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Preface

This thesis documents a physics analysis of crucial importance for the ATLAS
(A Toroidal LHC ApparatuS) experiment at the Large Hadron Collider (LHC)
at the CERN laboratory: the cross-section measurement of the production of the
Higgs boson in association with a single top quark. This process involves the
two most special elementary particles: the Higgs boson, which gives mass to all
fundamental particles in the Standard Model (SM), and the top quark, which is
the heaviest elementary particle and thus the one with the strongest coupling to
the Higgs boson.

The coupling between the Higgs boson and the top quark is one of the most
intriguing parameters of the SM. While its magnitude has already been measured,
its sign is still unknown. The only way to determine its relative sign is through
the production of a single top quark in association with a Higgs boson. This
thesis aims to measure the rate of the tHq production targeting the final state
with two light-flavoured charged-leptons and one hadronically-decaying 7-lepton
(named 2¢ + 17,4 channel). The possible observation of an excess of signal events
with respect to the SM prediction would be evidence of new physics in terms of
CP-violating coupling and it would help to explain one of the current limitations
of the SM, the matter—-antimatter asymmetry.

The study presented uses 140 fb™! of proton—proton collision data at a centre-of-
mass energy of 13 TeV from the LHC Run 2 collected by the ATLAS detector. This
search is exceptionally challenging due to the extremely small cross-section of the
tHq process, O(10° fb), of which only 3.5% of events have a 2¢ + 17,4 final state.
Additionally, the large presence of processes that can mimic the signal signature
in the detector (known as backgrounds) makes it even more difficult to select a
pure dataset for the analysis. Therefore, machine-learning techniques are used to
distinguish the tHq signal events from the background as well as to distinguish
the main background processes. Particularly, boosted-decision trees are employed
to define the signal, control, and validation orthogonal regions of the phase space
used in the analysis.



The analysis is further split into two categories depending on whether the light-
flavoured charged-leptons have the same charge (2¢SS + 17,,4) or opposite charge
(20 OS—+17y,4). This split is motivated by the fact that the background composition
is very different for the two cases, requiring basically two completely different data
analyses. For the 2SS + 17,4 sophisticated multivariate analysis is used for the
light-lepton-origin assignment, which is to match to its parent which can be either
the top quark or the Higgs boson.

The measured signal strength in the two sub-channels is found to be compat-

ible with the predictions from the Standard Model: ufé(q)sﬂﬂ‘ad = —22.1%% and
ufﬁ,(q)sﬂﬂ‘ad = —2.7 £ 5.5. These results are reproduced for the inverted Yukawa

coupling hypothesis. Upper limits on the cross-sections are also reported. This
result significantly contributes to getting closer to a statistical combination of all
channels of the process tHq process being currently measured within the ATLAS
experiment. This thesis constitutes an important step towards the first observation
of this process, which will require more data (probably even more than what will
collected during LHC Run 3) and a better understanding of the main systematic
uncertainties

Chapter 1 introduces the fundamental concepts and scope of the SM, setting
the stage for the in-depth discussion that follows in the subsequent chapters. The
characteristics of the top quark and the Higgs boson are discussed in Chapter 2. In
this chapter, the interaction between these two particles is described in detail, with
special consideration to the scenario with CP-violating interaction. The experi-
mental setup in which this work is contextualised is described in Chapter 3. The
chapter provides a comprehensive overview of the LHC, the world’s most powerful
particle accelerator nowadays, and the ATLAS machine, its largest detector. The
phenomenology of proton—proton collisions and generation of Monte Carlo simula-
tions within the ATLAS detector are covered in Chapter 4. Chapter 5 focusses on
the methodologies for the reconstruction and identification of physical objects. The
strategies, tools and methods developed to set the best limits to the production
cross-section of the tHq process in both the 2£0S + 17,4 and the 2SS 4 17,4
channels ults of this thesis are also presented in this chapter. Finally, the conclusion
of the tHq search is presented in Chapter 7.
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Chapter 1

The Standard Model of particle
physics

La science, mon garcon, est faite d’erreurs,
mais d’erreurs qu’il est bon de commettre,
car elles menent peu a peu a la vérité.
—JULES VERNE,
VOYAGE AU CENTRE DE LA TERRE (1874)

Since the very first moment of our history, humankind has pursued the know-
ledge of nature and has tried to understand and describe how the universe works
at a fundamental level. In fact, the word physics comes from the Greek word
“puowkn” which means “nature” [1, 2]. Most of the enquires regarding this, can
be boiled down to two basic questions: what are the ultimate building blocks of
reality? and which are the rules that govern them?

In the 7" century BCE, the pre-Socratic philosopher Thales of Miletus already
proclaimed that every event had a natural cause [3]. Later, to understand how the
basic components of the matter were formed, the ancient Indian philosophers such
as Kanada [4] in the 6 century BCE and Greeks Democritus and Leucippus [5] in
the 5" century BCE developed the atomism, which comes from “atopor” meaning
uncuttable or indivisible.



2 Chapter 1. The Standard Model of particle physics

From then to our days, the search for the minute fragments that comprise the
matter and its interactions has led us to the Standard Model of particle physics
(SM), one of the most successful scientific theories cultivated so far. This under-
standing of the universe can explain phenomena from the behaviour of atoms to
how stars burn.

In this chapter, the basics of the SM are described by presenting in Section 1.1
the particles that compose it. The three fundamental forces are described in Sec-
tions 1.2, 1.3 and 1.4. Section 1.5 presents the mechanism that provides masses
to the fundamental particles. Finally, the limitations of the SM are presented in
Section 1.6.

1.1 Introduction

Based on the Quantum Field Theory (QFT), the SM of particle physics provides
the theoretical framework that constitutes what is currently accepted as the best
description of particle physics. It aims to explain both all particles of matter and
their interactions. The completion of the SM was a collaborative effort of several
scientists during the second half of the 20 century, being the current formulation
finalised in the decade of 1970s. A representation of the fundamental particles that
compose the SM is presented in Figure 1.1. As the scheme in Figure 1.1 indicates,
the 12 fermions have their corresponding 12 anti-fermions-

and the quarks and gluons carry colour charge.

The SM is a gauge theory based on the symmetry group
SUBB)c®SU((2),®U(1)y, which describes all fundamental interactions ex-
cept the gravitational force'. This theory provides a description for the strong,
weak and electromagnetic interactions via the exchange of the corresponding
vector” bosons (spin-1 gauge fields). The mediation for the electromagnetic inter-
action (explained in Section 1.2) is done by one massless photon (). This force is
invariant under the U(1) symmetry group. While for the weak interaction, guided
by SU(2), three massive bosons, W', W~ and Z, act as mediators (with masses

m .+ = 80.385+£0.015 GeV [8] and my = 91.1876 +0.0021 GeV [9]). Although the

electromagnetic and weak interactions seem completely different at low energies,
they are two aspects of the same force and can be described simultaneously by
the SU(2);, @ U(1)y symmetry group, which represents the so called electro-weak
(EW) sector (detailed in Section 1.3). The strong force, with its eight massless

'The gravitational interaction is described by Einstein’s General Relativity (GR) [7].
2“Vector bosons” refer to all particles that have spin 1 in contrast to the “scalar bosons” which
have spin 0.
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Figure 1.1: Fundamental particles of the SM (image taken and then modified from Reference [6]).

gluons (g), is described by the SU(3)¢ colour group (see Section 1.4). All these
interactions differ in their magnitude, range and the physical phenomena that
they describe. These features are summarised in Table 1.1, where not only the
interactions described by the SM are included but the gravitation is shown as well
for completeness.

Apart from the vector bosons, there is one massive scalar boson, the Higgs
boson (with mass my = 125.25 £ 0.17 GeV [10]). Through the interaction with
this particle, all massive particles of Figure 1.1 gain their masses via the EW
spontaneous symmetry breaking. This mechanism was first described by F. Englert,
R. Brout [11] and P.W. Higgs [12], and it is summarised in Section 1.5.1.

Before describing the fundamental interactions of the SM in the QF T formalism,
it is convenient to introduce the two main types of particles according to their spin,
i.e. their intrinsic angular momentum: fermions and bosons.

Fermions
The fermions are the particles that follow the Fermi—Dirac statistics, i.e. obey the
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Interaction Theory  Mediator Relative strength Range (m)
Strong QCD g 1 1071
Electromagnetic QED/EW vy 1/137 00
Weak EW w=*, Z 107¢ 10'®
Gravitational GR - 6 x 107% 00

Table 1.1: Typical strength of the fundamental interactions with respect to the strong interac-
tion. Here the strength is understood as the coupling constant or gauge coupling parameter. In
GR the gravitational interaction is not a force but the effect of the four-dimensional spacetime
curvature and, hence, it has no mediator in this formalism.

Pauli exclusion principle [13], resulting in a distribution of particles over energy
levels in which two elements with the same quantum numbers cannot occupy the
same states. The fermions include all particles with half-integer spin: quarks,
leptons and baryons. A baryon is a non-fundamental particle composed of an odd
number of valence quarks.

The fundamental fermionic matter is organised in the three families of leptons
and quarks, shown also in Table 1.2:

|

These three generations, which are defined as the columns in Figure 1.1, ex-
hibit the same kind of gauge interactions and they only differ in their mass [14].
According to the EW symmetry, each family can be classified as:
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(plus the corresponding antiparticles) where the subindices L and R stand from
left- and right-handed particles, respectively. This structure responds to the fact
that left-handed particles convert differently than right-handed ones under SU(2)
transformations. The left-handed fields are SU(2);, doublets and the right-handed
ones SU(2)y, singlets.
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The fundamental representation of SU(3) is a triplet, this is why each quark
can appear in three different colours, whereas each antiquark can exhibit one of
the corresponding “anticolours”.

The SM fermions properties are summarised in Table 1.2. The neutrino flavour
states do not correspond to the mass states. What happens is that each flavour
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Family Name Mass [MeV] Charge
Up (u) 2.1670:3¢ 2/3
Down (d 4.67T08 -1/3
Charm (c) (1.2740.02)x 10? 2/3
k
Quarks Strange (s) 93131 -1/3
Top (1) (172.76 £ 0.30) x 10° 2/3
Bottom (b) (4.1870:03) x 10? -1/3
Electron (e7) 0.5109989461 + 0.0000000031 -1
Muon (u) 105.6583745 £+ 0.0000024 -1
Lentons Tau (1) 776.86 £+ 0.12 -1
PYOUS " Flectron neutrino (1) - 0
Muon neutrino (z,) - 0
Tau neutrino (1) - 0

Table 1.2: Properties of the quarks and leptons. The electric is presented in units of elementary
charge (1.602 x 107" C). The neutrino mass eigenstates, which have a fix mass, are different
from the flavour eigenstates. Therefore, the mass of 1,, 1, and 1 is not defined.

state is a quantum mechanical combination of neutrinos of different masses and
vice versa. More details about the neutrino masses can be found in a dedicated
text in Section 1.6.2.

Bosons

Bosons differ from fermions by obeying the Bose—Einstein statistics, thus, bosons
are not limited to single occupancy for a determined state. In other words, the
Pauli exclusion principle is not applied. All particles with integer spin are bosons;
from the particles shown on the right columns of Figure 1.1 to the mesons. Mesons,
along with baryons, are part of the hadron family, i.e. particles composed of quarks
(see Section 1.4). The particularity of mesons is that they are formed from an equal
number of quarks and antiquarks (usually one of each) bound together by strong
interactions. Some examples of mesons are 7=, K= and J /.

The elementary vector bosons are the force carriers and are presented in
Table 1.1 while the Higgs boson is a fundamental particle as well.
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1.2 Quantum electrodynamics

In QFT, particles are described as excitations of quantum fields that satisfy the
corresponding mechanical field equations. The Lagrangians in QFT are used ana-
logous to those of classical mechanics, where the equation of motion can be derived
from the Lagrangian density function (£) and the Euler-Lagrange equations for

fields: or o7
7~ Ouma— =0,
99 9(9,9)
where 0, = 9. denotes the partial derivatives with respect to the four-vector a*

"
and ¢ = (;S(f, t) is the quantum field of a given fermion or boson. The Lagrangian is
used to express the dynamics of the quantum field. In QFT, Noether’s theorem [15]
relates a symmetry in the £ to a conserved current.

The Dirac equation, (i7"0, —m)¥(xz) = 0, is one of the simplest relativistic
field equations. Its Lagrangian describes a free Dirac fermion:

Lo =iV (2)y"0,¥(z) — m¥(z)¥(z), (1.1)

being ¥ and ¥ the wave function of the particle and its hermitic conjugate, v* are
the Dirac matrices and m the rest-mass of the fermion. The first term of L, is the
kinetic term while the second is the mass term.

The gauge principle requires that the U(1) phase invariance should hold locally.
To satisfy this, the Lagrangian density for quantum electrodynamics (QED) can be
defined by replacing the partial derivatives in £y (equation 1.1) with the covariant
derivatives:

Laep = iV(2)7y" Du¥(z) — mV(z)¥(x)
= iU (2)7"[0, + ieQA,(2)]¥(x) — m¥ () ¥ (x) (1.2)
=Ly — eQA, Y (2)7y"V(z)

The covariant derivative D, = 9, +ieQA,, () is defined this way to ensure gauge

invariance. Here, A, is a gauge vector field that transforms like this: A,(z) RGN

A (z) = A, (x) + 20,0

Therefore, the Lagrangian in equation 1.2 is invariant under U(1) local trans-
formation. Along with the original Lagrangian in equation 1.1, the Lggp has an
additional term describing the interaction between the fermion ¥ and the gauge
field A, with a strength proportional to the charge e(). This term, eQA“\iW“\II,
which has been generated only by demanding the gauge invariance under U(1), is
not other than the vertex of QED.
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This new A, term is the electromagnetic field and its quanta is the photon. A
mass term containing A*A , is forbidden because it would violate the U(1) local
invariance. Consequently, the mediator of the new A, field, the photon, is predicted
to be a massless particle. To make A, a propagating field it is necessary to add
the kinetic term of the field A,

e @) P (), (1.3)

‘Ckin = _Z 1%

where F,, = 0,A, — 0,A,. The kinetic term F,,F" is already invariant under
local U(1) phase transformations. The Lqrp with this kinetic term is written as:

Loep = @(x)(z’y“@u —m)¥(zx) — eQ\if(x)v“Au\I/(x) — iFW(x)F“V(x). (1.4)

1.3 Electroweak interaction

1.3.0.1 Weak interactions and symmetries

The weak interaction is mediated by the W* and Z massive gauge bosons.
The range of the interactions is within a scale of ~ 107'® m. It is responsible for
radioactive decays and flavour-changing” decays of fermions such as the decay of
the muon (u~ — e v, v,).

Another particularity of this interaction is that it is the only interaction that
violates several fundamental symmetries. The three discrete symmetries that are
fundamental for the SM formulation and always hold for the electromagnetic and
strong interactions but not for the weak interactions are:

« Charge conjugation (C): Replace positive quantum charges by negative
charges and vice versa. It does not affect mass, energy, momentum or spin.
Essentially, it is a transformation that switches all particles with their cor-
responding antiparticles.

o Parity (P): Parity involves a transformation that changes the algebraic sign
of the spatial coordinate system. It does not reverse time, mass, energy or
other scalar quantities.

« Time reversal (T): Consists in flipping the sign of the time.

5The lepton charge (also called lepton number) is conserved for every leptonic family.



8 Chapter 1. The Standard Model of particle physics

The simultaneous combination of these three symmetries mentioned above res-
ults in the CPT symmetry, a profound symmetry of QFT which is consistent
through all experimental observations [16]. If CPT symmetry is conserved, particles
and their respective antiparticles are predicted to have, for example, the same mass
and lifetime. Meanwhile, the P and C symmetries can be combined to create the
CP symmetry, the product of the two transformations. The weak interaction vi-
olates P and C symmetries and the combined CP symmetry. Therefore, through
the CPT theorem [17], if the CP is violated, T is violated as well to preserve the
CPT invariance [16]. The CP violation plays a fundamental role in explaining the
dominance of matter over antimatter in the present universe. The “direct” CP vi-
olation is a phenomenon where the same decay process has a different probability
for a particle than for an antiparticle. The measurement of the tHq cross-section
allows us to determine the possible existence of a CP-violating phase as it is further
discussed in Section 2.3.3.

CKM matrix

The eigenstates that interact through weak interactions, known as “weak eigen-
states” (d’, s’, u’), are different from the physically observed mass eigenstates (d,
s, u). This makes possible the charged-flavour-changing-weak decays through the
Cabibbo-Kobayashi-Maskawa (CKM) matrix. The CKM matrix, Vo, describes
the mixing between the three generations of quarks in the SM. The coupling of two
quarks 7 and j to a W boson is proportional to the CKM matrix element V;;.

d/ Vud Vus Vub d
s | = Vo Ves Vi §
u' Via Vis Va/) \u

It is a 3 X 3 unitary matrix described by four independent parameters: three
angles and one complex phase. These angles are known as the Euler angles and the
phase allows the CP violation [18]. The largest values correspond to the diagonal
elements of the matrix. This implies that the processes that do not change the
flavour are strongly preferred over the family-changing charged currents.

1.3.1 Electroweak unification

At energies above the scale of the mass of the weak vector bosons (Epw ~
my ~ myy ~ 100 GeV), the electromagnetic and weak interactions are unified into
the electroweak (EW) force. In other words, electromagnetism and weak interac-
tions are simultaneously described by the symmetry group SU(2), @ U(1)y. The
subindex L refers to left-handed fields and Y to the weak hypercharge, a quantum
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number conserved under the strong interaction. In contrast, at low energies, these
interactions are treated as independent phenomena, the electromagnetism is de-
scribed by the QED and the weak interaction proposed by E. Fermi.

In the EW model (i.e. Glashow—Salam-Weinberg model), two new quantum

numbers are assigned to the particles of the SM: the weak isospin (?) and weak hy-
percharge Y’'. Here, the left-handed chiral states of fermions form isospin doublets
(xr) with T3 = £1/2 and the right-handed form chiral states are composed of
isospin singlets (xr) with T3 = 0. For a particle, T3 is the third component of the

, which is related to the electric charge (@) and the U(1) weak hypercharge by
Gell-Mann—Nishijima relation:

1

Through this expression, the electromagnetic coupling and the electroweak coup-
lings are connected. Having yy, with T3 = +1/2 and xg with T3 = 0 implies that a
SU(2) weak interaction can rotate left-handed particles (i.e. convert a left-handed
e into a left-handed v, emitting a W) but cannot do the same with right-handed.

Using the gauge invariance principle it is possible to find the QED Lagrangian:

)70,V (x)
(1.6)
*Ouxi (@ +ZZXR Y0, Xr ()

3
3
where the wave function W has been split into the left isospin doublets x;, and right
isospin singlets yr. The indices 7 and k£ run over the three generations of the SM.

To ensure gauge invariance under SU(2);, x U(1)y, four different gauge fields
have to be added. While three week-isospin currents couple to the triplet of vector
bosons W}, with n € {1,2,3}, the weak hypercharge couples to an isosinglet B,,.
The fields W}L and Wi are electrically charged whereas Wi and B, are neutral
fields. The EW covariant derivative is defined as:

D, () = [0, — zg% W (z) — ig'%BH(a:)] xi(@  ielL,2,3 (L)
D, () = 0, — ig' 5 By(@)] xr, (2, (L)

where g and ¢’ are the interaction couplings to WL isotriplet and the B, isosinglet.
Finally, if kinetic terms for the gauge bosons are included, the EW SM Lagrangian
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is obtained:

3 4 3
Low =i Y X0’ (@) Dy, (@) + i Y Xe" (@)1 Dyxii ()
j=1 k=1 (19)

1. . o 1 v
— ZWW(Q:)WR (x) — ZBM,/(Z')B (x),

where the addition of kinetic terms gives rise to cubic and quadratic self-interactions
among the gauge fields.

The Lgw in equation 1.9 can be divided in two different parts according to the
charge of the bosons: charged currents and neutral currents. Relating the charged
currents (W}L and Wi) to the W' and W~ bosons of the SM and the neutral (Wi
and B,,) ones with the Z and , it is possible to build linear combinations of the
original gauge fields that define the SM bosons.

There is no mass term for the bosons in the EW Lagrangian that has been
obtained in equation 1.9 by demanding the SU(2);, x U(1)y local invariance, which
enters in contradiction with the experimental observations for the W and Z bosons
that indicate that myy is O(100) GeV. The introduction of such a mass term
would break the symmetry, however, it is possible to add the mass for the W and
Z bosons without losing the properties of the symmetry. The method to do so is
known as the Englert—Brout—Higgs mechanism or, more commonly, just the Higgs
mechanism. This mechanism is described in Section 1.5.

1.4 Quantum chromodynamics

The QCD theory is a QFT-based model for describing the strong interactions
between quarks and gluons (partons). This type of interaction is responsible of the
nuclear force, the one that acts between the protons and neutrons of atoms binding
them together.

1.4.1 Quarks and colour

The QCD theory is based on the SU(3) symmetry group and its name derives
from the “colour” charge, an analogous to the electric charge of QED but for
strong interactions. The colour charge was introduced in 1964 [19] to explain how
quarks could coexist within some hadrons apparently having the same quantum
state without violating the Pauli exclusion principle. To satisfy the Fermi-Dirac
statistics it is necessary to add an additional quantum number, the colour, to the
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theory. Each specie of quark (¢) may have three different colours (¢, o =1, 2,
3): red, green, and blue. Baryons and mesons are described then by colour singlet
combinations.

Additionally, it is postulated that all hadrons must have a global neutral colour
charge, i.e. the hadrons must be “colourless”. This assumption is known as the
confinement hypothesis and it is made to avoid the existence of non-observed extra
states with non-zero colour. It is called colour confinement because it implies that
it is not possible to observe free quarks since they carry colour charge and, hence,
they have to be confined within colour-singlet combinations.

1.4.2 Gauge invariance for SU(3)

The dynamics of the quarks and gluons are controlled by the QCD Lagrangian.
The starting Lagrangian density is

Lo=>_T7(i7"0, —ms)qy , (1.10)
!

where ¢} denotes a quark field of colour « and flavour f. The mass of ¢} is m;.

The Lagrangian in equation 1.10 has to satisfy invariance under local trans-
formations and hence its derivatives have to be substituted by covariant objects.
The SU(N) with N = 3 algebra demands that there are eight independent gauge
parameters and, hence eight different gauge bosons G%(x) are needed. With g,
being the QCD coupling, the covariant derivatives are:

DVgf = (3, + 19,5 CL(@)]df = [0, + i0.C* (@)]a5
In contrast to the case of QED, the non-commutativity of the SU(3)s matrices
give rise to an additional term involving the gluon fields themselves: — f*¢66,G",
with % being the structure constant. With this, it is necessary to introduce the
corresponding fields strengths to build a gauge-invariant kinetic terms for the gluon
fields:
Gl = 0,6t — 0,6 — 9./ " GLG.

Normalising the gluon kinetic term, the SU(3)q invariant QCD Lagrangian is
obtained:

1 v a — Q. (6%
Lqcp = —EGZL G + E qf(w“DM — mf)qf . (1.11)
f

Note how the gluon—gluon vertex is found by demanding the gauge invariance
under local SU(3)¢ transformation. A mass term is forbidden for the gluon fields
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by the SU(3)c gauge symmetry because a term of the form %mQGGZ”GZ would not
be invariant. The gluons are, then, predicted by the theory to be spin-1 massless
particles.

Thanks to the colour symmetry properties, this Lagrangian looks very simple
and all its interactions depend on the strong coupling constant, g,. In contrast to
the Lagrangian derived for QED (see equation 1.2), in Lgcp the boson field has a
self-interacting term. These gluon self-interactions give rise to the triple and quad-
ratic gluon vertex. The self-interactions among the gluon fields can explain features
such as the asymptotic freedom and confinement. The asymptotic freedom causes
interactions between particles to become asymptotically weaker as the energy scale
increases and the corresponding length scale decreases. The confinement implies
that the strong forces increase with the distance, therefore, as two colour charges
are separated, at some point it becomes energetically favourable for a new quark-
antiquark pair to appear rather than to keep getting further. These new quarks
bond with the previous two, preventing single quarks from being isolated. This
mechanism, depicted in Figure 1.2, explains graphically why the strong interaction
is responsible for keeping the quarks together forming hadrons.

ener; . ol ' ener o new
. &y energy &y

meson new

. newly
minted
meson . meson

old

Figure 1.2: The QCD colour confinement explains the inseparability of quarks inside a hadron
despite of investing ever more energy. In this example, the mechanism is shown for a meson.

1.5 Particle masses

For the QED Lagrangian, Lqpp (see equation 1.4), it is clear how the mass
of the photon must be zero in order to satisfy the U(1) local gauge symmetry
because, if a mass term for the vector gauge field A, is included, the Lopp would
be non-invariant.

The Lagrangian of QCD as presented in equation 1.11 also demonstrates a
similar restriction: the mass term for the gluon fields is forbidden by the SU(3)¢
gauge symmetry. Therefore, the mediating bosons for the strong interactions are
massless as well (experimentally, a mass as large as the upper limits of a few MeV
have been set, see Reference [20]).
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While the prohibition of mass terms for the bosons of QED and QCD is not a
problem, this requirement also applies to the SU(2),. This condition enters into
open contradiction with the measurements of large masses for the W and Z bosons
of weak interactions.

For weak interactions, the problem of massless particles does not only affect the
bosons. Since under the SU(2);, left-handed particles transform as weak isospin
doubles and right-handed particles as isospin singlets, the mass term of a spinor
field ¥ written as chiral states also breaks the required gauge invariance.

The Englert—Brout-Higgs mechanism [11, 12, 21] describes how both the W
and Z bosons and the fermions acquire mass without breaking the local gauge
symmetry of the SM.

1.5.1 The Englert—Brout—Higgs mechanism

The Higgs mechanism in the SM for bosons

The Goldstone theorem states that “for a continuous symmetry group G spontan-
eously broken down to a subgroup H, the number of broken generators is equal
to the number of massless scalars that appear in the theory” [22]. To apply this
mechanism to the SM, it is necessary to generate mass for the W', W~ and Z
bosons while keeping the photon massless. To do so, the EW symmetry group
SU(2), x U(1)y has to be broken into a U(1) subgroup describing electromagnet-
ism. A gauge-invariant interaction that gives masses to fermions without mixing
chiral components is introduced by defining a SU(2) isospin doublet of complex
scalar field with hypercharge Y = 1:

+
- <¢ ) |
bo
Being ¢ positively charged and ¢° neutral. The Lagrangian Li1iges has to be added
to the Lgw in equation 1.9.

Litiges = (D, @)1 (D*®) — V(@) where V(®) = p*®'d + \(@10)?,

with A > 0 required for vacuum stability. When z* > 0, the minimum of the
potential occurs when both fields (¢ and ¢") are at zero. If u* < 0, the minimum of
the potential has an infinite number of degenerate states that satisfy ®'® = ;2 /2
and the physical vacuum state will correspond to any particular point on the circle
of Figure 1.3. Having to choose a particular point breaks the global U(1) symmetry
of the Lagrangian. Without loss of generality, in this scenario, the ground state ®,
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Figure 1.3: An illustration of the Higgs potential V' (®) in the case of ,u2 < 0 [23]. Choosing any
particular point in the circle defined by v spontaneously breaks the U(1) rotational symmetry.
This type of potential is frequently called “Mexican hat”.

_ 1 (o o
(I)O_\/§<v> where v = 2 N

being v the vacuum expectation value. This defines the already mentioned circle
in the minimum of V' (®) in the y* < 0 scenario.

can be chosen to be:

The Lagrangian density must be formulated in terms of deviations from one of
these ground states. This can be done by introducing an excitation, h(x), that can
be understood as a small deviation of the field from the ground state. Accordingly,
the fields can be expanded around the minimum as:

b — \}5 (U +%(x)> , (1.12)

and the covariant derivative takes the form:
1 gz 02 B gz 02
(D,®)"(D"®) = 5+ S—WIWT 4

zZ, 7"
4 Y

8cos’Oy, "
where 6y, is the weak mixing angle, which is measured to be
sin®fyy = 0.2310 £ 0.0005 [24]. By doing this, the W', W~ and Z bosons
have finally acquired mass. Through the Higgs mechanism, their masses within
the SM are:

1 1 gv

W= 59Y o z 2 cos Oy,
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Additionally, a new scalar field h(z) has appeared with its correspondent mass
term, the Higgs field. Note that the h(z) was introduced as a perturbation from
the ground state of the Higgs potential V' (®), so the Higgs boson can be understood
as an excitation of the Higgs potential. Apart from couplings to the electroweak
gauge fields, the Higgs field also has self-interaction vertices. The mass of this
boson is my = V2.

With this covariant term, the Higgs Lagrangian density of the system is ob-
tained:

1 1 1 1
Lhiges = 5(8uh)(8“h) - im%{hQ + 5w W, Wt + §mZZuZM + gmyh W, W

2 2
g myz 2 1 2 Mg 3
=W, W+ hz 7V — ¢ ———h"Z 7" —qg—-h

+ 4 # +gQCOS Ow " g 4cos’Oy, " g4mW

2
2 My 4

— h™ + const.

T 30m2,

(1.13)

As can be seen in the Lagrangian in equation 1.13, the coupling strengths of the
W and Z fields to the Higgs field are proportional to my, and my, respectively.

The Higgs mechanism in the SM for fermions

The Higgs mechanism for spontaneous symmetry breaking of the SU(2);, x U(1)y
gauge group of the SM generates the masses of the W* and Z bosons. For ori-
ginating the mass of the fermions without violating the EW gauge symmetry a
similar procedure is carried but taking into account that the left-handed particles
transform differently than the right-handed. To do so, additional terms including
the Yukawa couplings are added into the Lagrangian. These terms are of the form:

+
LYukawa,f = —yf(X£q)X§ + )Zé@TX{) ) with @ = (9;0)

where the f superindex runs over all quarks and charged leptons. The different y,
constants are known as Yukawa couplings of the particle f to the Higgs field. The

Higgs doublet is denoted by ®. For the electron SU(2) doublet, the element with
this coupling can be written as:

o [@eaL (2) en+ 6. (676™) () ] . (1.14)

e

Here, y,. is the Yukawa coupling of the electron to the Higgs boson. After spon-
taneously breaking the symmetry as it is done in equation 1.12, and the y, is
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set to y, = v/2m,/v where m, is the observed electron mass, the Lagrangian in
equation 1.14 becomes:

L, =—m.ee— Mezeh (1.15)
v

The first element of the Lagrangian in equation 1.15 gives mass to the electron and
gives rise to the coupling of the electron to the Higgs fields in its non-zero vacuum
expectation. The second term represents the coupling of the electron and the Higgs
boson itself.

The non-zero vacuum expectation value occurs only in the neutral part of the
Higgs doublet due to the form in the ground state in equation 1.12. This implies
that the combination )Z{(ID)(é + )Z{CDT X{ can only generate masses for the fermions
in the lower component of an SU(2) doublet, i.e. the charged leptons and the down
type quarks. Putting aside the procedure to give mass to the up-type quarks, this
explains why the neutrinos do not get mass through the Higgs mechanism.

For up-type quarks, after applying the symmetry breaking and using y, =
v2m, /v, the Lagrangian density takes the form:

_ my, _
L, = —m,uu — —uuh.
v

These elements give rise not only to the mass of the fermions but also to the
interaction strengths between these fermions and the Higgs boson. The Yukawa
coupling of the fermions to the Higgs field is given by:

yr = \/5% 7 (1.16)

where the Higgs vacuum expectation value is fixed by the Fermi coupling G and is
measured to be v = V2 G r =~ 246.22 GeV. The G is measured from the antimuon
(u) lifetime measurement [25].

The value of fermionic masses is not predicted by the SM but obtained through
experimental observations. Given the measured top-quark mass, m, = 172.76 +
0.30 GeV [10], it is of particular interest the Yukawa coupling of the top quark to
the Higgs field (y;), which is almost exactly equal to one. It is important to verify
this because deviation of the measured y; from the SM prediction would be proof
of new physics. The object of this thesis is precisely the measurement of a process
whose cross-section is directly related to y;.
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1.6 Remarks about the limitations of the Stand-
ard Model

But the SM is not the ultimate theory, it is unquestionably one of the greatest
successes of modern physics. Despite its achievements, many questions remain
unsolved.

1.6.1 The parameters of the Standard Model

The SM contains 25 free parameters that must be determined through experi-
mentation. These are the masses of the 12 fermions, the three coupling constants
for describing the strength of the gauge interactions (g, ¢’ and g,) and the two para-
meters describing the Higgs potential (¢ and \) or, equivalently, its vacuum expect-
ation value v, and the Higgs-boson mass m;,. Finally, there are three mixing angles
and the complex phase of the CKM matrix and four Pontecorvo-Maki—-Nakagawa—
Sakata matrices, which mix the neutrino-mass eigenstates with neutrino-flavour
eigenstates [26, 27].

From the 25 free parameters of the SM, 14 are associated with the Higgs field,
eight with the flavour sector and only three with the gauge interactions. This
emphasises the crucial significance of precisely measuring and comprehending the
properties of the Higgs particle.

1.6.2 Limitations of the Standard Model

While the SM is an extremely successful theory that has passed rigorous testing
there are several limitations of the SM and a variety of phenomena that it does not
explain. In the following pages, the most relevant issues with the SM are described.

Matter—antimatter asymmetry

In principle, the Big Bang should have produced an equal amount of matter and
antimatter which would all have then annihilated, leaving behind an empty uni-
verse filled with electromagnetic radiation. However, everything that is observed
nowadays constituted of matter, from the tiniest life forms on Earth to the greatest
celestial objects. In comparison, there is not a lot of antimatter around.

By looking at the cosmic microwave background (CMB) radiation, which con-
tains the residual v of the Big Bang, researchers have determined that there was
a symmetry between the matter and antimatter content in the early universe. For
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every 3 x 10 antimatter particles, there were 3 x 10° and 1 matter particle. The
matter and antimatter annihilated and produced the CMB and the remaining 1
part turned into all the stars and galaxies that are seen.

Research carried out during the last few decades has revealed that the laws
of nature do not equally apply to matter and antimatter [28]. So far, the only
non-trivial difference between matter and antimatter found is the CP asymmetry
or CP violation. However, the CP asymmetry included in the SM and observed in
the experiments is insufficient to explain the composition of the observable universe
and, hence, extensive searches for new sources of CP violation are being carried
out.

In this context, the study in this thesis seeks for new CP-violation sources.

Gravity

Gravity is the first force that any person learns about and the one known by
humankind for longer. The SM describes all fundamental interactions but gravity.
GR is a geometric theory that currently describes gravitation in modern physics.
Some of the suggested solutions to integrate gravitational interactions in the SM
consist of postulating a new force carrier particle, the “graviton”, that mediates
this interaction in a similar way to how the gauge bosons were proposed. Other
explanations state that gravity can only be described by a deeper theory in which
the time-space structure is not flat but dynamic.

Neutrino masses

According to the SM, the neutrinos are massless, nevertheless, many experiments
confirm that this is not true [29]. This is due to a property of neutrinos that allows
them to change their flavour while travelling through space, this feature is known
as “neutrino oscillations”. Each of the three neutrino flavours (1, 1,, 14) is a linear
combination of three discrete neutrino-mass eigenstates (v; with ¢ € {1,2,3}) with
mass eigenvalues (m;). While the neutrino oscillation experiments could probe the
squared neutrino-mass eigenvalues (Am?j), both the total scale of the masses and
the sign of Am,;; remain as some of the most relevant open questions in particle
physics.

Non-zero neutrino masses opened an interesting portal beyond SM physics and,
even though neutrinos are very elusive when it comes to detecting them, some
next-generation experiments such as Dune [30] target to set competitive and model-
independent limits on neutrino masses.

Regarding the nature of the neutrino mass, one could add mass terms to the
SM as it is done in Section 1.5.1 for the up-type quarks but the origin of the
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neutrino masses is still not known. Also, if neutrinos gained mass through Yukawa
interaction, it would imply the presence of right-handed neutrinos, which has not
been observed.

Dark energy

According to cosmological observations, the matter described by the SM only makes
up around 5% of the universe. It turns out that roughly 68% of the universe is
made of dark energy, which is not considered by the SM.

Dark energy is an unknown type of energy postulated to explain the observed
accelerated expansion of the universe. This expansion is dominated by a spatially
smooth component with negative pressure called dark energy. Modern cosmolo-
gical measurements are based on supernovae, cosmic microwave background fluc-
tuations, galaxy clustering and weak gravitational lensing, and methods agree with
a spatially flat universe with about 30% matter (visible and dark) and 70% dark
energy [31].

Dark matter

Dark matter (DM) adds up to approximately 85% of all matter content in the
universe. This matter is called dark because it does not interact with the elec-
tromagnetic field. The only known way to interact with DM is via gravitational
interaction, which is about 25 orders of magnitude weaker than the weak force (see
Table 1.1). This is why DM is so difficult to detect. The SM does not provide a
proper explanation but searches are being carried and candidates such as weakly-
interacting massive-particles (WIMPs) or axions.

The existence of DM is inferred through gravitational effects in astrophysical
and cosmological observations. The rotational speed of the galaxies [34], the grav-
itational lensing [35] and the CMB angular spectrum [36] are some examples of
phenomena that cannot be explained with general relativity unless there is more
present matter than what is seen.

Although the vast majority of the scientific community accepts dark matter
existence, alternative explanations for the observed phenomena have suggested.
Most of these model consists in modifications of GR. The search of DM at particle
colliders, which is focussed on large missing transverse energy signatures, has not
resulted in any observation. Nevertheless, the existence of a particle is not dis-
carded, only its presence within the detector sensitivity limits.

4 An axion is a hypothetical elementary particle postulated to resolve the strong CP problem [32,
33].
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Additional issues

The different problems mentioned so far are just some of the most relevant open
questions that fundamental physics has not been able to answer yet. Nonetheless,
there are many other open questions and theories. To mention a few:

« Strong CP violation: This refers to the fact that, while QCD does not expli-
citly prohibit CP violation in strong interactions, this has not been observed
experimentally.

o Naturalness: It is the property that the dimensionless ratios between free
parameters or physical constants appearing in a physical theory should take
values of order unity. By looking at the parameters of the SM described in
Section 1.6.1, it can be seen that the naturalness principle is not satisfied.
For instance, the masses of the first generation of fermions are in the range
of 1 MeV while the top quark has a mass of 172-173 GeV. Though this is
not a flaw in the theory itself, it is frequently seen as a sign of undiscovered
principles hidden behind a more comprehensive theory.

o Majorana neutrinos: It is not clear yet if neutrinos are Majorana particles,
i.e. they are their own antiparticles (v = 7 = v;) [37]. Current experiments
trying to solve this question are focused on neutrinoless double-5 decay, which
can occur only if neutrinos are Majorana particles.

o Unification of EW with QCD: There are unification attempts to treat all
interactions as one, with the same coupling constant and the same symmetry
group”. In the same way the EW unifies QED and Weak forces, the grand
unified theories unifies all three interactions of the SM at high energies, where
the coupling constants approach each other.

o String theory: It is a theoretical framework in which fundamental point-like
particles are understood as vibrational states of a more basic object, the so
called “string”. A string is a one-dimensional entity that can either be opened
(forming a segment with to endpoints) or closed (forming a loop) and may
have other special properties [38].

e Supersymmetry: It is an extension of the SM. In supersymmetry the equa-
tions for force and the equations for matter are identical and each SM particle
has its supersymmetric partner “sparticle” which differs by half spin unit [39].

o Multidimensions: As supersymmetry or string theory, it is another extension
of the SM. This theory proposes the existence of additional spatial dimen-

°The most popular symmetry group for unification is SU (5).
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sions. If extra dimensions exist, they could explain why the universe is ex-
panding faster than expected, and why gravity is weaker than the other forces
of nature [40]. As well as string theory and supersymmetry, multidimension-
based theories have not been accepted nor discarded yet by any experiment.

