting powerful and cutting-edge techniques such as multivariate
analysis (MVA) methods with artificial neural networks (ANN).

As deep learning and machine learning (ML) are constantly evolving research fields, the
following appendix focuses on an overview of the fundamental concepts applied in this
analysis. First, it introduces mathematical notation and foundations, then moves on to design
strategies, training techniques, and the underlying minimization processes before concluding
with training optimization and model generalization.

A.1 Mathematical construction

A neural network (NN) is a mapping assigning, based on a mathematical model, a
collection of input features X to a set of output ¥/, the so-called prediction [283]. Typically,
both ¥ and i can have arbitrary dimensions, and the model is a composition of basic and
complex mathematical operations with many free parameters to characterize the complexity
of the input space. In the most fundamental type of neural network, the feed-forward neural
network, the aim is to approximate an arbitrary, known or unknown, function by the mapping
function i/ = f(X;0), with 6 describing the free parameters. These parameters are determined
in the training process, an optimization technique that identifies the set producing the best
approximation of the function of interest with an iterative approach. It is carried out based
on the minimization of an objective function that compares predicted and true outputs,
commonly referred to as loss function. The shape and behavior of this loss function are highly
dependent on the specific task and application.

In the ANNSs, the neurons represent the basic building blocks for architectures with more
complexity. A schematic representation is in Figure A.1 with neurons stacked in so-called
layers: an input layer (I = 0), L — 1 hidden layers, and the final output layer | = L. Each layer
comprises a configurable number of units or nodes that receive inputs from all units in the
previous layer, transform them into a single output value through mathematical operations,
and then propagate it to all units in the layer after. The number of inputs and outputs units is
defined by the specifics of the task, while the network dimension, i.e., the number and size
of hidden layers, is optimized independently of the training process, as well as all the other
so-called hyperparameters. The arrows in Figure A.1 depict the weights of the model, the
connections between the nodes, which are multiplicative weight tensor W,lj between the node
i in the layer I — 1, and the node j in the layer d. The grey circles represent the additional
additive bias units. So the input to each node a; is given by the weighted sum of the nodes in
the previous layer, as:

Zg — Zwl‘ljil . a;il +b£71 = Zl — Wl*l . al*l +bl*1. (Al)
]
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QO Unit
QO Bias unit
— Weight

Input layer Hidden layer Hidden layer Output layer
(I=0) (I=1) (I=L-1) (I=1L)

Figure A.1: Overview of a generic fully-connected neural network.

The right side represents the computation by matrix multiplication and vector addition.
This linear operation, and any combination of this kind of operation, would prevent the
neural network from learning non-linear behavior. Therefore, so-called non-linear activation
functions ¢’ are used to transform the output of the unit in order for the model to be able to
approximate arbitrary functional relations. Hence, the output of each unit is:

d =Yy =W AT . (A.2)

The same activation function transforms all layer units, but different functions can be chosen
per hidden layer. In particular, the choice of the output layer activation is highly dependent
on the specifics of the individual application. Instead, the activation functions of the hidden
layer are usually also defined during the hyperparameter optimization. Figure A.2 illustrates
a small selection of commonly used activation functions. For multi-class classification tasks,
the most common activation function used is the softmax, defined as:

oy
It scales all outputs so that the total sum of all outputs equals unity and each output has the
properties of a probability [284].

In general, the neural network model is a composition of nodes and mathematical expres-
sions, given the set of free parameters 0 [285, 286]:

softmax(z) (A.3)

7=f(%0) = f(¥ @) = (b oa" o 0a")y(R). (A.4)
0 model

The best set of parameters 6 := (W, b) is determined during the neural network training
process.

A.2 Neural network training

The neural network is trained in an iterative fitting approach to obtain the free parameters
 with a dataset representative of the underlying problem. Generally, several strategies can be
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1/(1+e %) tanh(z) RELU(z) ELU(z)

z z z z
Figure A.2: Examples of commonly used activation functions for neural networks. From left to right: logistic,
hyperbolic tangent, rectified linear unit (RELU), and exponential linear unit (ELU) function.

used for training. In this thesis, a supervised-learning approach is deployed, which features
a task-specific loss function that maps the predicted output i to its true expected outcome
7 [285]. In particular, this mapping represents either true or false, i.e., one or zero, and
the loss function L measures the difference between the final output  of the ANN and the
predetermined label. The mean squared error (MSE) or the mean absolute percentage error
(MAPE) loss is effective for the regression of a single quantity:

1 N

L(§,9) mse = N Y (yi— ;) (A.5)
i=0
o 1 Jy; = g
L(i,7 = — ! L. (A.6)
(Y, ) marE Nz‘;) v;

while (multi-class) classification applications, as in the context of this thesis, often rely on the
cross-entropy (CE) loss which considers the difference among all training classes:

- 1 &
L(Y,9)mse = N Y —y;logy; (A7)
i=0

The dimension N represents the number of output classes, and i/ denotes a vector with
length N whose elements have a value of one for a specific class and zero otherwise. The
logarithm is evaluated element by element. The training aims to tweak the weight matrices
0 so that the ANN output is as close to the true output classes i/ as possible. To achieve a
statistically reliable estimate, the loss is frequently computed as an average over subsets of the
total dataset, referred to as batch samples. This results in the training being a minimization
task of the function L for a statistically significant number of examples. Hyperparameter
optimization is also applied to find the best-performing batch size.

The minimization procedure is accomplished by an iterative, stochastic process known
as batch gradient descent (BGD), which relates any modification in the loss function in each
iteration t to a procedure for updating the model weights 6; along the gradient towards the
minimum. It can be expressed as:

aL(0)
26,

1

0 0 a0 =Y 0/ -5 (A.8)
i

with § commonly known as learning rate to regulate the derivative contribution of the respec-
tive weights in each training iteration. As a result, the loss change is negative, and the overall
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loss is minimized. However, the repeated computation of the numerous and complex deriva-
tives of L is inefficient and computationally very intensive. The so-called backpropagation
algorithm provides a more straightforward solution [287]; using the layerwise structure of
neural networks, it can be proved that, using &' al local error for each layer I, the derivatives
can be expressed as [283, 288]:

oL aéfl . 55, for the ij weight vector (A9)
595 i B (5]1-, for the b;- is a bias vector, '
with
L (oWt d'(Z), forl< L
i =19 B (A.10)
@-U(z), forl = L.

As a result, the weights are more efficiently updated, and the complete neural network
training with backpropagation proceeds until a minimum of the loss function is found. An
epoch is an iteration where all the weights and biases are updated multiple times for all
batches of data. Many other rules offer faster convergence in fewer epochs, based on different
optimizers. The one considered in the scope of this thesis is the AdaGrad algorithm [289, 290],
derived from the GradienDescent method.

The updates of the weights are crucially dependent on the layerwise computed local

errors ' and so on the gradient 0'I<Zl) of the activation functions. Gradients close to zero
cause negligible errors, vanishing weight updates, and prevent the network from learning
additional information over time. This is a common issue when optimizing the weights of
the NN in an iterative method, as mentioned above. Nevertheless, several ways can be used
to address the so-called vanishing gradient problem [283, 283].

The input to the first hidden layer 2’ =W% x+b hasa generally unrestricted numeric
domain because each input feature x; has a different numeric domain. However, the activa-
tion functions tend to have preferable regions, usually around zero, in which their values, and
derivatives, are most meaningful in the context of backpropagation. As a result, a straight-
forward solution is to bind the parameter range of weights and biases to prevent extreme
output values. Another related method is to transform each input so that its distribution has
a mean of zero and a standard deviation of one:

X — & = il ”f, (A.11)

7;

where yi; (0;) is the original distribution’s mean (standard deviation). Further optimization

can be achieved by ensuring an equally appropriate numeric domain of the layer output

a' =o'(zh), by drawing the initial values for all node weights and bias from specific proba-

bility density distributions, such as the uniform or normal distribution. An example is the
Glorot initialization process [291], in which biases are initialized to zero but updated during
training to compensate for numeric offsets, and weights are taken from a uniform distribution
from an interval respecting the dimension of the input layer. However, other methods exist
to prevent vanishing gradients more efficiently, especially in deep networks. For example,
when employing Batch Normalization, hidden layer activations are scaled with adaptive
scaling coefficients per unit [292]. Similar results can be obtained when the SELU activation
function as it exhibits intrinsic self-normalizing behaviour [284].

The optimization of the hyperparameters can be carried out with numerous methods.
The simplest is the so-called grid-search strategy, in which all permutations of a distinct set

of parameters from the available parameter space are tested. Faster convergence is achieved
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with a randomized technique, in which only some permutations are used. Another strategy
is based on Bayesian probability and, unlike the previous approaches, tracks previous itera-
tions. An a priori distribution is updated towards a posteriori distribution based on previous
trials to construct an approximate of the objective function. This posteriori function is then
deployed to find the next set of hyperparameters for the subsequent iteration.

The Receiver Operating Characteristic (ROC), shown in Figure A.3 (a), is a regularly used
metric to illustrate the separation power of ANNSs. The ROC represents the proportion of
events correctly identified as a function of the proportion of events assigned to the incorrect
class (i.e., the rate of correctly detected signal events as a function of the wrongly classified
background processes). Ideally, the ANN correctly classifies all occurrences, and the area
under the ROC curve (ROC-AUC), assessed to quantify the separation power, equals one.
However, when the ANN can not perform the classification task, the probability of randomly
selecting real signal events or background events is the same, giving a ROC-AUC of 0.5.
Another metric highly employed in this thesis is the confusion matrix, an example in Figure
A.3 (b). All entries equal to one in the diagonal and all other elements equal to zero represent
perfect discrimination among classes. Overall, the confusion matrix contains the classification
performances and the misidentification probability for each class.

A.2.1 Solutions to prevent overtraining

The availability of data for training a neural network is generally limited. Where the set of
training examples is an inadequate representation of the underlying probability distributions,
the network is more sensitive to specific features of the dataset, which are more prone to
statistical fluctuations. Therefore, the networks ability to generalize the learnt behaviour
has to be monitored. The data is commonly divided into three statistically independent sets
known as training, validation and testing. The training set is used to calculate all gradients
and update free parameters during the training phase, while the loss is also calculated in each
iteration on the statistically independent validation set with the goal of having it identical to

11 -

Perfect

0.067 0.090

true class

0.126 0.159

True positive rate

>

a b d
1 c

False positive rate predicted class

(b)
(a)
Figure A.3: (a) Exemplary curves for the ROC metric. For comparison, the metric is also shown for an ANN

that cannot separate between the classes (red line). (b) Example of a confusion matrix for ANN
classification with four classes. The values are normalized to one in each row of the matrix.
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Figure A.4: Examples of typical states of capacity for a neural network model, which can result in underfitting
(left), overfitting (righ)t, or an optimal fit (center).

the training loss used for backpropagation. As soon as the model begins to fail to generalize
on the validation set, the training is halted to prevent what is called overtraining. Given
that the validation dataset is effectively used to optimize parameters, the third independent
testing (or evaluation) dataset is necessary for final evaluation of the ANN. This technique
assures that no artificially-augmented separation affects final discrimination, which can occur
when training data is evaluated using an over-trained network.

Nevertheless, to identify hidden representation and higher-order features in data, ad-
vanced applications rely on networks with complex models involving many free parameters.
This results then in a common trade-off situation, as depicted in Figure A 4. If the ability to
learn complex models is too low or the training data set too small, the consequence often is
underfitting the data. On the contrary, even though it is reasonable to have a high enough
ability to describe the training data, this may cause problems with generalization when
evaluating on new, independent data because no appropriate complex representation of
the data has been learned. When training a neural network, it is important to account for
two types of mistakes associated with varying capacity (i.e., the ability to approximate or
learn complex models): bias and variance. The performance on the training set is affected
by bias if the average model response deviates from the truth. In contrast, variance is linked
to the flexibility to generalize to different related data sets. A large (low) capacity typically
corresponds to a high variance (bias). As illustrated in Figure A.5, to identify the optimal
capacity for a given task and model, it is necessary to find the right trade-off between bias
and variance.

Several methods are deployed during the training to help limiting the variance and in
general suppressing overtraining. Usually, when evaluated on the training data set, the loss
function falls continuously, indicating a successful minimization. However, the loss function
of statistically independent validation data set could increase, implying over-training of the
ANN. This thesis uses early-stopping to avoid this effect. If the two loss function diverge
beyond a threshold or ff the difference does not reduce after a certain period of time during
the training, the training is aborted and the current ANN is saved and used. The architecture
hyperparameters include also the threshold and the time before which training is halted
prematurely.

A simple strategy is to implement dropout units, which randomly set output nodes to zero
based on a flat prior function and making the network less dependent on the performance of
any single node. Another popular regularization strategy is the so-called ‘weight decay or
L2 regularization. In this case, the loss function is modified by including an extra penalty
term with a given hyperparameter A, which controls the intensity of the regularization (A =
0 is equivalent to not employing any regularization at all). The penalty term applies to the
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Figure A.5: A diagram showing the correlation between a neural network model’s capability and its susceptibil-
ity to overfitting or underfitting, as well as its variance and bias. The optimal capacity is indicated
by a dotted line and results in minimal bias and variance.

weights and not the bias as:
AY W, (A12)
L]

so its effect is to prioritize smaller weights, which mitigates training bias towards specific

inputs or nodes.
Finally, the predicted value distributions for the different classes are compared between

the training and test data sets with a Kolmogorov-Smirnov and a x* tests. That specific
network is not considered in this analysis if the shapes of the distributions are not compatible
within the statistical precision of the data sets.
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STATISTICAL INFERENCE

A statistical inference is performed based on the confidence level CLs criteria [293] to
make a quantitative statement on the possible presence of a signal.

The statistical foundation for estimating the ttH signal strength modifier y = o/ogy
is described in this section. Systematic uncertainties, such as detector effects or theoretical
cross section information, are considered nuisance parameters, whereas u is considered
an unconstrained model parameter. The signal extraction technique is carried out in all
analysis categories at the same time, using a binned maximum likelihood fit of a simulated
variable distribution to recorded data to test the hypotheses of background-only (b) and
signal + background (s + b).

The first part focuses on developing the underlying statistical model as likelihood. Then
there is an introduction to the various approaches used for inference of the results, ranging
from the calculation of an upper limit on y at a 95% confidence level to the exclusion
significance of the background-only hypothesis and the profile likelihood fit for the extraction
of u. The final segment describes the x*-based goodness-of-fit test, primarily used with a
saturated model to quantify the agreement between simulated and measured events.

The technical implementation of the statistical model and signal extraction approach used
in this research was developed at the LHC by the ATLAS and CMS Collaborations in the
context of the Higgs boson search results [238].

The inference procedures are carried out using the CMS experiment’s so-called combine
tool in version 8.2.0 [294].

B.1 The likelihood function

The probability density function of the observed data, as a function of a set of parameters,
is the likelihood function. This analysis is based on binned histograms, each with independent
content, and can be viewed as the result of a counting experiment with an expected yield of
events A. A Poisson distribution governs the likelihood of observing a number of 1 events:

n

L(n|A) = % exp .

This can be extended to the case of multiple N independent bins, each observing n; and
expecting A; occurrences; the likelihood function is the product of the likelihood functions
for each counting experiment:

. N /\’?i
LHA) =T]= exp ™, (B.1)

|
i=1 i

with 7 = {ny,..,ny} and A = {Ay,.., Ay} representing the observed and predicted number
of events in each bin. In practice, the set of N bins consists of all histogram bins of specified
variable distributions in various measurement categories.



B — Statistical inference

The model for A incorporates the knowledge of the production mechanism and rates
of specific processes, the recorded luminosity of the data, detector acceptance, and recon-
struction efficiencies. Systematic and statistical uncertainties in the model are integrated into
the likelihood function as nuisance parameters 6 = {6y, ...,0; } that affect the expectation
values, i.e., A = A(6). They are subject to prior probability distributions 7(0;]6;), where the
nominal value 6; is estimated through theoretical reasoning or specialized measurements
where possible. The following changes are made to Eqn. B.1:

L S VLS
L(7|A) znn—z!exp ’nn(9j|9j). (B.2)
i= j=
For the sake of this analysis, it is more practical to express the number of predicted
occurrences A(6) as the sum of background and signal contributions:
A =p-5(6)+0b(0)
with p factorizing the signal yield and not having any a-priori assumptions. When this
notation is applied to the likelihood function £(7|A) of Eqn. B.2, the signal strength u is
explicitly introduced as one of the parameters, in addition to the nuisances, £ (7|, §). The
values of 4 and 6 are estimated by a binned maximum likelihood fit. Technically, the logarithm
of the likelihood is typically fitted to find the maximum for a sum of terms rather than a
product. The best-fit signal strength is the value of y that minimizes the negative logarithm
of the likelihood. The quantity g = —21In L is plotted as a function of y, and the boundaries
of the +1c interval are estimated by reading the u values corresponding to the Ag = 1 line,
with Aq = 4~ Jmin-
The total background b; in a bin i is the sum of several processes p. Its dependence on the
nuisance parameters can be implemented as follows:

~ processes L
bz(e) = Z bp,i ) anz(9]|9])r
P = =1

uncertainty model

and similarly for s;(f). The nominal expected number of events of a process p in bin i
is represented by b, ;. This expectation is modified by the nuisance parameters 6;, by the
function 77,,;(6;(6;).

Not all nuisances have the same impact on all processes and bins. The approach pre-
sented in this Thesis distinguishes three types of nuisances based on the shape of their prior
distributions and the corresponding impact on processes and bins.

1. RATE-CHANGING Uncertainties that solely affect the overall event yield of one or more
processes, such as theoretical cross sections. Up and down variations, which describe
central 68% confidence intervals, vary a template’s integral equally in all of its bins
without causing any shape change. They are represented by a log-normal distribution
InN(0) with parameter k:

B U S B (L(CZ1))
InN(6) = 5 VarIn(K) p( 2(ln(k))2)

with k being the width of the distribution and the measured uncertainty [239]. The
InN distribution is preferred because it approaches zero at 6 = 0; negative nonphysical
contributions to the observables are avoided without truncating relatively broad normal
distributions, which usually lead to systematically overestimated event yields.
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B.1 — The likelihood function

2. SHAPE-CHANGING

Uncertainties that shape the distribution structure by introducing changes in predicted
event yields correlated across bins. The shape-changing variations are provided by
two alternative shapes duplicating an analysis template but obtained by adjusting the
nuisance parameter 6 according to the bounds of its central 68% confidence level, so
by +1c¢ around its original value. A continuous relationship between the value of
and its impact on the template is required for the parameter 6 to be applied within the
likelihood: the interpolation between the up and down shapes is provided by a vertical
morphing technique, conducted independently per bin. The morphing algorithm uses
a 6th-degree polynomial to interpolate between the central and +1¢ templates and a
linear extrapolation outside. Fig B.1 shows an example of such a morphing.

In general, the normalization of the templates is not retained during the morphing
method, resulting in rate and shape-changing effects.

2 -1 0 41 42
Nuisance / O

Figure B.1: Example of template morphing. The values at zero represent the nominal event yield, while the
variations at 10 represent one standard deviation shift due to a nuisance. The morphing function
is given by a polynomial of 6th degree in the central region (light blue shaded area), while linear
extrapolation is used outside.

3. STATISTICAL Uncertainties resulting from a limited number of available statistics of
simulated events used to estimate the expected yield for each background process
in each distribution bin. They are also known as bin-by-bin uncertainties and are a
type of shape uncertainty in which each bin’s behavior is independent of the others
inside a single process. To model the statistical uncertainty, many nuisance parameters
are introduced, one for each bin of each process, with a prior probability following
a Poisson distribution. This results in a rapid increase in the number of nuisances in
the likelihood. A single Gaussian distribution can approximate the sum of Poisson
distributions for a sufficiently large enough number of events in a given bin; hence,
one nuisance per bin is usually integrated into the statistical model representing this
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distribution. A specific bin-merging algorithm addresses the requirements for minimum
bin content.

The following section discusses likelihood ratios and their uses in statistical inference
methods.

B.2 Inference methods

In high-energy physics, statistical inference methods are frequently used to interpret
the results of a search for new physic processes by distinguishing between two hypotheses,
such as the presence or absence of a hypothesized signal in a well-defined phase space in
addition to a known background. A discovery is commonly claimed when the observed data
is incompatible with the background-only hypothesis.

According to the Neyman-Pearson lemma, the likelihood ratio is the most powerful
test statistic for evaluating two contradictory hypotheses. Even though it does not apply to
models with several free parameters, a generalized technique based on likelihood profiling
can be applied. For the likelihood introduced in Eqn. B.1, the profile likelihood ratio A(u)
defined as [237]:

Liub
AMu) = (i :’)
L(n,0)
is commonly used to build the test statistic Ay
—2InA(p) f <,
= B.3
. {0, .. (B.3)

It constitutes the basis for the following inference methods. First, the signal strength is fixed

to the value under test in the numerator of the test statistic. The nuisance parameters 9;[ are

fitted to maximize the likelihood for the given value of y, leading to values 9;4. Whereas in
the denominator, both the signal strength and the nuisances are the maximum likelihood
estimators (MLE), i.e., the parameters that maximize £ and minimize — In £, respectively. As
a result, the likelihood ratio A is exclusively reliant on y; this type of building is known as
profiling.

The physical constraint /I > 0 specifies that the signal contribution cannot be negative. In
contrast, the other constraint fi < y ensures that upward fluctuations in the data, if larger
than expected for a signal of strength y, are not regarded as evidence against the signal
hypothesis itself, defining a one-sided confidence interval. According to the formulation of Qs
small values suggest compatibility between the data and the predicted value of u. Based on
the observed data, distinguishing between the signal-plus-background and background-only
hypotheses is comparable to distinguishing between a given value of 4 > 0 and p = 0. The
q, probability density functions can be calculated by generating pseudo-data with toy MC
experiments, but this is very CPU consuming. The asymptotic features of Eq. B.3 may be
used to construct the g, distribution under the signal-plus-background and background-
only hypotheses using analytical equations [237]. The results reported in this Thesis are
derived using this asymptotic approximation. It can be shown that ¢,, can be used to construct
confidence intervals corresponding to s Gaussian standard deviations for one POl in the limit
of large samples as q,,(s) = q'}fi” +5%. An example of the test statistic and the construction of
the confidence intervals is shown in Fig. B.2.
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Figure B.2: A visual example of the test statistic as a function of the parameter fi. The best estimate for the
parameter is located at the minimum; the confidence intervals are visualized by the gray lines,

corresponding to one (two) Gaussian standard deviations constructed by crossing the test statistic
at one (four).

B.2.1 Exclusion significance

An observation’s claim is based on excluding the background-only hypothesis y = 0. The
p-value for the latter hypothesis quantifies the significance of an excess of data above the
background-only expectation. Starting with the test statistics described in Eq. B.3, where the
value under test is 0, this may be calculated:

_ [—2mA(0) a>0,
=0 n<o,

and the p-value expressing the measurement’s probability assuming y = 0 reads as:

po = P(g > q8%) = o f (90165")dq0,
0

—
~
A

obs

where f(gy]6 ") denotes the probability density function of the test statistic given g, and

the nuisance parameters 98bs, and it can be derived by producing pseudo-experiments (toys)
using a Monte Carlo approach.

The exclusion significance is commonly given in terms of Gaussian standard deviations,
regardless of whether the test statistic is normally distributed:

_ [ exp(—x*/2)
po—/s T dx.

A significance larger than s = 3(py = 1.3 x 10°) is considered evidence for the presence of a
new physics process, whereas s = 5(py = 2.9 x 10_7) is considered observation.

B.2.2 Upper Limit

If the signal’s significance is low, its cross section is certainly lower than some value,
known as the upper limit. The test statistic in Eq. B.3, can be used to distinguish between
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the hypothesis that a signal process is created at a specific rate and the alternative that the
production rate is lower:

_ _Zln)‘<.u) “lflgy,
=0 0>

A single value of the test statistic 4, is produced for a given measurement. The un-

derlying probability distribution f(q,|u, G;bs) is necessary to derive conclusions about the
likelihood of measuring a value of §,; or more. This can be accomplished by either sampling
from the whole statistical model to generate a toy data set or employing a single Asimov data
set. The latter is an approximate data set in which all free parameters are assigned to their
predicted values from the simulation.

The p-value describing the signal strength compatibility is defined as:

CLsy3 (“I/l) = q(;bsf(qy)dqw
z

At 95 % confidence, the frequentist upper limit on y can be established by solving CLg, 5 = 0.05.
However, in the event of statistically significant downward fluctuations, this upper limit
would become arbitrarily small without being able to exclude ¥ = 0. Consequently, one
defines:
CLg = Clgip _ Py

Clg  1—=pp

with the denominator being the p-value of the consistency with the background-only hypoth-

esis, p, = P(qo > 45"

If CLs < a the signal-plus-background hypothesis is rejected with (1-a) confidence level
for u = 1. Similarly, the upper limit on u at (1-a) confidence level is the value of such that
CLg = a. The convention for setting exclusion limits is to use & = 0.05 such that the exclusion
is at 95% confidence level. In other words, the value produced by setting ‘CLg = 0.05 reflects
the observed, frequentist upper limit above which the measurement with 95% confidence
excludes the signal strength.

B.2.3 Profile Likelihood fit

Under the signal hypothesis, the parameter of interest y is determined by minimizing

the negative log-likelihood (NLL) —21In L (7|, 6;,), which is commonly normalized as in Eq
B.3 . This minimization is typically referred to as a fitting technique in physics, with the
maximum likelihood estimators (MLE) comprising the best fit value fi. Parameter profiling
can simplify the procedure in the scenario of many significant nuisances. First, the nuisance
parameter values that would minimize the NLL are computed for a given value # = ', and
the associated minimum of the NLL is retained. Then, this operation is repeated for various
values of 4’ and represents a scan over all possible values of y, with the overall minimum
NLL value yielding the best fit value i:

il = argmin—Zln[,(ﬁW,GZ)
M

Similarly, the best-fit values and uncertainties of any nuisance parameters can be cal-
culated by treating them as the scan’s parameter of interest and profiling out all other
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parameters, with the real parameter of interest optionally fixed at its best fit value. The
a-posteriori, or post-fit nuisances 6,,,,;, and especially the nuisances pulls:

give useful information for determining the robustness of the underlying statistical model.
The pull measures how far the nuisance parameter is pulled from its predicted value by the
fit in number of standard deviations Af,.. When the pull is < 1, the situation is considered
healthy; if this is not the case, more investigation is usually necessary. The post-fit nuisance
parameter values can have a smaller uncertainty than the pre-fit values if the data can
constrain them in the fit.

The first fit is done using the Asimov data set after all systematics have been incorporated
inside the fit to detect any suspicious behavior. The Asimov data set contains the expected
yields from the simulation as data. It is used to assess the fit performance and quantify the
expected signal sensitivity and constraints on the nuisance parameters. The value of the pull
from the fit to the Asimov data set is zero, by definition.

A crucial information for understanding the fit is the amount by which the value of
the parameter of interest differs when the value of a nuisance parameter is changed. The
influence of a nuisance is defined as:

A

impact := Ayi = fly postiic — fl
(S]

where f1 is the value that maximizes the likelihood and flg ., is the value of the parameter
of interest extracted from a fit in which all nuisances are allowed to vary except 8 which is
fixed to the post-fit +1c. Each nuisance parameter has an influence, and not all are equally
significant. A ranking graphic is often used to sort the nuisance parameters based on their
impact.

B.2.4 Validation of the Statistical Model

The statistical approach described above offers a method for using measured data to
quantify the presence of a signal or to set a limit on its magnitude. However, there is a risk
of bias being introduced when the event selections and analysis procedures are set, which
might skew the inference made from the data. A process known as blind analysis ensures
that such a circumstance does not arise. The analytic technique is defined, developed, and
validated using MC simulation or data in signal-free control zones. Only when the technique
has been established is it allowed to unblind, examine the data in the signal areas, and
determine whether or not a signal is present. To blind analyses is a common technique in
CMS Collaboration searches: whenever a new data set becomes available, the search is built
and optimized blindly, and tests of the correctness of the physics modeling precede the
unblinding.

B.3 Saturated goodness-of-fit test

A goodness-of-fit (GOF) test is used to evaluate a hypothesis without a specified alterna-
tive. As a result, the Neyman-Pearson lemma for comparing two contradicting hypotheses
is the appropriate prescription for doing GOF tests [295]. The analysis presented here uses
the binned GOF tests to validate the modeling of variables used as inputs to deep neural
networks and the correlations between them.
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The event yields per bin are normally distributed for sufficiently large statistics, and the
likelihood for a mean y; and variance (712 in the bin i, given a measurement x;, is:

o bins 1 —(x; — 2
L(Z|f, %) = Hﬁexp (W .
270; 207

i

The likelihood of the so-called saturated model is calculated by assigning all parameters y; to
the observed values x; and formulating an artificial alternative hypothesis as

) bins 1
ﬁsaturated(x“/l =X,0 ) = H T
i 27'[(71'2

A ratio is then employed:

‘Csaturated(f’ﬁ = f/ 62)

and its transformation —2In A follows asymptotically a x? distribution. This eventually
gives origin to the p-value of the test, which states the likelihood of obtaining a value of the
test statistic that is at least as large as the observed value for the corresponding degrees of
freedom.
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MC SETTINGS FOR THE TT + JETS
PRODUCTION

in this analysis the major background contributions arise from tt + jets production, mod-
elled with simulated events obtained from two different generators implemented in the
POWHEG (v.2) framework [97-99, 242] interfaced with PYTHIA (v.8.230) [96] for the parton
showering and hadronization simulation. The version and configuration of the two gen-
erators are summarised in Table C.1. The parameters for the underlying event description
correspond to the CP5 tune [240] as for all signal and the other main background processes
(except for the minor background processes in the samples matching the 2016 conditions
where the CUETP8MI1 tune [296] has been used). The choice of the renormalisation and
factorisation scales iy / for the tt + bb samples is motivated by the presence of two different
relevant scales related to the tt and bb systems [21, 44, 118, 297]. The PDF sets have been
chosen consistently to the flavour scheme.

tt sample ttbb sample
POWHEG version Powheg v2 Powheg-Box—Res
PYTHIA version 8.230 8.230
Flavour scheme 5 4
PDF set NNPDF3.1 NNPDF3.1
m, 172.5 GeV 172.5 GeV
my, 0 4.75 GeV
" P o) Yy
e e b et e my +my + |
hdamp 1.5 1.379-
Tune CP5 CP5

Table C.1: Generator version and configuration of the tt and ttbb samples.