As exposed above, there are far too many unanswered questions and loose ends.
The HL-LHC [41] and the next generation of experiments will look for evidence of
physics outside the SM in the next years.

Among the open questions, unresolved concerns and measurements to be com-
pleted, the research carried in this thesis tries to address some. The study of the
associated production of a single top quark with a Higgs boson allows us to exper-
imentally determine possible sources of CP violation. Now that the bases of the
SM are settled, in the chapters to come, the context of this particular production
is discussed.






Chapter 2

Physics of the top quark and the
Higgs boson

Magisches Theater
FEintritt nicht fir jedermann
Nur fiir Verriickte!
—HERMAN HESSE
DER STEPPENWOLF (1927)

The central focus of this dissertation revolves around the top quark and the
Higgs boson, two particles whose interaction can help to answer some of the SM
open questions. In this chapter, I delve into their properties and explore their
interactions.

The chapter is structured into three sections. Section 2.1 is dedicated to the
top quark, where its primary characteristics are discussed, including its production,
decay modes, and other properties. In Section 2.2, the Higgs boson is discussed
and its fundamental attributes are reviewed.

Finally, in Section 2.3, the main characteristics of the associated production of
the top quark with a Higgs boson are presented. A particular emphasis on the
single-top-quark scenario and its influence on possible contribution to CP violation
Is given.

23
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2.1 The top quark

The top quark (t) is the up-type quark of the third generation of fermions. Its
most distinctive feature is its mass, which is the largest among all fundamental
particles. The left-handed top quark is the @) = 2/3 and T = +1/2 member of the
weak isospin doublet that also contains the bottom quark. The right-handed top
quark is the SU(2);, weak isospin singlet () = 2/3 and T3 = 0). The top quark is
often regarded as a window for new physics since it provides a unique laboratory
to test the understanding of the SM.

Due to its large mass, the top quark decays with a lifetime of 7, = 5x107** s [35].
Actually, it is shorter than its hadronisation timescale (1/Aqcp ~ 107** 5). This
represents an exceptional opportunity to study quarks in a free state, something
that is quite exceptional due to colour confinement, as explained in Section 1.4. In
fact, the top quark is the only quark that can be investigated unbounded. Its life-
time is also smaller than the spin decorrelation timescale (m,/ AéCD ~ 1072 s[42],
being m; the mass of the top quark), implying that the top-quark states conserve
their spin state from its production to its decay. Therefore, the top-quark prop-
erties, such as the spin information and the top-quark polarisation, can also be
accessed through its decay products and, consequently, be measured.

Another consequence of its large mass is that the top quark is the only quark
with a Yukawa coupling to the Higgs boson (y;) of the order of one; hence, a
thorough understanding of its properties (mass, couplings, decay branching ratios,
production cross-section, etc) can reveal crucial information on basic interactions
at the electroweak symmetry-breaking scale and beyond. The main objective of
this thesis is the study of the interplay between the top quark and the Higgs
boson to help to determine if the g, is that predicted by the SM or if there is
some CP-violating phase that would affect the sign of y,. The theoretical base for
understanding the associated production of a top quark and a Higgs boson is given
in Section 2.3.

2.1.1 Top-quark discovery

In 1973, T. Kobayashi and M. Maskawa postulated the possibility of a third
generation of quarks to explain the CP violation in kaon decays [43]. To match
the names of the up and down quarks, the new generation of quarks was given the
names top and bottom. The GIM' mechanism [44], which predicted the existence

'Standing for Glashow-Iliopoulos—Maiani (GIM), it is the mechanism to describe the flavour-
changing neutral currents.
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of the yet-to-be-discovered charm quark, was used to make this prediction. When
the charm was observed [45], the GIM mechanism was integrated into the SM, and
the postulation of the third family, and thus the top quark, gained acceptance.
Shortly after the charm, the bottom quark was discovered in the E288 experiment
at Fermilab [46], reinforcing the idea of the existence of the top quark. However,
due to its large mass, it took 18 years to confirm the existence of the 6™ quark.

The top quark was observed for the first time by the CDF [47] and D{) [48]
collaborations at Tevatron (Fermilab) in 1995. Back then and until the start of
LHC, Tevatron was the only accelerator powerful enough to produce top quarks.

Top-quark mass

As discussed in Section 1.6.1, m, is a free parameter of the SM. The theory
does not predict its value, hence it must be determined experimentally [49]. Note

that what experiments measure is not the SM m, but either the pole mass m>* or

the MC top-quark mass mMC. It is expected that the difference between the m'©

definition and the mP®® is of the order of 1 GéV.

Among the properties of the top quark, its mass is the one that has received
the most attention so far. Accurate measurements of m, are vital for determining
the parameters of the EW global fits, which are essential for evaluating the internal
consistency of the SM and exploring its potential extensions[50, 51]. Moreover, the
m, value influences the stability of the Higgs-boson potential, carrying which has
cosmological implications [52-54]. The most recent studies for the top-quark mass
measurements result in m; = 172.76 £0.30 GeV [10]. This number is an average of
the measurements at the Large Hadron (LHC) with ATLAS (172.6940.66 GeV [55])
and CMS (172.6 £ 2.5 GeV at CMS [56]) and at Tevatron with CDF and D@
(combined result: 174.30 + 0.89 GeV [57]). These values are measured from the

kinematics of ¢f events and refer to the m?*°.

2.1.2 Top-quark production at LHC

The LHC is sometimes referred to as a top-quark factory due to its capacity
to produce such particles in large quantities. In this collider, at proton—proton
(pp) collisions, the top quark is mainly produced via two mechanisms: through the
strong interaction in top-quark—antiquark pairs (¢f), and by means of the tWWb ver-
tex of EW interaction in single top quarks. Apart from the ¢f (see Section 2.1.2.1)
and single top quark (see Section 2.1.2.2) productions, the associated t¢X and
tX productions play a role on producing top quarks (see Section 2.1.2.3 and Sec-
tion 2.1.2.4, respectively).
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Since top quarks often constitute a main background in other physics analyses,
a better understanding of the properties of this particle will directly translate into
improvements in those studies.

2.1.2.1 Top-quark—antiquark pairs production

The production of ¢t events is the largest source of production of top quarks
in hadron collisions. This process is one of the most important at LHC because it
allows us to precisely study the properties of the top quark. Additionally, due to the
dominance of this production mode, the ¢ production is also a major background
in many measurements and searches for rare processes as mentioned above. The
physics analysis carried out in this thesis is a good example, where the ¢ process
is the main background in both of the analysed decay channels.

For proton—antiproton (pp) collisions at Tevatron or pp at LHC, the ¢¢ pro-
duction is described by perturbative QCD. In this approach, a hard scattering
process between the two hadrons is the result of an interaction between the quarks
and gluons that constitute these hadrons. This model is described in detail in
Section 4.1.

At LHC, gluon fusion dominates with 90% of the ¢f production. It is followed by
the quark—antiquark annihilation, which accounts for 10% of the total ¢¢ produc-
tion. The theoretical calculations for the ¢¢ production at /s = 13 TeV are done to
an accuracy of next-to-next-to-leading order (NNLO) in QCD and complemented
with next-to-next-to-leading logarithmic (NNLL) resummation [58, 59:

aﬁngrNNLL(tf) = 833.97500(scale) + 21.0(PDF + o) T35 (mass) pb .

Here, PDF stands for parton distribution function and «, is the strong coupling
constant. The scale uncertainty refers to the sensitivity to the choice of factor-
isation and renormalisation scales’ [60]. These scales are further discussed in Sec-
tion 4.1.1. The ATLAS and CMS collaborations have measured its cross-section
through different final state channels and the most precise result obtained so far
at /s = 13 TeV is [61]
o (1) = 829 & 1(stat.) 4 13(syst.) & 8(lumi.) pb.

Thanks to this large cross-section, the statistical uncertainty is not constraining
the measurements of the t¢ production, which is performed with good precision

(O(2%)). This large cross-section also makes t¢ the most relevant background in
this analysis.

’In QCD and QED, the renormalisation scale is a parameter that helps to eliminate infinities
arising in the calculations of interactions. It is associated with the energy scale at which a
physical process occurs.



The top quark 27

2.1.2.2 Single-top-quark production

In addition to the #f production, the single-top-quark production is of great
importance to the study of the top-quark properties at the LHC. This mechanism
has a cross-section about three times smaller than that of ¢¢ processes and it is
almost exclusively produced through the EW interaction. This is precisely the
reason why single-top-quark production is essential to gather information about
the tWb interaction and to directly measure the CKM matrix element |Vj| at
hadron colliders. The reason why the single top quark is produced and decays via
a b-quark and not via strange or down quarks is because the CKM elements V,,
and V; are smaller than V};, by several orders of magnitude.

At leading order (LO), there are three production modes for single-top-quark
events, being the t-channel the dominant mechanism at the LHC with, approxim-
ately 70% of the single-top-quark cross-section at /s = 13 TeV. At this energy its
cross-section for the t-channel is calculated to be [62]

oRrS i (t-channel) = 214.27F3(scale) £33 (PDF + «,) pb
and the most precise measurement is [63]

0% (t-channel) = 221 + 1(stat.) & 13(syst.) =+ 2(lumi.) pb.

The other processes are the s-channel and the associated ¢t W production. For
the latter, the predicted cross-section is [64]
oRrS e (tW) = 71.7 4 1.8(scale) + 3.4(PDF) pb
and it is measured to be [65]

o (tW) = 79.2 £ 0.9(stat.) £ 7.7(syst.) & 1.2(lumi.) pb.

Only t-channel and ¢t W productions are relevant to the EW single-top-quark pro-
duction at the LHC, since the s-channel has not been observed at /s = 13 TeV.
At this energy, its predicted cross-section is [66]

UﬁngrNNLL(S-channel) = 10.32703%(scale) + 0.27(PDF + «) pb.

2.1.2.3 Associated ttX production

The associated-top-quark productions are important processes to measure the
coupling of the top quark to other particles of the SM. When a pair of top quarks
is produced along with another particle the process is referred to as t£X. The most
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relevant t£X productions are those in which the pair is produced together with W,
Z or v bosons. From these, tt W and ¢¢Z play a role in the analysis carried in this
thesis. These two processes along with ¢f are the three most relevant backgrounds
in one of the channels of the analysis performed in this thesis.

The cross-sections for the t¢t W, tty and ¢£Z productions are measured by the
ATLAS and CMS collaborations. These are presented in Figure 2.1. For the three
tt X, the cross-sections are small in comparison to t¢ and single top-quark produc-
tions. However, with the complete LHC Run 2 data event sample it is possible
to explore these productions, which are also sensitive to new physics [67]. The
associated production of a t¢ pair with a Higgs boson (t¢H) is another important
type of ttX production and it is described in Section 2.3.2.
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Figure 2.1: Summary of the ATLAS and CMS measurements of the X production cross-
sections at /s = 13 TeV. Here X means either W, Z or +.

2.1.2.4 Associated tX production

Not only the top-quark pairs but also the single top quark can be produced
in association with other particles (¢X). This thesis focusses precisely on the
search of a tX production, the one in which the single top quark is produced along
a Higgs boson and an additional parton (tHgq). The features of the single-top-
quark production in association with a Higgs boson are discussed in more detail in
Section 2.3.3.

Apart from being the signal process, the tX production also plays a role in
the background since the tZ ¢ process is one of the backgrounds more difficult to
separate from the tHq signal.
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Figure 2.2: Summary of the ATLAS and CMS measurements of the ¢X production cross-sections
at /s =13 TeV. Here, X = Z, v and W. The tHq process in not included in this summary plot
but the work developed in this thesis aims to help to provide better limits on its cross-section.

The other associated tX production of the EW type is the tgv, in which the top
quark is produced along with a photon. Both tZ¢ and tqvy are sensitive to beyond
the SM (BSM) physics like flavour-changing neutral currents or vector-like quarks.
ATLAS and CMS have measured both processes and have found an agreement with
the SM model, as as can be seen in Figure 2.2.

2.1.3 Top-quark decay

As anticipated in Section 2.1.2.2, due to the large value of the V;, element of
the CKM matrix, the top quark is expected to decay almost entirely (~ 99.8%) to
a b quark and a W boson (t — Wb). The final-state decay is classified according
to the subsequent decay of the W boson. Since the W bosons are massive vector
bosons, their lifetime is very short (7 &~ 3 x 107%" s) and hence they will rapidly
decay to leptons or quarks that will form hadrons. Due to its large mass, the W
boson can decay to any quark except the top quark. For the W, the branching
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ratios” (BRs) for the different decay modes are [10]:

Wt — ey, (10.71 4+ 0.16)%,
W —uty, (10.63 £ 0.15)%,
Wt — 7y, (11.38 £ 0.21)%,
W* — ¢q (hadrons) (67.41 £ 0.27)%,
W — invisible (1.4 +2.9)%.

For the conjugate proceses involving the W™, the BRs are the same. Therefore,
the W boson decay and consequently the top-quark decay can be classified either
as leptonic or hadronic.

2.1.4 Top-quark properties

As commented, the top quark exhibits unique properties and plays a pivotal

role in many analyses conducted at the LHC. Some of the key investigations related
to the top quark are:

Charge asymmetry in ¢t production: This refers to the subtle deviation
observed between the rapidity distributions of top quarks and top antiquarks
when produced in pairs [68].

Polarisation of W bosons in top-quark decays: A measurement of the
polarisation of the W bosons is conducted by quantifying the fractions of
longitudinally, left-handed, and right-handed polarised W bosons [69].

Top—antitop-quark energy asymmetry: Analogous to the charge asym-
metry, this research focuses on scenarios where the top-quark pair is produced
in association with a high-pr jet [70].

Top-quark-pair spin correlations: Due to the short lifetime of the top
quark, its spin information can be extracted from its decay products. Non-
etheless, not all decay particles carry the spin information equivalently.
Charged leptons emanating from leptonically decaying W bosons almost
wholly encapsulate the spin information of the top quark [71].

Flavour changing neutral currents (FCNCs): A FCNC is a process
where a quark of one flavour changes into a quark of another flavour, without

*For each decay mode, the branching ratio (BR) is defined as the fraction times that the particle
decays in that particular mode with respect to total possible decays.
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a change in its electric charge. Top quarks, due to their large mass, are
particularly interesting when it comes to FCNCs. The top quark can decay
through FCNC processes to lighter quarks in association with a photon, Z
boson, or gluon.

o Top-quark polarisation: In t¢-channel single-top-quark production pro-
cesses, there is a notable production of a highly-polarised-top quarks. These
single top quarks manifest with spins completely aligned along the direction
of the down-type quarks. Contrary, in the scenario of a single top antiquark,
the alignment direction is inverted. A more comprehensive examination of
polarisation can be found in Section 2.1.4.1, to which I have contributed
during the tenure of this thesis.

2.1.4.1 Top-quark polarisation

The lifetime of the top quark is shorter than the depolarisation scale and, hence,
the top-quark-spin information can be transferred into its decay products. This al-
lows to measure the top-quark polarisation from its child particles. The polarisation
refers to the alignment between the momentum and the spin of the top quark and
antiquarks. The polarisations of the top and antitop quarks are important quant-
ities because they are sensitive to many BSM effects and can also provide useful
input for the MC generators which are described in Section 4.3.

At the LHC, the single-top-quark production is the only source of highly-
polarised top quarks’. In the ¢-channel (see Section 2.1.2.2) the top quark is cre-
ated with a high degree of polarisation in the direction of the spectator-quark mo-
mentum [73]. As a consequence of the vector and axial-vector form of the coupling
of the top quark to the W boson and bottom quark in the ¢-channel (tWb vertex),
specific values of the polarisation vectors {P, P, P} of top quarks/antiquarks
are expected in the SM.

Even though it is not described in detail in this manuscript, during the de-
velopment of my thesis I have also been involved in the first measurement of the
top-(anti)quark-polarisation vectors [73]. My contribution is an extension of the
work done in Reference [74]. In this work, the three components of the polarisa-
tion vector for the top quark and antiquark are measured in the single-top-quark
t-channel production. Using the entire Run 2 dataset recorded by ATLAS and de-
manding events with exactly one light lepton, I defined a set of stringent selection
requirements to discriminate the ¢t-channel signal from the background contribu-

“The top quarks from the ¢t production are unpolarised at LO but the spins of the top quarks
and antiquarks are strongly correlated [72].
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tions. This signal-region” definition used specific cuts’ in several variables such as
the lepton transverse momentum (pp) or the invariant masses of several particles.
I have also developed the so called trapezoidal cut, which is described in the pub-
lished paper [73].

The polarisation vectors are later obtained from the distributions of the direc-
tion cosines of the charged-lepton momentum in the top-quark rest frame: cos(d,,/),
cos(0,,) and cos(f,,). Figure 2.3 shows the distributions for one of these angular
variables.
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Figure 2.3: Normalised differential cross-sections as a function of cos(¢,,/) [73]. The data
is shown as black points with statistical uncertainties compared to the predictions of the MC
generators, which are shown as lines. The ratio between the predictions and data is shown on
the lower panel. These plots are inclusive for top quark and top antiquark.

Limits on the two of the components of the polarisation vector of the top quark
and antiquark are set and Figure 2.4 presents the observed best-fit polarisation
measurements for P and P in the two dimensional parameter space.

Data measurements of the polarisation-vector components and differential cross-
sections show good agreement with SM predictions. The results are consistent with

>The signal region is a region of the phase space enriched with events of the signal process.

To “cut” on a variable is to apply a threshold on this variable and keep only events satisfying
this condition. A cut-based analysis is applying such thresholds on several variables to select
events.
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Figure 2.4: Observed best-fit limit on two-dimensional top quark polarisation parameter space
{P,, P} The statistical-only (green) and the statistical+systematic uncertainty contours have
a 68% CL [73]. The physically allowed values for P/ and P lay inside the black circle. The red
point indicates the parton-level prediction at NNLO.

NNLO QCD predictions and expectation of P;/ = ny, = 0 from the hypothesis of
CP symmetry in the top-quark and top-antiquark decay.

2.2 The Higgs boson

Following the top quark, the Higgs boson (H) is the second most massive
particle in the SM with a mass of my = 125.25 + 0.17 GeV [10]. The value
provided by Reference [10] is an average of the ATLAS combined measurement
(mg = 124.864+0.27 GeV [75]) and the CMS results (my = 125.46+0.16 GeV [76]).
The existence of the Higgs boson was theorised in 1964 by three independent
groups [11, 12, 21], and its discovery meant one of the greatest successes of the
SM.
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2.2.1 Discovery of the Higgs boson

Any particle physicist enthusiast remembers July 4th of 2012 pretty well, it
was the day when the ATLAS [77] and CMS [78] collaborations announced the
discovery of a massive state H with the properties expected for the Higgs boson
within the SM.

Both the ATLAS and CMS collaborations reported excesses of events for 2011
(v/s =7 TeV and £ =4.8 fb™') and 2012 (/s =8 TeV and £ =5.8 fb™ ') datasets of
pp collisions at the LHC. This surplus of events was compatible with its production
and decay with the SM Higgs boson in the mass region my € [124, 135] GeV. Before
that, the CDF [79] and D@ [80] collaboration at Tevatron also reported an excess
in the mass region my € [120, 135] GeV both of them with a significance lower
than 30 and therefore, not enough to clean a discovery.

2.2.2 Higgs-boson production at LHC

One of the reasons the Higgs boson was the last of the SM’s fundamental
particles to be discovered is its relatively high mass, which required significant
energy for its production. Even in high-energy collisions, the production of a Higgs
boson is a rare event. Only a tiny fraction of collisions at the LHC produce a Higgs
boson, so vast numbers of collisions had to be analysed to find the Higgs boson.
This is the reason why it was not found at Tevatron. Colliders such as SLAC’s
Linear Collider [81] or CERN’s LEP [82] had enough energy to produce the Higgs
boson but they were colliding electrons and positrons. Since the coupling of the
Higgs boson to fermions is proportional to the fermion’s mass, the e~ et — H pro-
cess is highly suppressed” and, for this reason, there were not enough statistics of
events with a Higgs boson at SLAC and LEP. The most favoured way of produ-
cing a Higgs boson is through the mediation of the heaviest fundamental particles
in the SM because these have the strongest couplings with the Higgs boson and,
consequently, the greater cross-sections.

The four most dominant processes for Higgs-boson production at LHC are sum-
marised in Figure 2.5. These processes are:

"The 30 expresses that there is a 99.7% probability that a given result is not a random fluctuation,
meaning there is roughly a 0.3% chance that the observed effect is due to random chance. A 3o
level is often considered evidence for a potential discovery.

®The dominant Higgs-boson production in e~ e’ annihilation is the so called Higgsstrahlung,
a process in which the H is produced in association with a Z boson similarl to Figure 2.5c.
Due to the small mass of the electrons, the electron—Higgs-boson coupling does not favour the
e et — H process.
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(b) Vector boson fusion (c) Higgsstrahlung (d) ttH production

(a) Gluon—gluon fusion

Figure 2.5: LO Feynman diagrams for the dominant production mechanisms of a Higgs boson
at hadron colliders.

+ Gluon—gluon Fusion (ggF): The process gg — H has to be mediated by a
massive fermion loop. This is due to the fact that there is no direct gluon—
Higgs-boson coupling within the SM. Although in principle all quarks should
be included in the loop, in practice it is the top quark the one doing so because
its coupling to the Higgs boson is 35 times stronger than the next-heaviest
fermion, the bottom quark. Due to the abundance of gluons in pp collisions,
the ggF is very favoured at the LHC.

« Vector boson fusion (VBF): The second most important mode is the ra-
diation by the incoming quarks of a pair of W or Z bosons that fuse to form
a Higgs boson. The vector bosons (V = W or Z) of the process VV — H
are originated from initial state quarks which scatter through the final state
(changing its flavours in the case of W fusion) producing two forward jets.

« Higgsstrahlung (VH): There is another significant contribution involving
the W or Z bosons, the Higgsstrahlung or associated W H or Z H production.
Here, an off-shell W or Z boson (formed from the annihilation of two quarks)
radiates a Higgs boson via V* — V H.

e Quark-pair associated production (¢gH): In this mode, the Higgs is
produced from a qq pair via q¢ — H with a ggH final state. Typically,
the involved quark pair is either a bb or tt. In the case of tt, the top quarks
decay before hadronising, leading to final states with a high number of physics
objects.

» Single top quark associated production (tHX): This sub-dominant
contribution can be either a tHgq, a t W H or a s-channel. The former process
constitutes the central topic developed in this thesis. Details about these
production modes are further discussed in Section 2.3.3.

The cross-section of the different mechanisms for single-Higgs-boson production
at /s = 13 TeV as a function of my are shown in Figure 2.6. Assuming a my =
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125.2 GeV, the Higgs-boson production cross-sections (o,p) for the different modes
(see relative fraction in Figure 2.7) are [83]:
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Figure 2.6: Higgs-boson-production cross-sections as function of my at /s = 13 TeV [83]. The
o:g presented in these plots accounts for the ¢-channel and s-channel but not the ¢ W process.
A wide range of my values is showed in (a). In (b) is shown the result zooming around the
measured Higgs-boson mass value.
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Figure 2.7: Higgs-boson-
production modes.

2.2.3 Higgs-boson decay

The Higgs boson has a very short lifetime (77 = 1.6 x 1072* 5 [83]) and, hence,
is always detected through its decay products. Figure 2.9 shows the BR for the
different Higgs-boson decay modes.
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Despite the expected large Yukawa coupling between the Higgs boson and the
top quark, the H — tt is forbidden since my < 2m,. Consequently, the most
prominent decay mode is H — bb followed by H — W' W~. This is why for
the tHq searches, the channel in which the Higgs decay to bb is the one with
higher statistics. For the other fermionic decays, the decay rates are ordered by
the fermion masses, being the 777" decay mode (see Figure 2.10b) the biggest
among the leptonic ones. Regardless of the expected large coupling between the
weak-force bosons and the Higgs boson, the H — VV™ is suppressed due to the
requirement that one vector boson has to be produced off-shell”.

For the analysis carried out in this thesis, three particular Higgs-boson-decay
modes are considered: H — W' W™ (see Figure 2.10a), H — ZZ (see Figure 2.10c)
and H — 7 7" (see Figure 2.10b). Sorted by its importance and assuming a
myg = 125.2 GeV, the BRs for the Higgs boson are presented in Figure 2.8 and
listed below [83].

H>ZZ"
.
H>cc 3% I other

3% 1%
H — bb (57.92 + 0.29)%
H— WrW~ (21.70 £ 0.11)%
Hcs H — gg (8.17+0.26)%
_ H— 77" (6.24 £ 0.03)%
oy H— ce (2.888 + 0.014)%
H— 72 (2.667 + 0.013)%
H = vy (2.270 + 0.023)%
H— ppt (2.165 + 0.011)%
Figure 2.8: Higgs-boson-decay H— Zy (0.155 & 0.008)%
modes. H — Others < 0.2%

?0Off-shell means that the particle is produced virtually and it does not satisfy the energy—
momentum relation: E* = p2 + m>.
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Figure 2.9: SM Higgs-boson-decay branching ratios as a function of my at /s = 13 TeV [83].
In (a) the BRs are shown in a Higgs-boson mass range my € (90,10%) GeV. In (b) only values
of my around the measured one are shown. Looking at (a) it can be seen that if the Higgs
boson weighted just about 60 GeV more there would have been only two relevant decay modes,
H — WW* and H — ZZ*. On the other hand, if Higgs had been just 20 GeV lighter, these two
channels would have been very difficult to observe.

w-
o ’ ‘
ot n
Z
w+ _
i
*
(a) H— WW" decay. (b) H — 77 decay. (C) H—77* decay.

Figure 2.10: Representative LO Feynman diagrams for the Higgs-boson decay into a pair of
(a) W bosons (b) tau leptons and (c) Z bosons. The three decay modes are taken into account
for the associated tHq production described in this thesis. In (b), the 7 is decaying to quarks
which form hadrons, therefore, it is referred to as hadronic tau. In contrast, the 7~ in (b) is
a leptonically-decaying tau. For the diagram in (c), the Higgs boson decays into a four light-
flavoured-leptons final state.
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2.3 The interplay between the top quark and the
Higgs boson

The couplings of the Higgs boson to the SM particles are found to be uniquely
determined by the masses of these particles. Being this strength proportional to
the mass in the case of fermions and the squared mass for the bosons. Figure 2.11
presents the coupling—mass relationship of the Higgs boson with other SM particles.
Since the top quark is the most massive particle, the Yukawa coupling between the
top quark and the Higgs boson, ¥, is expected to be the strongest among all fermions
and, hence, its study is of crucial importance, as it is discussed in References [84,
85] and developed in the succeeding sections. The Yukawa coupling is expected to
be of the order of the unity:

2
\/;mt _ 23/4G;/2m

Ye = ,=0.995 ~1.
This value is larger than the value of the couplings of the other quarks. For com-
parison y, ~ 0.025 and y, ~ 0.007 > y, 4.,

The production of a pair of top quarks along with a Higgs boson (t¢H) allows
to measure the absolute value of y,. This process has the advantage of being the
leading mechanism to produce the Higgs together with the quark top. Section 2.3.2
discusses the t¢ H production.

Having a much lower cross-section than t¢H, the Higgs-boson production along-
side a single top quark (¢H) brings valuable information, especially regarding the
sign of the Yukawa coupling. Note that the sign of the Yukawa coupling is not a
physical property by itself, but the relative sign compared to the coupling of the
Higgs boson to gauge bosons'” is indeed physical [84]. This production mechanism
is discussed in more detail in Section 2.3.3.

2.3.1 CP properties in top-quark—Higgs-boson interactions

The CP properties of the Yukawa coupling of the Higgs boson to the top quark
can be probed through the associated production of these two particles. While
SM predicts the Higgs boson to be a scalar boson (J or — 0"), the presence of a
J = 07 pseudoscalar admixture has not been excluded yet. This pseudoscalar
would introduce a second coupling to the top quark. Finding a CP-odd contribution
would be a sign of physics beyond the SM and could account for the imbalance
between matter and antimatter in the universe [88].

YT he coupling of the Higgs boson to the gauge bosons is taken as positive.
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Figure 2.11: Best fit values of the coupling of the Higgs boson to fermions (u, 7, b, ¢) and
bosons (W, Z) as a function of the mass of the particles [86, 87]. The dotted line indicates the
SM prediction and the uncertainty bars represent 68% confidence level (CL) intervals for the
measured parameters. For the r,, the light uncertainty bars indicate a 95% CL interval. The
lower panel shows the ratio between the measured values and their SM predictions.

The production rates of t¢H and tH depend on the y, coupling. The latter
is especially sensitive to y, deviations from the SM as it is described in Section
2.3.3. As already mentioned, the presence of a CP-mixing in y, would also affect
the ggF production and H — v decay rates. As it is explained in Section 1.6.2,
the existence of CP violation is one of the conditions needed to explain the matter-
antimatter asymmetry [28].

2.3.2 The ttH process

The production of ¢f in association with a Higgs boson is one of the most
important process to measure the strength of the Yukawa coupling (|y;|), which is
crucial to understanding the origin of the fermion masses. Detecting a deviation
from the SM prediction for o(t¢H) could indicate the presence of new physics
that violates the CP symmetry. But, as Figure 2.14 illustrates, the o(ttH) has a
non-injective dependence with the Yukawa mixing angle.
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From the phenomenology point of view, the calculations for the t¢H produc-
tion cross-section at /s = 13 TeV can be calculated an next-to-leading order
(NLO) + NNLL accuracy [89]:

oRe i (HEH) = 486.47352 fb.

This calculation depends on the chosen scales for the soft and hard processes but
it gives an idea of the order of magnitude for this process. The uncertainties are
estimated through variations of the factorisation and renormalisation scales. This
process constitutes a relevant background in the analysis.

The first associated production of a Higgs boson with a pair of top quarks
was observed in 2018 by ATLAS [90] and CMS [91] collaborations. This process
marked a significant milestone for the field of high-energy physics because it helped
establish the first direct measurement of the tree-level coupling of the Higgs boson
to the top quark, which is in agreement with the SM expectation.

The ttH process has been studied by ATLAS and CMS previously not only
with Run 1 dataset at /s =7 TeV and 8 TeV [92, 93] but also with Run 2 dataset
at /s = 13 TeV [90, 91|, where the cross-section was expected to be increased by
a factor of four.

The ATLAS combined measurement for the tH process using 79.8fb™ and
considering bb, W W™, 7~ 77, v v and Z Z Higgs-boson decay channels present
the signal strength [90]:

U(ﬁH) +0.17
- = ———— = 1.32 £ 0.13 (stat.) "5 s (syst.).
Hezm aSM(ttH) ( ) 0.15( Yy )

For CMS, the ttH signal strength has been measured with a dataset corres-
ponding to a luminosity of 137 fb' at Vs = 13TeV. For the vy Higgs-boson-decay
channel [94]

Py = 114555

and for the WYW~, 7 7%, vy and ZZ Higgs-boson-decay channels with mul-
tileptonic final states [95]

p P = 0.92 £ 0.19 (stat.) T015(syst.) .
As can be seen, the statistical uncertainty of these results is sometimes dominating

the measurements. Therefore, an analysis with more data would be very beneficial
to have more precise results.
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2.3.3 The tH process

The associated tH production takes place via three different types of processes.
Firstly, the t-channel, where the Higgs boson couples to a top quark or W boson.
The search presented in this thesis is focused on the ¢t H t-channel production, which
is usually referred to as tHq production. Figures 2.12a and 2.12b, present the LO
diagrams for the tHq production, in the former the Higgs boson couples to the top
quark and in the latter to the W boson.

The second most important production mode is via the ¢t W process, in which
the Higgs boson couples to a top quark and is produced alongside a W boson. This
production mechanism is presented in Figure 2.12c.

Finally, the third ¢t H production mechanism corresponds to the single-top-quark
production in the s-channel but with a Higgs boson being radiated either from the
top quark or the W boson.

All three processes have a much smaller cross-section than the main Higgs pro-
duction channels that were discussed in Section 2.2.2. However, the t H modes yield
a unique feature that makes them fascinating: they are simultaneously sensitive
to the sign and magnitude of the Higgs-boson coupling to both the top quark, y,,
and the weak bosons, ggyy. In Section 2.3.3.1 the three mentioned tH production
mechanisms are discussed in the following order: tHq, t W H and s-channel.

a g

(b)

Figure 2.12: Representative LO Feynman diagrams for the ¢-channel ¢t H associated productions.
In Figures (a) and (b) the tHq process is presented. Here the Higgs boson couples either to the
top quark (a) or the W boson (b). On (b), ggv v is the coupling of the Higgs boson to the vector
bosons. On (c), the ¢ W H production is shown.

2.3.3.1 The tH production modes

In this section, the three tH production modes are discussed. This categor-
isation in tHq, tWH and s-channel tH is the same as for the single-top-quark
processes (see Section 2.1.2.2), since the tH production is, basically, a single-top-
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quark process in which a Higgs boson is radiated either from the W boson or the
top quark.

The tHq production

The t-channel ¢H production mode resembles the ones described in Sec-
tion 2.1.2.2. These are classified in 4FS and 5FS as it is done for the single-top-
quark case. In the 4FS the initial partons are the spectator quark and the gluon
that decays into bb or tf. Meanwhile, in the 5FS there are no gluons involved and
the spectator quark interacts with an incoming b quark [96].

The different Feynman diagrams in Figure 2.13 correspond to the 4FS while
Figures 2.12a and 2.12b represent the tH production in the 5FS. For the 4FS
modes, the diagrams in which the gluon decays to a top-quark pair (2.13¢, 2.13d
and 2.13e) contribute less than the ones in which it does to a bb (2.13a and 2.13D)
because at LHC energies it is easier for the gluon to decay into bb than into t# since
it is very unlikely that a gluon has enough energy to produce two particles with
such a large mass. The NLO cross-section for the tHq process at /s = 13 TeV
is [97]:

oReA (tH, t-channel) = 47.64 + 9.7(scale + FS) *29%(PDF + a, + m;) fb
oRS (TH, t-channel) = 24.88 4 10.2(scale + FS) "5 (PDF + a, 4+ m,) fb.

The calculation of the ok{e™ depends on the choice of normalisation (ug) and
factorisation (up) scales. The numbers given here correspond to ug = pp = (my +
m,)/4. Regarding the uncertainties, these correspond to the parton-distribution-
function (PDF) uncertainty and the pur and pup dependence, the 4FS and 5FS
dependence, and m; uncertainty. Combining the ¢H and {H contributions results
in [97]:

oReS (tH + TH, t-channel) = 72.55 + 10.1(scale + FS) "3 1%(PDF + a, + m,) fb.

For tHq and single-top-quark production at colliders, the 5FS calculations are
easier than the 4FS due to the lesser final state-multiplicity and smaller phase
space. This is why in the 5FS the single-top-quark production is known at NNLO
while the 4FS is done only for NLO [97]. Another advantage of the 5FS is that
the t-channel, s-channel and associated t W H productions do not interfere until
NNLO. Contrary, in the 4FS, the ¢t-channel at NLO and the s-channel at NNLO
can interfere. Nevertheless, these interferences are very small and can be neglected
if the aim is to evaluate the dominant ¢-channel cross-section [97].
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(b) (©)

(d)
()

Figure 2.13: LO Feynman diagrams for t-channel tH production in the 4FS. The red line
represents the top quark while the blue is the b quark.

Another feature of the 4FS is that it is assumed that the energy scale of the
hard process (@) is not much higher than the bottom-quark mass, which is also
significantly larger than the QCD scale (Aqcp). Therefore, the model is limited
to @ > my > Agep. When @ > m,, inaccuracies appear. In contrast, the 5FS
asumes () > m,. In practice, the bottom mass is set to zero in 5FS to simplify
calculations [97].

The work developed in this thesis is focussing on this production mode. The
associated production of a Higgs boson and top quark with an additional light-
flavour quark (¢q) and b quark. This light-flavour quark is usually referred to as
the spectator quark and it is expected to be produced preferably in the forward
direction. The reason is that the ¢ was contained within the initial parton and,
therefore, it continues in the direction of the beam.

The characterisation of the tHgq process using the Lagrangian formalism is
presented in Section 2.3.3.2. The sensitivity of this production mode to determine
the presence of a CP-violating phase in the Yukawa interaction between the Higgs
boson and the top quark is discussed in Section 2.3.3.3.

The t W H production
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The production of the Higgs boson in association with a top quark and W
boson (t W H) is a process that can be easily defined at LO accuracy in QCD and
in the 5FS, i.e. through the partonic process gb — tW(H)[98]. At NLO in QCD,
the ¢t WH process interferes with the LO t¢H production. This arises from the
gg — tWb(H) with a resonant ¢ interfering with gg — t#(H). This makes the
t W H process difficult to distinguish from the ¢¢ H, which has a cross-section of one
order of magnitude larger. At /s = 13 TeV, its cross-section is predicted to be

oRS(tWH +TWH) = 15.2742% (scale) + 6.3(PDF + a;,) fb.

As well as for the tHq processes, the cross-section of the ¢t W H production is
very sensitive to departures from the SM in terms of CP violation in y; [98] since
the total rate can increase by more than an order of magnitude due to constructive
interference effects [84, 97].

In the tHq search, this process constitutes a small source of background. In the
scenario of a more inclusive tH search, the t W H processes could be included as a
signal alongside t Hq. This would also be beneficial to set more precise constraints
in the measurement of y, because the ¢t W H process is also sensible to this mag-
nitude, as it is presented in Section 2.3.3.2. By using tHq and t W H as signal, we
would have a more comprehensive view of the associated top-quark-Higgs-boson
production.

The tH production in the s-channel

The s-channel contribution to the total cross-section of the ¢tH processRefer-
ence is very small. Additionally, this channel contributes at low pp and, since a
minimum p is required, the s-channel events are suppressed. For these two reasons,
this channel plays a less important role in the associated top-quark—Higgs-boson
production and its inclusion on a more inclusive ¢tH search would not increase the
precision of the analysis.

The NLO total cross-section for the tH process via the s-channel at /s =
13 TeV is [97]:

oRCS (tH + TH, s-channel) = 2.81271 5% (scale) 4 1.4(PDF) T0%%(a,) fb.

2.3.3.2 Characterisation of the Higgs boson in the tHq production

The characterisation model used in this thesis to describe the associated tH
production is the one described in Reference [97]. It considers a spin-0 particle
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with a CP-violating Yukawa interaction with the top quark, X,. This X, particle
couples to both scalar and pseudoscalar fermionic densities, and its interaction with
the W boson is the one described by the SM. The reason to call this particle X,
instead of H is because its description does not correspond to the typical realisation
of the Higgs boson but, in practice, we are referring to the Higgs boson. Within
this model, the term in the effective Lagrangian that describes the Higgs-boson—
top-quark Yukawa coupling below the EW SB scale is:

L= _1/;t [cos(@) kg gmu + isen(a)"iAttgAtt75]¢th )

where 1, and X represent the top quark and the Higgs boson fields, respectively
and « is the CP mixing phase. The kg and k4 are real-dimensionless-rescaling

parameters. Finally, gy = gan = Tt = % Thus, the previous Lagrangian can
be rewritten as:
Yy + . .
L= _Tgwt[cos(@)’fmt + ZSln@‘)”Att’f]?ﬂth . (2.1)

The advantage of this Higgs-boson—top-quark parametrisation is that it is simple
to interpolate between the CP-even (cos(a) = 1 and sen(a) = 0) and the CP-odd
(i.e. cos(a) = 0 and sen(a) = 1) scenarios. The SM coupling corresponds to the
CP-even: L = —%@Eﬂ/}th-

The proposed Lagrangian for the interaction of the Higgs boson with a top
quark is based on considering the SM an effective field theory (EFT) applicable
only up to energies not exceeding a certain scale A [99].

Figure 2.14 shows the cross-section for the tX, production in the t-channel as
a function of the CP-mixing angle. For comparison, the tX, is also included. In
the same way that ¢X, models the t Hq process, tt X, models the ¢t H process. The
uncertainty band is derived from the choice of scale and the FS dependence. The
values of kpy and kyy in Figure 2.14 are set to reproduce the SM expectation for
the gluon fusion cross-section.

Upon examining Figure 2.14, it becomes immediately apparent that the t¢H
cross-section exhibits symmetry around a CP angle of o = 7/2. This implies that
by measuring o(¢ttH) it would not be possible to discriminate between the CP-
odd and CP-even scenarios. However, for the ¢t Hq production, this degeneracy is
removed by the interference of its LO diagrams as described in Section 2.3.3.3.

2.3.3.3 tHq sensibility to y,

As already mentioned, the tHq production is among the few LHC processes
that are sensible to the relative size and phase between the couplings of the top
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Figure 2.14: NLO cross-section as a function of the CP-mixing angle for ¢-channel ¢tX, and

tt X, at /s = 13 TeV. The X, represents a general CP-violating Higgs boson. Note that while

the ttH cross-section degenerates under the transformation v, — fyf M, this is not the case for

o(tH), which is sensible to « in an injective way.

quark to the Higgs boson, and the Higgs boson to the gauge bosons. The other
mechanisms capable of determining this relative sign are H — vy and g9 — ZZ.

For the tHg, this ability is due to the fact that in the SM the ¢t Hg production
where the H couples to the W (Figure 2.12 (b)) interferes destructively with those
in which the H is radiated from the top quark (Figure 2.12 (a)). The cross-section
is proportional to the square of the matrix element, M, and if there are several
diagrams for the same process, the matrix elements have to be summed before
squaring leading to interference terms. For the ¢t Hg production:

Otrg X |quHth|2 = |qu4)thWH + qu%thtHP' (2.2)

When squaring the scattering amplitude, the destructive interference'' term de-
creases the o,p,. This behaviour makes the tHg cross-section exceptionally sens-
itive to the departures of y, from the SM predictions. Typically, the destructive
interference yields a reduction in the rate as compared to the contribution from
each diagram by about an order of magnitude [100]. Therefore, in the presence of

"' Destructive interference refers to the situation where the relative sign between M and

qq—=tHqwy
M g4-5tHg,, 18 negative.
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non-SM new physics, a positive relative sign between the y; and the gpyv couplings
would imply that the amount of tHq events recorded should increase a factor of
~ 13 over the SM expectations, surpassing the number of expected events from
ttH production [101].

This can be seen in Figure 2.14. In contrast to the cross-section for ¢ H, which
degenerates (o(ttH,y,) = o(ttH, —y,)), the o(tHq) increases with the CP-mixing
angle.

2.3.3.4 Previous results from ATLAS and CMS Collaborations

To gather the necessary information, the widest campaign of measurements has
to be undertaken, including as many possible decay modes. In this context, the
scope of this thesis is the study of the production tHq with a final state character-
ised by two light leptons (¢), i.e. electrons (&*) or muons (;=), and one hadronically
decaying tau lepton (7,,4). This signature is denoted by 2¢ + 17,4.

The tH production has already been searched for at LHC by both ATLAS and
CMS Collaborations. A summary of the results obtained so far is presented in
Table 2.1. Regarding the measure of y,, analyses on the ¢fH processes already
observed the Yukawa coupling between the Higgs boson and the top quark [90] but
this process is only sensitive to the absolute value of the coupling. The current
constraints on the value of y, are —0.9 < y, < —0.7 or 0.7 < y, < 1.1 at 95%
CL [102].

Analysis Luminosity (fb™) Collaboration Lir
tH (2018)[103] 35.9 CMS limit~ 25(obs) 12(exp)
ttH/tH multilepton (2019)[102] 137 CMS 5.713% (stat.) + 3.0(syst.)
tH, H — vy (2020)[104] 139 ATLAS 0.85133% (stat.) T o5 (stat.)
tLH /tH (2023)[105] 138 CMS limitgscy, = 14.6(0bs) 193785 (exp)

Table 2.1: Current results for the tHq process by the ATLAS and CMS Collaborations at
/s = 13TeV. The u,p is the ratio between the cross-section measured in the experiment and the
reference cross-section given by the SM prediction. These three analyses target the ¢H process
as the combination of tHqg and tW H. The s-channel tH is neglected because of its small cross-
section.

The analysis in first row in Table 2.1 uses 35.9fb™' and targets the H — W W*,
H—7r, H— Z7Z*, H— b and H — 77 decay modes [103] and asumes y, =
™M, The fiducial® cross-section is limited to 1.9pb, corresponding to 25 times
the expectation of the SM. The result presented in the second row of Table 2.1 is

2Refers to a specific portion of the detector where the instrument’s response is known and
trustworthy.
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obtained by targeting multileptonic final states in the H — WW*, H — 77 and
H — 77" Higgs-boson-decay channels [102]. The measured cross-section for the
tH production is 0,7 = 510+ 200 (stat.) £220 (syst.) fb. For the third result shown
in Table 2.1, the analysis measures the signal strength for that ¢tH. Finally, the
last study presents an upper limit at 95% CL, which has been obtained assuming
iy = 1. The data in all the studies favour a positive value of y;.

The primary objective of this thesis is to directly search for the ¢t Hq production.
If this objective remains unfulfilled, the analysis will establish an upper boundary
for the production cross-section. Notably, this analysis is among the first studies of
the t Hq process within the ATLAS Collaboration. Although it is not encompassed
within this thesis, the analysis conducted herein possesses the potential to establish
novel boundaries on ;.






Chapter 3

The ATLAS experiment at the
LHC of CERN

Las cebollas tienen capas,
tos-ogros ATLAS tiene capas.
—SHREK (2001)

The work developed in this thesis is framed in the context of the ATLAS de-
tector [106], a general-purpose particle physics detector that records events arising
from collisions within the LHC, the most powerful particle accelerator built to date.
This experimental setup is located at CERN, one of the world’s premier centres for
scientific inquiry.

This chapter is devoted to the introduction of the CERN laboratory and the
description of the technical design of the LHC, its experiments and the ATLAS
detector. In Section 3.1, the CERN organisation is presented through an overview
of its history, its achievements and some of the most relevant research projects
carried out currently. Through Section 3.2, the essential technical aspects of the
LHC machine design are covered. The distribution and functioning of the acceler-
ator complex and the main experiments conducted at LHC are summarised as well.
Finally, in Section 3.3, a full overview of the different components of the ATLAS
detector is provided, presenting the specific features of each part.

51
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3.1 CERN

The European Organization for Nuclear Research, known as CERN, is the
largest particle physics laboratory in the world. The convention establishing CERN
was signed in 1953 and ratified a year later. Its name is derived from the French
acronym Conseil FEuropéen pour la Recherche Nucléaire, which was the provisional
body designated in 1952 to foster fundamental physics research in Europe, and the
acronym has been maintained until the foundation of CERN. Initially formed by
12 member states, now it has 23 member states’ and many non-European countries
involved in different ways such as associate members, partners and observers [109].

The main site of the laboratory is located at Meyrin, a municipality of the
Canton of Geneva (Switzerland), at the Franco—Swiss border. There are other
sites in the vicinity of the main site, being the most relevant the the one located
at Prévessin-Moéns (France).

Since its beginning, the objective of CERN has been helping to uncover what
the universe is made of and how it works. CERN started its first accelerator,
the Synchrocyclotron, in 1957 and observed the pion decay into an electron and
antineutrino for the very first time [110]. Thereafter, one of the most significant
achievements made by the CERN experiments was the discovery in 1973 of neutral
currents in the Gargamelle bubble chamber located in the Proton Synchrotron
(PS) [111]. This milestone provided indirect evidence of the existence of the Z
boson and in fact, a decade later, in 1983, CERN announced the discovery of the
Z and W bosons [112] by the UA1 and UA2 experiments within the Super Proton
Synchrotron (SPS). Thanks to this achievement, the Nobel Prize in Physics in
1984 was awarded to C. Rubbia and S. van der Meer for their contribution to the
discovery of subatomic particles. This significant accomplishment marked the first
recognition of the scientific program conducted at CERN.

Other major successes of CERN were the determination of the number of
light-flavour neutrino families at the Large Electron-Positron (LEP) Collider in
1995 [113] and the creation for the very first time of antihydrogen atoms in 1995
at the PS210 experiment [114]. More crucial accomplishment followed such as the
discovery during the 1990’s of CP violation by the NA31 [115] and NA48 experi-
ments [116]. Later on, in 2012, the discovery of the Higgs boson was achieved by
the ATLAS and CMS experiments [77, 78], which was a fundamental probe of the
robustness of the SM as described in Section 2.2.1. More recently, in 2015, a state
consistent with a pentaquark particle was observed at the LHCb experiment [117].

1Spain joined CERN in 1961 and presented its withdrawal eight years later. In 1983 Spain
re-joined the organisation [107, 108].
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The collider-based experiments of LHC are described in more detail in Sec-
tion 3.2. Apart from these, fixed-target experiments, antimatter experiments and
experimental facilities make use of the LHC injector chain. The main fixed-target
experiments at CERN are the Antiproton Decelerator (AD) [118] for slowing anti-
protons for the antimatter factory [119] and the On-Line Isotope Mass Separator
(ISOLDE) facility for short-lived ions [120]. Other relevant experiments carried
out at CERN are the Advanced Proton Driven Plasma Wakefield Acceleration Ex-
periment (AWAKE) [121] or the Alpha Magnetic Spectrometer (AMS) [122].

3.2 Large Hadron Collider

The LHC is the largest” and most powerful particle accelerator ever built [123].
In 1991, the LHC was proposed with the purpose of searching for the elusive Higgs
boson [124, 125]. Finally, after several years of planning and construction, on
September 10 2008, a beam of protons was successfully directed into the LHC
pipes for the first time.

The LHC is a circular hadron accelerator with a circumference of 27 km that is
located where once was the LEP? collider tunnel. Circular accelerators are more
space-efficient than linear ones due to their ability to speed up particles with less
physical space. They simultaneously ramp up opposite charge beams with a single
magnetic field, with bending power given by p = 0.3¢Br, where p is momentum, ¢

is particle charge (¢ = 1 for protons), B is the magnetic field, and r is accelerator
radius [127].

3.2.1 Machine design

A summary of the main parameters of LHC for pp collisions is presented in
Table 3.1. These parameters are shown for Run 1 (2011-2012), Run 2 (2015—
2018), and Run 3 (2022-2025). The forecasted values for Run 4 after the High
Luminosity (HL) LHC upgrade, scheduled to start in 2029, are provided too. The
work developed in this thesis uses the data collected during Run 2 of LHC.

The LHC has two rings with ultra-high vacuum (to prevent collisions with gas
molecules while moving through the accelerator) in which particle beams travel in
opposite directions. As well as protons, it can collide heavy ions, in particular lead
nuclei.

2Alongside LEP, which was equally large.
*LEP is the accelerator used by CERN from 1989 to 2000 [126]
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Parameter ‘ Design ‘ Run 1 ‘ Run 2 ‘ Run 3 ‘ HL-LHC
Beam energy [TeV] 7 3.5-4 6.5 6.8 7
Centre-of-mass energy (v/s) [TeV] 14 7-8 13 13.6 14
Bunch spacing [ns] 25 50 25 25 25
Bunch Intensity [10" ppb] 1.15 1.6 1.2 up to 1.8 | 2.2
Number of bunches (n;) 2808 1400 2500 2800 2800
Transverse emittance (e) [pm] 3.5 2.2 2.2 2.5 2.5
Amplitude function at the interaction point (8%)[cm] | 55 80 30—25 30—25 down to 15
Crossing angle [pirad] 285 - 300—260 | 300—260 | TBD
Peak Luminosity [10* cm?s™" | 2.1 0.8 2.0 2.0 5.0

Peak pile-up 25 45 60 55 150
Nominal magnetic field (B) [T] 8.73 416 - 7.76 | 7.73 8.73 8.73 /12
Injection energy [GeV] 450

Circumference length [km] 26.7

Radius [km] 4.24

Number of dipole magnets 1232

Length of dipole magnets [m] 14.3

Number of quadrupole magnets 395

Total mass [tons] 275

Table 3.1: Summary of main accelerator parameters for the LHC, showing the design values,
and those used during Run 1, Run 2 and Run 3, as well as the expected parameters for Run 4 at
the HL-LHC [41, 128, 129].

The beams in the LHC are made up of bunches of protons that collide every
251ns. Each bunch contains approximately 1.1 x 10'! hadrons, being about 2500
2800 the maximum possible number of bunches that can be reached with the beam
preparation method currently used [130]. The size of each bunch is approximately
25 cm [123].

The LHC tunnel lies between 45m and 170 m below the surface on a plane
inclined at 1.4% sloping towards the Léman Lake. The underground construction
adds some shielding from outside interferences that could interact with the detect-
ors and cause anomalous readings. Even 100 m underground, the cosmic rays can
reach the detectors, so these are used to help calibrate them. The two rings are
built under the two-in-one twin-bore superconducting magnet design [123] .

The LHC contains 1232 twin-bore dipole magnets to curve the trajectory of
the particle beams. Dipoles are also equipped with additional multipole-lattice
magnets (sextupole, octupole and decapole), which correct for small imperfections
in the magnetic field at the extremities of the dipoles.

The Radio Frequency (RF) cavities (also known as resonators) allow radio waves
to interact with passing particle bunches. The main role of the RF cavities is to
keep the proton bunches tightly packed to ensure the required luminosity at the
interaction point (IP). They also transfer RF power to the beam to accelerate it
to the target energy.
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At the insertion of the arc and straight sections, quadrupole magnets are in-
stalled to suppress the dispersion of particles. Acting as focal lenses, quadrupole
magnets gather the particles together.

In total, there are more than 9000 magnets all over the LHC and more than 50
types of magnets are needed to make the particles circulate in their path without
losing speed. The coils are made of niobium-titanium (NbTi) which is cooled to
less than 2 K with superfluid helium to reach superconductivity.

3.2.2 Accelerator complex

To accelerate the proton beams, the existing CERN accelerator complex is used.
These accelerators were, back in the day, the state of the art colliders and now they
serve as injection system for the LHC. The path followed by the particle beams
is presented in Figure 3.1. The accelerator complex consists of several machines
interconnected to boost the beams until these reach the LHC.

The proton bunches are produced by ionising a gas of hydrogen atoms and then
they are accelerated to a momentum of 50 MeV by the linear accelerator (LINAC2).
After being produced, the beams enter the first circular accelerator, the Proton
Synchrotron Booster (PSB), which has 630 m radius and increases the energy of
the protons up to 1.4 GeV. Right after the PSB, the PS brings the particles up to
25 GeV. It is followed by the SPS, which raises the energy of the particles to 450
GeV. Then, the beam is injected into the LHC by two different transfer injection
(TT) lines [131].

Heavy-ion collisions were included in the conceptual design of the LHC from
an early stage and follow the same path to maximum acceleration as the protons.

Lead ions are extracted from a source of vaporised lead and are initially accelerated
by the Low Energy Ion Ring (LEIR).

3.2.3 LHC experiments

In the LHC four major experiments are carried out, each of them with its own
detector (see Figure 3.2) and physics programme. Distributed along the collider as
is shown in Figures 3.1, these highly sophisticated experiments are:

« A Toroidal LHC ApparatuS (ATLAS) [132]: It is a generic multi-
purpose experiment for high luminosity. It studies pp collisions and investig-
ates a wide range of physics, from the SM to the search for extra dimensions or
dark matter. It has the dimensions of a cylinder, 46 m long, 25 m in diameter.
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Figure 3.1: Scheme of CERN accelerator complex.

The ATLAS detector weighs 7 x 10° tonnes. Its design features excellent jet
and missing transverse energy resolution, particle identification and flavour
tagging and standalone muon measurements. ATLAS is covered in detail in
Section 3.3 as it is the detector used to perform the analysis presented in this
thesis.

« Compact Muon Solenoid (CMS) [133]: It is the other general-purpose
experiment for high luminosity. CMS has the same objectives and goals
as ATLAS but both its hardware and software designs are different. Even
though CMS is smaller than ATLAS (21 m long, 15m in diameter) it is much
heavier, weighting 14 x 10* tonnes. The bulk of its weight is the steel yoke that
confines the 4T magnetic field of its superconducting solenoid. The design
of CMS emphasises magnificent electron/photon energy and momentum res-
olution. The role of the coexistence of CMS and ATLAS is fundamental so
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that the scientific community can verify and confirm the independent results
found by these experiments.

« Large Hadron Collider beauty (LHCb) [134]: It is a lower luminosity"
experiment designed to study the small asymmetries between matter and
antimatter through CP violation using rare decays of b-quark based hadrons.
The detector is arranged as a succession of planar sub-detectors since most
of the b-flavoured mesons follow the beam-pipe direction when created in the
pp collision. LHCb delivers remarkable low-momentum track reconstruction
and particle identification.

« A Large Ion Collider Experiment (ALICE) [135]: It is a low lumin-
osity experiment in IR8 that focuses on QCD. The main feature of ALICE
is a general-purpose detector that uses heavy-ion collisions to study mat-
ter interacting at extreme densities and temperatures, thus reproducing the
quark-gluon plasma. This detector provides highly efficient track reconstruc-
tion in an environment full of heavy ions. Besides running with lead ions,
the physics programme includes collisions with lighter ions, lower energy col-
lisions and a dedicated proton—nucleus run.

Along the LHC machine, there are other experiments much smaller than AT-
LAS, CMS, LHCb and ALICE, typically sharing the cavern with the major pro-
jects. The most relevant among the minor experiments are LHCf [136], MATH-
USLA [137], MilliQan [138], MoEDAL [139], TOTEM [140] and FASER [141].

3.2.4 LHC computing grid

The data collected by the different LHC experiments is stored, processed and,
then, made available for all the researchers of each collaboration. This is pos-
sible thanks to the last piece of the LHC, its computing model and infrastructure:
the World LHC Computing Grid (WLCG). It consists of several computing farms
distributed around the world and interconnected.

Different types of computing centres are defined and these are classified into
Tiers [142]:

o Tier-0: Facility located at CERN and responsible for providing prompt re-
construction and distributing a copy of the raw data to the Tier-1 centres.

“By lower luminosity it means that less collisions are delivered by the LHC the experiment.
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(a) ATLAS (b) CMS

(c) LHCb (d) ALICE

Figure 3.2: Scheme of LHC main experiments. Note that the images are not equally scaled.

o Tier-1: Facilities archiving the raw data permanently and providing the
computational capacity for reprocessing and physical analysis. These also
store the simulated and reprocessed data. Currently, 13 computer centres
are serving as Tier-1, making data available to the Tier-2 centres [143].

o Tier-2: Facilities typically located at universities and scientific institutes,
that serve as storage and analysis facilities of processed data. The event
simulations are also executed here.

o Tier-3: Local computing resources.

This system provides near real-time access to LHC data worldwide. It deals
with over two million tasks daily. These specifications make the LCG the most
sophisticated system for data taking and analysis ever built for science.
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Figure 3.3: Simulated schematic view of the ATLAS detector [144].

3.3 The ATLAS detector

The ATLAS detector is the largest detector ever constructed for a particle
collider. It is designed to record events of high-energy colliding particles at high
luminosities. The thousands of millions of interactions that take place at the centre
of the ATLAS detector are recorded and processed by the different sub-detectors,
which are composed of more than 100 million electronic channels. Each ATLAS
sub-detector is sensitive to a different type of particle and to different properties.
Therefore, the layered structure allows for effective particle identification, as well
as enables accurate measurements of energy and momentum. Figure 3.3 shows an
overall layout of the ATLAS detector and identifies its different sub-detectors. In
the picture, one can appreciate that the cylindrical shape of ATLAS is divided
into two parts: the “barrel” and the two “end-caps”. In the barrel region, the sub-
detectors are built as coaxial layers around the beam pipe. As one moves away from
the axis, it finds the Inner Detector (ID), the solenoid magnet, the Electromagnetic
(ECAL) and Hadronic (HCAL) calorimeters, and the Muon Spectrometer (MS)
and the toroid magnet in the outermost layers. The technical details of these sub-
detectors and the magnet systems are presented in Sections3.3.2, 3.3.3, 3.3.4 and
3.3.5.
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——l CMS

Figure 3.4: Coordinate system of the ATLAS detector in the context of LHC.

The ATLAS detector can explore a wide range of phenomena with high pre-
cision. It was designed to perform precision measurements of the SM parameters
and the Higgs boson properties.

3.3.1 Coordinate system

The ATLAS detector uses a right-handed system with its origin at the IP where
the collisions take place. On one side, there are the (z, y, z) cartesian coordinates.
The z-axis is pointing towards the centre of the ring circumference, the y-axis is
perpendicular to the plane defined by the LHC ring and it points to the surface,
and the z-axis is defined by the direction of the beam. On the other side, it is
more frequent to employ the cylindrical coordinates (r, ¢, z) or the system defined
by the azimuthal angle (¢) and the pseudorapidity, being n = —In [tan(6/2)] where
6 is the polar angle’. The change in pseudorapidity A7 is Lorentz invariant un-
der boosts along the beam axis. The angular distance is measured in units of
AR = \/ (An)® 4+ (A¢)?, which is invariant under a boost along the z-axis. Fig-
ure 3.4 shows the coordinate system of ATLAS for both cartesian and cylindrical
coordinates.

3.3.2 Inner Detector

The ID [132, 145, 146] is the closest sub-detector to the beam pipe. Its layout
is shown in Figure 3.5. The charged particles follow a curved trajectory inside the
ID due to the magnetic field of the bending magnet (described in Section 3.3.5).

Defined as the angle between the particle three-momentum, ? and the positive direction of the
beam axis.
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Figure 3.5: Barrel part of ID of the ATLAS experiment with the IBL, Pixel, SCT and TRT
sub-detectors [147, 148].

The different pieces that comprise the ID record the hits that are later used to
reconstruct the tracks of these particles with great accuracy allowing, thus, to
measure its momentum. The geometric acceptance of the ID is |n| < 2.5. The ID
provides pp resolution of approximately o, /pr = 0.05% @ 1%°. Tt is designed to
provide excellent momentum resolution, pattern recognition and measurements of
both primary and secondary vertex for charged particles above the p threshold

(nominally 0.5 GeV).

The ID is composed of four sub-detectors: The Insertable B-Layer (IBL), the
Pixel Detector, the Semiconductor Tracker (SCT) and the Transition Radiation

Tracker (TRT).

Insertable B-Layer

The IBL [149] is the innermost component of the ID. It is located between the
beam pipe and the Pixel Detector. Added after Run 1, it provides the closest-to-
IP measurements. This improves the robustness and performance of the ATLAS
tracking system. It plays a fundamental role in b-tagging efficiency because this

*The & symbol means that the relative uncertainties are summed in quadrature.
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tagging relies on precise vertex reconstruction. With a hit resolution of 8 pm in r-¢
and 40 pm along z, the IBL covers the |n| < 2.7 and the entire ¢ range.

The IBL consists of pixel planar sensors and 3D pixel sensors [149, 150] mounted
on 280 silicon pixel modules and arranged on 14 azimuthal staves.

Pixel Detector

The ATLAS Pixel Detector [151] is made up of four layers of silicon pixels of
50 x 400 pm? organised in modules. The barrel modules are arranged in three
cylinders concentric to the beam axis and three concentric disks at both ends of
the barrel. Each of these modules consists on a silicon pixel sensor bonded to the
front-end electronic chips. It provides full coverage of the azimuthal angle ¢ and a
pseudorapidity range of |n| < 2.5 as well as a resolution of 10 pm in 7-¢ and 115 pm
in the z-axis.

Semiconductor Tracker

The SCT consists of 4088 modules tiling four coaxial cylindrical layers in the barrel
region and two end-caps each containing nine disk layers, all of these surrounding
the Pixel Detector. The SCT uses microstrip sensor technology. The reason to
use microstrips instead of pixels is that the strips are more cost-effective than
traditional pixels and a good spatial resolution can be obtained as well if the strips
are arranged with an angular offset. Therefore, each SCT detector unit consists of
two back-to-back silicon-microstrip planes with a relative angle of 40 mrad. Eight
strip layers (i.e. four space points) are crossed by each track in the SCT providing
valuable tracking information with a resolution of 17 ym in r-¢ and 580 pm in the
z coordinate. The SCT covers the entire ¢ range and up to |n| < 2.5.

Transition Radiation Tracker

The TRT is used in conjunction with the Pixel Detector and silicon micro strip
(SCT). This part of the ID is formed by about 300000 straw tubes with 4 mm
diameter filled with gas. The TRT relies both on the collection of both primary
and secondary ionisation charges arising from the transition radiation to measure
the track of charged particles. The tube surface functions as cathode while the
wire in the centre as anode. When a charged particle passes through the Xe-based
gas mixture in the tube, it ionises the gas and the freed electrons drift towards
the anode, generating an electrical current. This detector provides a single hit
resolution of 130 pm in r-¢ but does not have sensitivity in z. The TRT also
provides discrimination between electrons and pions since the latter generates a
smaller signal than the former.
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Table 3.2 summarises the main characteristics of the ID subdectectors.

Subdetector Element size (pm) Intrinsic resolution (pm)

IBL 50 x 250 8 x 40
Pixel 50 x 400 10 x 115
SCT 80 17 x 580
TRT 4000 130

Table 3.2: Overview of the main features of the ID subdetectors. The intrinsic resolution of
the IBL, the Pixel and SCT is provided for borh r-¢ and z directions, while for TRT subdetector
only along 7-¢.

3.3.3 Calorimeters

After the ID, the next layer of detectors in the ATLAS machine corresponds
to the calorimeters (see Figure 3.6) [152]. Their purpose is to measure the energy
of the particles (neutral or charged), as well as to help the ID to reconstruct the
path followed by them. Most particles initiate a shower when they enter into
the calorimeter. Either all or part of the energy of these particles is deposited in
the device and measured. Most of calorimeters in particle physics are segmented
transversely to provide information about the direction of the particles. Based on
the shower shape, the longitudinal segmentation provides information for particle
identification.

The ATLAS detector has two types of calorimeters depending of the type of
particles that it is desired to detect: the electromagnetic calorimeter (ECAL), which
measures the energy of electrons/positrons and photons, and the hadronic calori-
meter (HCAL), which registers the energy of the strongly-interacting particles.

Calorimeters are typically categorised into two types: sampling and homogen-
eous. Sampling calorimeters are constructed from two types of materials (passive
and active), while homogeneous calorimeters are made from a single type. Both the
ECAL and HCAL are sampling calorimeters, which consist of alternating layers of
different materials.

3.3.3.1 Electromagnetic calorimeter

The ECAL [152] absorbs the energy of the electrons (e”), positrons (e*) and
photons () covering a pseudorapidity range of |n| < 1.475 in the barrel. It is
made of a lead absorber and the liquid Argon (LAr) as an active medium following
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Figure 3.6: Computer generated image of the ATLAS calorimeters [153].

an accordion shape. The shower originated in the absorber layer ionises the LAr
producing a measurable current proportional to the energy of the original particle.
The LAr layer operates at 89.3 K to maintain a pressure of 1 bar’ [154]. The barrel
part is split into two identical half-barrels separated by a small gap at z = 0. Each
end-cap calorimeter is composed of two coaxial wheels that cover 1.375|n| < 3.2.

The total amount of material in the ECAL corresponds to 25-35 radiation
lengths® over the entire 7 range.

The energy resolution of a calorimeter can be parametrised as:

OR . a @ b
E JVE E
where a is the stochastic term, b the electronic noise ¢ is a constant that includes
detector instabilities and miscalibrations, and F is the energy. The stochastic term
considers the statistical fluctuations in the shower detection. This term is larger for

sampling calorimeters than for the homogeneous ones. The effect of a diminishes
with increasing energy. The noise component b of energy resolution arises from

®c,

"The minimum to avoid the freezing of liquid argon in the region of the heat exchangers is 87.3 K.
8The radiation length is characteristic of each material and corresponds mean distance over which
a high-energy electron lose its energy by a factor e = 2.71828 due to bremsstrahlung.
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the noise of readout chain and varies with detector technique and readout circuit
properties (e.g., detector capacitance, cables). The noise contribution also increases
with decreasing energy of the incident particles. Finally, the constant term does not
involve energy-dependent contributions and originates mainly from instrumental
effects that cause variations in calorimeter response. For the ECAL, the resolution

1S:
op _ 10% _ 170 MeV
E~ VB &) z D 0.7% .

3.3.3.2 Hadronic calorimeter

The HCAL [152] is made of a sampling calorimeter of steel and plastic scin-
tillator tiles covering the pseudorapidity region of |n| < 1.7 in the barrels. The
end-caps are made of copper and LAr, covering 1.5 < |n| < 3.2, and are embedded
in the end-caps of the ECAL. This calorimeter uses 9800 electronic channels in
the barrel and 5600 in the end-cap. With 2900 tones, the HCAL is the heaviest
part of the ATLAS detector. It has 420000 scintillator tiles and 9500 photomul-
tiplier tubes [153]. The scintillating-light signal produced at the tiles is read by
photomultipliers tubes.

The contribution of the electronic noise is negligible for the tile calorimeter,
therefore, its energy resolution only has the stochastic and constant terms [152]:

E  VE

5.9
op _ 59N oo

3.3.3.3 Forward calorimeter

In addition to the ECAL and HCAL, a smaller calorimeter is placed in the end-
caps surrounding the beam pipe to cover the forward region (3.1 < |n| < 4.9), the
forward calorimeter (FCAL). This coverage is required for many physics tasks such
as the reconstruction of the missing transverse energy of the forward-jet tagging.

This calorimeter is a sampling calorimeter based on LAr as active medium
and copper as absorber. The thickness of the FCAL is optimised to achieve high
absorption, approximately, 10 radiation lengths [154].

This detector has a resolution of:

10% .
E \/E@%
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Figure 3.7: Conceptual layout of the MS (blue).

The magnet system (yellow) is also shown [132]. Figure 3.8: ATLAS Muon de-

tectors [155].

3.3.4 Muon Spectrometer

The muons can penetrate through calorimeters and reach the last layer of the
ATLAS detector, the MS [155]. Figure 3.7 shows a schematic cut-away view of the
ATLAS MS.

The MS surrounds the calorimeters and it aims to measure the trajectories of
muons with a pseudorapidity coverage of |n| < 2.7.

The MS instrumentation is based, on the one hand, on precision chambers for
the coordinate measurements in the bending plane: Monitored Drift Tube chambers
(MDT) and Cathode-Strip Chambers (CSC), and, on the other hand, on trigger
chambers: Resistive Plate Chambers (RPC) and Thin Gap Chambers (TGC).
Table 3.3 gives a summary of the MS detector components.

Type Purpose Location Coverage

MDT Tracking Barrel + end-cap 0.0 < |n| < 2.0
CSC  Tracking End-cap layer 1 2.0 < |n| < 2.7
RPC  Trigger  Barrel 0.0<|n| < 1.0
TGC Trigger  End-cap 1.0<|n| <24

Table 3.3: Summary ATLAS MS subdetectors [156].
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e Monitored Drift Tube chambers [157]: The MDT chambers provide pre-
cise momentum measurements covering |n| < 2.7. They determine the curve
of the tracks. The MDTs are designed to have stand-alone measurement cap-
ability to safeguard against any unanticipated background and to ensure good
discovery potential in the scenario of unexpected topologies. To do so, the
MDT uses a system of high-pressure (3 bar) drift tubes. An MDT chamber
consists of six laters of drift tubes, each of them with 3 cm of diameter, filled
with gas. A tube can achieve a single wire resolution of 80 pm. In the entire
MDT system, there are 1171 chambers with a total of 354 240 tubes.

o Cathode-Strip Chambers: It is the innermost tracking layer of the MS.
The CSCs are multi-wire proportional chambers filled of a mixture of gases
with cathode strip read-out. Due to its higher rate capability and time resol-
ution, it is located close to the beam axis, where the particle fluxes are higher.
They have a higher granularity than the MDT. This component of the MS
covers the range 2.0 < |n| < 2.7. It measures with precision the coordinates
at the ends of the detector. It has 70000 electric channels and provides a
resolution of around 60 pm.

+ Resistive Plate Chambers [158]: This is the barrel element of the trigger
system. These chambers are located on both sides of the central CSC and
inside the outermost CSC station, covering the |n| < 1.0 range. The RPCs are
gaseous detectors used for triggering and for measuring the second coordinate
in the barrel region. RCPs provide a time-space resolution of 1 cm x 1ns. The
gas gap is of the order of 2mm and the plate external surfaces are coated by
thin layers of graphite painting that allows uniform distribution of the high
voltage along the plates. This part of the MS is composed of 3800 electric
channels.

o Thin Gap Chambers [159]: The TGCs are multi-wire proportional cham-
bers filled with a mixture of gases with a smaller distance between cathodes
and the wire plane compared to the distance between wires. As a first-level
trigger, they have to provide high efficiency and excellent time resolution
for bunch-crossing tagging in a high-background environment. The TGC
presents a 2.0 < |n| < 2.7 coverage. The particle flux received by the TCG is
higher than that of the RPC. The three TGCs are located near the middle
end-cap MDT station, in the forward regions. The intrinsic spatial resolution
for a single layer is 45 pm for a perpendicular incident angle, and the trans-
ition region between pads is measured to be about 4mm. TGCs measure
the second coordinate in the non-bending direction with their circa 440000
electrical channels.
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3.3.5 Magnet system

The curvature of particle tracks is crucial to determine their transverse mo-
mentum and charge. This bending is achieved through a homogeneous magnetic
field produced by toroidal and solenoid magnets, with bending power proportional
to [ Bdl, where B is the magnetic field component orthogonal to the charged-
particle direction.

The ATLAS magnet system consists of three subsystems: the central solenoid,
barrel toroids (BT), and end-cap toroid (ECT).

o Central solenoid magnet: Surrounding the ID, the ATLAS solenoid
provides a 2T magnetic field at the centre of the tracking volume. With
a mere 4.5 cm thickness, the particle interaction with the magnet material is
minimised, ensuring optimal calorimeter performance. This thin design lever-
ages 9km of NbTi superconductor wires in pure aluminium strips, cooled to
4.5 K. The magnet has a cylindrical shape, 5.6 m in diameter and 2.56 m in
length, weighing 5 tonnes.

o Barrel toroid magnets: The BT, being the largest component of the mag-
net system, generates a field almost perpendicular to particle tracks. De-
signed as a light and open structure to minimise interference with particles,
its coils are placed in individual cryostats linked for stability. This magnet
offers a magnetic flux density of 3.9T on its superconductor. As the largest
of its kind, it measures 25.3 m in length, weighs 830 tonnes, and utilises over
56 km of superconducting wire [153, 160]. These air-core toroids of the toroid
magnets use an Al/NbTi/Cu superconductor operating at 4.5 K [160].

o End-cap toroid magnets: Extending the magnetic field of the BT, the
ECTs ensure uniform coverage. Their 4.1 T magnetic field on the supercon-
ductor has bending power between 4 and 8 Tm in the range 1.6 < |n| <
2.7 [160]. Each ECT, with a diameter of 10.7 m and weighing 240 tonnes,
overlaps with barrel toroids in the range 1.4 < |n| < 1.6, where bending
power is reduced.

3.3.6 Trigger and Data Acquisition System

The proton bunches cross at the centre of the ATLAS detector 40 M times per
second, resulting in approximately (assuming Run 2 mean pile-up’ <p>= 33.7)

9The pile-up refers to the simultaneous occurrence of multiple pp collisions in a single bunch
crossing, leading to an overlap of signals. It is described with more detail in Section 4.1.3.
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1200 million pp collisions per second. Reading out and storing all the information
from these interactions is not feasible since it has a combined data volume of more
than 60 million MB per second. Only some of these events are of interest to physics
studies and, consequently, only this subset needs to be saved into permanent storage
for later analysis. To select only interesting data, ATLAS uses a complex and highly
distributed Trigger and Data Acquisition System (TDAQ) [161] that reduces the
rate of recorded data from the initial 40 MHz to just an average of 1kHz. The
reduction through the trigger is carried in two steps: The custom-built electronic
performs an initial selection and, afterwards, a software-based system analyses the
data that passes the initial filter.

The first-level trigger (L1) is a hardware-based filter. The L1 uses the inform-
ation of the partial granularity of the Calorimeters and the MS to select events
up to the maximum-readout rate of the detector (100kHz) within a latency of
2.5 ps. Additionally, the L1 identify the regions of interest (Rol), which includes
the position and the pt of the candidate objects.

The data from filtered from the L1 is sent to the software-based trigger, the so
called “High Level Trigger” (HLT) [161]. This software-based system is executed
on a farm of computers, making use of fast-trigger algorithms.

An average 1.2 kHz output rare for Run 2 passes the HLT (with a latency of just
235 ms) and is sent to the Tier-0 facilities for permanent storage, for worldwide
transferring and later offline physics analysis [162]. The decisions performed by
trigger about whether or not to store an event are irrevocable.

3.4 Performance of the ATLAS detector

As vast as it is intricate, the performance of the detector hinges crucially on
the minutiae of its components and their complex interplay. In particular, a fun-
damental part for the correct operation of the ATLAS detector is the alignment
of its subdetectors [148]. The goal of the detector alignment is to determine the
position of the detector geometry as accurately as possible in order to correct the
effects of any displacement.

As commented in Section 3.3.2, the ID is used to reconstruct the trajectories
of the charged particles by combining into tracks the energy deposits (hits) of the
particles as well as identifying primary and secondary vertices. These function-
alities are essential for some tasks such as the lepton reconstruction or the b-jet
tagging (later described in Section 5.3.1). To be able to have precise and efficient
tracking, the full resolution of the ID has to be exploited. The detector experiences
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small movements that affect its geometry. These are due to several factors such
as movements during the technical stops, thermal expansion/contractions, or any
other changes in the operational conditions. With the alignment, it is possible to
account for these displacements, re-calibrate and correct their effects. The accuracy
of the alignment algorithm is such that the position of the various detector parts
may be determined with a few microns of accuracy [106]. Since any misalignment
of the different elements of the ID will degrade the quality of the track and object
reconstruction, which is vital to performing any physics analysis, constant monit-
oring of the alignment is necessary. During the development of this thesis, I have
contributed to the alignment of the ID through the development of the monitoring
software of the track-based ID alignment results obtained at the calibration loop™.

3.4.1 Local coordinate frame and residuals

Local coordinate frame

In Section 3.3.1 the global (z, y, z) Cartesian coordinate system of ATLAS is
introduced. The local coordinate frame of an individual sensor of the detector (z’,
y’, 2’) is also given in the Cartesian system. The local system is a right-handed
coordinate system with the origin placed at the geometrical centre of the module.
According to the convention, the z’-axis and y’-axis are within the plane of the
component and the z’-axis is pointing outside of this plane. The z’-axis points to
the most sensitive direction of the module. For the Pixel and IBL modules this is
the shorter pitch side and, for the SCT, the perpendicular to the strip orientation.
In the case of the TRT the y’-axis points along the wire while the z’-axis remains
perpendicular to both the wire and the radial direction. The local coordinates are

represented schematically in Figure 3.9.

The hits in the different subdetectors are reconstructed in the local coordinate
frame of the different modules.