The combination of the two samples and further details of the tt + jets background model
are presented in Section 5.5.






TRIGGER PATHS

Final state \ Trigger paths Run Era
b HLT_Ele23_Ele12_CaloldL_TrackIdL_IsoVL_DZ B-H
¢ ¢ HLT_Ele27_WPTight_Gsf B-H

HLT_Mu23_TrkIsoVVL_Ele12_CaloldL_TrackIdL_IsoVL B-H

HLT Mu23_TrklIsoVVL_Elel12_CaloldL_TrackIldL_IsoVL_DZ B-H
HLT_Mu8_TrklsoVVL_Ele23_CaloldL_TrackIdL_IsoVL B-H

et ‘ui HLT Mu8_TrkIsoVVL_Ele23_CaloldL_TrackIdL_IsoVL_DZ B-H
HLT_Ele27_ WPTight_Gsf B-H

HLT_IsoMu24 B-H

HLT_IsoTkMu24 B-H

HLT Mul7_TrkIsoVVL_Mu8_TrkIsoVVL B-G

b HLT Mul7_TrkIsoVVL_Mu8_TrklsoVVL_DZ H
o HLT_Mul7_TrkIsoVVL_TkMu8_TrkIsoVVL_ B-G
HLT_Mul7_TrkIsoVVL_TkMu8_TrkIsoVVL_DZ H

Table D.1: List of triggers used for the 2016 data. Multiple triggers in the same run period are combined with a

logical OR.

Final state \ Trigger paths Run Era

HLT_Ele23_Elel2_CaloldL_TrackIdL_IsoVL B-F

L HLT Ele23_Elel12_CaloldL_TrackIdL_IsoVL_DZ B-F

¢ HLT_Ele32_WPTight_Gsf B-F
(Emulated via HLT_Ele32_WPTight_Gsf_L1DoubleEG)

HLT Mu23 TrklsoVVL_Elel12_CaloldL_TrackIdL_IsoVL B-F

HLT_Mu23_TrkIsoVVL_Ele12_CaloldL_TrackIdL_IsoVL_DZ B-F

HLT Mul2_TrklIsoVVL_Ele23 CaloldL_TrackIdL_IsoVL_DZ B-F

+ + HLT_Mu8_TrkIsoVVL_Ele23_CaloldL_TrackIdL_IsoVL_DZ B-F

¢ H HLT_Ele32_WPTight_Gsf B-F
(Emulated via HLT_Ele32_WPTight_Gsf_L1DoubleEG)

HLT_IsoMu24_eta2pl B-D

HLT_IsoMu27 B-F

HLT_Mul7_TrkIsoVVL_Mu8_TrkIsoVVL_DZ B

. HLT_Mul7_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_Mass3p8 C-F

ror HLT_IsoMu24_eta2p1 B-D

HLT_IsoMu27 B-F

Table D.2: List of triggers used for the 2017 data. Multiple triggers in the same run period are combined with a

logical OR.




D — Trigger paths

Final state \ Trigger paths Run Era
HLT_Ele23_Elel2_CaloldL_TrackIdL_IsoVL A-D
ete” HLT Ele23_Elel12_CaloldL_TrackIdL_IsoVL_DZ A-D
HLT_Ele32_WPTight_Gsf A-D
HLT _Mu23_TrkIsoVVL_Ele12_CaloldL_TrackIdL_IsoVL A-D

HLT Mu23 TrklsoVVL_Elel2_CaloldL_TrackIdL_IsoVL_DZ A-D
+ 4+ HLT_Mul2_TrkIsoVVL_Ele23_CaloldL_TrackldL_IsoVL_DZ A-D

¢H HLT_Mu8_TrkIsoVVL_Ele23_CaloldL_TrackldL_IsoVL_DZ | A-D
HLT_Ele32_WPTight_Gsf A-D

HLT_IsoMu24 A-D

HLT Mul7_TrkIsoVVL_Mu8_TrklsoVVL_DZ_Mass8 A-D

wu HLT_Mul7_TrkIsoVVL_Mu8_TrklsoVVL_DZ_Mass3p8 A-D
HLT_IsoMu24 A-D

Table D.3: List of triggers used for the 2018 data. Multiple triggers in the same run period are combined with a
logical OR.

210



ADDITIONAL DISTRIBUTIONS FOR
CORRECTIONS TO EVENT SIMULATION

E.1 Trigger efficiencies
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Figure E.1: Final 2D scale factors derived for the 2016 era, for the e "¢~ channel (a), the e™ ™ channel (b)
and the u" u~ channel (c), as a function of the leading and sub-leading leptonpy showing the
quadrature sum of statistical and systematic uncertainties.
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Figure E.2: Final 2D scale factors derived for the 2017 era, for the e " e~ channel (a), the e™ ‘ui channel (b)

and the u" u~ channel (c), as a function of the leading and subleading leptonpy showing the
quadrature sum of statistical and systematic uncertainties.
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Figure E.3: Final 2D scale factors derived for the 2018 era, for the e e~ channel (a), the e™ yi channel (c)

and the u" u~ channel (c), as a function of the leading and subleading leptonpy showing the
quadrature sum of statistical and systematic uncertainties.
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E.2 b-tagging corrections
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Figure E.4: Correction factors to account for the change of MIC distributions induced by the application of the
b-tagging scale factors, for the DEEPJET tagger, for the ttH process, as function of the number of
jets and the Hr of the events. The factors are shown for 2016 (a), 2017 (b) and 2018 (c) eras.
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Figure E.5: Correction factors to account for the change of MC distributions induced by the application of the
b-tagging scale factors, for the DEEPJET tagger, for the tt + bb process, as function of the number
of jets and the Hr of the events. The factors are shown for 2016 (a), 2017 (b) and 2018 (c) eras.
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Figure E.8: Closure check for the leading jet pr for 2016, 2017 and 2018 for all tt events in the DL channel.
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The black line shows the distribution before applying the b-tagging SF. The blue line shows the
distribution after applying the b-tagging SF and the red line shows the distribution after applying
the b-tagging SF as well as the normalization scale factor. These plots show that the application
of the b-tagging normalization scale factor does not change the shape of the corrected b-tagging
distribution.
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Figure E.9: Closure check for the sub-leading jet pr for 2016, 2017 and 2018 for all tt events in the DL channel.
The black line shows the distribution before applying the b-tagging SF. The blue line shows the
distribution after applying the b-tagging SF and the red line shows the distribution after applying
the b-tagging SF as well as the normalization scale factor. These plots show that the application
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distribution.
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sample and the error bands contain the total systematic uncertainty.
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F.1 Bias tests

The stability and robustness of the statistical model against statistical fluctuations and po-
tentially mismodelled tt 4- bb background have been assessed through tests using simulated

data. The evaluations were done for the leptonic channels by generating 500 toy data sets
injected
ttH

was fit and evaluated based on the mean post-fit signal strength p 5y, its uncertainty, and
the mean bias. The bias was calculated as the difference between the mean post-fit signal
strength and the injected signal strength, divided by the uncertainty of the mean post-fit

signal strength:

under the signal+background hypothesis, i.e. u = 1. For each toy data set, the model

~ injected
Han — Mgy
o ()

The toy data sets were generated using a frequentist method:

nominal A consistency check where the toy data is generated from the expected background
prediction.

nominal, tt 4+ B X 1.2 The toy data is generated from the expected background prediction
but with the tt + B contribution increased by a factor of 1.2 to test the model’s flexibility
to adjust for the expected underprediction of tt 4 B.

5FS tt + bb sample The toy data is generated from a different tt + B background prediction,
the tt sample.

5FS tt + bb sample, tt + B X 1.2 Similar to the previous test, but with an additional scaling
of the tt 4+ B contribution by 1.2.

unblinded bkg. model The toy data is generated based on the parameters from the fit to the
observed data, with the SM signal injected.

The nominal statistical model is fit to these toy data sets. The results: the mean post-fit
signal strength, bias values, and the background normalisations, are summarised in Tab. F.1.
Examples distributions of the post-fit signal strength modifier and the tt + B background
normalisation are shown in Fig. F.2.

Toy data Fit results

(P ) (b) (tt+ B norm)
nominal 1.03+0.30 0.04 +£0.94 1.01 £0.09
nominal, tt+ B x 1.2 1.03+0.32 0.07+0.90 1.21 £0.15
5FS tt + bb sample 1.06 £0.30 0.16 +£0.91 1.03 £0.11
5FS tt + bb sample, tt + B x 1.2 1.06 +£0.32 0.14 +0.96 1.18 £0.12
unblinded bkg. model, SM signal  1.024+-0.32 —0.02 +0.92 1.19+0.13

Table F.1: The results of the bias tests for the nominal fit model applied to various sets of toy data in the SL+DL
channels are listed. The table shows the mean values and uncertainties (RMS of the distributions) of
the best-fit signal strength modifier (i), the bias (b), and the tt + B background normalization
parameter.

The results show that the fit model is stable and robust in all tested scenarios. The mean
signal strength is found to be consistent with the injected value of 1, with biases lower than
1 standard deviation. When the background is sampled from the 5FS tt + B prediction, the
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Figure F.2: Distributions of the post-fit signal strength modifier (left) and the tt + B background normalisation
(right) for the signal+background (red) and background-only (blue) fits to the nominal, tt + B x 1.2
(top) and the 5FS tt + bb sample (bottom) toy data sets described in the text.

model adjusts accordingly and compensates for the differences, leading to a post-fit signal
strength close to 1 within uncertainties. The tt + B and tt 4+ C background normalization
parameters adjust as expected, with the model fitting to the injected background increase or
lower background yield from the 5FS simulation. The analysis suggests that the fit model can
effectively handle potential deviations in the tt + B data from the nominal prediction and
compensate for the expected underprediction of the tt + B cross section.
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INPUT VARIABLES TO ARTIFICIAL NEURAL
NETWORKS

The set of variables that are potential neural networks inputs are presented here, subdi-
vided into groups:

Kinematic properties of single object quantities. Usually referred to as low-level
variables, they are the transverse momenta and pseudorapidities of the two leptons
and the first four jets (sorted by transverse momentum in descending order).

Combined variables of multiple physics objects. The scalar sum of all transverse jet
momenta Hy, the minimum and maximum distances AR = A172 + A(j)2 of all jet pairs,
the minimum distance AR between a jet and the leading lepton, the average distance
An between jet pairs, are some example of variables entering this category. They are
computed for different collections of jets: all selected jets, b-tagged and non b-tagged
jets.

Mass variables. Computed for pairs of particles using the four-vector momenta with

m = \/(El + E2)2 —(p1 + p2)2: from the average mass of all pairs of selected and b-
tagged jets, the mass of the leading and sub-leading leptons, the mass m,, of the two
leptons, the closest b-tagged jets by AR, the mass of the b-tagged and not jet pair closest
to 125 GeV.

b-tagging related variables. Information from jet b-tagging discriminants of the first
four jets.

Event shape variables. Usually single quantity that represent geometrical correlations
among four-vectors of final state particles. The second, third, and fourth Fox-Wolfram
moments, i.e., compositions of spherical harmonics, are calculated for all jets [298].
Further quantities are determined separately for all selected jets, b-tagged and non b-
tagged jets. The centrality describes the ratio between the sums of transverse momenta
and energies of involved jets, }; pr i/ }_; E;. Sphericity S, transverse sphericity, St, and
aplanarity A are defined through the eigenvalues A;, A,, and A; of the momentum
tensor M as [299]:

2] ] Zp] (G.1)

21 3
(Ay+A3), Sp= 2 A=ZA,. (G.2)

5=
= AT 2

I\J\OJ

b tagging likelihood ratio (BLR) discriminant. To identify events compatible with
the presence of four b jets, a likelihood ratio criterion is used to test the hypothesis
that four jets or two jets in the event originate from B hadron decays [126, 126, 300].
The likelihoods are based on the expected DEEPJET b tagging discriminant probability
densities from simulation, depending on the jet py and 7. The four jets that maximize the
ratio L,/ (L, + L) are selected for associations to bottom quarks within permutations,



G — Input variables to artificial neural networks

with £, (£,) being the likelihood that express the compatibility of the four jets with the
hypothesis of four (two) b jets. The maximum value yields a well separating variable,
but its range of values is rather broad so also the transformed ratio log(b/1 — b) is
investigated.

Matrix element method (MEM) discriminant. It has been intensively used in previous
iterations of this analysis to compare and separate the contributions of ttH signals from
the tt + bb background events [121, 127]. It is constructed as a ratio of two probabil-
ity density functions ws,p(x), describing the likelihood that the reconstructed event
originate from a ttH or at tt + bb event:

_ wg(x)
For = ws(x) +Sk -wp(x)

(G.3)

The constant k is set to 0.1 as a result of an optimization procedure to maximise the
signal to background discrimination. The four-vector x of all selected finale-state objects
enter the computation of the densities ws,3(x); detector resolution effects are taken
into account via transfer functions. This procedure is repeated for all possible permuta-
tions coming from the association at generator level of reconstructed jets and partons.
Only the permutation with the highest probability is selected and the correspondent
probability density values wg and wg used to compute the MEM discriminant Ps, g
[121, 126, 301]. The compatibility with the signal hypothesis corresponds with high
discriminant values. To save computing time, the MEM discriminant is computed only
for events in relevant phase space. In this search of ttH, H — bb in the dilepton channel,
this corresponds to > 4jets, > 3b tags events passing the baseline selections.