Residuals
In tracking, a residual is the distance between a hit and the intersection point of
the extrapolated track in the sensor plane. The residual vector () is defined as:

r=(m-—e(r,a)),

“The calibration loop, also called 24h loop, is the process of dynamically updating the databases
with the calibration results. The calibration loop is executed every 24 hours. It is responsible
for correcting the most important movements after data collection and before data reprocessing.
This is done using a subset of data (express stream) processed at Tier-0.
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Figure 3.9: Schematic representation of the ATLAS global (z, y, z) and local (2, y’, z’) reference
frames [148]. The local coordinates are shown for the Pixel, IBL, SCT and TRT.

where m is the vector to centre of the module and e(7, ) is the vector to the
track intersection with the surface. For every module crossed by the track there
is a residual, as it is shown in Figure 3.10. The alignment algorithm presented in
this section is based on the minimisation of the residuals.

3.4.2 Track parameters and degrees of freedom

The trajectory followed by a charged particle within a magnetic field B is a helix
that can be fully parametrised by five track parameters: T = (dy, zg, @9, 0o, 4/P),
where d, and z, are the transverse and longitudinal impact parameters; ¢, and 6,
the azimuthal and polar angles of the track. Lastly, the ¢/p is the ratio between
the particle’s charge and momentum and it measures the curvature of the tracks.

The position and orientation of a rigid body can be described by a total of six
degrees of freedom. This is translated into what is known as alignment parameters
a=(T,T,1T, R, R,, R,). These correspond to the three translations with
respect to the origin of the local reference frame (7, , .) and three rotations (R, .)
around the local Cartesian axes.

3.4.3 Track based alignment

In the case of a perfectly aligned detector, the distribution of residual vectors
would be centred at zero and have a width that corresponds to the module resolu-
tion. Therefore, any deviation in the residual distribution indicates a misalignment
of the detector.
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Figure 3.10: Schematic representation of a charged particle crossing detector planes [148]. The
red stars represent the measurements in each plane (m;). The black line is the fitted trajectory
for a given set of track parameters. The position of the intersection of the fitted track with the
plane (e;) on which the i measurement is made is indicated with a green elipse. The residuals
(r;) are represented by blue lines.

A schematic description of the alignment chain is illustrated in Figure 3.11.
The blue rectangles on the left panel of this figure represent the true position of
the detector modules. A charged particle produces hits in each module, which are
marked with red dots. The track of the particle is marked with a red line. The
x distance is the deviation of the module from its apparent position (considering
there is no misalignment). In the middle panel, the white rectangles represent the
apparent position of each module. It can be seen that the real and the apparent
positions are not the same, differing by an unknown distance z. This deviation
leads to a discrepancy between the reconstructed tracks and the true ones. The
residuals in the middle panel are represented by a green line, which corresponds
to the difference between the recorded track (red dots) and the reconstructed one
(blue dots). The residual distributions in this panel are displaced from zero, indic-
ating a misalignment. The purpose of the alignment algorithm is to centre these
distributions in zero by minimising these residuals. As a result of the alignment
procedure, the position of the detectors has been updated a distance 2’ for each
module. After this, the new expected position of the modules (green rectangles)
is much closer to the real one and, hence, the residuals are more centred at zero.
Anyhow, this is not perfect and the different 2’ are not all equal to z. To improve
the precision, the alignment procedure is repeated iteratively with the calibration
loop until the convergence of the corrections.
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Figure 3.11: Alignment procedure scheme where each rectangle represents a detector module.

3.4.3.1 Global x? algorithm

To correct the position of the ID, the alignment constants () are obtained as
result of the minimisation of a x? function. This function is built from the track-hit
residuals:

Oh

where the index e runs over the selected events, the index ¢ runs over the recon-
structed tracks with one event, and the index A is the set of hits associated to each
track ¢ in each event. The residual of each hit associated to track ¢ is ), and oy,
is the uncertainty of the measured hit. In vector notation, the y? function can be

expressed as:
Y2 = Z Z rTQ 'y,
e t

where () is the covariance matrix of the corresponding measurements and r the
residual vector. The alignment constants o are those that minimise the x* and,
therefore, first and second derivatives of y? with respect o are used.

s el @)

It is worth to remark that » and €2 are defined for all events and tracks with each
event, so the sum will accumulate the residuals from all considered tracks from all
the events in the data sample. The last expression can be simplified taking into
account that Q' is symmetric (ie. (2717 = Q7!) and it takes the form:

2

dx dr\"
) — | 9alr=0. 3.1
522 (i) o (81)



74 Chapter 3. The ATLAS experiment at the LHC of CERN

Now, since r = r(7, ), partial derivatives have to be taken into account:

i _ordr or
daa  Orda O

Inserting this into equation 3.1, the condition for minimising the x? turns to be:
ordr or\’ 1
— | Q@ r=0. 3.2
Z <8T da 6a> " (32)

The alignment parameters that satisfy the relation in equation 3.2 are found
by an iterative process consisting on evaluating the first and second derivatives of
the x* with respect to the current iteration alignment parameters, ag. Since the
derivative terms of equation 3.2 depend on « itself, the procedure is repeated until a
convergence criteria is achieved. To get the set of alignment parameters corrections
(da), the alignment parameters can be written as o = ¢y + da. Therefore, from
the equation 3.1, the following relation is obtained

(i) = ()

Hence, from this equation it is possible to define the alignment matrix (M,) and
vector (v,) as:

S +Zz<dao>T (1, 00) =0.  (3.3)

M, - zz@Q L
=S5 () vt

And the relation in equation 3.3 can be rewritten as M,0a + v, = 0, implying
that da = —M, 'v,. The alignment parameters o are iteratively derived until
convergence is reached. The iterative expression is ay = apn_; + day, where N is
the current iteration.

The Global x? algorithm encompasses all alignable modules, factoring in their
intercorrelations, which makes solving equation 3.3 computationally challenging.
Given the intricate granularity and sophistication of the ID, alignment can be un-
dertaken at various hierarchical levels. These levels correspond to the ID’s assembly
structure, with the complexity ascending progressively. This gradation is realised
by mapping the residuals, initially computed at the module level, onto more ex-
pansive surfaces corresponding to broader ID structures. The subcomponents of
the ID are categorised into five tiers (see Table 3.4), ranging from a count of 7
structures to 351 x 10°, based on their structural composition.
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Level Description Number of structures

1 IBL, Pixel, SCT end-caps, TRT barrel and end-caps 7
IBL Layers, Pixel end-cap disks and barrel layers,

Si2 SCT end-cap disks and barrel layers 32

Si3 IBL modules, Pixel modules and SCT modules 6112
TRT2 TRT barrel modules and end-cap wheels 176
TRT3 TRT straw tubes 351 x 10°

Table 3.4: Alignment configuration split by levels used during Run 2 data-taking period.

3.4.4 1ID alignment monitoring

The ID Alignment Monitoring Web Display (Figure 3.12) is an application in-
tended for monitoring the track-based alignment results obtained at the calibration
loop for the ID. It helps to evaluate the computed alignment corrections as well as
many graphical distributions directly related to the performance.

The web application is structured with a server overseen by the ATLAS Distrib-
uted Computing. It incorporates a suite of backend scripts designed for generating
distributions, refreshing the data, and managing HT'TP requests from the users.
The frontend allows to the user to interact with the application by requesting
alignment-related information. This tool is integrated within Athena'', the estab-
lished software framework for ATLAS [142].

A segment of my responsibilities encompassed the development and implement-
ation of both the client-side (frontend) and server-side (backend) code for the ID
Alignment Monitoring Web Display.

In the enhanced version of the Alignment Monitoring Web Display, several
advancements and refinements have been made compared to its predecessor:

o Integration with the standard Athena setup has been achieved.

o Conformity to ATLAS styling and debugging standards has been en-
sured [164]. These standards are a compendium of rules, recommendations
and advice for presenting the information within the ATLAS collaboration.
The web presents a professional visual identity that is both memorable and
easy to recognise.

" Athena represents a specific implementation of a component-based architecture, drawing inspir-
ation from LHCb’s Gaudi [163]. Tt is tailored for an extensive variety of physics data-processing
tasks.
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« Enhanced efficiency in execution has been introduced by allowing updates for
individual runs or batches of runs.

e The system now dynamically updates the year, eliminating the necessity for
manual hardcoding.

o Through frontend interactions, users can now select any run for visualisation,
thereby eliminating hardcoded dependencies.

« Users can now query the ATLAS Metadata Interface'” for relevant data.

o Algorithmic optimisation has been performed, streamlining code execution
through a singular iterative loop.

o The codebase has been refined to eliminate redundancies and duplicities with
respect to the previous versions.
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Figure 3.12: Main page of the ID Alignment Monitoring Web Display on wide resolution screen.
The monitor presents the runs and allows to access the alignment information and plots. Queries
can be used to filter the runs presented.

The graphical interface and layout of the application are designed to adhere to
the ATLAS style guidelines. The frontend code foundation leans on the CherryPy

2Known as AMI, it is a generic software ecosystem for retrieving scientific data by metadata
criteria. It allows to search for real and simulated data by metadata criteria as well as browse,
view, compare and create ATLAS AMI-Tags
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library [165], an object-oriented web framework developed in Python. This choice
is motivated by its simplicity and good capabilities. However, it is pertinent to
note that contemporary web development trends see an inclination towards more
feature-intensive Python web frameworks, such as Django and Flask. As a result,
CherryPy, while still effective, might not be the premier choice for newer under-
takings.

Supplementing the core functionalities, the application seamlessly integrates
CSS, HTML [166], and Java. The revamped web interface provides users with an
intuitive mechanism to determine the displayed information. A pivotal enhance-
ment is its responsive design'’, enabling impeccable adaptability across devices,
from desktops to mobiles. This feature ensures that shifters'” can effortlessly ac-
cess alignment data from any device, optimising their workflow. This mobile-centric
adaptability is powered by Bootstrap [167], a leading CSS framework renowned for
championing responsive, mobile-first frontend web development.

Other enhancements in the frontend include:

o The navigation bar has been enriched, offering a wider array of options for
seamless navigation.

o A sophisticated filter mechanism has been incorporated, enabling users to
exclusively display runs that meet specific criteria.

o An intuitive selector is now integrated, showcasing the years available in the
database for hassle-free selection.

o Accessibility has taken a front seat, with the introduction of features like
the hover selector, a grid-based display for plots, and a modal image gal-
lery (lightbox) that simplifies plot navigation. All these features have been
meticulously crafted using CSS"™.

Cumulatively, these advancements not only bolster the execution speed of the
application but also provide access to more information, and allow to easily manage
and access the desired data. The ID Alignment Monitoring Web Display that I
engineered is currently being used actively by members of the ATLAS collaboration

13Responsive design in web programming refers to the approach of creating web pages that auto-
matically adjust and optimise their layout and content based on the screen size and orientation
of the device on which they are viewed.

The term “shifters” refers to the individuals who are assigned to monitor the ATLAS detector
and its data-acquisition systems during data-taking periods. In this context, I am referring to
to the ID alignment shifters.

15CSS was first proposed on 1994 at CERN.
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to monitor the ID alignment during Run 3 as well as the reprocessing of the data
of Run 2. It has significantly simplified the monitoring of alignment, making the
task more efficient and user-friendly.



Chapter 4

Recording data and simulating
events with the ATLAS detector

In God we trust, all others bring data.
—WILLIAM EDWARDS DEMING

In particle physics, pp collisions are studied to improve our understanding of
physics of the elementary particles and their interactions. The LHC provides these
collisions and the ATLAS detector records them. In order to allow a statistical
interpretation of the collision data, the theoretical prediction is derived making use
of Monte Carlo (MC) generators.'. The current baseline theory to describe the
interactions between particles is the SM.

For real-collision data, the detector response is evaluated via various algorithms
in order to reconstruct the objects in the final state. For the simulated processes,
the MC-generated particles undergo a series of steps replicating the physics of the
collisions, the interaction with the detector material, the magnetic fields, and the
response of the detector and its electronics. Once these steps are applied, the

'The scientific method is to compare the prediction and the collected data. Then, if there is a
disagreement, one needs to update the model that produced the prediction. This procedure is
done iteratively.

79
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simulated events are processed using the same algorithms as the ones used with
real-collision data.

This chapter is divided into three sections: In Section 4.1, the phenomenology
of the pp collisions is described. Here the parton model and underlying event are
presented. The concepts of luminosity and pile-up are discussed as well. Section 4.2
describes the collection of the data with the ATLAS detector, while Section 4.3
discusses the generation of simulated data by presenting the steps and tools of the
simulation chain.

4.1 Phenomenology of proton—proton collisions

The analysis presented in this thesis uses data obtained from pp collisions
provided by the LHC. Therefore, understanding the physics behind these collisions
is fundamental to understanding the physics analyses conducted at this collider.
The pp collisions can be categorised into two broad classes based on how the en-
ergy and momentum are distributed among the colliding particles. Collisions can
be elastic and inelastic. In the former, the kinetic energy is conserved and the col-
lision is a scattering off two protons without changing their intrinsic properties or
producing any new particles. In the latter, the protons either change their intrinsic
properties or new particles are produced as the result of the collision.

At the LHC energy regime, the pp collisions are predominantly inelastic and
they cannot be described as point-like interactions. Here is where the parton model
and the PDFs come into play. The PDFs are functions containing the long-distance
structure of the hadrons in terms of valence and sea quarks and gluons (explained
in Section 4.1.1). This description is known as the “parton model” and is discussed
throughout this section.

During the Run 2 data-taking period of the LHC, pp collisions took place with
a centre-of-mass energy of 13 TeV. The total cross-section of pp collisions at this
energy is measured to be oy, = (110.6 &+ 3.4) mb [168]. The method used to
measure o, also made it possible to separate the cross-section into the elastic
0g = (31.9 £ 1.7) mb and the inelastic one oy, = (79.5 + 1.8) mb. However,
only inelastic scattering generates particles with a sufficient angle with respect to
the beam axis so that these particles enter into the geometrical acceptance of the
detector. The cross-section can be computed as the convolution of PDFs with the
parton scattering matrix element M. In the context of scattering experiments,
the M refers to the amplitude for a particular scattering or decay process between
initial and final states. The M provides information about the probability of
transitioning from an initial state to a final state through a given interaction.
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4.1.1 Proton structure and parton model

Formulated by R.P. Feynman the parton model for hadrons describes these
non-fundamental particles as a composite of several point-like constituents named
partons [169]. In this model, the proton is not only made of its three “valence”
quarks (two u-type and one d-type quarks) but also, there is a “sea” of gluons and
short-lived quark—antiquark pairs created through gluon splitting. The partons in
the sea are continuously interacting with each other and, depending on the energy,
can have any flavour.

The distribution of the momentum of a hadron among its constituents is de-
scribed by its PDFs [170]. The momentum of the partons within a proton is de-
termined through fits to several data points obtained from experimental data such
as the ones coming from deep inelastic scattering, Drell-Yan, and jet measurements.
Various global fitting collaborations, including ABM [171], CT [172], MMHT [173],
NNPDF [174], MSTW [175], and CTEQ [176], employ different methods to perform
these fits, which are subsequently extrapolated to new energy scales.

Formally, the PDF f, 4(z, QZ) is the probability of finding parton a in a hadron
A carrying a fraction & = p,/p4 of its momentum at the energy scale Q. At lower
energies (i.e. @ ~ 1 GeV), the momentum of a proton is primarily shared among
its valence quarks, while at higher energies (i.e. 1 < @ < 1 GeV), the emission
of gluons carrying some of the initial momentum of the quarks is more likely. As
an example, PDFs for several parton flavours at two different energy scales as
a function of = are presented in Figure 4.1. In QCD theory, these interactions
can be divided into two categories: Hard-scattering, which can be calculated by
perturbation theory due to the small o, and low-energy processes, which cannot be
calculated because ay is large and have a much greater impact on non-perturbative

QCD.

When two protons (A and B) collide at the LHC, their partons can interact
via a hard-scattering process. Each of the interactions between the parton pairs
is independent of the interactions with other partons. The remaining partons also
contribute to the final state as “underlying events” (see Section 4.1.2). Figure 4.2
provides a simplified representation of a pp collision. In this schema, each of the two
partons that interact carries a different fraction x,_,; of the total proton energy.

The total cross-section (¢) in a hadron-hadron hard-scattering process in which
a parton a from hadron A interacts with a parton b from hadron B, such as a pp
interaction, to produce a final-state X is:

OAB—X = Z ff dzdxy fo (2, Q2)fb($b; QQ)ﬁalHX )
a,b
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Figure 4.1: Parton distribution functions z f(z, q2) against the fraction x for gluons and different
quark flavours at (a) Q% =10 GeV? and (b) Q% = 10" GeV? energy scales using the MSTW 2008
NNLO PDF sets [177].

where f;(x;, Q%) is the PDF of i = A, B. Here, the Q is chosen to be the factorisa-
tion scale” (up). The contribution of the individual partons a and b is denoted by
Oupsx- With this equation, all processes in pp collisions can be computed.

Depending on the order achieved in perturbation theory (LO, NLO, NNLO,
...), the cross-section of the individual partons to produce the final state of interest
(ab — X)) can be calculated as:

00
6_ab—>X = Z O{:L; (HR)O—n(xm mb,ul%)
=0

= [ULO(xm xb,u%‘) + Qg (MR)UNLO (xaa l’bﬂ%)

+ s (1R)*ONNLO (Tas To-fif) + -Jabosx

where o’ (ug) is the coupling constant derived for a specific renormalisation scale”
(ur). In theory, if the entire perturbation series could be computed, the need for
pp and pr parameters would vanish. However, this is not feasible and the series
must be truncated at a specific order. Hence, it becomes crucial to establish the
values of up and pug. This results in uncertainties in the calculations which are often

“The factorisation scale ur establishes the boundary between low and high energy, thereby de-
termining the scale at which perturbative calculations become valid.

3The renormalisation scale ur is used to address the ultraviolet divergences in QCD that occur
due to high momentum in loops.



Phenomenology of proton—proton collisions 83

p Pa )
. fa/A(CUa*,CzZ)
Pa = Tq " PA

Gt e — X

pb:‘n'ZB Joypa, @)
P

Underlying event

Figure 4.2: Simplified view of a pp collision. The PDFs represent the structure of the proton
(red) and they are obtained using experimental data and QCD properties. The light green bubble
represents the hard-scatter parton cross-section. The blue X is the product of the interaction
and it can be jets, bosons, quarks or any other particles.

addressed by varying the chosen values of these parameters. A deeper discussion
on the different types of uncertainties is given in Section 6.7.

4.1.2 Underlying event

Softer interactions of other partons often accompany the hard collision of two
partons in the protons. These processes are referred to as multi-parton interactions.
The underlying event (UE) encapsulates all that is observed from a pp collision that
does not come directly from the primary hard-scattering process. This encompasses
clements such as beam—beam remnants (BBR), multiple parton interactions (MPI)
within a single collision, and initial and final state radiation (ISR/FSR) [178]. Since
the BBR and the MPI processes are low energetic, they cannot be predicted by
perturbation theory but, instead, they have to be simulated by phenomenological
models containing many parameters. Typically, the UEs have lower pt than the
main process.

Precise modelling of the UE is crucial for conducting successful experimental
studies because this soft interaction may affect the high-pt measurements. This is
because the UE allows for a clear differentiation between the direct products from
hard scattering and the rest of the event. Therefore, without the UE one would get
the wrong differential cross-sections. Through colour flow and recombination, the
UE influences the hard-scattering. Figure 4.3 illustrates the UE in a pp collision
at the LHC.
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Figure 4.3: Schematic representation of a pp interaction. The collision consists of the hard-
scattering interaction between two partons of the protons, resulting in two final-state partons.
The UE includes additional components such as MPIs, ISR and FSR, and particles originating
from the break-up of the protons (i.e. beam-beam remnants). It encompasses everything except
the two outgoing hard-scattered particles.

3

4.1.3 The pile-up effect

Pile-up is a challenging matter in terms of designing a detector and its DAQ
system as well as in the physics and performance analyses. Because the LHC
collides bunches of protons instead of single protons, multiple pp interactions occur
at a single bunch-crossing’. Even with single protons this could happen since
several partons of the two protons can intervene in the event. This overlay can
result in multiple collisions at the same time and several interactions with the same
detector element, thereby generating overlapping signals which may be difficult to
differentiate. This is what is called pile-up.

As mentioned, the bunches are composed os ~ 10" protons, but since the
protons are so small compared to the bunch size, there are only around 30 pp
collisions per bunch crossing with nominal beam at the LHC Run 2. This amount
is also related to the crossing angle between the bunches (.). The larger 0.,
the smaller is the area of overlap between the bunches and, hence, the smaller is
the possibility of a collision. The mean number of interactions (<u>) per bunch
crossing is presented in Figure 4.4 for the three runs of the LHC. Note that for

*A bunch crossing is defined as the instance in which two collections of protons collide at the
central region of the detector.
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Figure 4.4: Luminosity-weighted distribution of the mean number of interactions per crossing,
<u>, in pp collisions at /s = 7 and 8 TeV during Run 1 (orange), /s = 13 TeV during Run 2
(green), and /s = 13.6 TeV at Run 3. All physics-data recorded by the ATLAS detector during
stable beams in these years are shown (until July 2023) [180].

each run, since the instantaneous luminosity is increased, the pile-up is higher
than for the previous run. The <pu> corresponds to the mean of the Poisson
distribution of the number of interactions per crossing calculated for each bunch.
It is calculated from the instantaneous luminosity produced by a single pair of
colliding bunches (Lyuna), the inelastic cross-section and revolution frequency as
<p>= Ebunch X Jinel/f [179]

4.1.4 Luminosity

Luminosity is a measure of the number of collisions that take place in a time
frame. It plays a pivotal role in determining the rate at which particle interactions
occur, thus influencing the experimental data obtained. Besides the centre-of-mass
energy, the luminosity is the most relevant parameter to characterise a collider-
based experiment, and it is especially important in searches for processes with
small production cross-section (known as rare processes). It measures the ability
of the particle accelerator to produce enough events of a desired type.

The instantaneous luminosity, £(t), is the ratio of events produced in a certain
period of time for a given cross-section o:

1dN 1
_ = >R,

Todt o

L
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where N is the number of the events and ¢ the time. The symbol R = dd—];[ is known
as event rate. It can be understood as the number of particle collisions per unit
of area (typically expressed in cm2) and per second, therefore it is measured in
cm?s ™! [181]. Alternatively, the luminosity can also be expressed in barns”.

The instantaneous luminosity is proportional to the number of protons in each
of the bunches that collide head-on (n; and n,), the revolution frequency (f) with
which the bunches are crossing, and the number of proton bunches in the machine
(ny). The L is inversely proportional to the effective transverse area of the beams
in which the collision takes place (47o,0,):

nNaMy,

L=f -F(0.,0,,0.), (4.1)

dro,0,

where F(6,,0,,0,) is a factor accounting for the luminosity reduction due to the
beam-crossing angle (6,.). At the LHC, assuming that the particles travel at the
speed of light, for its 27 km long, the bunch-crossing frequency is f = 11.2455 kHz.
The maximum number of proton bunches in the machine is’ n, = 2808 (see
Table 3.1). In each bunch, there are n; ~ ny ~ 1.2 X 10" particles at the
LHC Run 2. Finally, characterising the optics of the collision at the IP, the root
mean square transverse beam width in the horizontal and vertical directions are
o, ~ o, ~12,...,50 pm. Equation 4.1 assumes that the particles in the beam follow
a Gaussian distribution. According to equation 4.1 the instantaneous luminosity
only depends on the machine and its beam parameters [182]. The instantaneous
luminosity for the LHC is designed to achieve Lypc = 2.1 X 10** ecm®s™ ! in pp

collisions and Lygc,,,, = 0.1 x 10*" e¢m?s™! for heavy ion collisions.

The integrated luminosity (L) over time is given by

L:/ﬁﬁ,

and it is used to determine the number of events, N, that have taken place during
that time within the detector, i.e. N = ¢ x L. Therefore, the number of observed
events is:

Ngi'fms = Oprocess X efficiency x L,

where the efficiency of the detection has to be optimised experimentally, the L
is delivered by the LHC and the cross-section of the process (0process) is given by
nature. The efficiency accounts for the geometrical acceptance of the detector,
trigger efficiencies, and the reconstruction and identification of physical objects.

®A barn is a metric unit of area following the equivalence 1b = 10~ **m?.
%The theoretical maximum of 3564 bunches cannot be reached due to space needed between bunch

trains and for the beam dump kicker magnets.
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Several factors can limit the maximum luminosity that can be achieved at the
LHC [181] such as the beam-beam effect, crossing angle, beam offset or the hour-
glass effect. On the other hand, there are diverse strategies to maximise the lumin-
osity delivered by a machine (e.g. maximise the total beam current or compensate
reduction factor).

4.2 Recording data with the ATLAS detector

The ATLAS experiment produces an enormous amount of data through high-
energy pp collisions. To interpret of this vast volume of information, a well-defined
data model is crucial.

The ATLAS data model serves as the foundation for organising and managing
the recorded data. It provides a standardised and structured framework that allows
to access and analyse data effectively. In Figure 4.5 the ATLAS data model is
presented by comparing, at each level, the real-detector data with the simulated
event data.

4.2.1 Cumulative luminosity

In Section 4.1.4 a description of instantaneous and integrated luminosity is
given. Here the cumulative-luminosity results for the ATLAS detector during
Run 2 are presented for each year. The importance of these details lies in the
fact that this is the dataset used for the research presented in this thesis. The cu-
mulative luminosity plays a crucial role in determining the statistical significance
of measurements

The cumulative luminosity delivered by the LHC to the ATLAS detector is
shown in Figure 4.6 for every year of LHC operation. In Figure 4.7, the total
Run 2 cumulative luminosity is presented differentiating between the delivered and
recorded luminosity and showing that almost all delivered events are considered to
have good data quality. Note that the luminosity delivered by the LHC machine
is not the same as the one registered by the ATLAS detector, although these
numbers are very close. The delivered corresponds to the luminosity delivered by
the LHC machine to the detector and, ideally, should be fully recorded. But in
some cases, the ATLAS detector is unable to take data either because one or more
subdetectors are temporally unavailable or because its DAQ chain is busy (see
Section 3.3.6). The data quality algorithms check the operation of the detectors
and the performance of the physical object reconstructors to decide which data
should be accepted. The A1l Good Data Quality criteria is used and it requires
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Figure 4.5: Comparison of the paths followed by data recorded by the ATLAS detector and the
simulated samples. At each step, the format of the simulated data is the same as the recorded
data.

all reconstructed physics objects to be of good data quality [183]. For the entire
Run 2 dataset, 95.6% of events are labelled as good for physics and are included
in the Good Run Lists (GRLs).

4.3 Simulating events within the ATLAS de-
tector

To study the physics taking place in the ATLAS detector, the signals and
backgrounds in the analyses are simulated by MC event generators according to
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Figure 4.6: Cumulative luminosity versus day delivered to the ATLAS detector by the LHC
during stable beams and for high energy pp collisions for Run 1, Run 2 [179, 183] and Run 3 [180].

the cross-sections predicted by the SM. The use of the MC simulations is extensive
and there are many different model generators and techniques. As with all MC
algorithms, these methods rely on repeated random sampling to obtain numerical
results. Since the randomness is intrinsic to the particle-collision processes, a large
number of events have to be simulated using MC techniques and such a collection
of events is called an MC event sample.

Typically, the chain for simulation data within a particle detector can be divided
into these three steps [184]:

1. Generation of physics events and immediate decays of the particles involved:
an event generator produces the result of the collisions in terms of particles
(at parton level) created through a given physics process and stores any
stable particle expected to propagate through the detector. At this point,
the geometry of the detector is not considered yet and only the immediate
decays are taken into account. These decays include the final-state particles
from the hard-scattering process, the showering, the hadronisation, and the
pile-up. This is further discussed in Sections 4.3.1.1 - 4.3.1.5.

2. Simulation of the detector and physics interactions: at this point, all particles
from the previous step are propagated through a simulation of the materials
that form the ATLAS detector using GEANT4 [185]. This is a toolkit for the
simulations of the passage of particles through matter. This part simulates
all major physical components and materials as well as the interactions of
particles such as ionisation in trackers, energy depositions in calorimeters,
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Figure 4.7: Total cumulative luminosity versus time delivered to ATLAS (green), recorded by
the ATLAS detector (yellow) and passing the good-quality-data requirements for ATLAS physics
analyses (blue) during stable beams for pp collisions at /s = 13 TeV during Run 2 [183].

intermediate decays, radiation and scattering. In Section 4.3.1.6, a deeper
discussion on this topic is provided.

3. Digitisation of the interactions with the sensitive regions of the detector,
such as energy deposits, into voltages and currents, and simulation of all
the electronics. The digitisation is discussed in Section 4.3.1.6 alongside the
detector interaction.

The output of the full simulation chain has the exact same format as a real
event registered by the ATLAS DAQ system (see Section 3.3.6). The steps of the
data—simulation model are summarised in Figure 4.5.

The so-called parton-level data contains the information of the particles from
the hard-scattering process and their immediate decays. In the analysis presented in
this thesis, the parton-level information has several uses, for example, the determ-
ination of misidentification rates or the lepton origin assignment. An important
part of the work I carried out during this thesis is developing a software package
within Athena, TopPartons, for obtaining, processing and analysing parton-level
information for the tHg processes.

The different steps in the event generation are described through Section 4.3.1.
In Section 4.3.2, the generators employed in this analysis are presented.
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4.3.1 Steps for simulating event data

The generation of the simulated event samples includes the effect of multiple pp
interactions per bunch crossing, as well as the effect on the detector response due
to interactions from bunch crossings before or after the one containing the hard
interaction.

Every different possible process that can take place during the collision has to
be simulated. To ensure a proper description of the entire physics phase-space of
a LHC collision, the MC event samples are not generated proportionally to the
cross-section of each process because that would cause a poor characterisation of
the rare processes. Instead, a sufficiently large amount of events are generated for
each process and, afterwards, all events are reweighted to match their correspondent
cross-section. This is the origin of the negative weights in the MC samples. The
combination of all these processes provides an accurate description of the collision.

4.3.1.1 Hard-scattering process

The first element in the generation of the events is the simulation of the hard-
scattering processes, as it is shown in Figures 4.5 and 4.8. Here the matrix elements
(M) with the hard-scattering information of the different processes are generated
with a given theoretical accuracy (LO, NLO, etc). From this information, the cross-
sections of the different processes are computed. The complexity determining the
M for a particular process scales with the accuracy order. Section 4.1 gives more
details about how the pp interactions are modelled. Once the hard-scatter process
is simulated, radiative corrections are applied in the form of parton shower (PS)
and hadronisation.

In this analysis, the two most relevant computational frameworks for im-
plementing calculations to obtain M are MADGRAPH5__AMC@NLO [174]
POWHEG Box [186] and SHERPA [187].

4.3.1.2 Parton shower and hadronisation

Once the hard-scattering process is simulated, the second step is to incorporate
corrections to account for additional radiations. Both the PS and the hadronisation
are simulated by the event generator.

Parton shower
Parton showers are algorithms employed to simulate the soft radiation of gluons and
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Figure 4.8: Representation of a t¢H event from a pp collision as produced by an event gener-
ator [187]. The big red blob at the centre is the hard-scattering interaction, which produces the
final state composed of the Higgs boson and the two top quarks, represented by the three small
red blobs. The additional QCD radiation produced from these particles and the PS is also in red.
The secondary interaction, in purple, occurs before the formation of hadrons (in light green). In
darker green, the hadron decay is presented. The photon radiation can occur at any moment and
appears in yellow.
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quarks, collectively termed partons, during high-energy particle collisions. When
quarks or gluons with high energy are produced post-collision, they can emit sub-
sequent softer gluons as they traverse away from the IP

All the incoming or outgoing partons are involved in the PS simulation. If the
particles have colour charge or electric charge can emit QCD (i.e. gluons) or QED
(i.e. photons) radiation, respectively. This process generates hundreds of particles
with varying energies and momenta spanning multiple orders of magnitude. The
PS algorithm mimics the remaining terms of the perturbative expansion in «, by
emitting gluons which will eventually split into more partons.

The PS can either be dipole-, angular- or pp-ordered [188, 189]. For the first
case, the divergent structure of QCD amplitude can be reproduced in dipole-like
emissions without double counting the soft wide-angle emissions. In the second
case, the angle of emission with respect to the incoming parton is decreased in
each step. For the third, the ordering variable is the module of p of the parton.
The successive branching is stopped when a certain cut-off scale is reached. While
PyTHIA uses the pp-ordered PS, HERWIG has the possibility of using the dipole-
or angular-ordered shower (see Section 4.3.2 for an overview on the MC generatos).

Hadronisation

As the PS evolves, the energy and momentum of the involved particles decrease
until reaching a point in which the confinement occurs and hadrons are formed.
The hadronisation happens around 1 GeV and combines the coloured partons into
colour-neutral hadrons [178]. The hadronisation is a non-perturbative process and,
hence, QCD-inspired models are used to simulate it. Hadronisation operates on
the foundation of the parton-hadron duality hypothesis [190]. This entails that the
exchange of momentum and quantum numbers at the hadron level should adhere to
the same principles as observed at the parton level. Therefore, partons are joined
together to form hadrons according to their proximity and phase spaces.

The two predominant theoretical models which are employed to calculate the
hadronisation are:

« Lund-string model [191, 192]: This model describes the colour interaction
between quarks in terms of strings. In the Lund-string model, when a quark
and an antiquark are pulled apart, the interaction between them can be
visualised as a string. As they move further apart, the potential energy
in the string increases. When the energy of the string becomes sufficient, it
becomes energetically favourable to produce a new quark—antiquark pair from
the vacuum (process known as “breaking” of the string). When the string
breaks, it effectively splits into two new strings, each connecting a quark to
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an antiquark. In high-energy collisions such as the ones at the LHC, multiple
strings can be formed, leading to the production of many hadrons.

o Cluster model [193]: The quarks and antiquarks in this alternative model,
instead of forming strings like in the Lund-string model, group together to
form colour-neutral “clusters” which are the precursor to hadrons. Once these
clusters are formed, they are decayed into hadrons. Light clusters typically
convert directly into mesons (like pions). Heavier clusters can undergo decays
producing multiple hadrons.

The most relevant event generators for PS and hadronisation within this ana-
lysis are HERWIG [194], PyTHIA [195], and SHERPA [187]. Here, the fragmentation
models are included as well with PYTHIA using the Lund-string model, HERWIG
using the cluster model and SHERPA being able to use both.

4.3.1.3 Underlying event

When a hard-scattering subprocess occurs, additional production of hadrons
takes place. This production cannot be attributed to the showering of the col-
oured partons involved in the subprocess. The concept of UE encompasses various
phenomena, including pile-up reactions, MPI, and the characteristics of the soft
fragments of protons. The parameters used to simulate the UE must be adjusted
based on experimental data. The UE can be generated using HERWIG, PYTHIA or
SHERPA.

4.3.1.4 Hadron decay

The final stage before introducing the detector geometry in event generation
involves the decay of unstable hadrons. These hadrons can be produced in excited
and unstable states during hadronisation and can subsequently decay into lighter,
stable particles that can be detected within the range of the acceptance of the
detector. A particle is considered unstable if its lifetime (Tpayice) Satisfies ¢Tparticie <
10 mm.

The experimental data suggest that many of the detected final-state particles
originate from the decay of excited hadronic states. Therefore, most of the decays
detailed in the Review of Particle Physics [10] should be considered, along with their
respective decay patterns. The high complexity of modelling and implementing this
arises from the multitude of potential particles and decay chains involved.
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4.3.1.5 Pile-up

The effects of the pile-up have to be simulated as well. This phenomenon is
modelled by overlaying over the original hard-scattering event with inelastic pp
collisions. To do so in the ATLAS experiment, PYTHIA 8 is used to generate the
minimum-bias events in the pile-up, i.e. events with low-momentum transfer.

After this is done, the MC-generated events are weighted to reproduce the pile-
up distribution provided by the LHC (see Figure 4.4).

4.3.1.6 Simulation of the ATLAS detector, digitisation and reconstruc-
tion

The event simulation described so far refers to the generation of physical pro-
cesses based only on the models. At this stage of the simulation chain, no inform-
ation about any detector is included yet.

In order to compare the simulated data events'. with the real data collected
by ATLAS, the response of the detector has to be simulated. This includes the
interaction of the many hundreds of particles present in each event with the detector
material, as the electronic output of the detector.

To do so and as previously mentioned, the GEANT4 toolkit is used to simulate
the passage of the generated particles through the detector. Taking into account
the geometry of the ATLAS detector, GEANT4 simulates the effects of both, the
magnetic fields and the detector material. Examples of these interactions are energy
losses, multiple scattering or photon conversions as well as the hits in the responsive
material or interactions with the non-sensitive material.

Afterwards, the electronic signal of the response of each detector is simulated
too. This step is known as digitisation and it is performed within Athena frame-
work. The ATLAS digitisation software transforms the hits generated by the
primary simulation (from the hard scattering to the interaction with the detector
material) into responses of the detector named “digits”. A digit is generated when
the voltage or current on a specific readout channel of a detector surpasses a prede-
termined threshold within a certain time frame. The detector noise is added in this
step. The simulated digital output is used to reconstruct the physical objects of
the MC event. The reconstruction procedure is done identically for real data and
generated simulation. Before performing the digitisation the triggers are simulated
as well.

7Although in this document are used the terms “real detector data” and “MC simulated data”,
it is usual to refer to these as “data” and ”simulation”, respectively.
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The MC events that have undergone the complete simulation chain are des-
ignated as “reconstruction-level” events. Later, for the lepton-origin assignment
(Section 6.4.2) these denominations are used when comparing the information of a
single event at different levels.

Full and fast simulations of the ATLAS detector

A meticulous simulation of the response of the ATLAS detector is of paramount
importance to obtain accurate results. Nevertheless, given the high collision rate
that takes place within the LHC experiments, conducting a comprehensive full-
detector simulation considering all the events presents significant challenges and
can be computationally intensive. In some instances, the use of a simplified and
fast approach is enough for the analysis. Hence, there are two proposed detector
MC simulation techniques: Full Simulation (FS) [184] and Atlfast-1I Fast Detector
Simulation (AFII) [184, 196].

The FS strategy relies on a complete detector description powered fully by the
GEANT4 toolkit. This thorough simulation demands extensive CPU processing
time for each event, especially within the calorimeters. Alternatively, the AFII
strategy considers a parametrised cell response to simulate the particle-energy re-
sponse and the energy distribution in the ATLAS calorimeter [196, 197]. This
allows AFII to deliver a valid and good-performing simulation within the comput-
ing limits of the collaboration. For the ID and the MS, AFII uses the full GEANT4
simulation.

4.3.2 MC generators

The different steps employed in the event simulation chain make use of various
MC event generators. The most relevant ones for this thesis are mentioned here.
Later, on Section 6.2, the specific generator for each simulated sample are presented.

o« MadGraph5_ aMC@NLO: Short for “Matrix element Automatic Gener-
ator”, is a NLO generator for producing the M for events following various
schemes (e.g. 2 - 1,2 — 2,2 — 3 or 2 — 7). These schemes correspond
to the multiplicity of initial and final particles in the Feynman diagram. For
instance, the 2 — 2 and 2 — 3 correspond, respectively, to the 5FS and 4FS
described in Section 2.3.3.1. Given the process, MADGRAPH5__AMCQNLO
automatically creates the M for all the subprocesses and produces the map-
pings for the integration over the phase space. After this step, the event can
be transferred to a PS generator such as HERWIG or PYTHIA.
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« Powheg Box: Short for “Positive Weight Hardest Emission Generator”, it
is another NLO generator based on the M following various schemes (e.g.
5FS, 4FS 0 2 — 4 ). Here, the pugr and pup are set to be equal to the pp of
the hard partons. This generator was built to implement the same physics as
MADGRAPHS _AMCQNLO but outputting positively weighted events only
and, hence, escaping the challenge of dealing with negatively-weighted events.
Nevertheless, in some cases, the negative weights appear in the generation
with (e.g. t-channel process) [198].

o Herwig 7 [194, 199]: Its name comes from “Hadron Emission Reactions With
Interfering Gluons”. This flexible generator has a huge diversity of QCD pro-
cesses which includes M and PS simulation at LO and NLO. Even though it
can generate the hard-scattering process, in the analysis carried in this thesis
it is employed for PS simulation. By default, the PS is ordered using either
angular- or dipole-ordered distribution (the default is angular). HERWIG 7
makes use of the cluster model for hadronisation, and an eikonal multiple-
interaction model for UE [193].