The complete list of variables considered as initial set is in Table G.1.
A selection of the selected and validated input variable distributions is shown in the

following, for each of the two analysis categories.
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Variables

Niets MEM BLR
Nlljoose Nénedium lelght
pr (leading lepton) 1 (leading lepton) pr (second lepton)
1 (second lepton) Hp Hrlf
prliet 1) pr(jet2) pr(jet 3)
pr(jet4) pr(jet5) pr(jet6)
7(jet 1) 1(jet 2) 1(jet 3)
1(jet 4) n(jet 5) 1(jet 6)
pr(bjet 1) pr(b-jet 2) pr(b-jet 3)
pr(b-jet4) pr(b-jet5) pr(b-jet 6)
7 (b-jet 1) 1 (b-jet 2) 7 (b-jet 3)
1 (b-jet 4) 1 (b-jet 5) 1 (b-jet 6)
b tag (jet 1) b tag (jet 2) b tag (jet 3)
b tag (jet 4) b tag (jet 5) b tag (jet 6)
b tag (jet 1) b tag (jet 2) b tag (jet 3)
b tag (jgt 4) b tag (jet 5) b tag (jet 6)
pT miss ¢mlss N%-%Iggs
<b tag discriminator>""""88* < tag discriminator>'88° sphericity (jets)
sphericity (tags) aplanarity (jets) aplanarity (tags)
circularity (jets) circularity (tags) isotropy (jets)
isotropy (tags) C (jets) C (tags)
D (jets) D (tags) trans-sphericity (jets)
trans-sphericity (tags) circularity (jets) circularity (tags)
isotropy (jets) isotropy (tags) centrality (jets)
centrality (tags) H{) HS
H, Hy H)
H; H), H;
H, Hy R!
R R, R
; :
Ry AR]-‘;;;‘X AR}
AR® AR,P AR
ARpY ARjep m]f“g
minAR minAR minAR
mlep,b J b,b
minAR max m avg
ib bb my
closest to 125 Closest to 125 max pr
b,b ib Mibb
min AR min AR min AR
pT]] PT;bb pT;j,b.
A 17]1';1ax A mr)rfx jrlr]fghan

Table G.1: Total set of input variables considered for the artificial neural network training.
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3jets, > 3b tags category

Events / Bin Width Data/Bkg Events / Bin Width Data/Bkg Events / Bin Width

Data/Bkg
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Figure G.1: Input Feature for DL ANN in all three years in the region with 3 jets, > 3 b tags.
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Figure G.2: Input Feature for DL ANN in all three years in the region with 3 jets, > 3 b tags.
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Figure G.3: Input Feature for DL ANN in all three years in the region with 3 jets and 3 b-tags.
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Figure G.4: Input Feature for DL ANN in all three years in the region with 3 jets and 3 b-tags.
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Figure G.5: Input Feature for DL ANN in all three years in the region with 3 jets and 3 b-tags.



Events / Bin Width Data/Bkg Events / Bin Width Data/Bkg Events / Bin Width

Data/Bkg

CMS Work in progress 36.3fb™ (13 TeV)
10* — —T T —T —
3j3b - DL(3 jets, 3 b-tags) ¢ Data  —15 x fiHg,
10° mtt+f  Eti+cT
Wti+bb @ Singlet
10? [V+ets [Mtt+V
[ Diboson

e
1.5F ]
1:_..% +.+.?.+,¢.?9.*..~_ oot t =
0.5F ]
Cl | | |
0 200 400 600

median_mass_jet_jet

CMS Work in progress 415 fo (13 TeV)
— —
10 & 3j3b - DL(3 jets, 3 b-tags) sData  —15 x fiHg,
5 Mtt+if_  Elti+cT
10 Eti+bb [ Single t
5 [JV+ets [tV
10 [ Diboson

—
1.5 00 o o * ! B
1;--}-%?’*" - 4 - =
0'5?\ | | E
0 200 400 600

median_mass_jet_jet

CMS Work in progress 59.7 b (13 TeV)

ET T T T T T T T T T
10 E- 8i3b - DL(3 jets, 3 b-tags) ¢ Data  —15 x fiHg,
E [ttt Wttt
10°E Wti+bb @ Single t
E [JV+jets Mtt+V
102 e [ Diboson
10k
-
-
3
a
] 5J T T T T T T T T T T T
5 . . —
1}.. ..ﬂ‘.f..‘.‘.?.‘;.'. 8 S NN —
0.5— —
Cl L | |
0 200 400 600

median_mass_jet_jet

Events / Bin Width Data/Bkg Events / Bin Width Data/Bkg Events / Bin Width

Data/Bkg

CMS Work in progress 36.3 b (13 TeV)

B L S o B B B B B S

[ 3j3b - DL(3 jets, 3 b-tags) ¢ Data  —15 x tiHgy

* [ tt+if W tt+cT

e Wti+bb  @Singlet

L [JV+ets mti+Vv

[ [l Diboson

e e e e e L e

F 0 (] =

- + ...... TR S & S A T b .*____E

1 P P I R
0.2 0.4 0.6 0.8 1

centrality_jets_leps

CMS Work in progress 415" (13 TeV)

8 [
107 F~ 3j3b - DL(3 jets, 3 b-tags) +Data  —15 x fiHg,
10 Mti+f EtfcT
= Wti+bb @ Singlet
s [V+jets [Ott+V
10°F [ Diboson
10°
10
107'F
10°®
1.5F
1
05 ! ! ! !
0.2 0.4 0.6 0.8 1
centrality_jets_leps
, CMS Work in progress 59.7 fb™ (13 TeV)
10 ——r
= 3j3b - DL(3 jets, 3 b-tags) ¢ Data  —15 x tiHg,
10" = -t§+lf_ W tt+cT
[ Wti+bb [ Single t
i [JV+ets [Oti+V
10° I Diboson

Ll
0.8 1
centrality_jets_leps

Figure G.6: Input Feature for DL ANN in all three years in the region with 3 jets and 3 b-tags.
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Figure G.7: Input Feature for DL ANN in all three years in the region with 3 jets and 3 b-tags.
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Figure G.8: Input Feature for DL ANN in all three years in the region > 4 jets, > 3 b tags.
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Figure G.9: Input Feature for DL ANN in all three years in the region > 4 jets, > 3 b tags.
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Figure G.10: Input Feature for DL ANN in all three years in the region > 4 jets,> 3 b tags.
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Figure G.11: Input Feature for DL ANN in all three years in the region > 4 jets, > 3 b tags.
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Figure G.12: Input Feature for DL ANN in all three years in the region > 4 jets, > 3 b tags.
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Figure G.13: Input Feature for DL ANN in all three years in the region > 4 jets, > 3 b tags.
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Figure G.14: Input Feature for DL ANN in all three years in the region > 4 jets,> 3 b tags.
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Figure G.15: Input Feature for DL ANN in all three years in the region > 4 jets, > 3 b tags.
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Figure G.16: Input Feature for DL ANN in all three years in the region > 4 jets, > 3 b tags.
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Figure G.17: Input Feature for DL ANN in all three years in the region > 4 jets, > 3 b tags.
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Figure G.18: Input Feature for DL ANN in all three years in the region > 4 jets, > 3 b tags.
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Figure G.19: Input Feature for DL ANN in all three years in the region > 4 jets, > 3 b tags.
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Figure G.20: Input Feature for DL ANN in all three years in the region > 4 jets,> 3 b tags.
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Figure G.21: Input Feature for DL ANN in all three years in the region > 4 jets, > 3 b tags.
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PERFORMANCES OF THE ARTIFICIAL NEURAL
NETWORKS

H.1 Taylor expansion
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Figure H.1: First-order Taylor coefficients used for the ranking of the input variables used in the ANN training
of the 3 jets, > 3 b tags (top) and > 4 jets, > 3 b tags (bottom) categories in 2016.
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Figure H.2: First-order Taylor coefficients used for the ranking of the input variables used in the ANN training
of the 3 jets, > 3 b tags (top) and > 4 jets, > 3 b tags (bottom) categories in 2017.
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Figure H.3: First-order Taylor coefficients used for the ranking of the input variables used in the ANN training
of the 3 jets, > 3 b tags (top) and > 4 jets, > 3 b tags (bottom) categories in 2018.
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H.2 Input features validation
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H — Performances of the artificial neural networks
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Figure H.10: Evolution of the loss as a function of the training epoch, for the networks in the 3 jets, > 3 b tags
(left) and > 4 jets, > 3 b tags (right) categories. The cost function is evaluated for both the training
(blue) and test (red) data.
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THE RATIO OBSERVABLE

This section provides a summary of the studies that were carried out in order to investigate
and justify the application of the likelihood ratio observable.

There is a relative large confusion in the Artificial Neural Network (ANN) categorization,
in particular between the signal ttH and the main irreducible background tt + bb processes, as
illustrated in Figure 5.19. In order to strengthen the discrimination even further, a probability
ratio observable based on the outputs of the ANN for the events in the respective process
categories is implemented as:

p— o(ttH) . (1)
o(ttH) + o(ttbb)

Different configurations were tested and yielded to the choice described in Section 5.7
according to the best performances in terms of:

¢ discriminating power of each bin in the resulting templates, e.g. the approximate
median significance (AMS) [302];

¢ the post-fit uncertainties and the expected significance in the final fit to pseudo data
corresponding to the SM prediction, refereed to as Asimov data set in the following;

¢ the constraints on the individual nuisance parameters;

¢ the stability and robustness of the fit with respect to the statistical fluctuations expected
in the templates as well as different scenarios for the tt + B prediction.

The most relevant tests done to validate the ratio observable are discussed here, and they
were utilized to finalize the strategy employed for the dilepton ttH, H — bb analysis.

The comparison of the AMS metric, which provides a way to evaluate the quality of the
classifier rapidly,

Table 1.1 shows a comparison of the purity of the discriminator bins. The comparison
considers the discriminants constructed from the ANN outputs of the ttH node with respect
to the final ratio observable of Eq. 5.2. Overall, the signal purity in the ratio observable
is higher, leading to an higher averaged AMS purity in each bin compared to the ANN
discriminant distributions.

The expected sensitivity in a fit to Asimov data is shown in Table 1.2 using distributions
of the separate ANN nodes or the ratio observable. When employing the ratio observable, the
total uncertainty in the parameter estimation slightly decreases. The statistical uncertainty is
the same in all statistical models. However, because the models that use ratio observables
include fewer bins for parameter estimation, the discrimination power of the ratio observable
distributions is larger. The improvement in the expected significance is attributed to the
improvement in the control over the systematic uncertainties, as further compared in the
following. This is consistent with the behavior observed with the AMS. The improvement of
the total uncertainty in the parameter estimation therefore originates from improved control
over systematic uncertainties.



I — The ratio observable

ttH ANN output node Ratio observable

Lyears BiNS 72 36
highest AMS 0.88 0.94
second AMS 0.74 0.93
third AMS 0.63 0.80
forth AMS 0.61 0.67
fifth AMS 0.60 0.66
(AMS) 2.46 2.54

Table I.1: Comparison of AMS of most discriminator bins in the distributions of the ANN output for the ttH

(left) and the final ratio observable constructed for events in the ttH and tt + b(b) node (right).

The comparison based on the ranking of the impact of the nuisance parameters on the
signal inference is in Figure I.1. Overall, the model based on the ratio observable is less
susceptible to the nuisance parameters, as seen by the smaller order of magnitude of the
impacts when compared to the statistical model based directly on the ANN discrimination.
Uncertainties modeling the effects of the simulated samples limited size, as well as modeling
uncertainties on the signal processes and the tt + jets background, dominate the ranking.
Given the discrimination power of the ratio observable, the large impact of the parameters
directly affecting the corresponding bin contents is understandable. Furthermore, the high
position of the modeling uncertainties in the impact ranking is expected. As a result, the
impact ranking suggests better control over systematic uncertainties minimizing their impact
on signal inference.

A comparison of the constraints extracted from the estimation of the nuisance parameters
is listed in Table 1.3 for all the highest ranked nuisances. Overall a reduction in the constraints
is visible, which originate from the coarser binning of the distributions of the ratio observable
and indicating the flexibility of the statistical model. Furthermore, having fewer bins helps in
avoiding artificial constraints arising from the statistical fluctuation of the distributions used
to construct them. Nonetheless, coarser binning of the ANN discriminant distributions in
the ttH and tt + bb nodes results in a loss of sensitivity to the ttH, H — bb process caused by
a higher contribution of background processes in the individual bins. The statistical model
based on the ratio observable can benefit from the advantages of using fewer bins while
retaining high sensitivity to the signal strength modifier.

The stability of the signal strength estimation is assessed by fitting pseudo data generated
from the Asimov data set and accounting for the statistical fluctuations expected from Poisson
statistics. Two different sets are tested. The first set employs thett + bb processes as predicted
by the simulation. The second set considers a 30% increased tt + bb prediction, which is
supposed to provide a more realistic test scenario given the most recent measurements of the
tt + bb process [119, 277]. The injected ttH, H — bb signal strength is one. Table 1.4 displays
the results, showing that the injected signal strength value of one is covered within the 68%
confidence interval in the mean estimated signal strength in both sets of pseudo experiments
and both using the ANN outputs or the ratio observable. However, the central values of
the estimated signal strength is much closer to the true injected value in the scenario with

Fitted Observables Stat+Syst Stat-Only Significance
ANN outputs 1.0 +0.49/-0.47 1.0 +0.33/-0.34 2.1
Ratio observable 1.0+0.46/-0.44 1.0+0.33/-0.34 22

Table 1.2: Results in a Fit to Asimov Data with injected signal strength pz; = 1.
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Figure I.1: Comparison of ranking based on the impacts of the nuisance parameters on the signal inference
based directly on the ANN discriminant distributions (a) and on the ratio observable (b).
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I — The ratio observable

Parameter ANN outputs Ratio observable Relative difference (%)
CMS_ttHbb_bgnorm_ttbb o i 0.217
CMS_ttHbb_tt2b_glusplit e Ay 0.045

QCDscale_ttH fgjggi fgjggi 0.0
CMS_btag_cferr2 s e 0.007
CMS_ttHbb_bgnorm_ttcc fg%‘fg f8;§§§ 0.03
CMS_scaleFlavorQCD_j +0.363 e 0.052
CMS_ttHbb_FSR_ttcc e A=A 0.009
CMS._ttHbb_scaleMuR_ttbbNLO o3 i 0.067
CMS_ttHbb_UE 0595 e 1.226
CMS_scaleAbsolute_j_2018 o280 M 0.072

Table 1.3: Comparison of the parameter constraints with the largest impact originating from the parameter
estimation of p gy, using a statistical model based directly on the ANN discriminants (second column)
and the ratio observable (third column). The relative difference in the last column is calculated with
respect to the values in the second column.

statistical model based on the ratio observable, implying that the signal strength estimation
is more stable in the presence of statistical fluctuation.

To evaluate the stability even further, the bias in signal strength estimation is calculated
for each pseudo experiment as:

e ted
Hpost—fit — ‘umjec ©
b= . 1.2)
U,postfflt
M
As above, the injected signal strength ™°"*® is equal to one, and the o7 represents the

uncertainty on the estimated signal strength modifier. The distributions of this quantity in the
fits to the different sets of pseudo experiments are shown in Figure 1.2; this metric is zero if the
parameter estimation closes perfectly. In the parameter estimations using the statistical model
based directly on the ANN discriminants, the ideal value of zero is not compatible within
the 68% confidence interval. Instead, the ideal value is compatible within the 68% interval
when using the ratio observable. Furthermore, in the fit to pseudo experiments based on the
nominal tt + bb scenario, the mean value of the predicted bias in signal strength estimation
drops by 23% and by 28% in the fits to the scaled tt + bb scenario. Within the uncertainty
of gaussian fit, the mean expected bias values of the two sets of pseudo experiments are
compatible, which is not the case in the statistical model based solely on ANN discriminants,
implying again that parameter estimation is more resistant to statistical fluctuations using
the ratio observable .

Statistical model  tt + bb hypothesis Fit to Asimov  Fit to pseudo data

tt + bb (4FS) 1.0 + 0.48 0.92 £+ 0.50
tt+bb (4FS) x1.3 1.0 £ 0.54 0.88 & 0.53

ANN output PP AR
OutpHs 4 bb (4FS) 1.0 + 0.45 0.97 + 0.44
tt+bb (4FS) x1.3 1.0 £ 0.50 0.95 4 0.50

Ratio observable

Table 1.4: Comparison of the signal strength estimation in fits to pseudo data. The mean values of the estimated
signal strength in fits to 1000 pseudo experiments generated from the statistical model specified in
the second column are shown. The estimation in a fit to the Asimov data set is in the last column.
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Figure 1.2: Distributions of the bias in fits to pseudo data generated from the statistical model based on the ANN
discriminants (upper row) and the ratio observable (bottom row). Two sets of tt + bb hypotheses
are tested: the one corresponding to the statistical model used in the main analysis (left column) or
scaled by 30% (right column). The x-axis represents the bias. The mean bias and standard deviation
estimations are derived from a gaussian fit (blue line) to the distributions.
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YIELDS TABLES

J.1 Inclusive measurement - full Run 2 dilepton fit

pre-fit (post-fit) yields

Process 3j 3t 4j > 3t Ratio (ttH + tt+bb) 4j > 3ttt+cc  4j > 3ttt + LF
tt+ LF 433 (410) 105 (101) 183  (166) 263  (242)
tt+C 322 (531) 186 (00) 239 (372) 171  (272)
tt+B 626 (797) 784 935) 233 (276) 138  (162)
Single-t 47 @44 26 25 15 (13) 12 (11)
V +jets 5 (5) 2 ) 4 3) 3 3)
Y 8 8 25 23) 10  (10) 7 @)
iy 7 @ 1 (10) 7 @) 8 )
Diboson 00 (00) 00 00) 00 (00 00 (0.0
tH 06 (0.6) 08 08 02 (02 01 (0.1
Total bkg. 1448 (1801) 1140 (1398) 691 (847) 603  (704)
+totunc. £360 (4£90) 4240 (£60) +£174 (+47) +149  (£42)
ttH 13 (0.0) 42 (0.0) 8 (0.0 5 (0.0)
+totunc. 42 (£2.6)  +5 (£73) 41 (£16) 1  (£09)
Data 1697 1294 760 647

Table J.1: Prefit (post-fit) yields in the 3 jets, > 3 b tags category and > 4 jets, > 3 b tags ttH and tt + jets
nodes for the 2016 dataset for the inclusive fit to dilepton channel. The prefit uncertainties are not
including the freely-floating parameters; while the postfit uncertainties consider all nuisances in the
fit to observed data.



J — Yields tables

pre-fit (post-fit) yields

Process 3j 3t 4j > 3t Ratio (ttH + tt + bb) 4j > 3ttt+cc 4j > 3ttt+LF
tt+ LF 722 (590) 134 (101) 263 (200) 528  (427)
tt+C 505 (1081) 223 466) 310  (628) 372 (734)
tt+B 859 (1180) 971 (1253) 314 (399) 266  (331)
Single-t 60  (60) 37 G718 (19 30 (27
V +jets 10 (11) 4 ) 2 @) 4 @)
v 15 (15 33 G4 12 (12) 13 (13)
ty* 1 11 9 ) 9 © 1 a1
Diboson 00  (0.0) 00 00) 00 (00 00  (0.0)
tH 08 (0.8 1 1) 03 (04 03  (0.3)
Total bkg. 2183  (2950) 1411 (1905) 929 (1269) 1224  (1548)
+totunc. 4530 (+138) 4302 (£90) 4237 (£84) 4296  (493)
tH 18 (0.0) 49 00 12 (0.0) 9 (0.0
+totunc.  £2  (£4.0) 46 (£11.1) 42 (£15)  +1 (£1.8)
Data 2730 1795 1132 1370

Table J.2: Prefit (post-fit) yields in the 3 jets, > 3b tags category and > 4jets,> 3 b tags ttH and tt + jets
nodes for the 2017 dataset for the inclusive fit to dilepton channel. The prefit uncertainties are not
including the freely-floating parameters; while the postfit uncertainties consider all nuisances in the
fit to observed data.
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J.1 — Inclusive measurement - full Run 2 dilepton fit

pre-fit (post-fit) yields

Process 3j 3t 4j > 3t Ratio (ttH + tt +bb) 4j >3ttt +cc 4j > 3ttt + LF
tt+ LF 1234 (1032) 244 (193) 451  (354) 848  (724)
tt4C 742 (1567) 393 (787) 463  (904) 514  (992)
tt+B 1287  (1762) 1515 (1940) 466  (587) 359  (450)
Single-t 103 (101) 59 (59) 29  (28) 43 (42)
V +jets 13 (14) 7 (7) 4 (4) 8 )
ttV 23 (23) 45 (46) 19 (20) 16 (16)
thy* 18 (18) 15 (16) 10 ) 16 (15
Diboson 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
tH 1 (1) 2 @ 04 (04 04 (04
Total bkg. 3421  (4519) 2279 (3049) 1441 (1907) 1806  (2248)
+ totunc. £758 (£216) +489 (£138) £342 (+£104) =£433 (£121)
ttH 27 (0.0) 76 (0.0) 17 (0.0) 12 (0.0)
+ tot unc. +4 (+46) 10 (£16.8) +2  (£3.5) +2  (£2.2)
Data 4167 2842 1694 2033

Table J.3: Prefit (post-fit) yields in the 3 jets, > 3 b tags category and > 4 jets, > 3 b tags ttH and tt + jets
nodes for the 2018 dataset for the inclusive fit to dilepton channel. The prefit uncertainties are not
including the freely-floating parameters; while the postfit uncertainties consider all nuisances in the
fit to observed data.
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J — Yields tables

J.2 Inclusive measurement - full Run 2 all channels fit

pre-fit (post-fit) yields

Process 3j 3t 4j > 3tratio 4j > 3ttt+cc 4j > 3ttt +LF
tt+ LF 433 (397) 105  (99) 183 (170) 263  (254)
tt+C 32  (338) 186 (195) 239 (253) 171  (171)
tt + bb 626 (860) 784 (979) 233 (296) 138  (181)
Single-t 47 @5 26 @7 15 (15 12 (12)
V +jets 5 (5) 2 (2) 4 (4) 3 (4)
G 8§ | 25 (3 10  (10) 7 6)
iy 7 (7)) 11 (10) 7 (6) 8 8)
Diboson 0.0 (0.0) 00 (00) 00 (00 00  (0.0)
tH 06 (0.6) 08 (08 02 (02 01  (0.1)
TotalBkg 1449 (1659) 1140 (1337) 691 (753) 603  (635)
+totunc. +88 (4+18) +146 (4£24) +143 (4£24) +131  (420)
TotalSig 13 @ 42 (14 8 (3 5 )
+itotunc. 40 (+1) 42 (#3)  4+1  (£2)  +1  (£1)
Data 1697 1294 760 647

Table J.4: Prefit (post-fit) yields in the 3 jets, > 3b tags category and > 4jets,> 3 b tags ttH and tt + jets
nodes for the 2016 dataset for the inclusive fit to all channels. The prefit uncertainties are not
including the freely-floating parameters; while the postfit uncertainties consider all nuisances in the
fit to observed data.
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J.2 — Inclusive measurement - full Run 2 all channels fit

pre-fit (post-fit) yields

Process 3j 3t 4j > 3tratio 4j > 3ttt+cc 4j > 3ttt+LF
tt+ LF 722 (812) 134 (171) 263 (317) 528  (606)
tt+C 505 (514) 223 (240) 310 (323) 372 (372
tt -+ bb 859 (1247) 971 (1295) 314 (423) 266  (361)
Single-t 60 (65 37 (39 18 (200 30 (32
V +jets 10 (12) 4 @ 2 (2 4 )
Ay 15 (14 33 (32 12 (1) 13 (12
ty* 11 @11) 9 ) 9 © 11 a1

Diboson 00 (0.0) 00 (000 00 (0.0) 00 (0.0

tH 08  (0.8) 1 1) 03 (04 03 (0.3

TotalBkg 2183 (2677) 1411 (1791) 929 (1106) 1224 (1399)
+totunc. £127 (£24) +181 (£29) +£200 (£26) 4254  (£38)

TotalSig 18 6 49 (17 12 (4) 9 3)
+totunc. &1 (£1)  £2 (&5 2 (£3) 1 (£2)

Data 2730 1795 1132 1370

Table J.5: Prefit (post-fit) yields in the 3 jets, > 3 b tags category and > 4 jets, > 3 b tags ttH and tt + jets
nodes for the 2017 dataset for the inclusive fit to all channels. The prefit uncertainties are not
including the freely-floating parameters; while the postfit uncertainties consider all nuisances in the
fit to observed data.
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J — Yields tables

pre-fit (post-fit) yields

Process 3j 3t 4j > 3tratio 4j > 3ttt+cc 4j > 3ttt+ LF
tt+ LF 1234 (1335) 244 (284) 451  (499) 848  (932)
i+ C 742 (780) 393 (418) 463 (487) 514  (507)
-+ bb 1287 (1890) 1515 (2022) 466 (622) 359  (488)
Single-t 103 (111) 59  (62) 29  (30) 43  (45)
V +jets 13 (14) 7 ) 4 (4) 8 )
v 23 (23) 45 (44 19 (20) 16  (16)
iy 18 (18 15 (15 10 © 16 (16)

Diboson 00 (0 00 (000 00 (0.0) 00 (0.0

tH 1 (1) 2 2 04 (04 04 (04

TotalBkg 3421 (4171) 2279 (2854) 1441 (1672) 1806 (2014)
+totunc. 183 (£37) £297 (£40) 4285 (£39) £379  (446)

TotalSig 27 (10) 76 (27) 17 (6) 12 (4)
+totunc.  £1  (£2) 4 (£7) 42 (4 £2 (3

Data 4167 2842 1694 2033

Table J.6: Prefit (post-fit) yields in the 3 jets, > 3 b tags category and > 4 jets,> 3 b tags ttH and tt + jets
nodes for the 2018 dataset for the inclusive fit to all channels. The prefit uncertainties are not
including the freely-floating parameters; while the postfit uncertainties consider all nuisances in the
fit to observed data.
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J.3 — STXS measurement - full Run 2 dilepton fit

J.3 STXS measurement - full Run 2 dilepton fit

pre-fit (post-fit) yields

Process 3j 3t 4j > 3ttt+cc 4j > 3ttt+LF
i+ LF 433 (410) 183  (168) 263  (236)
tt+C 322 (423) 239 (305) 171  (225)
tt+B 626 (791) 233 (262) 138  (157)
Single-t 47 @45 15 (14 12 (1)
V +jets 5 5) 4 (4) 3 (3)
ttV 8 (8) 10 ) 7 (6)
tty* 7 (7) 7 (6) 8 (8)
Diboson 00 (00) 00 (0.0) 00 (0.0
tH 06 (06 00 (0.0) 00 (0.0
£H H py [0, 60[ 4 (0.0 4 (0.0) 2 (0.0)
ttH H py [60, 120] 6 (0.0 5 (0.0) 3 (0.0)
ftH H py [120, 200[ 4 (0.0) 4 (0.0) 2 (0.0)
ttH H py [200, 300[ 2 (0.0) 3 (0.0) 2 (0.0)
fH H p; [300,450 0.0  (0.0) 00 (0.0) 00  (0.0)
fEH H py [450, o] 00 (00) 00 (0.0) 00 (0.0
Total bkg, 1448 (1688) 690 (767) 603  (646)
+ tot unc. £335 (+142) 4143 (£37) +131  (£32)
TotalSig 17 (0.0) 21 (0.0 13 (0.0
=+ tot unc. +3  (£0.0) +4 (£0.0) +3  (£0.0)
Data 0.0 0.0 0.0

Table J.7: Prefit (post-fit) yields in the 3 jets, > 3b tags category and > 4jets, > 3 b tags ttH and tt + jets
nodes for the 2016 dataset for the STXS fit to dilepton channel. The prefit uncertainties are not
including the freely-floating parameters; while the postfit uncertainties consider all nuisances in the
fit to observed data.

273



J — Yields tables

pre-fit (post-fit) yields

Process STXSBin0  STXSBin1 STXSBin2  STXSBin3  STXSBin4
tt 4 LF 30 (260 24 (23) 22 (19 17 (13 17  (13)
tt+C 53 (68) 45 (58) 38 (47) 34  (45) 34 (45
tt+ B 228 (285) 193 (237) 144 (169) 138 (154) 138  (154)
Single-t 5 G) 6 6) 4 4 5 G) 5 (5)
V +jets 00 (00) 04 (04 03 (03) 05 (04 05 (04
Y 6 6) 4 4 3 @ 7 6 7 (6)
ty* 3 B 2 @ 3 @ 1 a1 1)
Diboson 00 (00 00 (0.0) 00 (00 07 (05 07 (05
tH 00 (00 00 (0.0 00 (00 00 (0.0) 00 (0.0
ttH H p7 [0, 60[ 5 00 2 (0 2 (00 1 (0 1 (00
ttH H py [60, 120[ 5 (00 5 (00 3 (00 2 (0 2 (00
tHHp;[120,2000 2 (00 2 (0 5 (00 3 (00 3 (0.0
tH H p; [200,300] 1.0 (00) 09 (00) 1 (00 5 (00 5 (0.0
tfH H p; [300,450 0.0 (0.0) 00 (0.0) 00 (0.0) 00 (0.0) 00 (0.0)
tH H pr [450,00 0.0 (0.0) 00 (0.0) 00 (0.0) 00 (0.0) 00 (0.0)
Total bkg. 324 (392) 276 (330) 214  (244) 202 (226) 202  (226)
+ tot unc. 1£62  (£20) 55 (£20) +£43 (£12) 445 (£13) +45 (&13)
TotalSig 15 (00 12 (0 12 (00 13 (00 13  (0.0)
+ tot unc. +2 (£0.0) +2 (£0.0) £2 (£0.0) +2 (+£0.0) +£2 (+0.0)
Data 0.0 0.0 0.0 0.0 0.0

Table J.8: (Continue) Prefit (post-fit) yields in the 3 jets, > 3 b tags category and > 4 jets, > 3b tags ttH and
tt + jets nodes for the 2016 dataset for the STXS fit to dilepton channel. The prefit uncertainties are
not including the freely-floating parameters; while the postfit uncertainties consider all nuisances in
the fit to observed data.
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J.3 — STXS measurement - full Run 2 dilepton fit

pre-fit (post-fit) yields

Process 3j 3t 4j > 3ttt+cc 4> 3ttt+LF
tt+ LF 722 (554) 263 (171) 528  (397)
ft+C 505  (938) 310 (539) 372  (637)
tt+B 859 (1152) 314 (370) 266  (309)
Single-t 60  (60) 18 (18 30 (27
V +jets 10 (10) 2 ) 4 (4)
Y 15 @15 12 (12 13 (13)
iy 11 11) 9 © 11 (10)
Diboson 0.0 (0.0) 0.0  (0.0) 0.0 (0.0)
tH 08 (08 00 (0.0) 02 (0.2
ftH H py [0, 60] 5 (0.0) 6  (0.0) 5 (0.0
ftH H p [60, 120] 8 (0.0 7 (0.0) 6 (0.0
ftH H py [120, 200[ 6  (0.0) 6  (0.0) 5 (0.0
ftH H py [200, 300] 3 (0.0) 5 (0.0) 4 (0.0
fH H p; [300,450] 0.0  (0.0) 00 (0.0) 00  (0.0)
ftH H py [450, oo 00 (00 00 (0.0) 00  (0.0)
Total bkg. 2183  (2742) 928 (1121) 1224 (1399)
+ tot unc. £488  (£174) 4200 (£45) +254  (£61)
TotalSig 26 (00) 31 (00) 26  (0.0)
=+ tot unc. +4 (+0.0) +6 (£0.0) +6 (£0.0)
Data 0.0 0.0 0.0