« Pythia 8 [195, 200]: Based on M at LO, this general-purpose event generator
implements various calculations (e.g. 2 — 1 and 2 — 2). Contrary to
HERWIG, the ISR and FSR are matched in pp-ordered in the PS. Regarding
the hadronisation, PYTHIA 8 uses the Lund-string model. It can also compute
the UE using a multiple-interaction model [201]. Most of the PS and pile-up
in this analysis are simulated using PYTHIA 8.

« Sherpa [187, 202]: Standing from “Simulation of High-Energy Reactions of
Particles”. It is designed to provide a comprehensive approach to the simula-
tion of particle collisions, like HERWIG and PYTHIA, being able to simulate
from the M of the hard-scattering process to the PS and hadronisation. For
the hard scattering, the events can be constructed with 2 — 2 processes. The
PS is based on the Lund model and it is interfaceable with PYTHIA 8.

« MadSpin [203, 204]: This generator considers the generation of NLO events
involving heavy resonances. In this thesis, the processes with a single top
quark are decayed at LO using this generator because it preserves spin cor-
relations.

o EvtGen [205]: This MC event generator simulates the decays of heavy fla-
vour hadrons, primarily B, and D-type mesons. It contains a range of decay
models for intermediate and final states containing scalar, vector and tensor
mesons or resonances, as well as leptons, photons and baryons.






Chapter 5

Object reconstruction and
identification

El dos después del uno.
—ISABEL VAL

The event reconstruction consists of the local pattern recognition (i.e. the
clustering and resolving of readout channels on the readout detector elements),
reconstruction of tracks, segments, vertices, cells and clusters in the different sub-
detectors, and finally the creation of high-level physical objects, such as particles
of different identification, jets including their flavour tag, or missing energy estim-
ation.

To reconstruct the physical objects, the information of all the subdetectors and
systems of the ATLAS machine is employed. A detailed description of all of these
subsystems is presented in Section 3. After passing the trigger selection, the raw
data are analysed to build the physics objects that constitute the basic elements of
any physical analysis. The process of identifying and reconstructing these objects
is described in this chapter. Figure 5.1 illustrates how each particle interacts with
the different layers of the ATLAS detector. The physical objects reconstructed and
identified are the particle tracks and vertices (see Section 5.1), the leptons (see
Section 5.2), the photons, jets and their flavour (see Section 5.3), and the missing
transverse momentum (see Section 5.4). To avoid the reconstruction of the same
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Figure 5.1: Fraction of the transversal plane of ATLAS. Each particle leaves a different signature
in each layer [206]. By signature is meant the particular distribution of energy deposition. This
scheme is fundamental to understand the object reconstruction in this chapter.

energy deposits as multiple objects, overlap removal criteria (see Section 5.5) are
used.

5.1 Tracks and vertices

The detection and measurement of the momentum of the charged particles is
an essential aspect of any large particle physics experiment. Regardless of the
medium through which a charged particle travels, it always leaves a trail of ionised
atoms and liberated electrons. By detecting this it is possible to reconstruct the
trajectory of a charged particle.

The trajectories followed by particles are referred to as “tracks”. For charged
particles, the tracks are reconstructed using, mainly, the information of the ID (see
Section 3.3.2) and, in the case of muons, the MS is also used (see Section 3.3.4).
A charged particle passing through the ID will interact with its active sensors, the
pixel detector and SCT providing three-dimensional measurements as space-points.
While each two-dimensional hit in the pixel detector is directly translated into a
space-point, for the SCT two one-dimensional hits are needed to reconstruct one
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space-point. These space-points can be given by a single pixel activation or by
several neighbouring pixels activated simultaneously (named cluster). Since the
ID is immersed in a solenoidal magnetic field, the charged particles have their
trajectories curved by the Lorentz force, this allows to accurately calculate its pp
using the sagitta method [148].

The algorithms described in Section 3.4 are of fundamental importance to re-
construct high-quality tracks. This reconstruction is performed in two stages, the
inside-out and the outside-in procedures [207]. The first is initiated from the centre
of the ID and works outwards. This method is also used for the reconstruction of
the primary vertex. The inside-out algorithm starts by grouping the hits in the
Pixel and SCT and merging them into clusters that are used to define the space-
points. Secondly, the space-points are combined in groups of three to form the
track seeds. Then, a pattern-recognition algorithm named Kalman filter [208] is
applied to build track candidates from the seeds. This is accomplished by adding
extra clusters from the remaining layers of the ID that are compatible with the
estimated trajectory of the particles. The Kalman filter provides several track can-
didates, so an ambiguity-solver algorithm is applied to perform a stringent selection
of the candidates. This compares the individual track candidates by measurements
of the track quality. Finally, the track candidates are then put through a high-
resolution global x? fit, which allows to further rejection of track candidates with
a poor fit.

The inside-out method accounts for the majority of tracks reconstructed in the
ATLAS detector but it is complemented by the outside-in, which starts in the TRT
and works inwards. This method is used to find small-track segments in the 1D
that were missed.

The identification of the primary vertex is also of crucial importance for the
object reconstruction. This vertex identifies the IP in which the hard-scattering
process takes place. Therefore, the vertices are defined by relating the origin of the
track with individual points. The reconstruction of the vertex is done in two com-
plementary steps. First, the tracks are associated with vertex candidates (vertex
finding). Second, an iterative x> fit is used to determine the best final three-
dimensional location of the vertex.

Sagitta method

The linear momentum (or just momentum) of a particle () is one of the most
important magnitudes in high-energy physics experiments because it provides in-
formation about the energy of that particle. It is possible to determine the pp
of charged particles by measuring the curvature caused by the magnetic field. In
principle, particles should have a straight trajectory but the magnetic field (B)
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curves its trajectory. The pr relates to the bending radius (r) by the Lorentz force:

2
v

m— = vqB,
r

from which one derives

pr = TC]Ba

where ¢ is the electrical charge of the particle and v its speed. The r is determined
using the arc length (1) and the sagitta (s), which is the distance from the centre of
the trajectory arc the midpoint of its chord. Figure 5.2 shows in red the definition
of sagitta. The radius is deduced by:

(12 +5"

2= (/2 + (r—s)® = r = 55

2
For high pr particles s < r and, hence, it is possible to approximate r ~ é. The
main uncertainty on pr is the uncertainty on the sagitta and it can be modelled
with a Gaussian distribution.

Figure 5.2: The arc represents the path of the particle. The layers of the tracker are drawn in
blue. With the sagitta (red) and the arc length, the radius of curvature can be determined. The
more energetic a particle is, the larger is its bending radius.

5.2 Charged leptons

The reconstruction of the charged leptons is a fundamental piece of many ana-
lyses, including the one developed in this thesis where the final state consists of two
light-flavoured-charged leptons (i.e. e/u) and one 7-lepton decaying into hadrons.
Therefore, the identification and reconstruction of the three leptons flavours is a
key part of this thesis and is described through the following subsections.
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5.2.1 Electrons

The reconstruction of electrons' and photons is accomplished through the iden-
tification of energy deposits in the ECAL. For the electrons, particle tracks recorded
in the ID are required [209, 210].

Electrons

In the analysis presented in this work, there are two final-state light-leptons that
can be electrons. Therefore, accurate and efficient electron identification is crucial
to measure our process of interest. Figure 5.3 presents a schematic representation of
the ingredients composing the process of electron reconstruction and identification.
When an electron travels through the detector, it leaves traces in the ID and
energy deposits in the ECAL. The calorimeter signal activates the LVL1 trigger
and electron candidates are selected from an initial match between the ECAL
energy clusters and the ID tracks. The track associated with the electron must
also pass on requirements on the longitudinal impact parameter z;-sinf < 0.5 mm

and the transverse impact parameter g(djo) < 5 where o(dy) is the uncertainty on
dy.

A typical electron candidate is expected to generate on average 12 hits in the
inner tracker system, which includes one hit in the IBL layer, three hits in the
silicon pixel layers, and eight hits in the SCT (4 double-sided silicon-strips layers).
Furthermore, approximately 35 straw hits are produced in the TRT system for
an electron of pr larger than 500 MeV. Finally, the electron moves to the ECAL,
where the majority of its energy is collected by the second layer.

The first step in the electron reconstruction is to build the clusters in the calori-
meters. To do so, the space in the ECAL is divided into small elements of dimension
An x A¢p = 0.025 x 0.025 that combine the subdetector layers. These elements are
called towers. A presampler in the |n| < 1.8 region also gathers the energy and,
along the first three layers of the ECAL, is used to determine the total energy per
tower. Clusters are seeded by individual towers with energy above 2.5 GeV and are
searched for within the ECAL middle layer. Once the candidate clusters have been
established, the next step is to associate them with the tracks reconstructed in the
ID using the tracking algorithms.

When multiple tracks can be linked to a specific EM calorimeter cluster, it
is necessary to designate a primary electron track. This selection is performed
through an algorithm that evaluates the 7-¢ distance between the extrapolated

'Note that the term electrons is used to collectively refer to electrons and positrons.
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Figure 5.3: Trajectory of an electron through the detector. The hypothetical path of the electron
is represented by a solid red line, while the trajectory of a bremsstrahlung photon generated in
the tracking system material is represented by a dashed red line.

tracks and the cluster barycentre and considers the quantity of hits in the silicon
detectors and the number of hits in the innermost silicon layers.

Electrons may arise from either the primary hard-scattering event, such as the
decay products of W or Z bosons (referred to as prompt electrons), or as the decay
products of secondary particles with relatively long lifetimes, such as b-hadrons
(these are the so called non-prompt electrons). An example of non-prompt elec-
tron is presented in Figure 5.4. The identification of prompt electrons is achieved
through the use of a likelihood discriminant constructed from measurements taken
in the ID and ECAL. The measured quantities are selected based on their effect-
iveness in distinguishing prompt-isolated electrons from energy deposits resulting
from hadronic jets, from converted photons and non-prompt electrons. The dis-
criminant considers the properties of the primary electron track, the lateral and
longitudinal growth of the EM shower in the ECAL, and the spatial compatibility
of the primary electron track with the cluster. Different operating points (working
points) can be defined by setting fixed values for the likelihood discriminant. These
are tight, medium and loose. The tight category is the most stringent, while
the loose category is much more permissive in terms of accepting something as
an electron. In Section 6.3, these categories are used to define the trigger selection
and the electron definition used in this analysis.

Regarding its charge, it is identified by the curvature of its track under the
magnetic field. If the curve of the trajectory is not very pronounced, it can lead
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e- (non-prompt)
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Figure 5.4: A prompt electron depicted in green. The cone symbolises a jet containing several
hadrons. The dashed red line corresponds to a b-hadron (B~ ), which decays into a c-hadron
(D”), a neutrino (blue), and a non-prompt electron (red). The non-promt electron is originated
from the secondary vertex while the prompt from the primary vertex.

to misidentification of the charge. This phenomenon, known as charge flip, plays a
role in the analysis described in this thesis by being a relatively relevant source of
background (as it is later presented in Table 6.18). The charge flip can also emerge
from bremsstrahlung radiation.

Additionally, to differentiate the prompt electrons in signal processes from the
background misidentifications, isolation requirements are applied to the tracks and
the calorimeter clusters. These are described in Reference [211].

The estimation of electron energy is derived from energy deposits in the ECAL
and is subsequently refined through a series of calibrations to mitigate residual
discrepancies between data and simulation [212]. This calibration process includes
the inter-calibration of the multiple calorimeter layers, corrections for energy shifts
caused by pile-up, corrections that improve the uniformity of the energy response
and changes to the overall energy scale. Each correction is applied to the data to
enhance accuracy. Additionally, a correction to account for the difference in energy
resolution between data and simulation is also applied to the simulated samples.
The different uncertainties associated with this calibration stage are considered in
the ATLAS analyses.

Finally, the electron-identification efficiency is determined for both real
and simulated data using a data-driven technique known as the tag-and-probe
method [213]. The tag-and-probe is employed with the Z — ¢~ ¢" and J/p — e "
decay modes. The tag-and-probe method relies on the preparation of an unbiased
sample of physics objects, the probe objects, which are used to calculate efficien-
cies and resolutions. The data sample is selected by means of an independent tag
object [214].
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Photons

The process of photon reconstruction closely mirrors that of electron reconstruction,
with the primary distinction being the absence of tracks in the tracker, unless
a photon undergoes conversion into an electron-positron pair, in which case the
corresponding tracks must be retrieved.

The identification working points are established with the ECAL information.
The distinction between prompt photons and background photons is achieved by
applying selections based on quantities that characterise the shape and properties
of the corresponding EM shower, as well as by implementing isolation criteria for
the photon candidate.

5.2.2 Muons

Muons can pass through every component of the ATLAS detector without be-
ing fully absorbed in the ECAL. Therefore, the reconstruction of muon candidates
within the ATLAS experiment involves a combination of information from the 1D,
the MS, and the calorimeters [215]. Muon candidates with |n| < 2.5 are considered
for reconstruction [216]. In the MS, track reconstruction is accomplished by group-
ing hits into local track segments using a Hough transform [217]. These segments
are then merged to form track candidates, and a fitting procedure is employed to
determine the trajectory of the muon within the magnetic field. Depending on the
subdetectors involved in the muon reconstruction process, different types of muons
can be identified:

e Combined muons: This type of muon is identified by matching MS tracks
to ID tracks and performing a combined track fit using the hits from both
systems. The energy loss in the calorimeters is taken into account during the
fitting process. This definition works only for muons within |n| < 2.5, i.e. the
ID acceptance.

o Inside—out muons: An inside—out algorithm is utilised to reconstruct this
category of muons. It extrapolates ID tracks to the MS and searches for at
least three aligned MS hits, which are then used for a combined track fit.

o Muon-spectrometer extrapolated: These muons arise when a MS track cannot
be matched to an ID track. These muons are reconstructed in a range 2.5 <
In| < 2.7 where the ID does not cover. In such cases, the parameters of
the MS track are extrapolated to the beam pipe to define the reconstructed
muon. This type of muon object is also referred to as stand-alone muon.
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o Segment-tagged muons: This group of muons is identified by extrapolating ID
tracks to the MS and searching for matching segments. A muon is considered
segment tagged if an ID track is successfully matched to at least one MS
segment, and the muon parameters are directly obtained from the ID track
fit. This allows an increase in the acceptance of muons which have crossed
only one layer of the MS chamber.

o Calorimeter-tagged muons: In this scenario, muons are identified by extra-
polating ID tracks through the calorimeters to search for energy deposits
consistent with those of a minimum-ionising particle, i.e. a particle whose
mean energy loss rate through matter is close to the minimum value. If a
match is found, the muon is identified as calorimeter-tagged, and its para-
meters are again obtained from the ID track fit. This type of reconstructed
muons recovers acceptance in the region where the MS is only partially in-
strumented.

Prompt muons are identified by applying specific requirements on the number
of hits in the ID and the MS, track-fit properties, and variables that test the
compatibility between measurements in the two systems. Similarly to the electrons,
the identification of muons requires that z; - sinf < 0.5mm and U(d;()) < 3. The
stringency of these requirements leads to three primary working points: tight,
medium and loose. As for electrons, the tight muons must meet more stringent
requirements than the loose muons. The segment-tagged and calorimeter-tagged
muons are considered in the loosest definition. Additionally, two working points
are designed for extreme phase space regions: the high-pr working point, which
ensures optimal momentum measurement for muons with pp > 100 GeV, and the
low-pt working point, which addresses muons less likely to be fully reconstructed
as tracks in the MS due to their low momentum.

To distinguish prompt muons objects from the misidentificated muons, isolation
criteria are applied. By demanding that AR = 0.2 cone around the tracks in the
ID and around the energy clusters in the calorimeters, the non-prompt muons can
be rejected [216].

Corrections have been made to the simulated muon momentum scale and res-
olution to address the observed discrepancies between the experimental data and
simulation. These discrepancies are studied using Z — p p' and Jap — pu p*
decays. After implementing the corrections, data and simulation agree to the per
mille level for the muon momentum scale and to the percent level for the muon mo-
mentum resolution. The uncertainties arising from these corrections are quantified
and propagated to the different ATLAS analyses.
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5.2.3 Hadronically decaying taus

On the one hand, the leptonically-decaying 7-leptons (7y.,) cannot be differen-
tiated from prompt electrons or muons because 7-decay takes place within several
millimetres of the IP, i.e., before reaching the detector. Therefore, the 7,,,s are not
identified. On the other hand, identifying hadronically-decaying 7-leptons (7p.4),
while possible, is a challenging task. In this section, the identification and recon-
struction of 1,4 is described.

The 7-lepton, being the most massive known lepton, exhibits a lifetime of ap-
proximately 2.9 x 10™"? s [218], which corresponds to an averaged travelled distance
of 87 pm in vacuum (assuming a momentum similar to the 7 mass). It predomin-
antly decays into final states consisting of hadrons, accounting for approximately
65% of its total decay modes. When doing so, it produces a 7-jet containing a
small number of charged and neutral hadrons as it is shown in Figure 5.5. The
formation of jets is described in Section 5.3.
T 0 7T+

T
A [mT

Figure 5.5: Isolation (blue) and signal cones (red) of hadronically-decayed taus in the left and
centre images. For comparison, a quark/gluon-initiated jet is presented on the right. Note how
the 7-jets are more collimated.

Hadronic decays of 7-leptons exhibit distinct properties in terms of vertex dis-
placement, track multiplicity, and kinematics. When the momentum of the 7-lepton
is large compared to its mass, a very collimated jet (the reconstruction of jets is
described in Section 5.3) is produced. For example, if the 7-lepton carries a trans-
verse momentum pp(7) > 40 GeV, around 90% of its energy is constrained within
a cone of radius AR = 0.2. Another relevant property is that the 7-lepton decays
exhibit a low charged-track multiplicity of just one or three prongs®. Also, a rel-

>The term “prong” refers to the number of charged particles in the final state of the tau decay. As
most detectors use a tracking chamber to identify charged particles, tau decays can be classified
into those that provide a single track (1-prong) and those that provide three tracks (3-prong).
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evant fraction of the EM energy deposition in the calorimeters is due to photons
coming from the decay of neutral pions. In Table 5.1, the main 7-decay BRs are
shown. All these properties are exploited for the 7,4 identification.

Decay Mode | Fit Result (%)

A% 17.3937 + 0.0384
e D, 17.8175 + 0.0399
v, 10.8164 + 0.0512
m lu, 25.4941 + 0.0893
T2y, 9.2595 =+ 0.0964
731w, 1.0429 £ 0.0707
Ty, 8.9868 + 0.0513
mn wtrly. | 2.7404 4+ 0.0710
Wy, 1.9494 + 0.0645

Table 5.1: Most relevant 7 decay modes as listed by Reference [10].

The 7,4 reconstruction involves the use of the anti-k, algorithm [219-221] with
radius R = 0.4. See Section 5.3 for more details about the anti-k, algorithm.
Local hadronic calibration is used to calibrate the topological clusters that serve
as input to the algorithm. The 7,,, candidates are required to have pr > 5 GeV
and |n| < 2.5 [222].

It is important to properly identify the primary vertex, as 7 leptons travel away
from the primary vertex before decaying. To ensure optimal performance in high-
pile-up scenarios, the Tau Jet Vertex Association [223] algorithm is employed to
determine the primary vertex of the 7,,4. This minimises the influence of additional
interactions, which could potentially lead to tau tracks failing to meet the z, impact
parameter requirement [224].

Tracks are associated with the 7,,, if they are in the core region AR < 0.25
around the 7,4 direction and satisfy the following criteria: pp > 1 GeV, at least
two associated hits in the pixel layers of the ID, and at least seven hits in total
in the pixel and the SCT layers. The 7,4 candidates are categorised as 1-prong
or multi-prong (primarily composed of three tracks). To correctly establish the
charge and the number of charged decay products of a 7,4, the tracks that are as-
sociated with the 7,4 decay need to be correctly distinguished from the rest. The
classification of the tracks associated with a 7 candidate is done using recurrent
neural network (RNN) based on Keras and TensorFlow with three connected dense
layers [222, 225]. The RNN categorises tracks associated with 7-jet candidates into
four categories: Tau Tracks, Conversion Tracks, Isolation Tracks, and Fake
Tracks. Tau Tracks, are tracks from charged decay products of the tau lepton,
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essential for determining the charge and number of decay products. Conversion
Tracks are from electrons or positrons resulting from photon conversion, used in
identifying pi-zero mesons and rejecting truth electrons reconstructed as tau can-
didates. Isolation Tracks likely originate from quark or gluon jets, characterised
by higher multiplicities and a softer transverse momentum spectrum. Fake Tracks
include tracks that do not fit into the other categories, mainly misreconstructed or
pile-up tracks.

Afterwards, a RNN-based 7-identification algorithm is trained using simulated
samples of 7,4 candidates [222, 225]. The architecture of this RNN is the same as
the one for track classification. The training varies according to the prongness of
the 7,4 candidate. The RNN uses a combination of low-level input variables for
individual tracks and clusters that are associated with the 7,4 candidate as well
as several high-level observables calculated from track and calorimeter quantities.
The working points of the RNN for 7,4 identification are presented in Table 5.2.

| Truth 7,4 efficiency (%)

Working point ‘ 1-prong ‘ 3-prong
Tight 60 45
Medium 75 60
Loose 85 75
Very Loose 95 95

Table 5.2: List of defined working points with fixed truth 7, selection efficiencies for the RNN
classifier [222].

5.3 Jets

When a quark or gluon is produced in high-energy processes, it cannot ex-
ist in isolation due to the colour confinement as it is stated in Section 1.4. An
exception to this rule are the top quarks, whose lifetime is smaller than the had-
ronisation time by two orders of magnitude and, hence, they are detected by their
decay products. For the gluons and the rest of quarks, hadronisation showers take
place and jet-clustering algorithms merge the clusters and tracks produced by these
jets to reconstruct them. There are two algorithms to reconstruct jets: the cone
algorithms [226] and the sequential clustering algorithms [219].

In the majority of ATLAS analyses, the sequential clustering “anti-k,” algorithm
is used [219-221] to analyse the data from hadronic collisions. To model a jet as
a cone, this algorithm uses a specific choice of radius parameter (R) defining the



Jets 111

radial size of the jet. The distance between all pairs of objects i and j (d;;) and
the distance between the objects and beam pipe (d;g) are used in:

AR,
R*

)

dij = mm(pTJ;aij?f)
2

diB - pTJ: )

where

ARG = (y; = yy)* = (& — )
and pr;, ¥; and ¢, are respectively the transverse momentum, the rapidity and the
azimuthal angle of object 7. The parameter f accounts for the relative power of
the energy versus geometrical (AR;;) scales. For the anti-k,, f is set to —1. Other
clustering algorithms use different choices of f such as f = 0 (Cambridge/Aachen
algorithm [220]) or f =1 (inclusive pp algorithm [219]).

The algorithm iterates over the topological-cluster objects of the calorimeter as
it follows: first it proceeds to identify the smallest distances with among all the
combinations of d;; and d;5. If the distance is a d;, the entity 7 is labelled as “jet”
and removed from the list of entities. If, on the contrary, it is a d,;, the objects
© and j are merged together. This way, before clustering among themselves, soft
components (low-pp) tend to be merged to the hard ones (high-py). Then the
distances are recalculated and the process repeated. This is done iteratively until
all entities are assigned to a particular jet.

If a particle from the hard-scattering process does not have other hard-scattering
particles as neighbours within a 2R distance, all soft particles will be assigned to it,
resulting in a perfectly conical jet. But if another hard particle is present in that
2R distance, then there will be two hard jets and it will be impossible for both to
be perfectly conical.

Typically, the cone size R is selected to be 0.4 or 0.6, though the most standard
used in ATLAS is 0.4. If R = 1, the jet is labelled as Large-R and if R = 0.4
then as Small-R jet. Large-R jets are used in boosted analyses and for tagging the
top-quark-induced jets or the jets produced from the W, Z and Higgs bosons [227,
228]. In the studies presented in this thesis, only Small-R jets are considered.

5.3.1 Bottom-quark-induced jets

The identification of jets originating from the hadronisation of b-quarks (b-jets)
is referred to as b-tagging. The goal of b-tagging is to discriminate b-jets from the
jets produced by c-quarks (c-jets) or by gluons or quarks of other flavours (referred
to as “light” jets). This identification plays an important role in the analysis
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carried in this thesis since at LO there may be two b quarks final state of the tHq
production®.

In general, it is a challenging task to determine which quark flavour produced
the jet. It is also difficult to distinguish between quark-initiated jets or gluon-
initiated jets. However, if a b quark is created, the hadronisation will produce a
jet of hadrons, one of which will be a b-type hadron (B hadron). The B weakly
hadrons turn out to be relatively-long-lived particles (1.5 x 10~"*s [10]). If this
larger longevity is combined with the Lorentz time-dilation that particles experience
when produced in high-energy collisions, it results in the B hadron traveling on
average a few millimetres before decaying.

As a result, the experimental signature of a b quark is a jet of particles emerging
from the point of collision (primary vertex) and a secondary vertex resulting from b-
quark decay that is several mm away from the primary vertex as Figure 5.6 shows.
Therefore, the capacity to resolve secondary vertices from the parent vertex is
crucial for identifying b-quark jets. Other features that are used to identify the
b-jets are its high mass, the properties of the b-quark fragmentation and the fact
that the decay of a B hadron will on average have a higher charged track multiplicity
in the decay than other hadron decays.

~ Jet axis

, “Secondary
0 vertex

) Decay length
Primary vertex /¢~ yleng

//—\ Impact parameter

Figure 5.6: Illustration of the production of a b-jet with its characteristic second vertex [229].

The identification of b-jets involves a two-step process. Initially, low-level al-
gorithms are employed to reconstruct the primary characteristics of the b-jets. Sub-
sequently, the outcomes of these algorithms are combined in high-level algorithms

*In the Feynman diagrams in Figures 2.12a and 2.12b the initial-state b quark can be produced
from gluon splitting into a bb pair (4FS), resulting in one b quark (which is generally too soft
and too forward to be detected) in the final state. Additionally, the top quark decays into a
W-boson and a b quark, producing another final-state b quark.
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that consist of multivariate classifiers. The various low-level algorithms can be
categorised into three groups:

o Impact-parameter-based algorithms: These algorithms employ the properties
of individual tracks associated with a jet. Tracks originating from b-type
hadron decay have distinct characteristics, such as large impact parameters
(dg,29). Algorithms like IP2D and IP3D [230] use the impact parameter
significances of tracks within a jet to distinguish between b-jets and light-jets.
Multivariate Analysis’ (MVA) methods are used by other algorithms such as
the RNN1P algorithm [231], which exploits spatial and kinematic correlations
among tracks originating from the same B hadron using a recurrent neural
network” (RNN).

o Secondary-vertex-based algorithms: These type of algorithms use information
from secondary vertices to create discriminative variables for b-tagging. For
instance, SV1 [232] is a likelihood-based tagger that considers the invariant
mass of particles in the secondary vertex, the ratio of track energies, the
number of two-track vertices, and the AR separation between the primary-
secondary vertex and the jet direction.

e Decay-chain reconstruction: These algorithms aim to reconstruct the com-
plete decay chain of the B hadron. The JetFitter algorithm [233] is an ex-
ample of this type. It uses the topology of weak b- and c-hadron decays
within the jet. It employs a Kalman filter [208] to find a common line con-
necting the primary, bottom, and charm vertices, enabling the reconstruction
of the flight path of the B hadron and vertex positions.

High-level taggers, such as MV2 and DL1 [230, 231], use the outcomes of low-
level algorithms to determine the probability of a jet being classified as a b-, c-,
or light-jet. MV2 employs a Boosted Decision Tree (BDT) architecture, while
DL1 utilises a Deep Neural Network (NN). These high-level algorithms incorporate
input from the IP3D, SV1, and JetFitter algorithms, along with the kinematic
characteristics of the jets, including pr and n. While MV?2 is specifically trained to
separate b-jets from c- and light-jet, the DL1 algorithm provides a multidimensional
output which not only tags the b-jets but also the c- and light-jets.

“MVA is a statistical approach that analyses multiple variables together to identify patterns and
relationships in data. In this thesis, the MVA methods mentioned/used are the BDTs and NNs.

®A neural network (NN) is a mathematical machine learning model composed of interconnected
artificial neurones that use activation functions and weights to process input data, perform
nonlinear transformations, and learn from training examples through iterative adjustments of
the weights to solve various tasks, such as pattern recognition and regression. It performs similar
tasks as those of the BDT (see Appendix B).
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One of the algorithms that composes the DL1 series is the DLir [231]. Its
implementation as a multi-class NN architecture allows for a more compact memory
usage compared to the previous BDT-based MV2cl0 algorithm [229]. The NN
topology is comprised of fully connected hidden layers, and the hyperparameters are
optimised to enhance the performance of b-tagging. The ultimate DL1r b-tagging
discriminant is formulated as follows [234]:

Dppy, = In ( & ) (5.1)

fc “Pe T+ (1 - fc) * Plight

where py, pe, Piighe and f. represent the b-jet, c-jet and light-flavour jet probab-
ilities, and the effective c-jet fraction in the background training sample, respect-
ively [235]. The b-tagged jets are jets whose values of the DL1r are above a certain
threshold, hereafter referred to as working points. The efficiency of identifying
b-jets [236] and the mis-tag rate of c-jets [237] are measured using ¢f event data.
While the calibration of light-jets relies on events that involve a Z boson, following
a procedure similar to the one described in Reference [238]. The correction factors
derived from these calibration analyses are subsequently applied to correct the sim-
ulated events. In Section 6.3.5.1 is discussed how the DL1r algorithm is applied in
this thesis.

5.4 Missing transverse energy

According to the principle of momentum conservation, the total sum of trans-
verse momenta of all detected particles should be zero in the transverse plane.
However, the presence of undetected particles can lead to an imbalance in this
calculation, resulting in missing transverse momentum (ﬁ%ﬁss). This B?igs is typ-
ically associated with SM neutrinos, but it can also occur due to particles escaping
the acceptance of the detector or being poorly reconstructed due to limitations in
detector acceptance, finite detector resolution, detector inefficiencies presence of

(temporary or permanent) dead regions, or any sources of noise.

Therefore, the measurement of the magnitude of the missing transverse mo-
mentum (Ep™) plays a crucial role in various analyses, such as the study of top-
quark polarisation (see Section 2.1.4.1), which involves a final state with one neut-

rino (as in the search for the t Hq process presented in this work) or more neutrinos.

The EF™ is reconstructed by calculating the magnitude of the negative vector
sum of the transverse momenta of all detected particles [239, 240]. This includes
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contributions from various particles such as leptons, photons, jets, and soft-event
: 6
signals”’.

5.5 Overlap removal

In ATLAS, the reconstruction of physics objects within the detector is primar-
ily performed independently for each object. Ambiguity in the observed detector
signatures can lead to the double-counting of signals, causing multiple physics ob-
jects to be defined simultaneously. This is what is known as overlap. For instance,
charged particle tracks in the inner tracking volume accompanied by energy depos-
its in the calorimeters could be interpreted as both an electron and a hadronic jet.
This ambiguity can arise from misidentification and duplication of objects or from
the production of particles in close proximity (non-isolation), which may bias the
reconstruction of one or both objects.

To address these reconstruction ambiguities, overlap removal is an essential step
in all ATLAS analyses. In this analysis, the overlap removal is implemented based
on the geometric proximity (AR) between reconstructed objects. In Section 6.3.6,
the details of how this is done are provided. However, a recent advancement in
the ATLAS core software introduced Global Particle Flow (GPF) links between jet
constituents and physics objects that share a common detector element, such as a
track or calorimeter cluster. These GPF links offer a cleaner approach for removing
overlaps between jets and other physics objects. By explicitly examining shared
detector signals among physics objects, it becomes possible to identify instances
of double-counting of energy. If such overlaps are found, a set of criteria can
be applied to determine which objects should be vetoed, ensuring accurate event
reconstruction.

%Soft-event signals refer to reconstructed charged-particle tracks that are associated with the hard
scattering vertex but not with any specific hard object.






Chapter 6

Search for the tHq production
with a 71,4 in the final state

Cinquanta quilos pesa el xino.
—RAFAEL AGULLO-IRLES

This analysis aims to set the best estimation of the tHq SM cross-section in
the 2¢ 4 17,4 channel’ using a dedicated search”. In the ongoing analysis within
the ATLAS collaboration, the y, = —1 hypothesis is also studied. To explore the
inverted coupling hypothesis, the complete tH production (i.e. the tHq + tWH
processes) should be studied as both processes are sensitive to the sign of y, (see
Section 2.3.3.2). However, a complete study of y, = —1 is outside of the scope of
this thesis. Here, just the y, = —1 hypothesis for the ¢t Hq is considered.

This chapter is organised as follows: Section 6.1 introduces the different chan-
nels in which the ongoing effort within the ATLAS collaboration is divided. Sec-
tion 6.2 provides an overview of the detector-collected datasets and MC-event-
simulation samples used in this analysis. In this section is also discussed how each

'The tHq production with final states involving 7,4 was also studied by one of my collaborators,
being publicly available in her PhD thesis dissertation [241].

*Note that in the already published searches shown in Table 2.1 there is just one dedicated tHq
study, it uses partial Run 2 data, and it does not consider final states with hadronically decaying
taus.

117
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background process affects this analysis. In Section 6.3, the specific object defin-
ition employed in the analysis is discussed. Section 6.4 explores various aspects
of the signal process, including the generation of parton-level information, the as-
signment of light-lepton origin, and the event reconstruction. In Section 6.5, a
description of the estimation of the background yields is presented. Section 6.6
covers the signal separation, along with the definition of control and validation re-
gions, and outlines the MVA methods used. Later on, a comprehensive treatment
of systematic uncertainties is provided in Section 6.7. Finally, the likelihood fit
procedure and the resulting outcomes are presented and discussed in Section 6.8.

6.1 Channels of the search of the tHq process

The study of the tHq production can be classified according to the number of
light-flavour leptons (), i.e. electrons or muons, and the number of 7,4 in the
final state. The study of the 1¢ channel uses only the tHq(H — bb), which is the
most dominant decay mode for the Higgs boson with a 58% BR as reported in
Figure 2.8. There are other Higgs-boson-decay channels that can provide the 1¢
signature but these either have a small cross-section or their backgrounds are much
larger. For the multileptonic (ML) final-state channels, the H — WW*, H — 777"
and H — ZZ" decay modes are considered. These three Higgs-boson-decay modes
combined account for a total of 31% BR. (see Figure 2.8). Even though H — y "
could also provide a ML final state, it is not considered due to its low BR. The
same happens with the other decay modes that, due to their small cross-section,
are considered irrelevant.

Therefore, the considered ML channels are 2¢SS, 3¢, 20 + 17,4 and 10427, 4.
The former two are explored in References [242, 243]. Table 6.1 presents the dif-
ferent channels being currently studied by the ATLAS collaboration. Some gaps,
represented by “—7” can be seen in Table 6.1. These correspond to the channels
with more than three leptons in the final state as well as the 2¢0S and 1/ 4 17,.4.
The reason to not include the 2/0S channel in the ongoing search by the ATLAS
collaboration is because the t¢ background is so large that the sensitivity of that
channel is negligible. Similarly, a huge background makes the 1/+17, 4 to have very
poor sensitivity. Finally, events with more than three leptons are discarded from
these analyses because they represent a small fraction of the total t Hg production.

For each ML final-state channel, there is a different probability distribution of
being produced based on a particular Higgs-boson-decay mode as Table 6.2 shows.
For instance, the H — 77 is the most likely decay mode in the 1¢ 4 27,4 channel
but not in the 3¢ channel.
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‘ 0 Thaq ‘ I Thaa ‘ 2 Thaa

tHq (H — bb) o tHe (WW*/ZZ" |T7)

LE(e/ 1) 1¢ 1+ 27

2% (¢] 1) tHq (H—> WW*/ZZ"/77) | tHq (H - WW*/ZZ"]77)
o H 20SS 2 + 17y

3¢ (¢/ 1) tHq (H — W;gW*/ZZ*/TT) - B

Table 6.1: Different channels that are being studied in the ongoing analysis by the ATLAS
collaboration for the tHq production. The classification is done according to the presence of
light-flavoured leptons and hadronically-decaying taus in the final state. The 2¢ + 17,4 channel
is partitioned into two subcategories depending on the relative sign of the electric charge exhibited
by the two charged light leptons: 2¢ OS+ 17,4 and 2SS+ 17, 4. The multiplicity requirements
on each final-state objects ensure the orthogonality between the various channels.

| Probability (%)
Channel ‘ H—smr H—-WW' H—ZZ"

20+ 17,4 | 63 32 5
10+ 27,4 | 96 3 1
20SS 17 80 3
3¢ 14 69 17

Table 6.2: Percentage probability of the Higgs-boson-decay modes within different final-state
ML channels. The numbers are obtained with MC-simulated samples at parton level. The used
events are those passing the requirement defined by the topology of each channel. The statistical
uncertainty is smaller than 0.1% for all the values in this table. Note that these percentages are
normalised to consider only these three decay modes.

The 2¢ + 17,4 channel is further subdivided in two sub-channels depending
on the charge of the light-charged leptons. The so-called 2¢SS + 17,,4 channel is
defined when the two light leptons have the same electric charge. In contrast, when
there are two light leptons with opposite electric charge, the 2¢ OS + 17,4 channel
is defined.

The work presented in this thesis is focused on the two 2¢ + 17,4 sub-channels,
which are treated separately since these two sub-channels have different background
compositions, being the 2¢SS + 17,,4 the one with the lower background contri-
bution and, therefore, higher sensitivity. The Feynman diagrams illustrating these
two processes are depicted in Figure 6.1. Although the diagrams exhibit a resemb-
lance for both final-state channels, the challenges encountered during both analyses
differ significantly.
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(a) 20SS + 174 (b) 2008 + 17,4

Figure 6.1: Representative LO Feynman diagrams (4FS) for the tHq (2¢ + 17,,4) in the H —
ThadTlep decay channel (dominant decay mode). Note that the two charged light-flavoured leptons
in (a) have the same positive electrical charge and in (b) these leptons have opposite charges.

6.2 Data and simulated events

In this section the particularities of the data collected by the detector and the
MC-simulated event samples are presented. The generalities of the data gathering
and the production of the MC event samples are described in Chapter 4.

All the search channels share the same object selection and use a common set of
MC NTuples, which are produced with the SingleTopAnalysis® package using the
TOPQ1 derivations as input. These TOPQ1 derivations contain a single-lepton
filter that requires at least one electron or muon satisfying || < 2.5. Additionally,
this lepton should have pp > 20 GeV for 2015 data and above 25 GeV for both the
20162018 data and the MC event simulations. The produced NTuples have at
least two e/p in their final state, one satisfying the condition above and the other
must present a pp > 10 GeV.

After the NTuples are generated with the SingleTopAnalysis package, a post-
processing framework named tHqLoop which further manipulates the real and sim-
ulated data samples to skim and slim” them.