Table J.9: Prefit (post-fit) yields in the 3 jets, > 3 b tags category and > 4 jets, > 3 b tags ttH and tt + jets
nodes for the 2017 dataset for the STXS fit to dilepton channel. The prefit uncertainties are not
including the freely-floating parameters; while the postfit uncertainties consider all nuisances in the
fit to observed data.
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J — Yields tables

pre-fit (post-fit) yields

Process STXSBin0 STXSBinl STXSBin2 STXSBin3  STXSBin4
tt 4 LF 48 (33) 31 (00 24 (15 20 (12) 20 (12
tt+C 62 (111) 52 (%) 44 (77) 39 (71) 39 (71
tt+ B 298 (402) 233 (290) 176 (219) 165 (199) 165  (199)
Single-t 9 © 7 7 6 6 7 @ 7 7)
V +jets 1 1) 04 (04 07 (07) 06 (07 06 (07
Y 7 @7 6 6) 5 6) 8 ® 8 8)
ty* 2 G 2 @ 2 @ 1 a1 1)
Diboson 00 (00 00 (0.0) 00 (00 00 (0.0) 00 (0.0
tH 00 (00 00 (0.0) 00 (00 03 (03) 03 (03
ttH H p7 [0, 60[ 6 (00 2 (0 2 (00 2 (0 2 (00
ttH H py [60, 120[ 5 (00 6 (00 3 (00 3 (0 3 (00
tHHp;[120,2000 3 (00 3 (00) 6 (00 4 (00 4 (0.0
) )
) )
) 0)
) )
) )
) )
)

tHHHp;[200,3000 1 (00) 1 (0.0 2 (00 5 (00 5 (0.0
tfH H p; [300,450 0.0 (0.0) 00 (00) 00 (0.0) 00 (00 00 (0.0
tHH H pr [450,00 0.0  (0.0) 00 (00) 00 (0.0) 00 (00 00 (0.
Total bkg. 427 (566) 331 (422) 257 (325) 241 (300) 241 (300
+ tot unc. +83  (£28) 67 (£21) £53 (£17) 455 (£18) +55 (418
TotalSig 18 (00) 14 (0 15 (00) 16 (00 16 (0.0
+ tot unc. +3 (£0.0) +2 (£0.0) +£2 (£0.0) +3 (+£0.0) +£3 (+0.0)
Data 0.0 0.0 0.0 0.0 0.0

Table J.10: (Continue) Prefit (post-fit) yields in the 3 jets, > 3 b tags category and > 4 jets, > 3 b tags ttH and
tt + jets nodes for the 2017 dataset for the STXS fit to dilepton channel. The prefit uncertainties are
not including the freely-floating parameters; while the postfit uncertainties consider all nuisances
in the fit to observed data.

276



J.3 — STXS measurement - full Run 2 dilepton fit

pre-fit (post-fit) yields

Process 3j 3t 4j > 3ttt+cc 4j > 3ttt+LF
tt+ LF 1234 (969) 451 (327) 848  (674)
tt+C 742 (1349) 463 (784) 514  (867)
tt+B 1287 (1700) 466 (542) 359  (421)
Single-t 103 (100) 29  (28) 43 (42
V +jets 13 (14) 4 4) 8 (8)
ttV 23 (23) 19 (20) 16 (16)
tty* 18 (18) 10 9) 16 (14)
Diboson 0.0 (0.0) 0.0  (0.0) 0.0 (0.0)
tH 1 (1) 0.0  (0.0) 0.3 (0.3)
ttH H pr [0, 60[ 8 (0.0) 8 (0.0 6 (0.0)
£tH H py [60, 120[ 12 (0.0) 10 (0.0 7 (0.0)
£tH H py [120, 200[ 9  (0.0) 9  (0.0) 6 (0.0
ttH H pr [200, 300[ 5 (0.0) 7  (0.0) 5 (0.0)
ttH H pr [300, 450[ 0.0 (0.0) 0.0  (0.0) 0.0 (0.0)
ttH H pr [450, oo 0.0 (0.0) 0.0  (0.0) 0.0 (0.0)
Total bkg. 3421 (4175) 1441 (1713) 1806 (2043)
+ tot unc. +698 (£280) 4285 (£62) £379 (£75)
TotalSig 38 (0.0) 47 (0.0 35 (0.0)
=+ tot unc. +6 (+0.0) +9 (£0.0) +7  (£0.0)
Data 0.0 0.0 0.0

Table J.11: Prefit (post-fit) yields in the 3 jets, > 3 b tags category and > 4jets, > 3b tags ttH and tt + jets
nodes for the 2018 dataset for the STXS fit to dilepton channel. The prefit uncertainties are not
including the freely-floating parameters; while the postfit uncertainties consider all nuisances in
the fit to observed data.
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J — Yields tables

pre-fit (post-fit) yields

Process STXSBinO  STXSBinl  STXSBin2 STXSBin3  STXSBin4
tt+ LF 83 (62) 57 (3) 46 (290 33 (25) 33 (25
tt+C 119 (13) 93 (162) 73 (126) 66 (116) 66 (116)
tt+ B 448 (594) 363 (454) 266 (316) 264 (324) 264  (324)
Single-t 13 (12) 8 (100 10 (100 11  (10) 11  (10)

—_

V +jets 2 ) 1) 06 (06 2 1) 2 1)
ttV 9 ) 8 ) 9 (10 9 8) 9 (8)

ty* 4 (5) 3 G 1 Q2 @ 2 @)
Diboson 00 (0) 00 (0.0) 00 (0.0) 00 (00) 00 (0.0
tH 00 (00 00 (0.0) 00 (0.0) 00 (00) 00 (0.0
ttH H pr [0, 60] 10 (0.0) 4 (00 3 (00 3 (00 3 (0.0
ttH H py [60, 120] 9 (0.0 9 (00 5 (00 4 (00 4 (0.0
ttH H py [120, 200] 5 (0.0 5 (00 10 (00 6 (00 6 (0.0
ttH H py [200, 300[ 2 (0.0) 2 (00 3 (00 8 (00 8 (0.0
tfH H p; [300,450] 0.0 (0.0) 00 (0.0) 00 (0.0) 00 (00) 00 (0.0
ttH H py [450, oo 00 (0) 00 (0.0) 00 (0.0) 00 (00) 00 (0.0
Total bkg. 678 (897) 536  (677) 407 (492) 386  (488) 386  (488)
+ tot unc. +130 (+41) +109 (+32) +88 (426) +82 (+23) +82 (+23)
TotalSig 28 (00) 22 (00) 23 (0.0) 24 (0.0) 24 (0.0
+ tot unc. +5 (£0.0) 43 (+0.0) 43 (+0.0) +4 (+0.0) +4 (+0.0)
Data 0.0 0.0 0.0 0.0 0.0

Table J.12: (Continue) Prefit (post-fit) yields in the 3 jets, > 3b tags category and > 4 jets, > 3 b tags ttH and
tt + jets nodes for the 2018 dataset for the STXS fit to dilepton channel. The prefit uncertainties are
not including the freely-floating parameters; while the postfit uncertainties consider all nuisances
in the fit to observed data.
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J.4 — STXS measurement - full Run 2 all channels fit

J.4 STXS measurement - full Run 2 all channels fit

pre-fit (post-fit) yields

Process 3j 3t 4j > 3ttt+cc 4j > 3ttt+LF
tt+ LF 433 (362) 183  (145) 263  (222)
ft+C 322 (427) 239 (313) 171  (220)
i+ B 626 (833) 233 (278) 138  (168)
Single-t 47 (45 15 (14 12 (11
V +jets 5 (5) 4 (4) 3 (3)
(v 8 7 10 ) 7 6)
tty* 7 (6) 7 (6) 8 (7)
Diboson 00 (00 00 (0.0) 00 (0.0
tH 06 (05 00 (000 00  (0.0)
(tH H py [0, 60[ 4 (0.0) 4 (0.0) 2 (0.0)
(tH H py [60, 120] 6  (0.0) 5 (0.0) 3 (0.0)
ttH H py [120, 200] 4 (0.0 4 (0.0) 2 (0.0)
(tH H py [200, 300] 2 (0.0) 3 (0.0) 2 (0.0)
fiH H pr [300,450] 0.0 (0.0) 00 (0.0) 00  (0.0)
{tH H py [450, oo 00 (00 00 (0.0) 00 (0.0
Total bkg. 1448 (1687) 690 (769) 603  (638)
+ tot unc. 335 (445) +143 (423) +131  (419)
TotalSig 17 ©00) 21 (00 13  (0.0)
+ tot unc. 43 (+£0.0) 44 (£00) 43  (+0.0)
Data 0.0 0.0 0.0

Table J.13: Prefit (post-fit) yields in the 3 jets, > 3 b tags category and > 4jets, > 3b tags ttH and tt + jets
nodes for the 2016 dataset for the STXS fit to all channels. The prefit uncertainties are not including
the freely-floating parameters; while the postfit uncertainties consider all nuisances in the fit to
observed data.
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J — Yields tables

pre-fit (post-fit) yields

Process STXSBin0  STXSBinl STXSBin2 STXSBin3  STXSBin4
tt+ LF 30 (4 24 (19 22 (16 17 (13) 17  (13)
tt+C 53 (73) 45 (60) 38  (53) 34  (41) 34  (41)
tt+ B 228 (277) 193 (233) 144 (172) 138 (164) 138  (164)
Single-t 5 G 6 6) 4 4 5 G 5 ()
V +jets 00 (00) 04 (04 03 (03) 05 (04 05 (04)
ttV 6 G) 4 @ 3 G 7 6 7 (6)
£yt 3 @ 2 @ 3 @ 1 (@0 1 (L0
Diboson 00 (00) 00 (00 00 (0.0 07 (04 07 (04
tH 00 (00 00 (00 00 (0.0 00 (0.0) 00 (0.0)
ttH H py [0, 60[ 5 00 2 (00 2 (00 1 (0 1 (00
ttH H py [60, 120[ 5 00 5 (00 3 (0 2 (00 2 (00
#H H pp[120,2000 2 (00 2 (00 5 (0 3 (00 3 (0.0
tfH H p; [200,300] 1.0 (0.0) 09 (00) 1 (00 5 (0 5 (0.0)
tH H p; [300,450] 00 (00) 00 (0.0) 00 (0.0) 00 (0.0) 00 (0.0)
ttH H p; [450,00[ 00 (0.0) 00 (0.0) 00 (00) 00 (0.0) 00 (0.0
Total bkg. 324 (387) 276 (325) 214 (250) 202 (231) 202  (231)
+ tot unc. +62 (£13) 455 (£10) +43  (£8) +45  (£9) +45  (49)
TotalSig 15  (00) 12 (00) 12 (00 13 (00) 13  (0.0)
+ tot unc. £2 (£0.0) £2 (£0.0) £2 (£0.0) £2 (£0.0) £2 (£0.0)
Data 0.0 0.0 0.0 0.0 0.0

Table J.14: (Continue) Prefit (post-fit) yields in the 3 jets, > 3b tags category and > 4 jets, > 3 b tags ttH and
tt + jets nodes for the 2016 dataset for the STXS fit to all channels. The prefit uncertainties are not
including the freely-floating parameters; while the postfit uncertainties consider all nuisances in
the fit to observed data.
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J.4 — STXS measurement - full Run 2 all channels fit

pre-fit (post-fit) yields

Process 3j 3t 4j > 3ttt+cc 4 > 3ttt+LF
ft+ LF 722 (676) 263  (235) 528  (501)
tt+C 505 (672) 310 (418) 372  (482)
tt+B 859 (1247) 314 (408) 266  (352)
Single-t 60 (63 18 (200 30  (31)
V +jets 10 (11) 2 ) 4 (4)
Ay 15 (14 12 a1y 13 (12
iy 11 (10) 9 ® 11 (10)
Diboson 0.0 (0.0 0.0 (0.0 0.0 (0.0)
tH 08 (08 00 (0.0) 02 (0.2
ftH H py [0, 60] 5 (0.0) 6  (0.0) 5 (0.0
ftH H p [60, 120] 8 (0.0 7 (0.0) 6 (0.0
fEH H py [120, 200] 6 (0.0 6 (0.0 5 (0.0
ftH H py [200, 300] 3 (0.0) 5 (0.0) 4 (0.0
fH H py [300,450] 0.0 (0.0) 00 (0.0) 00  (0.0)
ftH H py [450, oo 00 (00 00 (0.0) 00 (0.0
Total bkg. 2183 (2695) 928 (1102) 1224  (1393)
+ tot unc. +488  (£61) 4200 (£27) +254  (£34)
TotalSig 26 (00) 31 (0.0) 26  (0.0)
=+ tot unc. +4 (£0.0) +6 (£0.0) +6 (£0.0)
Data 0.0 0.0 0.0

Table J.15: Prefit (post-fit) yields in the 3 jets, > 3 b tags category and > 4jets, > 3b tags ttH and tt + jets
nodes for the 2017 dataset for the STXS fit to all channels. The prefit uncertainties are not including
the freely-floating parameters; while the postfit uncertainties consider all nuisances in the fit to
observed data.
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J — Yields tables

pre-fit (post-fit) yields

Process STXSBin0  STXSBinl STXSBin2 STXSBin3  STXSBin4
tt+ LF 48 44 31 (29 24 (19 20 (17) 20 (17
tt+C 62 (91) 52 (73) 44  (63) 39  (49) 39 (49
tt+ B 298  (395) 233 (305) 176 (232) 165 (216) 165 (216)
Single-t 9 @ 7 @) 6 6 7 @ 7 )
V +jets 1 (1) 04 (04 07 (8 06 (0.7) 06 (0.7)
ttV 7 7 6 6) 5 G) 8 7 8 )
£yt 2 @ 2 @ 2 @ 1 Q1 1)
Diboson 00 (00) 00 (00 00 (0.0 00 (0.0) 00 (0.0)
tH 00 (00 00 (00 00 (0.0 03 (03) 03 (03)
ttH H py [0, 60[ 6 (00 2 (00 2 (00 2 (0 2 (00
ttH H py [60, 120[ 5 00 6 (00 3 (0 3 (00 3 (00
#H Hpr[120,2000 3 (00 3 (00 6 (0 4 (00 4 (0.0
t#HHp;[200,3000 1 (0 1 (00 2 (00 5 (0 5 (0.0
tH H p; [300,450] 00 (00) 00 (0.0) 00 (0.0) 00 (0.0) 00 (0.0)
ttH H p; [450,00[ 00 (0.0) 00 (0.0) 00 (00) 00 (0.0) 00 (0.0
Total bkg. 427 (551) 331 (423) 257 (327) 241 (299) 241  (299)
+ tot unc. +83  (£15) 467 (£13) 453 (£10) +55 (£10) +55 (£10)
TotalSig 18 (00) 14 (00) 15 (00 16 (00) 16 (0.0
+ tot unc. +3 (£0.0) 42 (+0.0) +2 (+£0.0) +3 (+£0.0) +3 (£0.0)
Data 0.0 0.0 0.0 0.0 0.0

Table J.16: (Continue) Prefit (post-fit) yields in the 3 jets, > 3b tags category and > 4 jets, > 3 b tags ttH and
tt + jets nodes for the 2017 dataset for the STXS fit to all channels. The prefit uncertainties are not
including the freely-floating parameters; while the postfit uncertainties consider all nuisances in
the fit to observed data.
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J.4 — STXS measurement - full Run 2 all channels fit

pre-fit (post-fit) yields

Process 3j 3t 4j > 3ttt+cc 4 > 3ttt+LF
tt+ LF 1234 (1137) 451 (396) 848  (797)
ft+C 742 (999) 463  (615) 514  (663)
t+B 1287 (1863) 466  (602) 359  (474)
Single-t 103 (108) 29  (29) 43  (45)
V +jets 13 (14) 4 (4) 8 8)
Ay 23 2 19 (19 16 (15
iy 18 (17) 10 © 16  (14)
Diboson 0.0 (0.0 0.0 (0.0 0.0 (0.0)
tH 1 1) 00 (00) 03  (03)
ftH H py [0, 60] 8 (0.0 8  (0.0) 6 (0.0
ttH H py [60, 120[ 12 (00 10 (0.0) 7 (0.0
fEH H py [120, 200] 9 (0.0 9 (0.0 6  (0.0)
ftH H py [200, 300] 5 (0.0) 7 (0.0) 5 (0.0
fH H py [300,450] 0.0 (0.0) 00 (0.0) 00  (0.0)
ftH H py [450, oo 00 (00 00 (0.0) 00 (0.0
Total bkg. 3421 (4160) 1441 (1672) 1806 (2017)
+ tot unc. +698 (+87) +285 (£39) +£379  (£43)
TotalSig 38 (00) 47  (0.0) 35  (0.0)
=+ tot unc. +6 (£0.0) +9 (£0.0) +7  (£0.0)
Data 0.0 0.0 0.0

Table J.17: Prefit (post-fit) yields in the 3 jets, > 3 b tags category and > 4jets, > 3b tags ttH and tt + jets
nodes for the 2018 dataset for the STXS fit to all channels. The prefit uncertainties are not including
the freely-floating parameters; while the postfit uncertainties consider all nuisances in the fit to
observed data.
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J — Yields tables

pre-fit (post-fit) yields
Process STXS Bin 0 STXS Bin 1 STXS Bin 2 STXS Bin 3 STXS Bin 4

tt+ LF 83 (76) 57 (51) 46 (37) 33 (290 33 (29
tt4C 119 (169) 93 (130) 73 (106) 66 (79 66 (79
tt+ B 448 (593) 363 (478) 266 (345) 264 (351) 264  (351)
Single-t 13 (13) 8 @ 10 (@10 11 (12) 11 (12
V +jets 2 @) 1 1 06 (06 2 @ 2 @)
nY 9 ©) 8 ® 9 @ 9 ® 9 )
ty* 4 (4) 3 G 1 Q2 @ 2 @)
Diboson 00 (00) 00 (0.0) 00 (0.0) 00 (0.0 00 (0.0
tH 00 (00) 00 (0.0) 00 (0.0) 00 (00 00 (0.0
ttH H py [0, 60] 10 (0.0) 4 (00 3 (00 3 (00 3 (0.0
ttH H py [60, 120] 9 (0.0 9 (00) 5 (00) 4 (00) 4 (0.0
ttH H py [120, 200] 5 (0.0) 5 (00 10 (00 6 (00 6 (0.0
ttH H py [200, 300] 2 (0.0) 2 (00) 3 (00) 8 (00) 8 (0.0
ttHH p; [300,450] 0.0 (0.0) 00 (0.0) 00 (00) 00 (00) 00 (0.0)
ttH H py [450, oo] 00 (00) 00 (0.0) 00 (0.0) 00 (00 00 (0.0
Total bkg. 678 (866) 536  (681) 407 (508) 386  (482) 386  (482)
+ tot unc. +130 (£23) +£109 (£20) +88 (+15) +82 (+15) +82 (&15)
TotalSig 28 (00) 22 (00) 23 (0.0) 24 (0.0) 24 (0.0
+ tot unc. +5 (£0.0)  +£3 (£00) +3 (£0.0) +4 (+0.0) +4 (+0.0)
Data 0.0 0.0 0.0 0.0 0.0

Table J.18: (Continue) Prefit (post-fit) yields in the 3 jets, > 3 b tags category and > 4 jets, > 3 b tags ttH and
tt + jets nodes for the 2018 dataset for the STXS fit to all channels. The prefit uncertainties are not
including the freely-floating parameters; while the postfit uncertainties consider all nuisances in
the fit to observed data.
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PRE/POST-FIT SHAPE DISTRIBUTIONS

K.1 Inclusive measurement - full Run 2 dilepton fit
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Figure K.1: Prefit (left) and postfit (right) discriminants distributions in the DL channel in the
> 4jets, > 3 b tags tt + € node category for 2016 (top), 2017 (middle) and 2018 (bottom). The
black points are observed data; the signal template is scaled to the total background contribution in
the pre-fit plots; and the stacked distributions represent the simulations for the respective processes.
The uncertainty band corresponds to the uncertainties in the full Run 2 DL combination fit.



K — Pre/Post-fit shape distributions
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Figure K.2: Prefit (left) and postfit (right) discriminants distributions in the DL channel in the
> 4jets, > 3 b tags tt + LF node category for 2016 (top), 2017 (middle) and 2018 (bottom). The
black points are observed data; the signal template is scaled to the total background contribution in
the pre-fit plots; and the stacked distributions represent the simulations for the respective processes.
The uncertainty band corresponds to the uncertainties in the full Run 2 DL combination fit.
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K.1 — Inclusive measurement - full Run 2 dilepton fit
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Figure K.3: Prefit (left) and postfit (right) discriminants distributions in the DL channel in the 3 jets, > 3 b tags
node category for 2016 (top), 2017 (middle) and 2018 (bottom). The black points are observed
data; the signal template is scaled to the total background contribution in the pre-fit plots; and the
stacked distributions represent the simulations for the respective processes. The uncertainty band
corresponds to the uncertainties in the full Run 2 DL combination fit.
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K — Pre/Post-fit shape distributions

K.2 Inclusive measurement - full Run 2 all channels fit
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Figure K.4: Prefit (left) and postfit (right) discriminants distributions in the DL channel in the
> 4jets, > 3 b tags tt + cc node category for 2016 (top), 2017 (middle) and 2018 (bottom) for the
inclusive fit to all channels. The black points are observed data; the signal template is scaled to
the total background contribution in the pre-fit plots; and the stacked distributions represent the
simulations for the respective processes. The uncertainty band corresponds to the uncertainties in
the full Run 2 combination fit to all channels.
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K.2 — Inclusive measurement - full Run 2 all channels fit
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Prefit (left) and postfit (right) discriminants distributions in the DL channel in the 3 jets, > 3 b tags
node category for 2016 (top), 2017 (middle) and 2018 (bottom) for the inclusive fit to all channels.
The black points are observed data; the signal template is scaled to the total background contribution
in the pre-fit plots; and the stacked distributions represent the simulations for the respective
processes. The uncertainty band corresponds to the uncertainties in the full Run 2 combination fit
to all channels.
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K — Pre/Post-fit shape distributions
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Figure K.6: Prefit (left) and postfit (right) discriminants distributions in the DL channel in the
> 4jets, > 3 b tags tt + cc node category for 2016 (top), 2017 (middle) and 2018 (bottom) for the
inclusive fit to all channels. The black points are observed data; the signal template is scaled to
the total background contribution in the pre-fit plots; and the stacked distributions represent the
simulations for the respective processes. The uncertainty band corresponds to the uncertainties in
the full Run 2 combination fit to all channels.
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K.3 — STXS measurement - full Run 2 dilepton fit

K.3 STXS measurement - full Run 2 dilepton fit
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Figure K.7: Discriminants in the DL channel in the > 4 jets, > 3 b tags STXS bin 1 category. Shown are the
pre-fit (left) and post- fit (right) distributions for 2016 (top), 2017 (middle), and 2018 (bottom). The
black points represent the observed data. The stacked distributions correspond to the simulations
for the respective processes. The uncertainty band corresponds to the uncertainties in the STXS full
Run 2 DL combination fit. For better visibility, the signal template is scaled to the total background
contribution in the pre-fit figures (cyan line).
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Figure K.8: Discriminants in the DL channel in the > 4 jets, > 3 b tags STXS bin 2 category. Shown are the
pre-fit (left) and post- fit (right) distributions for 2016 (top), 2017 (middle), and 2018 (bottom). The
black points represent the observed data. The stacked distributions correspond to the simulations
for the respective processes. The uncertainty band corresponds to the uncertainties in the STXS full
Run 2 DL combination fit. For better visibility, the signal template is scaled to the total background
contribution in the pre-fit figures (cyan line).
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Discriminants in the DL channel in the > 4 jets, > 3 b tags STXS bin 4 category. Shown are the
pre-fit (left) and post- fit (right) distributions for 2016 (top), 2017 (middle), and 2018 (bottom). The
black points represent the observed data. The stacked distributions correspond to the simulations
for the respective processes. The uncertainty band corresponds to the uncertainties in the STXS full
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Figure K.10: Discriminants in the DL channel in the > 4 jets, > 3b tags tt + cC node category. Shown are
the pre-fit (left) and post- fit (vight) distributions for 2016 (top), 2017 (middle), and 2018
(bottom). The black points represent the observed data. The stacked distributions correspond to the
simulations for the respective processes. The uncertainty band corresponds to the uncertainties in
the STXS full Run 2 DL combination fit. For better visibility, the signal template is scaled to the
total background contribution in the pre-fit figures (cyan line).
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Figure K.11: Discriminants in the DL channel in the > 4jets, > 3 b tags tt + LF node category. Shown are
the pre-fit (left) and post- fit (vight) distributions for 2016 (top), 2017 (middle), and 2018
(bottom). The black points represent the observed data. The stacked distributions correspond to the
simulations for the respective processes. The uncertainty band corresponds to the uncertainties in
the STXS full Run 2 DL combination fit. For better visibility, the signal template is scaled to the
total background contribution in the pre-fit figures (cyan line).
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Figure K.12:
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Discriminants in the DL channel in the 3 jets, > 3 b tags category. Shown are the pre-fit (left)
and post- fit (right) distributions for 2016 (top), 2017 (middle), and 2018 (bottom). The black
points represent the observed data. The stacked distributions correspond to the simulations for the
respective processes. The uncertainty band corresponds to the uncertainties in the STXS full Run
2 DL combination fit. For better visibility, the signal template is scaled to the total background
contribution in the pre-fit figures (cyan line).
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K.4 STXS measurement - full Run 2 all channels fit
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Discriminants in the DL channel in the > 4 jets,> 3 b tags STXS bin 1 category. Shown are
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the STXS full Run 2 fit to all channels. For better visibility, the signal template is scaled to the
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Figure K.14: Discriminants in the DL channel in the > 4 jets, > 3b tags STXS bin 2 category. Shown are
the pre-fit (left) and post- fit (vight) distributions for 2016 (top), 2017 (middle), and 2018
(bottom). The black points represent the observed data. The stacked distributions correspond to the
simulations for the respective processes. The uncertainty band corresponds to the uncertainties in
the STXS full Run 2 fit to all channels. For better visibility, the signal template is scaled to the
total background contribution in the pre-fit figures (cyan line).
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K.4 — STXS measurement - full Run 2 all channels fit
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Figure K.15: Discriminants in the DL channel in the > 4 jets, > 3b tags STXS bin 4 category. Shown are
the pre-fit (left) and post- fit (vight) distributions for 2016 (top), 2017 (middle), and 2018
(bottom). The black points represent the observed data. The stacked distributions correspond to the
simulations for the respective processes. The uncertainty band corresponds to the uncertainties in
the STXS full Run 2 fit to all channels. For better visibility, the signal template is scaled to the
total background contribution in the pre-fit figures (cyan line).
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K — Pre/Post-fit shape distributions
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Figure K.16: Discriminants in the DL channel in the > 4 jets, > 3b tags tt + cC node category. Shown are
the pre-fit (left) and post- fit (vight) distributions for 2016 (top), 2017 (middle), and 2018
(bottom). The black points represent the observed data. The stacked distributions correspond to the
simulations for the respective processes. The uncertainty band corresponds to the uncertainties in
the STXS full Run 2 fit to all channels. For better visibility, the signal template is scaled to the
total background contribution in the pre-fit figures (cyan line).
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K.4 — STXS measurement - full Run 2 all channels fit
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Figure K.17: Discriminants in the DL channel in the > 4jets, > 3 b tags tt + LF node category. Shown are
the pre-fit (left) and post- fit (vight) distributions for 2016 (top), 2017 (middle), and 2018
(bottom). The black points represent the observed data. The stacked distributions correspond to the
simulations for the respective processes. The uncertainty band corresponds to the uncertainties in
the STXS full Run 2 fit to all channels. For better visibility, the signal template is scaled to the
total background contribution in the pre-fit figures (cyan line).
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K — Pre/Post-fit shape distributions
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points represent the observed data. The stacked distributions correspond to the simulations for
the respective processes. The uncertainty band corresponds to the uncertainties in the STXS full
Run 2 fit to all channels. For better visibility, the signal template is scaled to the total background
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IMPACTS

L.1 Inclusive measurement - full Run 2 dilepton fit
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Figure L.1: The impacts and their pulls and constraints on the signal strength obtained in the full Run 2
dilepton fit, both in the fit to pseudo data with the signal process expected from the SM and in the
observed data.
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Figure L.2: (Continue) The impacts and their pulls and constraints on the signal strength obtained in the full
Run 2 dilepton fit, both in the fit to pseudo data with the signal process expected from the SM and
in the observed data. The order is relative to their impact in the fit to the data. The resulting fitted
value for the signal strength is also given with its total uncertainty. The black lines represent the
nuisance parameter values in comparison to their input values before the fit and relative to their
uncertainty. The red and blue lines are the variation in Ay when the nuisance parameter is varied
up and down by its fitted uncertainty, respectively. The corresponding gray, red and blue bands are
the expected values from fits to pseudo-data.
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Figure L.3: (Continue) The impacts and their pulls and constraints on the signal strength obtained in the full
Run 2 dilepton fit, both in the fit to pseudo data with the signal process expected from the SM and
in the observed data. The order is relative to their impact in the fit to the data. The resulting fitted
value for the signal strength is also given with its total uncertainty. The black lines represent the
nuisance parameter values in comparison to their input values before the fit and relative to their
uncertainty. The red and blue lines are the variation in Ay when the nuisance parameter is varied
up and down by its fitted uncertainty, respectively. The corresponding gray, red and blue bands are

the expected values from fits to pseudo-data.
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Figure L.4: (Continue) The impacts and their pulls and constraints on the signal strength obtained in the full
Run 2 dilepton fit, both in the fit to pseudo data with the signal process expected from the SM and
in the observed data. The order is relative to their impact in the fit to the data. The resulting fitted
value for the signal strength is also given with its total uncertainty. The black lines represent the
nuisance parameter values in comparison to their input values before the fit and relative to their
uncertainty. The red and blue lines are the variation in Ay when the nuisance parameter is varied
up and down by its fitted uncertainty, respectively. The corresponding gray, red and blue bands are
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L.2 — Inclusive measurement - full Run 2 all channels fit