3The SingleTopAnalysis package is a ROOT-based software based on AnalysisTop. AnalsyisTop is
the standard analysis software within the Athena framework for Run 2 analyses in the Top-quark
Working Group.

“The slimming is done by removing unnecessary branches. In ROOT, a branch represents a
variable associated with each event or entry in a TTree, which is a hierarchical data structure
used for storing and analysing data in the ROOT framework.
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6.2.1 ATLAS-collected data samples

The real-data samples used in this analysis correspond to the events recorded by
the ATLAS detector from pp collisions with 25 ns bunch spacing delivered by the
LHC at /s = 13 TeV during Run 2. This corresponds to a total integrated luminos-
ity of L2 = 140 fb! (see Section 4.2.1). The uncertainty corresponding to this
integrated luminosity is measured by the LUCID-2 detector to be 0.83% [179, 244].
This data-taking period ranges from 2015 to 2018 and, for each year, a different lu-
minosity and uncertainty are measured, as is shown in Table 6.3. This data-taking
period also presents different pile-up through the years. Figure 6.2 presents the
average number of interactions in each crossing between proton bunches. As can
be seen, the average pile-up increased every year.

Year 2015 2016 2017 2018

Peak £(t) (x10% cm?s™) 5 13 16 19

Total delivered L (fb™") 4.0 38.5 50.2 63.4

L registered by ATLAS (pb™') 3244.544+1.13% 33402.2 +0.89% 44630.6 + 1.13%  58791.6 4+ 1.10%
Periods D-H,J A-G LKL B-FHILK  B-DFILKLMO,Q
Run numbers 276262-284484  297730-311481  325713-340453 348885364292
Number of events 220.58M 1057.84M 1340.80M 1716.77TM

Table 6.3: Peak luminosity, integrated luminosity delivered by the LHC and cumulative lumin-
osity collected by the ATLAS detector at /s = 13 TeV during Run 2 per year [245]
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ATLAS Online, 13 TeV ﬁ_dt=146.9 fb!

2015: <u>=13.4
2016: <u>=25.1
2017: <u>=37.8
2018: <u>=36.1
Total: <u>=33.7
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Figure 6.2: Luminosity-weighted distribution of the mean number of interactions per crossing
<u> for full Run 2 and per year with pp collisions data during stable beams at /s = 13 TeV [179].

As introduced in Section 4.2.1, the GRLs is an xml file that collects the lu-
minosity blocks that are considered good to be used for physics analyses. This is
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done by demanding that the LHC had stable beams and that all the detectors and
subdetectors were operating correctly. The GRL is used to filter the registered data
at the luminosity blocks’ level. Events were selected from a shared data stream
using the unprescaled single-lepton triggers, which are detailed in Section 6.3.1.

6.2.2 Simulated event samples

The simulated event samples used in this analysis were produced using different
MC-event generators and simulation frameworks. The generalities of the ATLAS
simulation chain are described in Section 4.3.

The MC production is divided into campaigns, where the centre-of-mass en-
ergy, geometry and conditions used in production correspond to a running period
of the LHC. Three campaigns are used: mcl6a, mcl16d, and mcl6e, correspond-
ing to periods 2015-2016, 2017, and 2018, respectively. Various event generators
interfaced with shower/hadronisation generators are used in this analysis.

o For the pile-up modelling (see Section 4.3.1.5), PYTHIA 8.186 is used with
the ATLAS third set of tuned parameters for minimum-bias events (A3
tune [246]) and the NNPDF2.3L0 set of PDFs [247].

o For the hard-scattering process, unless it is specified differently, the
NNPDF3.0NLO PDF set [248] is used.

o For the PS, unless explicitly stated otherwise, the PYTHIA generator is used
with A14 [249] tune and the NNPDF2.3L.0 PDF set.

o The top-quark decay is simulated at LO either by PYTHIA8 or HERWIG 7
in the PS or by MADSPIN [186, 204] to preserve spin correlations, while the
decay of the Higgs boson is generated either by PYTHIA8 or HERWIG 7 in
the PS. The decays of bottom and charm hadrons are simulated using the
EVTGEN program (either version 1.6.0 or 1.7.0) [205].

o The MC-simulated events are weighted to match the distribution of the av-
erage number of interactions per bunch crossing, (u), observed in the real
detector data. A rescaling factor of 1.03 + 0.04 is applied to the (u) value of
the samples to improve agreement between data and simulation [250].

e The FS event samples are used as the baseline whenever available. For cer-
tain cases such as the tHq signal process and the t W H and four top-quark

°A luminosity block corresponds to about 1 or 2 minutes of data taking and has around ~ 10°
events. It is a unit of known luminosity.
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background processes, AFII event samples are used as baseline. Most of
the systematic effects are evaluated using alternative AFII samples, except
for specific systematic uncertainties such as t¢/t W interference, ttZ, tt W,
and tWZ modelling, where FS event samples are available and, therefore,
used. The details about AFII and FS simulation strategies are provided in
Section 4.3.1.6

These MC event samples are used to assess efficiency and resolution models and
to estimate systematic uncertainties. The details of each simulation event sample
for each process are provided in the subsequent subsections. A summary of all tHq
signal and background processes is presented in Table 6.4. The relevance of the
processes listed in Table 6.4 is not uniform. In this section, it is also discussed the
significance of each background process, highlighting their respective importance
and how they mimic the final state of the signal process.

Process  Generator Order (scheme) PDF set Parton shower ~ PDF set (tune)
Signal
tHq MADGRAPH5__AMC@QNLO2.6.2 NLO (4FS) NNPDF3.0NLO nf4  PyTHIA 8.230 NNPDF2.3L0 (Al4 tune)
Backgrounds

tt PowHEG Box v2 NLO (5FS) NNPDEF3.0NLO PyTHIA 8.230 NNPDF2.3L0 (Al4 tune)
V+jets SHERPA 2.2.1 NLO+LO NNPDF3.0NNLO - -

Diboson ~ SHERPA 2.2.1-2 NLO+LO NNPDEF3.0NNLO - -

Triboson ~ SHERPA2.2.2 NLO+LO NNPDF3.0NNLO - -

ttZ MADGRAPHS5_AMC@NLO2.3.3 NLO NNPDEF3.0NLO PyTHIA 8.210 NNPDF2.3L0 (Al4 tune)
ttw SHERPA 2.2.10 NLO NNPDEF3.0NNLO - -

ttH PowHEG Box v2 NLO (5FS) NNPDEF3.0NLO PyTHIA 8.230 NNPDF2.3L0 (Al4 tune)
t-channel POWHEG BOX v2 NLO (4FS) NNPDF3.0NLO nf4  PyTHIA 8.230 NNPDF2.3L0 (Al4 tune)
tw PowHEG Box v2 NLO (5FS, DR) NNPDF3.0NLO PyTHIA 8.230 NNPDF2.3L0 (Al4 tune)
s-channel POWHEG BOX v2 NLO NNPDF3.0NLO PyTHIA 8.230 NNPDF2.3L0 (Al4 tune)
tZq MADGRAPH5 AMCQ@QNLO2.3.3 NLO NNPDEF3.0NLO PyTHIA 8.230 NNPDF2.3L0 (A14 tune)
tWH MADGRAPH5_AMC@NLO28.1 NLO (5FS, DR) NNPDF3.0NLO PyTHIA 8.245p3 NNPDF2.3L0 (A14 tune)
tWZz MADGRAPH5 AMCQ@QNLO2.3.3 NLO NNPDEF3.0NLO PyTHIA 8.212 NNPDF2.3L0 (A14 tune)
ttt MADGRAPH5__AMC@NLO2.2.2 NLO NNPDEF3.1NLO PyTnia 8.186 NNPDF2.3L0 (Al4 tune)
titt MADGRAPH5__AMC@NLO2.3.3 NLO NNPDF3.1NLO PYTHIA 8.230 NNPDF2.3L0 (Al4 tune)
g9H Pownec Box v2 NLO CT10 PyTHIA 8.210 CTEQ6L1 (AZNLO tune)
qqH PowHEG Box vl NLO CT10 PyTHIA 8.186 CTEQ6L1 (AZNLO tune)
WH Pyrnia 8.186 LO NNPDF2.3L0 - -

ZH PyTnia 8.186 LO NNPDF2.3L0 - -

Table 6.4: Summary of the baseline-nominal-simulated signal and background event samples
used in the tHq analyses. The alternative simulations are described in Section 6.7.2.

6.2.2.1 Simulated tHq signal samples

The tHq simulated event sample is generated by using the MAD-
GRAPH5_AMC@NLO2.6.2 [251] generator at NLO, employing the
NNPDF3.0NLO nf4 [248] PDF set. The ug and pp scales are set to a de-

fault scale based on 0.5 x 33, \/m7 —|—p2T7Z-, where ¢ runs over all the particles
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generated by the M calculation. The simulation event samples are generated in
the 4FS scheme (see Section 2.1.2.2 for the scheme discussion). This is referred to
as the nominal signal sample.

The normalisation of the tHq signal samples is performed with respect
to the cross-section predictions obtained from NLO generator. For pp colli-
sions at /s = /13 TeV, the cross-section of the ML channels corresponds to
onLo(tHqyr,) = 16.7 pb using a top-quark mass of m; = 172.5GeV. This cross-
section is a factor 3.6 times smaller than the one for the tHq(bb) production, with
onvLo(tHgq,;) = 60.1 fb.

6.2.2.2 Simulated background samples

The background can be defined as everything in a subset of the data that
imitates the signal processes without truly being a signal event. Therefore, in
this study, whatever mimics the signature of an associated tHq production with
20 + 17},4 final state is referred to as background.

To perform the physics analysis, it is fundamental to subtract the background
events from the dataset as much as possible to achieve higher signal purity. By
doing this, the analysed dataset resembles more to the process that is desired to
study. This procedure is the so called “event selection” and it is described in
Section 6.6.

In the subsequent section, the MC simulation of the background processes is
presented, highlighting the main ones and their specific characteristics. Further-
more, an explanation is provided for each of these processes to clarify how they
contribute to the background. Later on, in Section 6.5, a comprehensive description
of the background estimation is discussed.

Top-quark pairs

The production of tf events constitutes the main background source for both 2¢ +
17p.q Sub-channels. When the leptons from the top-quark decay are electrons
or muons, the ¢ process can mimic the 2¢ 4+ 17,4 signature if one of the quarks
produces a jet that is wrongly reconstructed as a 7,,,4. This background particularly
relevant in the 2¢ OS + 17,4 channel, where it surpasses the signal yields by three
orders of magnitude. As it is discussed in Section 6.5, the misidentification of
quarks as if they were 7,4 constitutes the main source of background. If one of
the leptons in the t¢ diagram was a hadronically-decaying tau and the other an e/p,
the 20 + 17,4 signature could be obtained if one of the b-jets is wrongly identified
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as an e/p. This second scenario of misidentified e/p is less common but can still
happen.

Regarding its generation, the {f events are simulated using
PowHEG Boxv2 [186, 252-254] and the NNPDF3.0NLO PDF set [248].

The pr and pp scales are set to the default scale of \/m% + p%. The parameter
Pdamp, controlling the matching between the POWHEG generator and high-pp
radiation, is set to 1.5 the mass of the top quark [255]. All these samples are
generated in the 5F'S.

The ¢f sample is normalised to the cross-section prediction at NNLO in
QCD including the resummation of NNLL soft-gluon terms calculated using
Topr++ 2.0 [256-261]. For pp collisions at /s = 13 TeV, this cross-section corres-
ponds to oxnposnnLy(tE) = 832 £51 fb using a top-quark mass of m, = 172.5 GeV.

Single vector boson

This background corresponds to the Z 4+ jets and W+ jets productions, which are
also referred to as V+jets. For Z + jets, it can mimic the 2/0S + 17,4 signa-
ture when one of the b-quark from the gluon splitting is misidentified as a 7,,4.
Conforming, along with ¢¢ the main background in that particular channel.

The single-vector-boson processes are simulated using the SHERPA 2.2.1 gener-
ator [262]. The M accuracy is NLO for up to two partons and LO for up to four
partons. The PS is also simulated with SHERPA, which is based onthe Catani-
Seymour dipole factorisation and the cluster hadronisation model [263]. The M
for a given jet multiplicity are matched to the PS using a colour-exact variant of
the MCQ@QNLO algorithm [264]. The V-+jets samples are normalised to a NNLO
prediction [265].

Top-quark pair in association with a single vector boson
Right after the single-boson and ¢¢ processes, the ¢£V processes (i.e. ttZ and tt W)
are the most relevant background, particularly in the 2SS + 17,4 channel.

There are various ways in which these processes can mimic the final state of
the signal. Since it can have three leptons in the final state, the object multiplicity
can be replicated and ¢£ W can be an irreducible background. It can also mimic
the 2¢ 4 17,4 signature if misidentification takes place.

The t¢t W events are simulated using the SHERPA 2.2.10 generator at NLO accur-
acy in QCD with the NNPDF3.0NNLO PDF set [248]. This framework incorpor-
ates a strategy that merges multiple legs, allowing for the integration of one extra
parton at NLO and two at LO. An event-by-event correction factor was applied to
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this sample that provide virtual NLO EWK corrections. Additionally, a simulation
sample at LO accuracy in QCD was also generated with SHERPA 2.2.10 but for the
ttW + j final state to emulate EW corrections to tf W production. The generation
of ttZ events event is conducted with the MADGRAPH5__AMCQ@QNLO 2.3.3 [251]
generator, providing M at NLO in a4 and using the NNPDF3.0NLO PDF set.

The py and pp scales are set to the default of 0.5 x 3, \/m? + pQTji, where the sum
runs over all the particles generated from the M calculation.

For tt W, the cross-sections are calculated at NLO QCD and NLO EW accur-
acy using the MADGRAPHS AMCQNLO FxFx framework. The predicted value
is oRed Qcp + nLo pw (11Z) = 722.487727 fb. For {17, the cross-sections are calcu-

lated at NLO QCD and NLO EW accuracy using MADGRAPH5_ AMCQ@NLO
as reported in Reference [83]. The obtained cross-section at /s = 13 TeV is

red I 0.09
ONLO QCD + NLO pw(ttZ) = 0-88:).11 pb.

Top-quark pair in association with a Higgs-boson

The ¢t H process is discussed in depth in Section 2.3.2. If the Higgs boson and one
of the top quarks decay to leptons and the other top quark to ¢g, the multiplicity
in leptons of the 2¢ 4+ 17,,4 channel is reproduced and the ¢t H is reconstructed as
a tHq process. The mimicking of the signal process can also take place by other
decay modes of the ttH if a quark-initiated jet is misidentified as a 7,,4. This
background is particularly important in the 2SS + 17,4 channel.

To simulate the tfH processes, the POWHEG BOXVv2 generator with the
NNPDF3.0NLO PDF set is used. The functional form of the ugr and pp scales

was set to \3/ mp(t) - mp(t) - mp(H), where mq is the transverse mass.

At /s = 13 TeV, the cross-section is computed to NLO QCD
and NLO EW precision with MADGRAPH5 AMC@NLO [83] and it is
oRro qcp + nLo ew(ttH) = 50715 fh.

Diboson

The diboson background is another one with significant contribution. In the case of
the W Z diboson process, there can be three leptons in the final state and, hence,
the object multiplicity of the 2¢ 4+ 17,4 channel can be replicated without any
type of misidentification. For the ZZ diboson process there can be either two or
four leptons. In the former situation, misidentification is necessary to mimic the
20 + 17,4 signature. In the latter, one of the leptons should not be reconstructed
to reproduce the 2¢ 4 17,4 final-state-object multiplicity.
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Samples of diboson final states (VV') are simulated using the SHERPA 2.2.1 or
2.2.2 generator depending on the process. The samples use Ms at NLO accuracy
in QCD. The NNPDF3.0NNLO set of PDFs is used, along with the dedicated set
of tuned PS parameters developed by the SHERPA authors.

Single-top-quark processes

The three single-top-quark productions described in Section 2.1.2.2 are simulated
but only the ¢ W production plays a relevant role. In the 2 OS+ 17,4 channel, t W
stands out as a significant background, but its impact is not as significant as t¢ and
Z + jets. All three single-top-quark processes are modelled using POWHEG BOX v2
generator in conjunction with PYTHIA8. The DR scheme is employed to handle
the interference between t W and tt.

Single-top quark in association with a boson

Another family of background processes is the tX, which is composed by tZq,
tWZ and tWH. The t W H process exhibits heightened sensitivity to deviations
of y, from the SM expectation and a more inclusive tH search has to include
this process as part of the signal (this is not the case for this thesis). The tZq
production presents a challenge due to its close resemblance to the tHg signal.
When stringent selection requirements are applied to discriminate the signal from
all the background processes, the reduction of ¢Z¢ is considerably more modest
compared to other processes.

The tWH events are generated at NLO in the 5FS using MAD-
GrAPHD _AMCQNLO 2.8.1 with the NNPDF3.0NLO. The events are inter-
faced with PyTHIA 8.245p3 using the Al4 tune and the NNPDF2.3r0 PDF
set. The functional form of the up and up scales is set to the default scale
0.5 % 3, \/m? + pgf,i, where the sum runs over all the particles generated from the

M calculation. The DR scheme is employed to handle the interference between
tWH and ttH.

The tZq sample is simulated at NLO in the 4FS wusing MAD-
GrAPHS AMCQNLO 2.3.3 with the NNPDF3.0NLO PDF set and then inter-
faced with PyTHIA 8.230 using the A14 tune and the NNPDF2.3L.0 PDF set.
The functional form of the pr and pp scales is set to 4y/mj + p2T7b, where m,, is the
mass of the my-type quark [266].

The tWZ process is simulated at NLO in the 5FS wusing MAD-
GRrAPHS AMC@NLO 2.3.3. The top quark and the Z boson are decayed at
LO using MADSPIN. Here, the decay of the Z boson is restricted to a pair of
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charged leptons. The pup and up scales are set to the top-quark mass. To address
the interference between ¢t WZ and ttZ, the DR scheme is employed.

Other non-dominant processes

Other minor backgrounds considered in this analysis are the triboson (VVV'), the
Higgs-boson processes (¢ggF, VBH, VH), three top quark (¢tt) and four top quarks
(tttt). The simulation procedure of the baseline samples for all these processes is
summarised in Table 6.4.

6.3 Object definition

In Chapter 5, a general overview of the object reconstruction process is provided.
Different possible definitions for the physical objects are discussed in that chapter.
In contrast, this section focuses on presenting the specific definitions employed for
this analysis at hand.

6.3.1 Triggers

To select events from collisions, a two-level-trigger-system is employed [267]
as described in Section 3.3.6. During the data-taking period spanning 2015-2018,
varying pile-up conditions necessitated the use of different single-lepton (electron or
muon) triggers. The trigger names employed in this analysis are listed in Table 6.5.
These triggers are combined using the logical OR operation.

Year ‘ Single-electron trigger Single-muon trigger
HLT e24 lhmedium_ L1EM20VH HLT mu20_iloose L1MU15
2015 HLT e60_lhmedium HLT_mub0

HLT_e120_1lhloose

HLT_e26_lhtight _nod0O_ivarloose HLT _mu26_ivarmedium
2016-2018 | HLT_e60_lhmedium_nodO HLT mub0
HLT e140_lhloose_nodO

Table 6.5: Employed single-lepton trigger depending on the light-lepton flavour and year.

o The single-electron triggers rely on the likelihood-based algorithm for prompt-
electron identification and non-prompt electron rejection described in Sec-
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tion 6.3.2. Isolation and identification requirements are applied as well. Be-
sides, various lower transverse energy (Er) thresholds ranging from 20 GeV
to 26 GeV are applied for low-pr electrons. For high-pt electrons, two ad-
ditional complementary triggers with lower-FEp thresholds from 60 GeV to
140 GeV are employed.

e Muons in this analysis are triggered by matching tracks reconstructed in
both the MS and ID, along with isolation criteria. Similar to the electron
triggers, to mitigate efficiency losses due to isolation at high pr, several lower-
pr thresholds from 20 GeV to 50 GeV are set.

6.3.2 Electrons

In this analysis, the electron candidates must meet several criteria: they should
have a pr greater than 10 GeV, be within the pseudorapidity range of |p™"| < 2.47,
and pass the tight identification level. Electron candidates are excluded if their
calorimeter clusters lie within the transition region between the barrel and the end-
cap sections of the EM calorimeter, defined as 1.37 < || < 1.52. Additionally,
these electrons must pass the tight isolation test based on the “Prompt Lepton
Improved Veto” (PLImprovedTight) isolation working point [268]. This isolation
working point uses a multivariate analysis technique, combining shower shape and
track information, to effectively differentiate between prompt electrons and those
that arise from backgrounds such as hadronic jets, photon conversions, or the
decay of heavy-flavour hadrons. Additionally, the associated track must satisfy
|29 sin(f)| < 0.5 mm and |dy|/o(dy) < 5.

In certain analysis regions, additional requirements are imposed on elec-
trons.  These include the application of the Electron Charge ID Selector
Tool (ECIDS), a BDT-based tool which enhances the rejection of electrons with
misidentified-electrical charges. Another tool referred to as Electron Ambiguity
Tool is used to suppress the misidentification of photons reconstructed as electrons.

6.3.3 Muons

The preselected-muon candidates used for the overlap-removal process must
satisfy pr > 7 GeV, |n| < 2.5, and pass the medium identification criteria. This
working points imposes conditions on the number of hits in the ID and MS sub-
systems, as well as on the significance of the charge-to-momentum ratio [215, 216].
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Isolation criteria are established using the level of isolation determined by a mul-
tivariate likelihood algorithm. These requirements (tight) are applied to suppress
contributions from misidentified or non-prompt muons [268].

Moreover, the track associated with the muon candidates must satisfy
|29 sin(f)| < 0.5mm and |dy|/o(dy) < 3, as mentioned in Section 5.3.

A summary of the specific-object-definition criteria for electrons and muons is
presented in Table 6.6.

‘ Electron ‘ Muon

Identification tight medium
Isolation tight tight
Acceptance pr > 10GeV, [n™ < 247 | pr > 10GeV, || < 2.5

except 1.37 < [n™] < 1.52
Impact parameter | |dy/o(dy)| < 5.0 |do/o(dp)| < 3.0

|29 sin(f)| < 0.5 mm |29 sin(f)| < 0.5 mm
Extra selections ECIDS, e/~ ambiguity-cuts

Overlap removal ‘ See Section 6.3.6

Table 6.6: Summary of the electron- and muon-object definitions used in this analysis.

6.3.4 Hadronically-decaying taus

The selection criteria for 7,4 candidates are outlined in Table 6.7 and adhere
to the guidelines established by the Tau CP group [225, 269]. The 7,,4 objects
must satisfy the criteria of pp > 20GeV, |n| < 2.5, excluding the range 1.37 <
|7]Clu5t| < 1.52, and have either 1 or 3 associated tracks. This requirement is applied
because, as mentioned in Section 5.2.3, the 7-leptons decay to one or three prongs.
To distinguish 7,4 candidates from other objects, they must pass the medium
(Loose) JetID requirement, which is defined using a RNN, as well as fail the cut
on the electron BDT. No specific veto is applied for muons. The energy calibration
is performed using the MVA Tau Energy Scale (MVA TES) method. Scale factors
for leptons are applied to account for efficiency and energy scale corrections.

6.3.5 Jets

Jets are reconstructed using the anti-k; jet algorithm [221] on particle-flow ob-
jects [270], with a distance parameter of R = 0.4, implemented in the FASTJET
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Thad

Acceptance pr > 20GeV, [n™| < 2.5
except 1.37 < [n™] < 1.52
Number of tracks | 1 or 3

Identification RNN Medium

Electron veto electron BDT Loose
Overlap removal | See Section 6.3.6

Table 6.7: Summary of the 7,4 object definitions used in this analysis. The selection require-
ments for actual 7,4 are applied in addition to the pre-selected objects used for the overlap
removal.

package [271] (referred to as AntiKt4EMPFlowJets jet collection). The Jet Vertex
Tagger (JVT) [272, 273], recommended by the Jet/EF**® CP group, is used to select
jets. Jets are retained if they have pr > 20 GeV and fall within the pseudorapidity
range of |n| < 4.5. Additionally, jets with pt < 60 GeV and |n| < 2.4 must satisfy
JVT > 0.5 to meet the criteria of the Tight JVT working point. For forward jets
with 2.5 < |n| < 4.5 and pr < 120 GeV, an alternative JVT working point (fJVT)
is applied, requiring fJVT < 0.4 along with a timing requirement on the jet [272].
The jet definition and b-tagging requirements are summarised in Table 6.8.

The jet calibration procedure follows the standard method recommended by
the Jet/ET™ CP group, which corrects the jet energy to match, on average, the
true jet energy at the particle level and applies in-situ corrections for data [274].

6.3.5.1 Identification of b-tagged jets

In this study, the DL1ir algorithm, a MVA method for b-tagging, is em-
ployed [234, 275, 276] (see Section 5.3.1). The jets are b-tagged if the values of
the DL1r discriminant exceed certain thresholds or working points. Four working
points are defined for the DL1r tagger, corresponding to selecting 85%, 77%, 70%,
and 60% of b-jets in ¢f simulated events. To assess the b-tagging performance com-
prehensively, the efficiency of the DL1r tagger is measured using collision data. The
DL1r tagger discriminant is defined in Equation 5.1.

6.3.6 Overlap removal

Once all the objects are identified, to avoid that a single signature is identified as
different physical objects, the overlap removal is applied, as Section 5.5 introduced.
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Jets
Collection AntiKt4EMPFlowJets
Acceptance pr > 20GeV, |n| < 4.5

Jet Vertex Tagger | JVT > 0.5 if || < 2.4 and pp < 60 GeV
fIVT < 0.4 if 2.5 < |n| < 4.5 and pr < 120 GeV
Overlap removal | See Section 6.3.6

b-tagging jet

Acceptance pr > 20GeV, |n| < 2.5
b-tagging DL1r algorithm

Table 6.8: Summary of the jet selection criteria and b-tagging.

To avoid the double-counting, in this analysis, the pre-selected Loose leptons and
jets are used. Then, the following steps are applied to resolve the ambiguities:

1. Any electron found with a track overlapping with any other electron is re-
moved. The electron is also removed if it shares a track with a muon (except
if it is a calorimeter muon) since the electron object is very likely to be iden-
tified from the tracks that the muon produced in the ID.

2. Any calorimeter muon (see Section 5.2.2) found to share a track with an
electron is removed. This measure is taken because calorimeter muons objects
are reconstructed in the region where the MS is not fully instrumented.

3. Any jet found within a AR < 0.2 of an electron is removed, as it is very
possible that the jet corresponds to the electron.

4. Any electron subsequently found within AR < 0.4 of a jet is removed in order
to reduce the impact of non-prompt electrons.

5. Any jet with fewer than 3 tracks associated to it found within AR < 0.2 of a
muon is removed. This is done to reduce the number of fake jets from muons
depositing energy in the calorimeters.

6. Any muon subsequently found within AR < 0.4 of a jet is removed to reduce
the contribution from muons from heavy-flavour decays within a jet.

7. Any 7,4 found within a AR < 0.2 of an electron is removed.

8. Any 7,4 found within a AR < 0.2 of any type of muon is removed. If the
tau has pr > 50 GeV, it will only be removed if it is found to overlap with a
combined-type muon.
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9. Any jet found within a AR < 0.2 of a 7,4 is removed.

The overlap removal procedure is implemented by applying the criteria in the order
specified.

6.3.7 Missing transverse momentum

As discussed in Section 5.4, the ﬁ?iss is reconstructed by summing the negative
vector of pr of reconstructed and calibrated particles and jets after performing the
overlap removal. Additionally, a soft term is included, which consists of charged-
particle tracks associated with the hard scatter vertex [277, 278]. The purpose of
the soft term is to account for low-momentum particles that may not be identified
among the final state objects [279-281]. The EF™ serves as a measurement of the
undetectable particles in an event and is subject to energy losses caused by detector
inefficiencies, acceptance limitations, and energy resolution. In this analysis, the
main source of E2™ are the neutrinos in the final state.

6.4 Study of the tHq signal process

In this section, a study on some of the signal properties is presented. First
of all the generation of the truth-level information of the tHgq processes is briefly
presented in Section 6.4.1. Later, the method to determine the parent particle
for the light leptons in the 2¢SS + 17,4 channel is presented in Section 6.4.2.
Finally, the reconstruction of the kinematic properties of the Higgs boson and the
top quark is discussed in Section 6.4.3. It is interesting to note how each of these
studies needs the previous one, i.e. the reconstruction of the signal process needs
the leptons assignment, and the lepton association uses the truth-level information.

6.4.1 Validation of parton-level simulations

As already presented in Section 4.3.1, the parton-level information refers to the
MC-generated events before taking into account the effects of the interaction of the
particles with the matter of the detector. It may also include the PS and hadron-
isation information for a given process. If the parton-level-simulation information
is kept in the reconstructed MC event sample and can be matched to reconstructed
objects.
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In the ATLAS top-quark-physics group, a dedicated software package is used
analyse, administrate and store the parton-level information. This package is re-
ferred to as TopPartons (see Appendix A.1). The kinematic information and the
true identity’ of each of the particles in the event is saved in the NTuples through
this library. To confirm the correct performance of the whole software, theoretical
calculations have to be carried and compared to the output of the program. In Ap-
pendix A the details of this task are discussed in detail. Note that this development
is not done only for the 2¢ 4 17,4 channel but for all ML channels.

From the calculations in Appendix A.2, it is deducted that from all tH g events
considered in the ML searches, only a 3.72% decay into a 2¢ + 17,4 final state.
From these, as can be seen in Table 6.9, more than in 80% of cases the 7,4 is
produced in the Higgs-boson-decay chain.

Higgs-boson decay ‘ Origin of 71,4 ‘ Total
channel ‘ Top quark Higgs boson

H— 71 5.06 64.06 69.13

H— WW* 9.01 18.01 27.02

H— 727" 2.22 1.64 3.85

Total 1629  83.71 100.00 |

Table 6.9: Contribution as a percentage of each Higgs-boson decay channel to the 2¢ + 17,4
final state obtained from calculations combining the BRs of the considered decays. Here is also
presented whether the 7,4 is generated from the top quark or the Higgs-boson decay chain. The
discrepancies with the first row of Table 6.2 are due to the reconstruction efficiency and selection
requirements.

Having a proper parton-level information is fundamental for this analysis be-
cause it is used in several different tasks: from the determination of the light-lepton
origin in the 2¢SS + 17,,4 channel to the estimation of the 7,,4-misidentification
contribution.

6.4.1.1 Comparison between software and calculation results

With all decay scenarios incorporated into the TopPartons code, and having
calculated from the expected production fractions, the last step to validate the
parton-level simulations is to compare these two elements and ensure that they are
consistent. The metric used to perform the comparison is the ratio between the

6Identity refers to which particle it is. The identity is commonly referred to as PDG-ID, which
is the particle numbering scheme defined by the Particle Data Group. It assigns a unique code
to each type of particle. For instance, PDG-ID(H boson)= 25 and PDG-ID(¢ quark)= 6.
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tHq (204 17,,4) event yields in a particular Higgs-boson-decay channel and all the
events in that particular decay mode:

Number of events(H — Decay channel — 20 + 17,,4)
Number of events(H — Decay channel)

In Table 6.10, the BR-based calculations performed in Appendix A.2 are
put alongside the results of the parton-level truth informations described in Ap-
pendix A.1. As can be seen, the agreement between the calculations and the
TopPartons output is resonable for the two main Higgs-boson-decay channels. For
these, the disagreement is of 1.2% for the 77 and 5.9% for the W W. In contrast,
a discrepancy of 60% is found in the ZZ decay mode. The origin of the variance
in the ZZ decay is not due to bungs in the code that generates the parton-level
information. Instead, it is originated from the omission of certain configurations
in the ZZ decay mode within the evaluation tool. Even though the conflict in ZZ
is much larger than for the other channels, this is not so problematic since the
H — ZZ" accounts for a very small part of the total tHq events in the 20 4+ 17,4
final-state channel (3.86%).

Yields ratio ‘ Calculation ‘ TopPartons result
Horr P2 T e 0.1246 0.1232 4 0.0057
HoWW"*—20+1T,
o | 0.0141 0.0151 + 0.0009
Hoit 2 i 0.0164 0.0100 + 0.002
—27Z7

Table 6.10: Theoretical predictions compared to the TopPartons output. The uncertainty on
the second column corresponds to the statistical uncertainty.

6.4.2 Light-lepton-origin assignment

The two light leptons in the final state of the 2¢ + 17,4 channel can originate
either from the Higgs boson or the top quark. The ambiguities regarding the origin
of these light-flavoured leptons make the reconstruction of the top-quark and Higgs-
boson systems extremely difficult. Nevertheless, the electric charge of these leptons
could provide useful information to probe their origins.

To know whether the light-flavoured leptons in the final state are originated
from the Higgs boson or the top quark is very beneficial to both reconstruct the
event and design variables at reconstruction level with high discrimination power.
The variables using the lepton assignment information play a relevant role not only
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in the definition of the signal-enriched section but also the in the determination of
the control regions (see Section 6.6.4) to constrain the most important background
processes.

According to the calculations performed by combining the BR of the Higgs
boson, the top quark and all its decay products (see Section 6.4.1), in the 20+ 17,4
channel of t Hq production, the 7,4 is produced 83.7% of times as a product of the
Higgs-boson decay in opposition to the 16% in which it comes from the top-quark
disintegration.

Origin association for 2 0OS + 1714

In the dominant scenario (7,4 originated from the Higgs-boson system) the asso-
ciation of which light-flavoured lepton comes from the top-quark decay and which
one comes from the Higgs-boson decay can be done directly if these two leptons
have opposite electric charges, i.e. in the 2¢OS + 17,4 channel. Since the Higgs
boson is neutrally charged, the sum of the charge of its decay products should be
zero. Therefore, in the 20 OS + 17,4 channel, while the light lepton with opposite
charge to that of the 7,4 is the one coming from the Higgs boson, the other lepton,
i.e. the one with the same charge as 7,4, is the one originated from the top-quark
decay.

Origin association for 2SS + 17 .4

In contrast to the 2¢ OS + 17,4 channel, in the case of 7,4 coming from the Higgs
boson, when the two light leptons have the same electric charge, 2¢SS + 17,4, it
is not possible to know, a priori, which of the leptons comes from the top-quark
system and which from the Higgs-boson decay.

To perform this association for the 2¢SS + 17,,, three methods are tested.
These are:

o Initial approach: A NN based on the Keras framework was trained to per-
form the assignment task [282]. In labelling the data, it was assumed that the
leading lepton (¢;) always originates from the top quark. Truth-level studies
have shown that in most cases, the lepton coming from the decay chain of
the top quark is the leading lepton. This is because the top quark typically
carries more momentum than the Higgs boson. However, it should be noted
that this assumption is only correct 61.1% of the time. Therefore, this unre-
liable labelling of data produces an unreliable NN and, hence, this approach
is discarded. The performance of this method is evaluated in Section 6.4.2.7,
where it is compared to the baseline technique for leptons association.
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o Cut-based classification: The most simple method to carry out the lepton
assignment involves employing variables capable of distinguishing the origin
of the lepton in the 2¢ OS 4 17,4 scenario, where the origin is known. Then,
some criteria are applied to these variables to define an algorithm to assign
the lepton origin. The visible Higgs-boson mass (m};®) and the reconstructed

top-quark mass (m;°“) are used for this purpose and the logic is the following:

If A(m)f) > 57 GeV:  Assign lepton to top quark for which mJ*(€'P) > myF(¢")
If A(myF) < 57 GeV: Assign lepton to top quark for which m}™°(¢*P) > m}*(¢?) |
where A(mﬁs) = myP(¢;) — myP(¢y). This algorithm provides an accuracy of

about 80% when evaluated on the 2¢ OS + 17,4 sample exclusively.

« BDT-based method: To accurately assign the origin of the light leptons in
the 20 SS+ 17,4 scenario, a gradient BDT method was developed. The BDT
is implemented using the Toolkit for Multivariate Data Analysis (TMVA)
library of ROOT [283, 284], whose technicalities are discussed in Appendix B.

This BDT-based method uses labels derived from the truth-level information
and is trained using reconstruction-level variables. Subsequently, it can later
predict the lepton origin for unlabelled data. The methodology employed in
this approach is thoroughly described in this section, covering the creation of
the labels, the training process, and the application of the BDT model. The
results of this technique are presented in Section 6.4.2.7.

Among the three developed methods, the BDT-based approach provides the
best results as it is presented in Section 6.4.2.7. The implementation of the BDT-
based approach can be outlined through the following procedural steps:

1. Labelling: Creation of a label for supervised training through the use of
truth-level information and the establishment of categories for classification.
The categories “Type 1” and “Type2” are defined.

2. Feature selection: Selection of reconstruction-level input features with a
discriminatory capacity between Typel and Type 2.

3. Hyperparameter optimisation: Optimisation of the training hyperpara-
meters.

4. Negative-weight usage: The choice of the negative-weights-treatment
strategy. This matter is discussed in Appendix D.

5. Training: Supervised training of the model to classify events according to
the origin of the light lepton.
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6. Evaluation: Applicatiqn of scores and search of the optimal classification
threshold (BDT%iggzﬁoﬁSIgnment) .

All these steps are described in the following sections.

6.4.2.1 Labelling the 2¢SS + 17,,4 with the reconstruction-level and
truth-level matching

Even though at reconstruction level it is not known which are the parents of the
particles in the final state, at parton level this information is accessible, in other
words, the origin’ of the light leptons is known. For a given simulated event, it
is possible to access to both the reconstruction-level and parton-level information
simultaneously. Having the parton-level leptons, whose parents are known, and the
reconstruction-level leptons, whose parents need to be identified, it is possible to
compare them to create an association and, therefore, identify which parton-level
lepton corresponds to which reconstructed lepton. The aim of this relation is to
assign the leading (¢;) and sub-leading (¢,) light leptons at reconstruction level
to the “lepton from top-quark-decay chain” (/,,,) and “lepton from Higgs-boson
decay chain” ({y;,,) at truth level.

In order to link the reconstruction-level light leptons to the parton-level light
leptons, a AR < 0.01 cone around each of the reconstructed leptons is built. Ob-
serve in Figure 6.3 that, with a cone of that size, almost all reconstruction-level
leptons find a parton-level match. When inside that cone there is exactly one
truth-level light lepton, there is what is called “a match”. To identify properly the
lepton origin in an event, it is required that both leptons at reconstruction level
have a match. There are two different cases for this. The first situation is that
in which the leading-light lepton is £, and the sub-leading is fy;,,. For the sake
of simplicity, this configuration is named “Typel” and it is represented in Fig-
ure 6.4a. The second double-matching combination is the other way around, the
leading-light lepton is fyy;,,, and the sub-leading is f;,,. Pictured in Figure 6.4b,
this type of events are called “Type2”. On the contrary, if only one of the two
reconstructed light leptons is matched (Figure 6.4c), none of the leptons are classi-
fied. Finally, in the scenario in which none of the parton-level leptons fall into the
cones (Figure 6.4¢), no assignation takes place.

To perform this labelling, it is required that the 7,4 is originated in from the
Higgs-boson system. This is imposed in order to guarantee that there are both

a ly,, and a fy;,,. This condition is satisfied to more than 80% of events. The

7By origin of a light lepton is meant whether this particle comes from the Higgs-boson-decay
chain or the top-quark-decay chain.
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Figure 6.3: Normalised distribution of the AR distance between the reconstructed light leptons
and the closest parton-level lepton in the 2¢SS + 17,4 channel. The events are weighted using
the misidentification scale factors. Note how, by demanding AR < 0.01, the leptons find a match
in the majority of situations.