L.2 Inclusive measurement - full Run 2 all channels fit
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Figure L.5: The impacts and their pulls and constraints on the signal strength obtained in the full Run 2
combination fit to all channels, both in the fit to pseudo data with the signal process expected from
the SM and in the observed data. The order is relative to their impact in the fit to the data. The
resulting fitted value for the signal strength is also given with its total uncertainty. The black
lines represent the nuisance parameter values in comparison to their input values before the fit
and relative to their uncertainty. The red and blue lines are the variation in Ay when the nuisance
parameter is varied up and down by its fitted uncertainty, respectively. The corresponding gray,

red and blue bands are the expected values from fits to pseudo-data.
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L.2 — Inclusive measurement - full Run 2 all channels fit
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Figure L.6: (Continue) The impacts and their pulls and constraints on the signal strength obtained in the full
Run 2 combination fit to all channels, both in the fit to pseudo data with the signal process expected
from the SM and in the observed data. The order is relative to their impact in the fit to the data.
The resulting fitted value for the signal strength is also given with its total uncertainty. The black
lines represent the nuisance parameter values in comparison to their input values before the fit
and relative to their uncertainty. The red and blue lines are the variation in Ay when the nuisance
parameter is varied up and down by its fitted uncertainty, respectively. The corresponding gray,
red and blue bands are the expected values from fits to pseudo-data.
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Figure L.7: (Continue) The impacts and their pulls and constraints on the signal strength obtained in the full
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Run 2 combination fit to all channels, both in the fit to pseudo data with the signal process expected
from the SM and in the observed data. The order is relative to their impact in the fit to the data.
The resulting fitted value for the signal strength is also given with its total uncertainty. The black
lines represent the nuisance parameter values in comparison to their input values before the fit
and relative to their uncertainty. The red and blue lines are the variation in Ay when the nuisance
parameter is varied up and down by its fitted uncertainty, respectively. The corresponding gray,
red and blue bands are the expected values from fits to pseudo-data.
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Figure L.8: (Continue) The impacts and their pulls and constraints on the signal strength obtained in the full
Run 2 combination fit to all channels, both in the fit to pseudo data with the signal process expected
from the SM and in the observed data. The order is relative to their impact in the fit to the data.
The resulting fitted value for the signal strength is also given with its total uncertainty. The black
lines represent the nuisance parameter values in comparison to their input values before the fit
and relative to their uncertainty. The red and blue lines are the variation in Ay when the nuisance
parameter is varied up and down by its fitted uncertainty, respectively. The corresponding gray,
red and blue bands are the expected values from fits to pseudo-data.
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L — Impacts
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Figure L.9: (Continue) The impacts and their pulls and constraints on the signal strength obtained in the full
Run 2 combination fit to all channels, both in the fit to pseudo data with the signal process expected
from the SM and in the observed data. The order is relative to their impact in the fit to the data.
The resulting fitted value for the signal strength is also given with its total uncertainty. The black
lines represent the nuisance parameter values in comparison to their input values before the fit
and relative to their uncertainty. The red and blue lines are the variation in Ay when the nuisance
parameter is varied up and down by its fitted uncertainty, respectively. The corresponding gray,
red and blue bands are the expected values from fits to pseudo-data.
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L.2 — Inclusive measurement - full Run 2 all channels fit

== Fit constraint (obs.) = +1o0 Impact (obs.) = -10 Impact (obs.)
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Figure L.10: (Continue) The impacts and their pulls and constraints on the signal strength obtained in the
full Run 2 combination fit to all channels, both in the fit to pseudo data with the signal process
expected from the SM and in the observed data. The order is relative to their impact in the fit to
the data. The resulting fitted value for the signal strength is also given with its total uncertainty.
The black lines represent the nuisance parameter values in comparison to their input values
before the fit and relative to their uncertainty. The red and blue lines are the variation in Ay
when the nuisance parameter is varied up and down by its fitted uncertainty, respectively. The
corresponding gray, red and blue bands are the expected values from fits to pseudo-data.
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L — Impacts
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Figure L.11: (Continue) The impacts and their pulls and constraints on the signal strength obtained in the
full Run 2 combination fit to all channels, both in the fit to pseudo data with the signal process
expected from the SM and in the observed data. The order is relative to their impact in the fit to
the data. The resulting fitted value for the signal strength is also given with its total uncertainty.
The black lines represent the nuisance parameter values in comparison to their input values
before the fit and relative to their uncertainty. The red and blue lines are the variation in Ay
when the nuisance parameter is varied up and down by its fitted uncertainty, respectively. The
corresponding gray, red and blue bands are the expected values from fits to pseudo-data.
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L.2 — Inclusive measurement - full Run 2 all channels fit
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Figure L.12: (Continue) The impacts and their pulls and constraints on the signal strength obtained in the
full Run 2 combination fit to all channels, both in the fit to pseudo data with the signal process
expected from the SM and in the observed data. The order is relative to their impact in the fit to
the data. The resulting fitted value for the signal strength is also given with its total uncertainty.
The black lines represent the nuisance parameter values in comparison to their input values
before the fit and relative to their uncertainty. The red and blue lines are the variation in Ay
when the nuisance parameter is varied up and down by its fitted uncertainty, respectively. The
corresponding gray, red and blue bands are the expected values from fits to pseudo-data.
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Figure L.13: (Continue) The impacts and their pulls and constraints on the signal strength obtained in the
full Run 2 combination fit to all channels, both in the fit to pseudo data with the signal process
expected from the SM and in the observed data. The order is relative to their impact in the fit to
the data. The resulting fitted value for the signal strength is also given with its total uncertainty.
The black lines represent the nuisance parameter values in comparison to their input values
before the fit and relative to their uncertainty. The red and blue lines are the variation in Ay
when the nuisance parameter is varied up and down by its fitted uncertainty, respectively. The
corresponding gray, red and blue bands are the expected values from fits to pseudo-data.
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Figure L.14: The impacts and their pulls and constraints on the signal strength obtained in the STXS full

Run 2 dilepton fit, both in the fit to pseudo data with the signal process expected from the SM
and in the observed data. The middle panel displays the post-fit pulls and constraints, while the
right-hand side panels highlight the magnitude of the impact on the signal inference for both a

pseudo data set corresponding to the SM (expected) and the data (observed).
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Figure L.15: (Continue) The impacts and their pulls and constraints on the signal strength obtained in the

STXS full Run 2 dilepton fit, both in the fit to pseudo data with the signal process expected from

the SM and in the observed data. The middle panel displays the post-fit pulls and constraints,
while the right-hand side panels highlight the magnitude of the impact on the signal inference for

both a pseudo data set corresponding to the SM (expected) and the data (observed).
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the SM and in the observed data. The middle panel displays the post-fit pulls and constraints,
while the right-hand side panels highlight the magnitude of the impact on the signal inference for

STXS full Run 2 dilepton fit, both in the fit to pseudo data with the signal process expected from
both a pseudo data set corresponding to the SM (expected) and the data (observed).

Figure L.16: (Continue) The impacts and their pulls and constraints on the signal strength obtained in the
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the SM and in the observed data. The middle panel displays the post-fit pulls and constraints,
while the right-hand side panels highlight the magnitude of the impact on the signal inference for

STXS full Run 2 dilepton fit, both in the fit to pseudo data with the signal process expected from
both a pseudo data set corresponding to the SM (expected) and the data (observed).

Figure L.17: (Continue) The impacts and their pulls and constraints on the signal strength obtained in the
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L.4 STXS measurement - full Run 2 all channels fit
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Figure L.18: The impacts and their pulls and constraints on the signal strength obtained in the STXS full Run

2 combination fit to all channels, both in the fit to pseudo data with the signal process expected
from the SM and in the observed data. The middle panel displays the post-fit pulls and constraints,

while the right-hand side panels highlight the magnitude of the impact on the signal inference for

both a pseudo data set corresponding to the SM (expected) and the data (observed).
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process expected from the SM and in the observed data. The middle panel displays the post-fit
pulls and constraints, while the right-hand side panels highlight the magnitude of the impact on

the signal inference for both a pseudo data set corresponding to the SM (expected) and the data

STXS full Run 2 combination fit to all channels, both in the fit to pseudo data with the signal
(observed).

(Continue) The impacts and their pulls and constraints on the signal strength obtained in the

Figure L.19
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the signal inference for both a pseudo data set corresponding to the SM (expected) and the data

STXS full Run 2 combination fit to all channels, both in the fit to pseudo data with the signal
(observed).

process expected from the SM and in the observed data. The middle panel displays the post-fit
pulls and constraints, while the right-hand side panels highlight the magnitude of the impact on

(Continue) The impacts and their pulls and constraints on the signal strength obtained in the

Figure L.20
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process expected from the SM and in the observed data. The middle panel displays the post-fit
pulls and constraints, while the right-hand side panels highlight the magnitude of the impact on

the signal inference for both a pseudo data set corresponding to the SM (expected) and the data

STXS full Run 2 combination fit to all channels, both in the fit to pseudo data with the signal
(observed).

(Continue) The impacts and their pulls and constraints on the signal strength obtained in the

Figure L.21
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the signal inference for both a pseudo data set corresponding to the SM (expected) and the data

STXS full Run 2 combination fit to all channels, both in the fit to pseudo data with the signal
(observed).

process expected from the SM and in the observed data. The middle panel displays the post-fit
pulls and constraints, while the right-hand side panels highlight the magnitude of the impact on

(Continue) The impacts and their pulls and constraints on the signal strength obtained in the

Figure L.22
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the signal inference for both a pseudo data set corresponding to the SM (expected) and the data

(Continue) The impacts and their pulls and constraints on the signal strength obtained in the
(observed).

STXS full Run 2 combination fit to all channels, both in the fit to pseudo data with the signal
process expected from the SM and in the observed data. The middle panel displays the post-fit
pulls and constraints, while the right-hand side panels highlight the magnitude of the impact on

Figure L.23
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(Continue) The impacts and their pulls and constraints on the signal strength obtained in the

Figure L.24

STXS full Run 2 combination fit to all channels, both in the fit to pseudo data with the signal
process expected from the SM and in the observed data. The middle panel displays the post-fit
pulls and constraints, while the right-hand side panels highlight the magnitude of the impact on

the signal inference for both a pseudo data set corresponding to the SM (expected) and the data

(observed).
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process expected from the SM and in the observed data. The middle panel displays the post-fit
pulls and constraints, while the right-hand side panels highlight the magnitude of the impact on

the signal inference for both a pseudo data set corresponding to the SM (expected) and the data

STXS full Run 2 combination fit to all channels, both in the fit to pseudo data with the signal
(observed).

(Continue) The impacts and their pulls and constraints on the signal strength obtained in the

Figure L.25
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the signal inference for both a pseudo data set corresponding to the SM (expected) and the data

STXS full Run 2 combination fit to all channels, both in the fit to pseudo data with the signal
(observed).

process expected from the SM and in the observed data. The middle panel displays the post-fit
pulls and constraints, while the right-hand side panels highlight the magnitude of the impact on

(Continue) The impacts and their pulls and constraints on the signal strength obtained in the

Figure L.26
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process expected from the SM and in the observed data. The middle panel displays the post-fit
pulls and constraints, while the right-hand side panels highlight the magnitude of the impact on

the signal inference for both a pseudo data set corresponding to the SM (expected) and the data

STXS full Run 2 combination fit to all channels, both in the fit to pseudo data with the signal
(observed).

(Continue) The impacts and their pulls and constraints on the signal strength obtained in the

Figure L.27
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(Continue) The impacts and their pulls and constraints on the signal strength obtained in the

Figure L.28

STXS full Run 2 combination fit to all channels, both in the fit to pseudo data with the signal
process expected from the SM and in the observed data. The middle panel displays the post-fit
pulls and constraints, while the right-hand side panels highlight the magnitude of the impact on

the signal inference for both a pseudo data set corresponding to the SM (expected) and the data

(observed).
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process expected from the SM and in the observed data. The middle panel displays the post-fit
pulls and constraints, while the right-hand side panels highlight the magnitude of the impact on

the signal inference for both a pseudo data set corresponding to the SM (expected) and the data

STXS full Run 2 combination fit to all channels, both in the fit to pseudo data with the signal
(observed).

(Continue) The impacts and their pulls and constraints on the signal strength obtained in the

Figure L.29
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(Continue) The impacts and their pulls and constraints on the signal strength obtained in the
STXS full Run 2 combination fit to all channels, both in the fit to pseudo data with the signal
the signal inference for both a pseudo data set corresponding to the SM (expected) and the data
(observed).

process expected from the SM and in the observed data. The middle panel displays the post-fit
pulls and constraints, while the right-hand side panels highlight the magnitude of the impact on

Figure L.30
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(Continue) The impacts and their pulls and constraints on the signal strength obtained in the
the signal inference for both a pseudo data set corresponding to the SM (expected) and the data
(observed).

STXS full Run 2 combination fit to all channels, both in the fit to pseudo data with the signal
process expected from the SM and in the observed data. The middle panel displays the post-fit
pulls and constraints, while the right-hand side panels highlight the magnitude of the impact on

Figure L.31
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L.4 — STXS measurement - full Run 2 all channels fit
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(Continue) The impacts and their pulls and constraints on the signal strength obtained in the
STXS full Run 2 combination fit to all channels, both in the fit to pseudo data with the signal
the signal inference for both a pseudo data set corresponding to the SM (expected) and the data
(observed).

process expected from the SM and in the observed data. The middle panel displays the post-fit
pulls and constraints, while the right-hand side panels highlight the magnitude of the impact on

Figure L.32
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the signal inference for both a pseudo data set corresponding to the SM (expected) and the data

(Continue) The impacts and their pulls and constraints on the signal strength obtained in the
(observed).

STXS full Run 2 combination fit to all channels, both in the fit to pseudo data with the signal
process expected from the SM and in the observed data. The middle panel displays the post-fit
pulls and constraints, while the right-hand side panels highlight the magnitude of the impact on

Figure L.33
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the signal inference for both a pseudo data set corresponding to the SM (expected) and the data

STXS full Run 2 combination fit to all channels, both in the fit to pseudo data with the signal
process expected from the SM and in the observed data. The middle panel displays the post-fit
(observed).

pulls and constraints, while the right-hand side panels highlight the magnitude of the impact on

Figure L.34: (Continue) The impacts and their pulls and constraints on the signal strength obtained in the
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