Higgs-boson decay channels used for these studies are the H — 77 (one 7 decaying
leptonically and the other hadronically) and the H — WW*. The H — ZZ*
channel has not been included since its impact in the on the 2¢ 4 17,4 production
when the 7,4 comes from the Higgs boson is negligible. If the 7,,, is originated in
the Higgs-boson system, only 2.0% of the events correspond to the H — ZZ* decay
channel, in contrast to the 76.5% of the H — 77 and the 21.5% of the H — W W™.
These numbers are presented in Table 6.11. Once all these conditions are applied,
a minimum distance between each of the reconstructed leptons to its correspondent
parton-level lepton, AR&;% is demanded. The corresponding entry counts at each
step are summarised in Table 6.12. Note that the numbers are not the event yields
but the entries, i.e, counting the raw number of MC events with no weights into
consideration. More information about event weights is given in Appendix D.

Channel | Fraction (%)

H—rr 76.52
H— WW* 21.52
H— 77" 1.956

Table 6.11: Contribution of each Higgs-boson decay channel to the 2¢ + 17,4 final state when
demanding that the 7,,, is originated from the Higgs-boson decay chain. The numbers in this
table are calculated from the rightmost column of Table 6.9.
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Figure 6.4: Different scenarios for the association between reconstruction-level (blue arrow) and
parton-level (red arrow) light leptons. Note that the labels £, and fy;,,, are only available for
the parton-level particles. The labelling of the events is performed only for the cases in (a) and

(b).

6.4.2.2 BDT input features

The choice of input variables for training a BDT is a crucial factor for achiev-
ing good classification accuracy. The chosen variables must exhibit the ability to
effectively differentiate between Type 1 and Type 2. Nine variables are used. Fig-
ure 6.5 presents the distributions of the highest ranked. Appendix C.1 shows the
distributions of the other five. In these plots can be seen the Typel and Type2
present different profiles for the same variable. This divergence in shapes indicates
the afficiency of these variables for classifying.
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Stage ‘ Entries
Total tHq (20 + 17y,4) event sample 43922
205S + 171y,4 event sample 18140

Selection: H — Ty Thaa/ W W™, W = €/p1/T1ep 15446
AR(L°, 0590 ) < 0.01 and AR(£5, #550 ) < 0.01 | 14680

Table 6.12: Unweighted (raw) events at each step of the labelling process. The first row
corresponds to the entire simulated event sample of just tH g events in the 2¢ + 17,4 channel
after the preselection requirements (see Section 6.6.1). The second row applies the condition
on the charge of the light leptons. The third refers to the subset of 2¢SS + 17,,, events for
which it is computed the AR distance between the truth- and reconstruction-level leptons. The
W — e/u1/T), condition enforces that the 7,4 is produced in the Higgs-boson system. Finally,
the last row demands that both leptons at reconstruction level are matched to different truth-level
leptons.

The TMVA package is capable of ranking variables within its model based on
how often the variables are used to split decision tree nodes, and by weighting each
split occurrence by the separation gain-squared® (< S? >) it has achieved and by
the number of events in the node [285]. The variables employed in the model,
ordered according to their respective levels of importance, are as follows:

« mP(H): Mass of the 7,,4 and the leading’ light-lepton.

vis

< 8% >=3734x 1071

o An(Tpaa,t1):  An between the 7,4 and the leading light-lepton.
< 8% >=2457x 107"
e m®?(H): Mass of the combined 7,,; and the sub-leading light-lepton.

vis

< S5%>=2025x 107"

o An(Tpaa,l2):  An between the 7,4 and the sub-leading light-lepton.
< S* >=1.864 x 107"

. mgféé(t): Mass of the leading b-tagged jet, the leading light-lepton, and
the predicted energy for the corresponding neutrino. The prediction for
the neutrino from the top-quark decay is described in Section 6.4.3.1.
< 8% >=1.596 x 107"

o AR(b-tagged jet,f;): AR between the leading b-tagged jet and the leading
light-lepton. < S* >=1.142 x 107",

8See Equation B.5 in Appendix B for more details.
9Note that the term “leading” refers to the pp-leading. This applies for all its uses in this thesis.
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o Mpred(t):

Mass of the leading b-tagged jet, the sub-leading lepton

and the predicted energy for the corresponding neutrino of the /.

<S8?>=1.104 x 107%.

o AR(b-tagged jet,ly): AR between the leading b-tagged jet and the sub-
leading light-lepton.< S >=1.009 x 10~

» An(closest b-tagged jet, £1): An between the leading lepton and the closest
b-tagged jet to that lepton.< S? >= 7.401 x 102,

The separation-power-based ranking of the BD

TLepton Assignment

input variables is

derived by counting how often the variables are used to split decision tree nodes.
Then, each split occurrence is weighted by the separation-gain squared it has
achieved and by the number of events in the node [285].

Input variable: m_Hvis_opt1
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Figure 6.5: Normalised distributions of the highest ranked variables for the light-lepton assign-

ment.

Furthermore, it is important that the selected variables are not highly correl-
ated, as correlations can exacerbate model complexity and result in redundant in-
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formation that provides no improvement to model performance. Figure 6.6 present
the correlation matrices for the final input variables. A correlation matrix is a
square matrix that provides a comprehensive view of the correlation coefficients
between multiple variables. Note that these matrices show the bidimensional lin-
ear correlation coefficients but the BDT uses N-dimensional relations so relevant
higher-order relations cannot be uncovered by the matrices.

When using larger sets of input features, as expected, an increase in the number
of highly correlated pairs of variables is observed. To address this concern, for each
correlated variable pair, the variable with lower separation power is removed from
the model. The separation power ranking is automatically built during the training.
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Linear correlation coefficients in %

opt2,
o
AR(clossest b — tagged jet. 7,)
AT 1)
An(Tagn €3)
mPH)
opr,
7,2
mP(H)
AR(b —tagged jet, £,)
AR(b - tagged jet. 7))

g8 b4 ° 88883

N
2

n s Ay

4
s & e, oy 2
98 e, Yedje, & #er) ")
") ")

(a) Events with ¢; from the top quark and ¢, from the Higgs boson.
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(b) Events with ¢; from the Higgs boson and ¢, from the top quark.

Figure 6.6: Matrices showing the linear correlation coefficients of the BDTRePton Assignment )¢
variables for the Type 1 and Type 2 samples. The correlation coefficients range from —100 to 100,
being 0 the value for totally independent variables. Higher order functional or non-functional
relationships may not, or only marginally, be reflected in the value of linear correlation coefficient.

The list of variables used in the assignment BDT is chosen such that it does not
overlap with that of the BDT trained to separate the signal from the background
(Section 6.6). This is done in order to avoid potential biases, since the input
variables of the latter are built with the former.
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6.4.2.3 Optimisation of the lepton-assignment BDT hyperparameters

The hyperparameters are the parameters whose values control the learning pro-
cess. They are not part of the final model but determine the values of the model
parameters that the learning algorithm acquires. The values of the hyperparamet-
ers are optimised to maximise the performance of the assignment. While certain
ML libraries such as PyTorch, scikit-learn, XGBoost, or TensorFlow, offer function-
ality for discovering the most effective hyperparameter values, the corresponding
capabilities within the TMVA package of ROOT remain in a developmental stage,
and presently, they are not even documented. Tests are carried to identify optimal
hyperparameters using a grid-search-based algorithm, with the receiver operating
characteristic (ROC) area serving as the primary figure of merit. However, better
performances are achieved through the manual fine-tuning of hyperparameters.

A discussion about the different hyperparameters and their meaning is provided
in the Appendix B.5. The set of hyperparameters used to train the model is
presented in Table 6.13.

Hyperparam. ‘ Value ‘ Meaning

Type Gradient | Boosting type for the trees.

MaxDepth 3 Maximum depth of cell tree.

Shrinkage 0.2 Learning rate for GradBoost algorithm.

NTrees 10° Number of trees in method.

nCuts 40 Numb(?r of gri.d points .in Variable.ra.nge used
in finding optimal cut in node splitting.

Table 6.13: Hyperparameters tuned for the BDTUePton Assignment ¢ oinine  The rest of hyper-
parameters are set to their default values (defined in Appendix B.5).

6.4.2.4 Treatment of the negatively-weighted events

Negatively-weighted events can pose challenges when using a BDT or other ML
techniques such as NN. These issues are discussed in more detail in Section B.3.
The origin of the negatively-weighted events is explained in Appendix D.1.

When training a BDT, it is necessary to address the issue of negatively-weighted
events since the algorithm cannot directly handle negative weights. Two common
approaches to handle this situation are: ignoring negative weights during training
and using the absolute values of the weights.

In the case of ignoring negative weights during training, the BDT algorithm
treats all events with negative weights as if they have zero weights (i.e. their
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information is lost). This approach avoids any potential complications arising from
negative weights but still preserves the positively weighted events in the training
process. On the other hand, using the absolute values of the weights involves
taking the magnitude of the negative weights, effectively treating them as positive
weights. This second strategy allows the BDT to incorporate the information from
these events while disregarding the sign of the weights.

Other options are provided by the TMVA library of ROOT, as described in
Section B.3.1. However, after conducting several tests, it is observed that these
alternative techniques do not exhibit comparable performance in terms of both
separation power and stability when compared to the approach of ignoring negative
weights.

After careful evaluation and experimentation, it is determined that excluding
events with negative weights yielded better results than using the absolute weights
of the events. This approach demonstrated improved performance in terms of the
desired outcomes of the BDTLepton Assignment £1.qi1in g

However, to ensure the validity of this approach, it should be verified that
the subset of positively weighted events accurately represents the behaviour of the
data. Approximately 40% of the signal entries have negative weights and, hence,
ignoring this subset could affect the distribution of the samples. Therefore, before
discarding these events during training, it is necessary to examine whether the
shape of the data distributions is significantly affected.

The shapes of the distributions using all events versus using only positively-
weighted events are compared and shown in Appendix C.1. The distributions ex-
hibit perfect compatibility within the statistical uncertainty bands. Additionally,
the concentration of negative weights is practically the same for both categories,
with 36.1% for Type 1 and 36.6% for Type 2. This indicates a balanced representa-
tion, as removing negative weights does not introduce bias towards either category.

In conclusion, using only the positively weighted events in the training process
does not present any significant issue.

6.4.2.5 Training of the lepton-assignment BDT

The primary objective of the BDTIepton Assignment o ¢, Jifferentiate between the
Typel and Type2 categories, similar to the separation of signal and background
with the region-definition BDTs. One important difference between the region-
definition BDTs and the BDTRepton Assignment 5o 414t while the former is using all
the simulated signal and background samples, the latter is exclusively trained on
20 SS+174,4 signal events. This approach is justified by the objective of determining



146 Chapter 6. Search for the {Hq production with a 7,4 in the final state

the origin of each lepton in the signal events, a classification that is meaningful only
within the context of signal processes

The use of TMVA offers the advantage of directly working with the ROOT-
formatted NTuples, eliminating the need to convert them to numpy arrays or pan-
das dataframes.

In order to mitigate the effects of low statistics, the k-folding method (carefully
described in the Appendix B.4) from cross validation is implemented using five
folds. Thus meaning that the data are split in five sub-sets named folds and five
BDTs are trained. Each model uses four folds for training and one for test, implying
that for each BDT the train/test split is 80%/20%. After removing the negatively-
weighted events, 9362 raw events are used for building the model. Of those 5518
are Type 1l and 3844 Type 2. Therefore, each of the five BDTs uses 7490 events in
the training and 1872 in the classification. This cross-validation technique allows
to use all the events in the dataset for the train. No validation dataset is used but
the different models are compared and if all of them behave similarly, there is no
overtraining.

Due to the use of k-folding, the training of the BDTePton Assignment o jtg in
five distinct ML models. If overtraining had occurred, these models would not gen-
eralise effectively, leading to noticeable differences in the BDT score™ distributions
between models. Therefore, it is crucial to ensure that the models are consistent
with one another. Figure 6.7 displays the BDT score distributions for all five folds
simultaneously. The purpose of this visualisation is to assess the compatibility of
the five models and verify the absence of overtraining. As observed in the figure,
the BDT score distributions are consistent across the folds, indicating that there is
no evidence of overtraining. The AUC of each fold is presented in Table 6.14. Un-
fortunately, TMVA documentation does not provide method for retrieving logloss
directly .

Additionally, it is essential to compare the distributions of the train and test
samples for each model. The greater the similarity between these distributions, the
better the performance of the model. However, it is crucial to note that an exact
agreement between the train and test samples could indicate a potential bug or issue
with the model. Figure 6.8 presents, for a single model, the BDTepton Assignment
simultaneously displaying the train and test samples while distinguishing between
the two event types. The train versus test plots of the models corresponding to the
other folds, are in Figure B.9 of Appendix B. By examining the figure, it can be
observed that the train and test samples exhibit compatibility, indicating that the
models are performing well and are not overfitting to the training data.

19T he score of the BDT is the result of the model prediction for a given event.
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Fold | AUC
1 0.933
2 0.932
3 0.944
4 0.947
5 0.928
Mean | 0.9372 £+ 0.0073

Table 6.14: AUC for the five folds of the BDT ePton Assignment
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Figure 6.7: Comparison of the profiles of the BDT ePfon Assignment o peq for the different models
(folds). Observe that the scores exhibit similar distribution shape, compatible within the statist-
ical uncertainty, indicating that none of the the models are affected by any particular subset of
data used for training.

Figures 6.9a and 6.9b present the ROC curves and BDT score, respectively.
The former is separated by folds and the latter by categories and combining the
data from all five folds. The ROC curves illustrates the balance between correctly
identifying Type 1 instances and misclassifying Type 2 instances at various classi-
fication thresholds. A higher ROC curve and a larger area under the ROC curve
(AUC) indicate improved classification performance. A more comprehensive ex-
planation of these concepts can be found in Appendix B.6. Notably, the Typel
and Type 2 categories replace the conventional positive and negative instances. The
substantial AUC observed in the ROC curves signify strong performance. For a
detailed view of the ROC curves for each fold individually, refer to Figure B.10 in
the Appendix B.
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Figure 6.8: BDTlePton Assisnment gio b itions for test and train samples superimposed in one
of the folds.

Regarding the BDTLepton Assisnment ooon in Figure 6.9b, it is evident that
the Typel and Type2 categories exhibit distinct peaks at opposite extremes
of the distribution. This significant separation confirms the effectiveness of the
BDTLepton Assignment 1) o) Jifferentiating between the two categories. It is worth
noting that in Figure 6.9b, the bullets representing the train sample and the shad-
owed area representing the test samples appear identical due to the way TMVA
combines the folds in a single histogram. However, the accurate assessment of the
test versus train comparison is shown in Figure B.9.
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Study of the tHq signal process 149

6.4.2.6 Model application and classification-threshold selection

Although the model-building tool is developed as an independent and self-
contained application, the BD T epton Assignment 1, qe] ig integrated into the tHqLoop
framework. As a result, during the production of post-processed NTuples (i.e. the
tHqLoop output), the lepton origin in the 2¢SS + 17,4 is already used for vari-
able construction. This represents a great advantage since it simplifies the post-
processing of NTuples.

Since k-folding is used, there are several models and, hence, it is necessary to
define a criteria to decide which model apply to each event. On the one hand, for
the events used in the training, the BDT used is the one in which that event was
part of the test sample. On the other hand, for the events that do not take part in
the training, the choice of BDT is randomised using the variable event number.
Since the event number has no physical meaning, it is equivalent to randomly
assigning a BDT to each event.

Note that the BDThepton Assignment 414 §s not a category but a real number
(BDTlepton Assignmenty = T, Jefine to which category assign the event, a threshold
value is selected. All the events with BDTRePton Assignment ooraq above the se-
lected threshold are classified as Typel and, contrary, if the BDT score is be-
low as Type2. A search of the optimal threshold is presented in Table 6.15 and

BDTLepion Assignment _ _) 315 is the best value for separating the two categories.

BDTHPlop Assignment | _ 45 04 —0.35 —0.33 —0.32 —0.315 —0.31 —0.395 —0.3
Accuracy (%) | 88.12 88.03 87.97 8823 8833 8839 88.36 8832 8815

Table 6.15: Different studied BDTIePton Assisnment p,ocholds compared to its correspond-

ent accuracy. The first row is the value on the lepton-assignment-BDT-score threshold

(BDTI}%‘;Q‘;EOﬁfSignmem) that is used to separate between Typel and Type?2 events. If for an

event the score is larger than threshold value, the leading lepton is considered to come from the
top quark. The accuracy on the second row is calculated using the truth-level information.

6.4.2.7 Results of the BDT-based method for lepton assignment

The result obtained by this method can be compared to the one given by the cut-
based alternative method described at the beginning of this section. A summary
of the performance of the two methods is given in Table 6.16. The performance of
the BDT-based method method surpasses that of the alternative approaches.



150 Chapter 6. Search for the {Hq production with a 7,4 in the final state

‘ Accuracy of the light-lepton-origin assignment
\ Total (100%) \ H — 77 (83.08%) \ H— WW (16.92%)

BDT-based method | ~ 88.39% | 88.44% | 88.18%
Cut-based method |  83.86% | 84.24% | 81.80%

Table 6.16: Accuracy calculated by comparing the prediction of the method to the true value.
The true value is obtained using the labelling described in Section 6.4.2.1. This labelling is only
available for H — 77 and H — W W™. Only the events with successful reconstruction-level and
truth-level matching are used. From these events, 83% are H — 77 and 17% H — W W™. The
NN-based initial approach is not presented since it does not have any proper labelling.

6.4.3 Reconstruction of the top quark and the Higgs boson

In order to suppress background events, it is desirable to reconstruct the kin-
ematics of both the top quark and the Higgs boson. The accurate reconstruction
of these particles is a challenging task due to the presence of four neutrinos in
the final state, of which at least three are from the Higgs boson and one is from
the top quark''. In this work, the strategy used to fully reconstruct the top and
the Higgs boson consists on first reconstructing the top-quark system and then

miss

the Higgs-boson chain. Since it is known the total E1°, if the missing energy is

miss

reconstructed for the top quark, it is possible to access the £ (Higgs) based on:
Emiss (total) = EB (Higgs) + EB* (top).

The possible final-state configurations when the Higgs boson decays to 7~ 7"

are described in Table 6.17. The first two final-state columns in this table represent
92.7% of H — 77 events while the last one can be neglected. This means that it is
a relatively safe option to assume that the 7,4 is produced from the decay of the
Higgs boson. This is calculated from the numbers in Table 6.9.

Before reconstructing the top quark or Higgs boson, the two charged-light
leptons in the final state have to be assigned to their corresponding parents. In
most of cases, one ¢ comes from the Higgs boson and the other from the top quark.

6.4.3.1 Reconstruction of the top quark

To reconstruct the top quark, it is essential to have complete knowledge of the
4-momenta of both the W boson and the b quark. Therefore, if the neutrino is
reconstructed, the top-quark system can be reconstructed as well.

Y This is assuming the most common decay channel, H — 77.
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Parent particle ‘ Decaying particle ‘ Decay sub-channels
H T Thad Vr | Thad Vr | 41 Ve, Vr
T Civg, ve | byvg, vp | by vy, vr
t W ly vy, by vy Thad V7
b b-jet b-jet b-jet

Table 6.17: Possible configurations of the final state objects in the 2¢ + 17,4 channel when the
Higgs boson decays to 7,q and 7.

To properly reconstruct the top quark it is necessary to determine the z-
component of the neutrino momentum, p,(v,,). In order to achieve this, various
hypotheses are examined using parton-level information to derive p,(v,,) from the
z-component momentum of f,,. One of the initial hypotheses tested is whether
the z-component of the neutrino momentum in the top-quark system exhibits a
linear dependence with a coefficient a on the z-component of the momentum of the
light lepton, p,(¢;.p,). Being the parameter a a real number ranging from —1 to 1,
the hypothesis p*(vy,,) = a - p*(fiop) is tested in Figure 6.10. This hypothesis is
tested by studying the parton-level information of the top quark and its neutrino.
The results indicate that the dependence between these two parts is not linear and,
hence, this hypothesis for p*(v,,,) is not supported.

200

Truth p? [GeV]

ThT bh\\r:\ ‘“\

P P B 0
100 _150 , 200

Truth pi [GeV]

,20_%

=3

Figure 6.10: Distributions comparing p, (o) and p,(v,,) at parton level to check if there is
a dependence.

Regarding the ﬁ%ﬁss of the top-quark system, constraints have to be imposed on
the vy,,. Through the correlation analysis between the neutrino and the top-quark
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lepton, the following constraints are found in a linear fit:

1615.98 GeV?

pr (gtop)
™

qb(”top) = gb(étop) + § )

pT(Vtop) =

Y

where ¢(vy,,) and ¢(fy,) are, the azimuthal angles of the the neutrino and the
reconstructed fy,,, respectively, and pr(vy,,) and pr(f;,) their transverse mo-
mentums. The behaviour represented by these constraints can be observed in
Figure 6.11.

To resolve the sign ambiguity in the £ of the second constraint, the azimuthal
angle of the b quark originated on the top-quark decay (¢(by,,)) considered. The
following condition is imposed:

¢<btop) - ¢(£top) Z 0 — ¢(Vtop) - (b(gtop) -
¢(btop) - gb(gtop) < 0 — ¢(Vtop) = (b(gtop) +

[CF RN

p,(M[GeV]
oW

030 40 50 60 70 80 90 100110120 °
p,(N[GeV]

(@) pr(Viop) v P (liop) (b) d(Viop) Vs ¢(Leop)

Figure 6.11: Truth-level distributions comparing the py (a) and ¢ (b) of the vy, and .
With these two plots are obtained the imposted conditions at reconstruction level on pT(l/top)

and ¢(l/top).

The calculation of the reconstructed top-quark mass, m}°®, incorporates several

variables, including the lepton associated with the top quark, the leading b-jet,
and the neutrino pr(vy,,) and ¢(vy.,). However, in this calculation, the p.(v,,)
component is set to zero due to its unknown value. With this it is possible to
reconstruct the mass of the top quark and to calculate pf**( H). The latter is used
in the reconstruction of the Higgs boson.
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6.4.3.2 Reconstruction of the Higgs boson

A straightforward method for reconstructing the Higgs-boson mass involves
summing its visible decay products. Assuming the H — 77 decay mode:

vis

mpg = maSS(TviS,l + Tvis,2) )

where 7 is either the visible part of the 7,4 or the light lepton from the 7).

vis

However, this approach overlooks the contribution of neutrinos and is therefore
insufficient. By neglecting smaller contributions to the Ep™, such as energy loss
in detector material, it becomes possible to relate pp'™*(H) to the measured Ep™

miss

and the pr () by imposing the relation:

P (H) = piis®(measured) — pie®(top, reconstructed) .
This characteristic can be effectively employed in established methods for recon-
structing the Higgs-boson mass. The quantities pr(vy,,) and ¢(v,,), calculated in
the previous section, are used in this relation.

There are several techniques to reconstruct the 7~ 77 system. Among these, the
most popular methods are:

o Partial invariant mass: Also known as Transverse Mass Method, it uses the
vis

mYy® and the transverse mass of the 77" system:
2 2 Emiss t
mp =m (Tvish Tvis2> T (T_Sys )) .

This technique was first used in the UA1 experiment [286] and has the advant-
age that it can be applied to all signal event topologies for the H — 7 71
channel (i.e. Ty.qThad> ThadTiep a0d TiepTiep).  The dedicated studies have
shown that the distributions of the reconstructed my using this method is
lower than the one obtained with the parton-level my.

 Collinear approximation [287]: This is one of the most commonly used tech-
niques for the reconstruction of the invariant mass of a 771 system with the
presence of invisible decays products. It is mainly based on the assumption
that 7-lepton and all its decay products are collinear. In our search, these
can be translated into having a boosted Higgs boson, which is not the case for
the tHq production. Another inconvenience of this method is that it is very
sensitive to the resolution of ¥ being likely to overestimate the mass.

e In the bibliography there are other mechanisms to solve this issue such as
the Recursive Jigsaw Reconstruction [288] or the Kinematic Likelihood Fit-
ter [289]. These other methods are not explored in this thesis.



154 Chapter 6. Search for the {Hq production with a 7,4 in the final state

o A more sophisticated technique that outperforms the mentioned above is
the MissingMassCalculator (MMC), which was originally developed for the
H — 77 analysis [290, 291]. The MMC does not suffer from any of the limita-
tions of the previous methods. It allows for a more complete reconstruction of
event kinematics with improved resolution for the mass of Higgs-boson-decay.
This method is based on assuming that the source of EF™( H-system) is due
to the neutrinos from 7 decays exclusively. Then, for each event, it scans
over all possible configurations of the visible and invisible 7-decay products.
It is based on the requirement that mutual orientations of the neutrinos and
other decay products are consistent with the mass and decay kinematics of a
7 lepton. This is achieved by minimising a likelihood function defined in the
kinematically allowed phase space region. Due to its better functioning, the
MMC is the technique used in this analysis.

6.5 Background estimation

In this analysis, background events are categorised into two distinct types: “re-

ducible” backgrounds and “irreducible” backgrounds.

e Irreducible backgrounds: Irreducible backgrounds involve final states with
the same physical objects as the signal. The primary irreducible backgrounds
in this analysis include Diboson, t W, ttZ, ttH, tt W and tZq.

 Reducible backgrounds: The reducible backgrounds are originated from
inaccuracies in the reconstruction process. In other words, some objects are
incorrectly reconstructed as one of the objects present in the signal process.
The misidentification of one or more objects can make non-signal process
have the same final-state objects as the signal process. If the experimental
tools and techniques are improved, the effects of this type of background can
be mitigated.

In the 2¢ + 17,4 channel, the dominant backgrounds consist of reducible
events where jets misidentified as 7,4 are present. This is particularly ob-
served in the ¢ and Z + jets backgrounds. Additionally, other backgrounds
include diboson (VV) and ¢¢tX productions, such as ttH, ttZ, and ttW.
Note that some background processes can belong to both categories simul-
taneously.

In Section 5.2.3 it is already noted that the task of rejecting quark- and gluon-
originated jets for 7,4 reconstruction is challenging. Particularly, the difficulty in
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distinguishing hadronic taus from jets leads to a high rate of misidentification. But
this is not the only type of reducible background that plays a role in the t Hg search
in the 2¢ 4 17,4 final state. The sources of reducible background are:

o Gluon-initiated jet misidentified as 7,4

o Quark-initiated misidentified as 7,4

o Electrons and muons misidentified as 7,4

« Jets or non-prompt leptons'” misidentified as prompt light leptons

o Electrons with wrongly reconstructed charge.

Table 6.18 provides a comprehensive overview of the estimated contribution of
the different sources of reducible backgrounds in the 20+ 17,,, channel. As can be
seen, the misidentification of 7,4 is the most important source of background in
the 20 OS 4 17,4 channel while for the 2¢SS + 17,,4 the fraction of misidentified
particles is much smaller.

Backgrounds ‘ 2008 + 17y, ‘ 2055 4 17y
Irreducible 472+ 6 81.3£1.6
Gluon identified as 7,4 1567 £ 27 9.2+0.6
Quark identified as 7,4 5640 £ 70 23.0+1.1
Other misidentified 7,4 2240 +£ 50 28+04
Misidentified e/u 283+19 19.6 £ 1.6
e charge flip 340 + 13 33.0+3.2

Table 6.18: Origin of the backgrounds determined by the matching of events at truth and
reconstruction levels. The yields have been obtained at preselection level. Note that one event
can fall in several categories simultancously [241].

Accurately determining the expected fraction of each background process is cru-
cial for obtaining high-quality results. While the yields for irreducible backgrounds
are reliably estimated in the MC-based simulations, determining the abundance of
reducible backgrounds is not a straightforward task. This difficulty arises because
reducible backgrounds can heavily rely on the specifics of the physics simulation,
particularly in non-perturbative regions where simulation reliability may be ques-
tionable [268]. Additionally, these backgrounds are influenced by the modelling of
the material composition and response of the detector.

2Electrons and muons from meson decays and electrons from photon conversions. The heavy-
flavour hadron decays produce a weak boson that decays to leptons.
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Among the approaches for the estimation of misidentification rates, the template
fit method stands out, especially for taking advantage of the high number of avail-
able MC samples. This data-driven strategy to estimate the abundance of the dif-
ferent reducible backgrounds involves matching reconstructed objects in simulated
datasets with the corresponding simulated-parton-level objects using AR = 0.2
cones. By doing this for hadronic taus, the templates for physical objects (e, p,
Thad» quark-initiated jet, gluon-initiated jet, and unknown'’) are created. These
templates are constructed in two iterations. The first iteration finds the truth label
of the reconstructed leptons and the second the does the same for the jets. The
composition at parton-level of the reconstructed objects is presented in Figure 6.12.
There it can be seen that while the light-lepton objects in the tHq process are typ-
ically well reconstructed, the reconstructed 7,4 from the backgrounds is not a true
T in most cases.

After preparing the templates, it becomes essential to determine their normal-
isation factors (also referred as scale factors). This is done by fitting the templates
to match the data in background-enriched control regions specially dedicated to
estimating the templates.

The estimation of the misidentification-based background events and the assess-
ment of the corresponding uncertainty are done separately for the 20 OS + 17,4
and 2¢SS + 17,,4 channels. For the 2£0OS + 17,4 channel, the estimation of the
scale factors is conducted as follows:

1. To compensate for the potential mismodelling of quark- and gluon-initiated
jets mimicking 7,,4, the template fit of the quark and gluon components
is performed in a region enriched with misidentified-7,,,. This region of
the phase space is defined in a way that the 7,4, candidates do not pass
the medium identification criteria (see Section 6.3.4 for identification working
points). The template fit is used here is the nominal method. It is assumed
that the scale factors derived this way can be extrapolated to the rest of the
analysis regions and, hence, these are applied to all MC samples. The scale
factors are derived separately for:

e 1l-prong and 3-prong 74,4 decays.
o Various pr (7y,4) bins.
e 1 and 2 b-jets multiplicity.

Therefore, different scale factors are derived for different regions of the phase
space. No significant dependence on |1(7,,4)| is observed.

3 Refers to objects for which the correspondent truth object is not found.
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Figure 6.12: Composition at parton level of the reconstructed leading (left) and sub-leading
(middle) leptons, as well as 7,4 (right) passing the selection requirements in the 2¢ + 17,4
analysis with oppositely charged light leptons. These fractions are calculated using (a) all MC
event samples and (b) MC samples of the tHq production.

2. Secondly, the number of real and misidentified 7,4 candidates is counted in
the same region. With these counts, the correction factors that align the
MC to the data are derived. This is known as the counting method and
it is the alternative approach used to assess the uncertainty of the nominal
method. The counting method uses same the same binning, prongness and
b-jet-multiplicty divisions as the template fit.

3. Finally, using the samples with adjusted misidentified-7,,4 rates, the estim-
ation of the misinterpretation rates for light leptons is calculated. Similarly
to the 1y,4 case, the correction factors to be applied to MC are determined
to match the templates to the data in a misidentified-¢-enriched region. This
region is defined by requiring that the light leptons fail their identification
and isolation requirements described in Table 6.6. A simplified classification
scheme is used to construct the templates for the leptons.

Meanwhile, for the 2¢SS + 17,4 channel, the condition on the electric charge
of the light leptons produces a drastic decrease in the influence of the 7y,4-
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misidentification rates. This is shown in Figure 6.13, which is the same as Fig-
ure 6.12 but only with 2SS + 17,4 events.

Due to the limitation of the statistical sample, the techniques applied for the
estimation of the backgrounds arising from misidentified objects in the 20 SS+ 17,4
channel are a simplified version of those used in the 20 OS + 17,4. In the 2SS +
17,4 only the counting method is used and, regarding the binning, the sample is
not split by the number of b-tagged jets
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Figure 6.13: Composition at parton level of the reconstructed leading (left) and sub-leading
(middle) leptons, as well as 7,4 (right) in the 2¢SS + 17,4 analysis channel. The numbers are
computed for the combined MC samples (a) and tHg production only (b). An electron charge
ID selector is applied to this data. Note that while the pie charts distinguish between quark- and
gluon-initiated jets, these two processes use a single template in the template fit method for the
208S + 17y,4 channel.

As Figure 6.13 shows, while the fraction of correctly identified 7,4 improves in
the 20 SS + 17,4, the influence of jets being misinterpreted as leptons is consider-
able for the sub-leading leptons (see the green section in the second pie chart of
Figure 6.13a). To minimise the background arising from incorrect identification of
the electron charge, an ECIDS is implemented in the 2¢SS + 17,4 channel [209].
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6.6 Event selection

The event selection consists of enriching the relative contribution of the signal
over background. By doing so, a region of the phase space is defined that is enriched
with signal events. This region is called signal region (SR).

The signal selection is performed in several steps and using different methods.
First of all, a preselection region (PR) is defined, where the physical objects are
selected according to the detector acceptance and some other physics criteria. The
PR is described in Section 6.6.1. Then, discriminant variables are defined and
used as input features for a BDT that can distinguish between signal-like and
background-like events by creating a discriminant known as “BDT score”. The
training of the BDTs for the region definition is discussed in Section 6.6.2. Finally,
by applying requirements on the BDT outputs, the SR is defined (see Section 6.6.3).
Additional regions dedicated to control the modelling of the background processes
can also be defined (see Section 6.6.4). The regions of the phase space enriched
with particular background processes are referred to as control (CR) or validation
regions (VR). The difference between CR and VR is that while the former are
considered into the fit calculations (discussed in Section 6.8), the latter are not.
The SR, CRs and VRs are all orthogonal and are subspaces of the PR.

Two figures of merit are used to optimise both the fraction of signal events in
the data and the absolute number of signal events. These metrics are the S/B or
purity and the signal significance, respectively:

e Purity: The purity of a process is defined as the ratio between the event
yields of the target process and the total yields. For the signal process,
instead of purity, the the signal to background ratio (S/B) is used.

o Significance: This metric does not only account for the relative fraction
of the process of interest but also the total amount of events. Using the
significance as metric enhances the importance of keeping enough statistics.

The definition of the significance estimator used in this work is the one given
in Reference [292]:

t

Virr

where t is the number of events of the target process and r is the number of
yields for the rest of processes combined. This can be used not only to eval-
uate the signal significance but also the significance of the given background
processes in the dedicated background-enriched regions.

Significance = \/2[(t +r)n(l+t/r)—r| =



160 Chapter 6. Search for the {Hq production with a 7,4 in the final state

6.6.1 Preselection

The starting point on the region definition is a collection of events that are
reconstructed as t Hq events and with objects that pass the reconstruction require-
ments defined in Section 6.3. Firstly, preselection requirements are applied to guar-
antee the orthogonality between the different ¢Hq channels. These requirements
are the obvious ones in terms of number of final-state light leptons and hadronically
decaying taus and are exclusive of the 2¢ + 17,4 channel.

« One hadronically-decaying tau: n(7y,4) = 1.

» Two light-flavoured-charged leptons: n(e/u) = 2.

The multiplicity of jets is constrained as well. From the Feynman diagrams
in Figure 6.1 it can be seen that one non-b-tagged jet and one b-tagged jet can
be expected. Although there are two b-type quarks in the Feynman diagram, the
secondb-quark frequently goes undetected because its pp distribution is peaking
around 2 or 3 GeV (see Figure 6.14) and, hence, it does not pass the pp threshold
of the detector. For this reason, when only one jet is b-tagged, it is assumed to
either be the b from the top-quark decay or a jet from secondary radiations. These
choices are motivated by maximising the signal acceptance while minimising the
background contamination.

50
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Figure 6.14: Truth-level pp vs n distributions for the spectator (or second) b quark and the b
quark produced in the top quark decay for the tHq events.

« In total from two to six jets are requested. In the distribution of jets within
the t Hq sample can be observed that, as expected, the number of ¢t Hq events
drop at higher jet multiplicity: n(jet) = [2, 6]. This broad range in jet
multiplicity is chosen strategically, as it will later be incorporated in the
training of the BDTs.



Event selection 161

o From which exactly one or two are b-tagged jets: n(b-jet) = [1, 2].

« For its detection and identification, the jets are required to be in |n(jet)| < 4.5
with pr(jet) > 20 GeV.

» For b-tagged jets the pseudorapidity requirement is tighter |n(b-jet)| < 2.5
because that is the coverage of the ID, which is necessary for b-tagging.

o The preselection conditions also account for the geometrical acceptance of the
detector and the trigger thresholds presented in Section 3.3. Reconstructed
electrons, muons and taus must satisfy the acceptance requirements discussed
in Sections 6.3.2, 6.3.3 and 6.3.4. The pt requested for electrons and muons is
based on single-lepton triggers (see Section 6.3.1). This requieres the leading
lepton to have pp > 27 GeV, the sub-leading lepton to have pp > 20 GeV and
the sub-sub-leading one to have pr > 14(20) GeV for e/p (Tpaq)-

The higher is the p of an object, the more efficient is its reconstruction. There-
fore, setting the p requirements at the PR aims to balance between achieving good
reconstruction quality and ensuring a sufficient amount of data (statistics) for ana-
lysis.

Other constraints are also applied

o To remove the low-ET"™ backgrounds, a minimum E7 of 5 GeV is imposed.
miss

By demanding a maximum E1™ of 800 GeV only one event is lost. By doing
this, the BDTs can later use the entire E1™ distribution to perform cuts.

e The sum of the charge of the leptons must be +1.

A summary of the preselection requisites is presented in Table 6.19 and the
effect of such conditions can be observed in Figure 6.15. The events that pass the
preselection requirements conform the PR and the yields at this level are presented
in Table 6.20. Using the events in the PR, the BDTs presented in Section 6.6.2 are
trained to define the SR and CRs, as it is described in Sections 6.6.3 and 6.6.4,
respectively.

6.6.2 BDTs for region definition

In order to distinguish the tHgq signal process from the backgrounds and to cre-
ate background-dedicated regions, several gradient BDTs for binary classification
are trained, optimised and injected. These are:



162 Chapter 6. Search for the {Hq production with a 7,4 in the final state

Object Multiplicity Momentum (GeV)  Pseudorapidity

Hadronic tau  n(7y,q) = PT(Thad) > 20 |77(Thad)‘ < 2 50, |n(Thaa)| ¢ [1.37,1.52]
Jets n(jet) = [ , 6] pr(jet) > 20 n(jet)] < 4.5

b-tagged jets  n(b-jet) = [1, 2] pr(b-jet) > 20 [n(b-jet)| < 2.5

Eml‘is pT (Eml';s) [O 800}

Table 6.19: Preselection requirements. Additionally, all leptons are required to fulfil the tight-
lepton definition. The relative sign on the light-leptons electrical-charge is also used in the
preselection to separate the 2¢SS + 17,4 and 2£ OS + 17,4 channels.

« BDT(tHq|pg): Trained to discriminate the ¢t Hq process from all backgrounds
simultaneously in the 2¢ OS+ 17,4 channel. This BDT is later used to define
the SR for tHq in this channel.

o BDT(tt|pg): Trained to separate tt from the rest of processes but, in practice,
what it does is discerning between t¢ and Z + jets in the 2¢ OS+17,,4 channel.
It is used to define the regions for these two background processes.

o BDT(tHgq|gg): Trained for the 2¢SS + 17,4 channel to discriminate the t Hq
signal from the rest of processes.

The steps involved in building these models closely resemble those described for
the model in Section 6.4.2. The primary distinction lies in the training datasets:
while the model for lepton assignment is trained using the tHq (20SS + 17p,4)
samples, the BDTs for region definition are trained utilising the simulated samples
from all processes (both signal and background) within a channel. Another key
difference is that these BDTs are developed using the XGBoost software library,
which specialises in gradient boosting [293].

Like in the case of the BDT epton Assignment 410 f_fo]ding cross-validation tech-
nique (see Appendix B.4) with & = 5 is used to ensure that the performance
assessment is not biased by a particular random split of training and test data.
This split is based on the event number variable.

6.6.2.1 Negative-weights strategy

Typically two strategies are employed to address negatively-weighted events:
either disregarding these events or using their absolute weights. Section 6.4.2.4
delves into the advantages and disadvantages of each approach, and Appendix D
offers further discussion on this topic. Here, roughly 30% of the simulated events
have negative MC weights.
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Figure 6.15: Cutflow on the PR conditions for the data tHgq, tt and Z + jets samples in the
20 4+ 17y,4 channel. The bin with All refers to the number of events before applying any PR
requirement.

For the BDT(tHq|og) and BDT(tt|og), only the positive weights are employed.
This approach is validated by testing that the shape of the distributions using
only positively-weighted events have the same shape as when using all the events.
For the BDT(tHq|ss), the absolute weight of the events is used in the training.
This choice is favoured by the scarcity of events in the 2¢SS + 17,4 channel.
Discarding negatively-weighted events would significantly reduce the size of the
training sample, preventing the BDT (¢t Hg|gg) from learning to effectively separate
signal and background.

Nevertheless, alternative weight-handling strategies are tested and it is observed
that the performance of the models is worse when different approaches are different
to the ones used in the BDTs presented in this section.

6.6.2.2 Discriminant variables

To enhance the capability of the BDT to discriminate between processes, several
variables are built. Some of these kinematic variables are useful to improve the
signal to background separation. As it is introduced in Section 6.4.2, it is observed
that the variables that refer to the light leptons according to its origin provide better
discrimination than the ones that use the pp-based ordering. This is illustrated on
Figure 6.16, where the distance of the light leptons to the leading b-jet is a feature
that provides larger separation power when the e/u is referred by its origin rather
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Process ‘ 20+ 17,4 ‘ 2008 + 17y,4 ‘ 2055 4 17y.q
tHq 3.240.1 1.934+0.11 | 1.2240.09
tWH 34411 2441.1 0.95 4+ 0.22
tt 5700 £ 160 | 5690 % 160 24.8+1.7
7 + jets 3800 £400 | 3800 =+ 400 0.740.4
ttH 86 + 13 61 + 13 25.2+ 1.3
ttw 134 £ 25 92 + 23 4249
ttZ 160 =+ 26 139 + 26 21.24 1.0
twz 22+ 10 19410 2.6+ 1.7
tZq 45+ 6 40+ 6 54409
tW 260 = 40 260 =+ 40 1.2+1.0
Diboson 190 + 130 180 + 130 1046
minor bkgs 16 £8 14 +£8 1.8+1.0
Total background | 10400 4500 | 10300 £ 500 | 137 +12
Data | 10323 | 10221 | 102
S/B (%) | 0031 | 0019 |  0.89
Significance | 0031 | 0.019 | 0.104

Table 6.20: Event yields at PR level for 2¢ + 17,,4 channel and its two sub-channels. The
uncertainty corresponds to both the statistical and systematic uncertainties.

than by its pp. Therefore, the classification of the light leptons is substituted from
leading (¢;) and sub-leading (¢;) leptons to £, and fyg,..

top

An initial set of variables is proposed for each BDT based on their separation
power. In some particular cases, variables that provide good classification accuracy
to the BDT are not included in the initial set because they bias the separation power
towards a particular process. This is the case of the EF™ in the BDT(tHq|og)-
This variable (see Figure 6.19b) offered such a good separation between Z + jets
and tHq that the model would become so specialised in discriminating these two
processes that it would negatively affect the separation between the tHq and t¢
processes.

After selecting the preliminary set of features, it is optimised using an iterative
method focusing on the impact of the variables over the BDT performance as well
as their correlations with other variables. The iterative algorithm used to rank the
variables is detailed in Appendix B.2. Through this algorithm, the information of
the effect of removing each initial variable from the model training is obtained and,
hence, a decision can be made on which variables are kept. The rule of thumb is
to keep only the features that would improve the performance of the BDT. The



Event selection 165

2025 T T T 2 ﬂ
£ il £ 0251 | £ T T T T T T i
H ] S 1 H ]
g Vs =13 TeV, 140 6" —— Total background 7| 2 =13 TeV, 140f6"  —— Total background | 2 (s=13TeV, 140fo™  —— Total background -
3 02 2hr,chamnel e tHa B Z ool chamel e tHa £ 02 iy channel e tHa ]

< PR Separation: 12.4% ] < "°L PR Separation: 7.93% j < PR Separation: 8.83%
0.15( - 015k 1 0.5 -
01 ] oal ] 0.1 B
0.05 — 0.05]- ] 0.05 -
1 1] [PPSR BRI SRR B . SR L /]
6 6 6 4 2 0 2 4 6 5 6
a0 An(b, light lep 1) (b, light lep 2)

(a) Using fyjggs- (b) Using ¢;. (c) Using ¢,.

Figure 6.16: Separation plots for the distance in azimuthal angle between the a light lepton
and the leading b-tagged jet. Note that higher discrimination is achieved when the light lepton
is identified by its origin (a) rather than when they are classified based on its pp ordering (b, ¢).

study of the correlations among the input features is presented in Appendix B.7.3.
When a pair of variables presents a high correlation, one of them is removed from
the model. The list of all variables used is presented in Table 6.21. The ranking
of these variables is presented in Figure 6.17. In this figure can be checked which
variables are used most times to generate splits in each BDT.
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Figure 6.17: Rankings of input variables

for each region-definition BDT. The rankings are

obtained with the feature importance tool of the XGBoost. The x-axes correspond to the values
given by XGBoost to evaluate the accuracy brought by the variable to the BDT.
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Variable name

| BDT(tHqlos) | BDT(ttlos) | BDT(tHgss)

An(él-liggsa 7-had)

AR(lyop, leading non-b-tagged jet)
An(forward non-b-tagged jet, leading b-tagged jet)
Visible mass (top quark)

pr (b-tagged jet)

M (ly1ggs, 0-taggedjet)

Missing Mass Calculator 1

pT(gmp)

E(Ztop)

A}D'vmin (éﬂiggsv étopv Thad)

m(b-tagged jet, spectator jet)

An(forward non-b-tagged jet, subleading b-tagged jet)
DLIR calibrated score of subleading b-tagged jet
DLI1R calibrated score of leading b-tagged jet
A¢(lysggs, SPECEAtOL jet)

AR(Ktop-, éﬂiggs)

Multiplicity (forward jets)

An(leading lepton, closest b-tagged jet)
An(étopv EHiggs)

AR(gHiggm Thad)

pr1 " (lepton) || pr of the softest lepton
AR(Uy;ggs, spectator jet)

Type (¢,)

Type (¢3)

mr(yop + leading b-tagged jet)

An(lyop, leading non-b-tagged jet)

An(lysggs, leading b-tagged jet)

Tn(g}liggs + gtop)

P7 (Thaa)

pr (jet 3)

n(leading jet)

An(lyiggs, SDECtatOr jet)

E;rﬂnss

An(gtop? 7-had)

Multiplicity central jets

AN N N N NN N NN

SSENEEEN

\

Table 6.21: List of variables included in the training of the BDTs for region definition. The
v'symbol indicates that the variable is used for that BDT model. Whenever a b-tagged jet is
mentioned, unless stated otherwise, it refers to the leading-b-tagged jet.
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As it is indicated in Figure 6.17a, the two most important variables for the
BDT(tHq|og) are the pp of the 7,4 and the multiplicity of jets with 2.5 < |n| < 4.5.
Since the reconstructed 7,4 is more boosted when it is generated from the Higgs-
boson decay than in the main backgrounds (see Figure 6.18a), it produces good
separation. In the tHq process, the jet initiated by the spectator quark is typically
directed towards the beam pipe. This happens because a light quark from one
proton interacts with a bottom quark from the other proton through the exchange
of a virtual W boson. The light quark, now a spectator quark, is emitted in
the forward direction, meaning it continues in roughly the same direction as the
initial quark. As a result, the multiplicity of forward jets peaks at one for the tHq
production (see Figure 6.18b). In contrast, the backgrounds tend to not present
any forward jet. The separation distributions for these two variables are shown in
Figure C.7.

miss

There are variables such as E1™ (Figure 6.19b) that are not used in the
BDT(tHq|og) despite providing a great separation power between the tHg and
the general background. The reason to do so is that this variable is only separating
tHq from Z + jets but not from ¢¢, and it dominates the training process. As a
result, if the E3™ is used, the model would not be able to properly separate ti
from tHgq.

Regarding the BDT(tf|pg), the invariant mass of the two light leptons (see
Figure 6.19a) is the distribution that performs better to separate t¢ from Z + jets.
This due to the peak in the value of the Z-boson mass, where most Z + jets events
are located. As can be seen in Figure 6.17b, the second highly ranked variable
is the B (see Figure 6.19h), in which Z -+ jets processes are separated from ¢
because the latter has more neutrinos in the final state and, hence, larger E4.

Finally, according to Figure 6.17c, the BDT(tHq|gg) exploits the transverse
momentum of the light lepton originated from the top-quark decay to separate the
signal (see Figure 6.20a). Although variables such as the dn distance between the
liop and the leading-light jet (see Figure C.37 in Appendix C) appear to be more
discriminant, the pr(¢,,) is used more times by XGBoost to make splits in the
BDT. With a similar importance to pr (), the An distance between the forward
and b-tagged jets provides good separation between signal a background. These two
jets tend to be more geometrically distant in the signal than for the backgrounds.
Also, in the main backgrounds of this channel there are no forward jets originated
in the hard-scattering process.
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Figure 6.18: The two input variables with highest separation power for the BDT(tHg|og)-
These are the (a) pp of the 7,4 and (b) the multiplicity of forward jets. The uncertainty
bands include the statistical and systematic uncertainties and the lower panel presents the ratio
between the collected data and the MC-simulated samples. The discrepancy between data and
MC is due to the misidentification factors discussed in Section 6.5. Additionally, the x* measures
the agreement between real data and MC-simulated-event samples.
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Figure 6.19: The two input variables with the highest separation power for the BDT(¢t|og).
There are the invariant mass of the two light leptons (a) and the ET™™ (b). The uncertainty
bands include the statistical and systematic uncertainties and the lower panel presents the ratio
between the collected data and the MC simulation. Additionally, the X2 measures the agreement
between real data and MC-simulated-event samples.
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Figure 6.20: The two input variables with the highest separation power for the BDT(tHq|gg)-
The distribution for pr(4;,) is presented in (a) and while (b) shows the distribution for the An
between the forward non-b-tagged jet and the leading b-tagged jet. The uncertainty bands include
the statistical and systematic uncertainties and the lower panel presents the ratio between the
collected data and the MC simulation. Additionally, the X2 measures the agreement between real
data and MC-simulatad-event sample.
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6.6.2.3 Hyperparameter optimisation

The hyperparameters are the parameters that define the structural aspects of
the ML model and the training process itself. The hyperparameters mare not
learned from the data during the training but are set prior to this training process.
An in-depth discussion about the hyperparameters of the employed BDTs is given
in Appendix B.5.

Selecting appropriate hyperparameters is crucial as it can significantly influence
the performance of the model. The optimisation of the hyperparameters of the
BDT for region definition is done using a genetic algorithm (GA) [294], which is
described in detail in the Appendix B.5.1. Alternatively, a grid search has also
been tested to find the optimal set of hyperparameters but the performance of the
GA surpassed that of the grid search. The optimal set of hyperparameters found
is presented for all three BD'Ts simultaneously in Table 6.22.

Hyperparameter ‘ BDT(tHq|os) ‘ BDT(tt|os) ‘ BDT(tHq|ss)
Maximum depth 4 4 4
Learning rate 0.1237 0.0334 0.04
Number of estimators 1500 1500 1500
Minimum child weight 0.52 0.077 0.026
Scale of positive weights 268.838 0.36 83.21

Neg. weight strategy Only positive | Only positive | Absolute values

Table 6.22: Configuration of the hyperparameters used to manage the training of the three
gradient BDTs employed for region definition. The rest of the hyperparameters are set to their
default values. In Appendix B.5, these and the rest of hyperparameters are discussed.

6.6.2.4 Performance

The performance of the BDTs is evaluated through three main figures of merit,
the ROC curve, the AUC and the logarithmic loss function (LogLoss). The ROC
curves of the three region-definition BDTs are presented in Figure 6.21. The ROC
is a graphical representation plotting the True Positive Rate against the False Pos-
itive Rate at various thresholds. Its AUC evaluates the overall separation power of
the binary classification model. The third metric, the LogLoss, in contrast to AUC,
measures the accuracy of a classifier by penalising the confidence of incorrect pre-
dictions. These metrics are described in Appendix B. Table 6.23 presents the AUC
and the LogLoss for the BDTs for region definition. Since the k-folding method for
cross-validation has also been used here, Table 6.23 reflects the mentioned metrics
for the five folds separately. In that table can be seen that the performance does
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not vary across the folds, meaning that the models are not overtrained. This ability
of generalisation across folds can also be observed in Figure 6.22, where the BDT
score for each fold is presented and compared to the rest of the folds. As can be
seen in Figure 6.22, there is complete compatibility in three trained BDTs across
their folds. For the BDT(tHq|ps) in Figure 6.22a most of the events are in the
left-most part of the distribution. This is because the ¢ and Z + jets events are
grouped on the left side while the tHg process is uniform across the BDT score.
In the case of the BDT(tt|og), the two peaks in Figure 6.22b correspond to the
peaks of ¢¢ (right peak) and Z + jets (left peak). Finally, for the BDT(tHqlgg) in
Figure 6.22¢, most of the events are centred in the distribution but the ¢t Hq signal
is peaking on the left part.

(a) BDT(tHqlos) (b) BDT(tt|os) (c) BDT(tHqlss)

Figure 6.21: ROC for the all folds of the three BDT models. For each figure five pairs of ROC
curves are visible. Each pair corresponds to a fold and, within a fold, the pair addresses the train
and test samples separately.

\ BDT(tHq|os) \ BDT(#t]os) \ BDT(tHq]ss)
Fold ‘ AUC LogLoss ‘ AUC LogLoss ‘ AUC LogLoss
0 0.655 0.1960 0.7439 0.4378 0.6685 0.306
1 0.655 0.1998 0.7431 0.4381 0.6702 0.307
2 0.657 0.1978 0.7446 0.4374 0.6705 0.309
3 0.658 0.1955 0.7461 0.4374 0.6717 0.311
4 0.662 0.1973 0.7477 0.4391 0.6723 0.311

Mean ‘ 0.657 £ 0.003 0.1972 £ 0.0015 ‘ 0.7452 £ 0.0015 0.4379 £ 0.0006 ‘ 0.6706 & 0.0013  0.308 £ 0.002

Table 6.23: AUC and LogLoss for the five folds of the BDTs used for region definition. In the
last row, the mean is presented with the corresponding standard deviation. The average is the
metric used as overall for the model.
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Figure 6.22: In the upper panel of each figure, the profile of the BDT is plotted for all five
folds simultaneously. The uncertainty in each bin of the upper panel corresponds to the weighted
standard deviation. In the lower panel, the ratio of event yields between the first fold (Fold 0)
and all the other is presented. Both panels share the same x-axis. For all folds within a BDT,
the distributions are compatible within the statistical uncertainty. This indicates that the model
generalises well and it is not affected by the specific set of events that are used for train in each
fold. The profiles are created using the test samples only. Note the logarithmic scale on (a) and

(c).

6.6.3 Signal Region

More and more stringent requirements are made to eliminate background events,
signal events are also lost. Therefore, there is a trade-off background rejection
against signal acceptance. Since the tHq data is scarce, the event selection is
a highly non-trivial process that requires attention. The region definition is not
done only by looking at the S/B ratio and the significance, but also taking into
account the behaviour of the fit (descibed in Section 6.8). The final conditions
defining the regions of the phase space used in this analysis are described through
Sections 6.6.3.1 and 6.6.3.2 as well as Section 6.6.4.

6.6.3.1 SR in the 20 0S + 17,4

Achieving a high signal purity region in the 2¢ OS + 17,4 channel is challen-
ging due to the S/B ratio being only 0.018% at PR level. The BDT(tHg|og), as
presented in Section 6.6.2, enhances both the S/B ratio and significance by setting
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a minimum score threshold. Figure 6.23 illustrates the progression of these metrics
and the remaining tHq events relative to the minimum BDT(tHq|og). This figure
shows that a higher BDT(tHq|og) cut increases the S/B ratio and significance,
peaking at approximately 0.8. However, aggressive cuts in the BDT score can lead
to a shortage of events in the SR, causing instability in the fit. Consequently,
a more conservative cut of BDT(tHq|os) > 0.3 is employed to define the SR in
the 20 OS + 17,4 channel. The distribution of the BDT(tHq|pg) discriminant is
presented in Figure 6.24.
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Figure 6.23: Significance (red), S/B ratio (blue), and number of tHq events (green) as function
on the lower cut on BDT(tHgq|pg).
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Figure 6.24: Distribution of the discriminant BDT(tHg|og) at PR in the 2¢ OS+ 17,4 channel.
The dotted-red line in (a) shows the normalised tHq signal. The separation plot (b) presents the
normalised distributions of the ¢t Hq signal and the two main backgrounds. While the ¢t Hq process
has a relatively uniform distribution, the background processes peak at leftmost part. This allows
to cleanse the vast majority of the background while conserving most of the signal events.

6.6.3.2 SR 2¢SS + 174

When considering 2¢SS + 17,4 events, all background contributions are signi-
ficantly reduced compared to the 20 OS + 17,4 case. Nevertheless, the dominant
background remains tt, followed by the X processes, as indicated in Table 6.20.
This table presents the event yields of the MC simulated data samples after apply-
ing the preselection requirements (see Section 6.6.1).

The signal selection for the 2¢SS + 17,,4 channel is accomplished cutting on
the BDT presented in Figure 6.25. The evolution of the S/B ratio, significance
and number of remaining tHq events according to the lower cut on BDT(tHq|gs)
is presented in Figure 6.26. This figure also suggests a strict cut in the BDT in
order to define a pure SR. However, to reduce the instabilities in the fit due the
small statistics in the SR, the final threshold is looser; BDT(tHql|gg) > 0.40.

6.6.4 Background dedicated regions

The background-enriched regions are used to control the behaviour of the back-
ground processes. These can either be CR or VR, and its role on the fit calculations
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Figure 6.25: Distribution (a) and separation plot (b) of the discriminant BDT(tHql|gg) at PR
in the 2¢SS + 17,4 channel. The dotted-red line in (a) shows the normalised ¢H¢q signal. The
separation plot presents the normalised distributions of the tH ¢ signal and the main background
processes. Here it can be appreciated that the all t¢X processes (tt W, ttH and ttZ) have the
same profile, being very difficult to separate from each other.

is explained in Section 6.8.1. Sections 6.6.4.1 and 6.6.4.2 explore the details of the
definition of these regions.

6.6.4.1 Background-enriched regions in the 2¢ OS + 17,4 channel

Two background dedicated regions are defined in the 2¢ OS+17,,4 channel: one
for ¢t¢ and another for Z + jets. In this case, both regions are considered as CRs
for the fit. The distribution of the BDT(¢|og) is presented at PR in Figure 6.28.

The conditions that define the SR, CR(tt), and CR(Z + jets) in the 20 OS+17,.4
analysis are summarised in Table 6.25. The event yields per process corresponding
to these regions of the phase space are presented in Table 6.25.

6.6.4.2 Background-enriched regions in the 2¢SS + 171,,4 channel

The primary backgrounds in the 2¢SS + 17,4 channel consist of the tt, tt W,
ttZ, and tt H processes. Ideally, one would define CRs specifically tailored for each
of these processes. However, due to limited statistics training ML-based methods
to target these processes separately becomes exceedingly challenging.
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Figure 6.26: Significance (red) and S/B ratio (blue), and tHgq event yields (green) as function
on the cut on BDT(tHqlgg).

Region ‘ BDT score Ambiguity cut
SR | BDT(tHq|os) > 0.40 | yes
_ BDT(tHq|og) < 0.40
CR(#) BDT(tf]os) > 0.50 yes
BDT(tH < 0.40
CR(Z + jets) BDTE |QIc>)si 0.50 yes

Table 6.24: Definition of the analysis regions in the 2¢ OS + 17,4 channel. The ambiguity cuts
refer to the ECIDS and to the Electron Ambiguity Tool.

As an alternative approach, a feasible option is to combine the t¢ W, t£Z, and
tt H productions into a unified category termed ¢¢X. This consolidation enables the
separation of ¢ and ¢£.X in the phase space region orthogonal to the SR. Although
BDTs targeting t¢ and t£X have been trained, the scarcity of statistics remained
an obstacle to achieving favourable outcomes.

An alternative to the use of BDTs is performing requirements (cuts) on kin-
ematic variables. To implement this approach, the initial step entails exploring all
20 SS + 17,4 distributions within the PR\SR. Subsequently, variables that demon-
strate effective ¢f discrimination can be identified and selected for further analysis.
In this context, the variable Hy emerges as a potent discriminator between ¢t and
ttX. Using Hyp it is possible to define a CR for ¢¢ and another for the ¢¢X processes
using the conditions:
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Figure 6.27: Significance (red) and ¢t purity (blue), and ¢t event yields (green) as function on
the cut on BDT(tt]og)-

« CR(t7) = BDT(tHqlos) > 0.40 and Hrp > 260 GeV

However, due to the lack of statistics in the 2¢SS + 17,,4 channel, this analysis
makes use of a single CR that groups all the backgrounds. This is referred to as
CR(All Bkg). Studies are carried to evaluate the impact of preforming the profile-
likelihood fit with CR(All Bkg) on one side, and with CR(¢¢) and CR(¢¢X) on the

other side. The results with the single-CR method are more robust.

The region definition for the 2¢SS 4 17,4 channel is summarised in Table 6.26
and its yields are given in Table 6.27.
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Figure 6.28: Distribution of the discriminant BDT(¢¢|og) at PR. The dotted-red line in (a)
shows the normalised tHgq signal, which follows a simular distribution as ¢¢. The separation plot
in (b) presents the normalised distributions for the tHgq, tt and Z + jets processes.
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Process | SR | CR(tt) | CR(Z +jets)
tHq 0.94+0.15| 0.7+044 | 0.31+£0.16
tWH 040£0.13 | 1.6+0.9 | 0.39=£0.22
tt 230 +40 | 48804140 | 580 +£50
7 + jets 68+ 18 | 220440 | 3500 % 400
ttH 9.0 £ 2.0 45+ 9 71+1.7
ttw 5515 | T77+19 9.8 +2.4
ttZ 154+30 | 56+11 67 + 15
twz 21+12 | 58+34 11+6
tZq 74+13 | 85413 24 4 44
tw 93+1.9 | 202+30 46 + 7
Diboson 12+7 26 + 15 140 £ 120
minor bkgs 09+18 6+4 7T+4
Total background 360 =50 | 5530 £ 170 | 4400 % 400
Data 347 5370 4504
S/Bor purity (%) | 0261 | 8.5 | 797
Significance | 0050 | 1180 | 835

Table 6.25: Pre-fit yields of the 2¢ OS + 17,4 channel in SR, CR(tt) and CR(Z + jets). The
uncertainties include the statistical uncertainties as well as all systematic uncertainties. For the
SR the S/ B ratio is presented. For the CR(tt) and CR(Z + jets) present, respectively, the fraction
of tt and Z + jets events with respect the total MC event sample. The significances correspond

the target process of each region.

Region

‘ BDT score

Ambiguity cut

SR

CR(All Bkg)

BDT(tHq) > 0.40
BDT(tHq) < 0.40

Yes
Yes

Table 6.26: Definition of the three regions of the phase space used in the fit of the 2¢SS 417} .4
channel. The ambiguity cuts refer to the ECIDS and to the Electron Ambiguity Tool.
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Process SR | CR(All Bkg)
tHq 1.1+04 0.08 +0.07
tWH 0.60 £0.25 | 0.35+0.21
tt 17.6 £ 2.7 72+29
Z + jets 0.46 £0.25 | 0.274+0.10
ttH 14.1£0.8 11.1£0.9
ttw 23+£5 19+4
tt7 13.2+0.7 79£0.7
tWz 1.6 £1.0 1.0+ 0.6
tZq 4.9+0.9 0.47+0.13
tWw 1.04+0.8 0.30 +0.14
Diboson 8+4 22+14
minor bkgs 1.1+ 0.64 0.7£0.4
Total background ‘ 87+9 ‘ 50 £ 6
Data 0 32
S/B or purity (% 1.264 ‘ 89.38
Significance 0118 |  11.68

Table 6.27: Pre-fit yields of the 2¢SS + 17,4 channel in the SR and the CR(All Bkg). For the
SR the S/B and significance of the tHq process is presented. For the CR(All Bkg) the purity
and significance of the tt,tt W, ttH and ttZ together is shown.
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6.7 Systematic uncertainties

In a physics analysis, uncertainties refer to the limitations and potential vari-
ations in the measurements and calculations used to obtain results. These uncer-
tainties provide a measure of the range within which the true value of a measured
quantity is expected to lie. There are two types of uncertainties: statistical and
systematic.

Statistical uncertainty arises from the inherent randomness or fluctuations in
the finite data. It is a consequence of the finite size of the analysed dataset. These
fluctuations are typically described by statistical methods, such as probability dis-
tributions, and are quantified by statistical measures like standard deviation or
confidence intervals. Statistical uncertainties are fully uncorrelated between sub-
sequent measurements, meaning that each measurement carries its own independ-
ent statistical uncertainty. This uncertainty applies to both the real data collected
by the detector and the MC-simulated data events.

Systematic uncertainties encompass all sources of error or variation that are not
directly due to the statistics of the data. Systematic uncertainties can occur at any
point in the analysis chain. They are associated with various factors, including the
measurement apparatus, experimental conditions, assumptions made in this ana-
lysis, theoretical models employed, object reconstruction, background-estimation
techniques and MC simulations and many others. Systematic uncertainties are
fully correlated between subsequent measurements, meaning that they affect the
entire dataset consistently.

Unlike statistical uncertainties, which are inherent in the data, systematic un-
certainties are associated with the methodology and procedures used in this ana-
lysis. These uncertainties can have a significant impact on the final results and
must be carefully evaluated and accounted for. Therefore, they require detailed
investigations and studies to quantify their effects.

In a physics analysis, it is essential to include both statistical and systematic
uncertainties in the overall uncertainty estimation. Statistical uncertainties are
typically incorporated into the inference method used to extract results. However,
the inclusion of systematic uncertainties and their propagation through the stat-
istical analysis is a more complex task. It involves understanding the sources of
systematic uncertainties, quantifying their magnitudes, and considering their cor-
relations. Systematic uncertainties are usually evaluated through dedicated studies
and variations in input parameters, alternative models, or comparison with inde-
pendent measurements.
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Properly accounting for uncertainties in a physics analysis is crucial for robust
and reliable scientific conclusions. By quantifying and considering both statistical
and systematic uncertainties, researchers can assess the precision, accuracy, and
limitations of their measurements, compare their findings with theoretical predic-
tions, and provide a comprehensive understanding of the physics processes under
investigation.

For this specific analysis, the systematic uncertainties are categorised into two
main groups: theoretical or modelling uncertainties and experimental uncertain-
ties. Each group captures different sources of variation and potential biases in the
measurement process. These systematic uncertainties are further discussed and
presented throughout the rest of the section.

6.7.1 Symmetrisation of systematic uncertainties

The “up” and “down’ variations refer to different directions in which a system-
atic uncertainty is varied. Sources of systematic uncertainties are often represented
by a central value, which is the nominal value used in the analysis, and two vari-
ations: an “up” variation and a “down” variation. The former corresponds to an
upward shift or increase in the systematic effect, while the latter variation corres-
ponds to a downward shift or decrease.

For systematic uncertainties that have both the “up” and “down” variations, any
asymmetries are preserved unless they are determined to be the result of statistical
fluctuations in the underlying MC templates. In such cases, the content of each
bin is adjusted to represent a variation of

|up| + |down]|
—

Then, the resulting uncertainty is symmetrised. In the case of systematic uncertain-
ties where only a one-sided variation is provided, the variation is mirrored around
the mean value in each bin. An example of one-sided systematics are the modelling
uncertainties derived from an alternative generator. These symmetrisations allow
for a clearer interpretation of the potential deviations or pulls (fitted 6 # 0) and
constraints (fitted oy # 1), facilitating a more meaningful analysis of the results
(see Section 6.8.1 for details about the 6).

uncertainty =

6.7.2 Theoretical uncertainties

Theoretical or modelling uncertainties are inherent in the calculations and sim-
ulations used to predict physical observables in particle physics experiments. These
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uncertainties arise from the approximations and assumptions made in theoretical
models and the limitations of computational tools. Understanding and quantifying
these uncertainties is crucial for interpreting experimental results and assessing the
robustness of theoretical predictions.

In this section, the theoretical or modelling uncertainties that are considered
in this analysis are discussed. These uncertainties arise from various sources, in-
cluding the choice of MC generators, scale variations, PDFs, parton shower and
hadronisation models, higher-order QCD corrections, and non-perturbative effects.
Each source of uncertainty contributes to the overall theoretical uncertainty and
must be carefully evaluated

To quantify these uncertainties, different theoretical predictions and variations
in model parameters are compared to assess their impact on the results. This allows
to estimate the accuracy and reliability of the theoretical calculations.

Modelling uncertainties are evaluated in three ways: comparing the nominal
prediction to an alternative prediction; varying the internal parameters of the
nominal simulation; or varying the predicted cross-section within the theoretical
uncertainty.

In the rest of the section, I describe each source of modelling uncertainty, dis-
cussing the evaluation methods and their impact on the analysis results.

« tHq modelling: To assess the systematic uncertainty due to the choice of
MADGRAPHS__AMCQNLO 2.6.2. +PYTHIA as nominal generator, altern-
ative MC samples for the tHq signal events are produced using the MAD-
GRrAPHS__AMCQNLO 2.8.1 generator at NLO with the NNPDF3.0NLO
nf4 PDF set, and interfaced with HERWIG 7.1.6 (instead of PYTHIA)using
the MMHT2014NNLO [173] PDF set and the HERwIG 7.1 [194, 199] tune.
The scales ur and up are the same as for the nominal tHq event sample.

o tt modelling: The systematics regarding the modelling of the ¢ samples
are the most impactful among the theoretical uncertainties.

For the ISR and FSR simulated with POWHEG +PYTHIA, new simulations
are done from variations of several parameters. First, the pur and pp are
independently adjusted by scaling them down by a factor of 0.5 and up by a
factor of 2. Additionally, both up and up together are simultaneously variyed
by applying the same scaling factors of 0.5 and 2. The variations on the scale
in the showering are done with the Var3c up or down variations of the A14
tune, which corresponds to the variation of ay for ISR in the A14 tune [249].
These new simulations are then compared to the nominal ones. On the one
hand, for the modelling of the ISR, four independent variations are defined.
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— The first two variations consist of varying the ugr and pp scales in the
simulation of the hard-scattering process and the PS. These two para-
meters are varied independently by a factor 0.5 and 2 with respect to
the nominal value in the simulation.

— The third variation is modifies the scale in the showering by varying the
Var3c eigentune of the A14 tune [295].

— The final ISR variation is on the hg,y, parameter of HERWIG. The
nominal value of 1.5 times the mass of the top quark is varied up to
3 X my.

The uncertainty from the FSR simulation is calculated by using alternative
event weights within the nominal ¢ event sample. These alternative weights
are obtained by varying the FSR renormalisation scale (FSR «,) for emissions
from the PS. Specifically, it is variyed it by a factor of 0.5 (downward) and 2
(upward) compared to its nominal value.

An uncertainty is also attributed to the choice of the POWHEG approach to
perform the matching between the hard-scatter and the PS. It is estimated
comparing the POWHEG +HERWIG 7.1.3 prediction with the AMC@QNLO
+HERWIG 7.1.3 simulation.

The uncertainty associated with the choice of the hadronisation model and
the other non-perturbative aspects of the PS are evaluated comparing the
nominal sample with POWHEG +HERWIG 7.2.1.

The predicted ¢t cross-section is affected by the scale uncertainty, the
PDF+ay uncertainty and the uncertainty on the top-quark mass. The un-
certainties in the cross-section due to the PDF and o, are calculated us-
ing the PDF4LHC15 prescription [170] with the MSTW2008NNLO [177,
296], CT10NNLO [297, 298] and NNPDF2.3L0 PDF sets in the 5FS,
and are added in quadrature to the effect of the scale uncertainty. As-
suming a top quark mass of 172.5 GeV, the considered uncertainty is
985733 (scale) 41 (PDF+a,) "5 (mass) pb. The three uncertainty components
of the o(tt) are considered uncorrelated. An overall 6% is used to vary the
tt cross-section.

o ttH modelling: The impact of the t¢ H modelling is estimated through the
evaluation of ISR, FSR, PS and hadronisation model. For ISR and FSR, ugr
and up are varied by factors of 0.5 and 2, including adjustments to the Var3c
eigentune. The effects of hadronisation and other non-perturbative parton
shower aspects are evaluated by comparing POWHEG +HERWIG 7 to the
nominal model. Uncertainties from the technique to match the hard-scatter
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and the PS are estimated by comparing the nominal POWHEG +PYTHIA 8
to AMCQNLO +PyTHIA 8 simulations.

Finally, regarding the cross-section, the uncertainty is fg:%;(scale) +
3.6%(PDF+ag). The two uncertainty components of the o(ttH) are con-
sidered uncorrelated.

« Single top quark modelling: To assess the uncertainty due to the gener-
ator choice, MADGRAPHS5 _AMC@NLO 2.6.2 is used for producing altern-
ative samples.

The approach employed for assessing the ISR and FSR modelling for the
three three single-top-quark processes (¢-channel, ¢ W-channel and s-channel)
is the same as in ttH. The Var3c parameters, ugr, and up are varied.
The impact on the hadronisation model is obtained by comparing the nom-
inal to the POWHEG +HERWIG 7.1.6. For the matching method, the nom-
inal is compared with AMCQ@QNLO +PYTHIAS for the ¢t W-channel, and
PowHEG +HERWIG 7.1.6 with AMCQNLO +HERWIG 7.1.6 for ¢t W-channel
and s-channel.

Finally, a 5% uncertainty on the theoretical cross-section of single top-quark
is considered in this analysis.

o ttW and ttZ modelling: The effects of varying the M, PS and hadronisa-
tion models are assessed through comparison between the primary simulation
samples and alternative generator-produced samples.

To evaluate the impact of the choice of generator in for ¢¢ W, the nominal
(SHERPA 2.2.10) is compared to MADGRAPH5 AMCQ@NLO 2.3.3 and a un-
certainty on the cross-section of 2% (scale) + 3.4%(PDF+aqy) is obtained.

For ttZ the nominal simulation (MADGRAPH5 AMC@NLO 2.3.3) is com-
pared to the SHERPA 2.2.0 LO prediction to derive the modelling uncertainty.
The predicted {12 cross-section uncertainty is *575, (scale) 4+ 4%(PDF+ay).
The two uncertainty components of the o(¢tZ) are considered uncorrelated.

o Z + jets modelling: When it comes to modelling of Z + jets, only the theor-
etical uncertainty on the predicted cross-section is considered. The considered
normalisation uncertainty is 35%. This is the result of adding in quadrature
the theory uncertainty (4% for W+ jets and 5% for Z + jets and dibosons)
and an additional 24% per jet, according to the Berends—Giele scaling [299].

e Other background modelling: For the other backgrounds, the theoretical
uncertainties on the predicted cross-section are:

— For W+ jets a 40% uncertainty is considered.
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— For tZg, the uncertainty on oRye is Tr 1% (scale) + 0.9%(PDF+ay) with
uncorrelated components. For this process, the uncertainty due to ISR
and to higher/lower parton radiation is evaluated following exactly the
same prescription as for the ¢-channel process.

— For tWZ an uncertainty of 50% is applied. This is done in the same
manner as for the Z + jets.

— For the diboson processes a 24.5% (i.e. 5% for 0 b-jets and 24% for 1
b-jets) is considered [299]. This is calculated as for the Z + jets or the
t W Z processes.

— For rare top quark and other Higgs boson processes a 50% uncertainty
on the cross-section is used.

o PDF uncertainty: The uncertainties associated with the PDFs are evalu-
ated using either the PDFALHC15 or the NNPDF30 sets. These sets consists
of various nuisance parameters depending on the considered process [170].
Internal reweighting in the nominal simulation signal or main background
samples is used. It is reweighted to the PDF4LHC15 or NNPDF30 PDF and
its uncertainty set, and the symmetrised uncertainties are propagated to the
measurement of distributions used in the template fit.

In the past, to account for higher and lower parton radiation, the pur and pp
scales were varied by factors of 0.5 and 2. The variations used were {ug, up} =
{0.5,0.5},{1,0.5},{0.5,1},{1,1},{2,1},{1,2},{2,2}. The final uncertainty is es-
timated by taking the envelope of all the uncertainties associated with each vari-
ation, as it is recommended by the Physics Modelling Group. In order to be aligned
with the rest of the analyses, rather than use this approach, the up and down vari-
ations are added as described above.

6.7.3 Experimental uncertainties

Experimental uncertainties play a crucial role in particle physics experiments as
they arise from the measurement process itself. In the context of ATLAS analyses,
these uncertainties primarily stem from detector-related factors and encompass
various aspects, such as the limitations of the measurement apparatus, calibration
procedures, and the efficiency of reconstructing physical objects within the detector.

This section is focussed the experimental uncertainties considered in this ana-
lysis. These uncertainties arise from multiple sources, and their evaluation involves
rigorous procedures to ensure the accuracy of the measurements. Some common
sources of experimental uncertainties include:
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o Luminosity: For each data-taking year there is an uncertainty in the integ-
rated luminosity collected by the ATLAS detector, as Table 6.3 shows [179,
244]. These uncertainties are partially correlated between years and it is
applied to each MC simulated process to scale them to match the expected
number of events at the given luminosity for each year.

o Pile-up re-weighting: The events of the MC simulation samples are re-
weighted to match the observed distribution of the average number of inter-
actions per bunch-crossing in data [300]. The <p> is presented in Figure 6.2.
The pile-up uncertainty accounts for the differences in <p> between the sim-
ulated and real data. The value of this uncertainty is obtained by re-scaling
the <p> value in data by 1/0.99 and 1/1.07 around the nominal scale factor
of 1/1.03 [301].

« Jet energy scale: The jet energy scale (JES) calibration corrects the energy
and direction of the jets to match that of the jets reconstructed at particle
level [302]. The JES associated uncertainty is obtained from test-beam data,
LHC collision data and MC simulations. Events with a vector boson and
additional jets are used to calibrate jets in the central region. In total, there
are 30 independent NPs, each with an up/down variation to address the JES
systematic uncertainty. These account for effects related to the pile-up, the
jet flavour-composition, single-particle response, the p and 1 dependence
and the effects of PS leaving the calorimeters (Punch through).

« Jet energy resolution: The jet energy resolution (JER) refers to the abil-
ity of the experiment to measure the energy of the jets. A smearing model
corresponding to 13 nuisance parameters is used to address the JER uncer-
tainty. The JER is measured separately for data and MC using the two
in-situ techniques described in References [302, 303]. A JER uncertainty is
defined as the quadratic difference between the JER for data and MC. The
associated uncertainty is evaluated by smearing the energy of the jets in the
MC-simulated samples by their residual differences and the changes in shapes
and normalisations of the final discriminant are compared to the default pre-
dictions.To propagate the uncertainty in the p resolution, for each jet from
the simulated sample, a random number (7) is used. It is generated from a
Gaussian distribution centred at zero and with a root mean square equal to
the quadratic difference between the fractional pr resolution with the smear-
ing tool and the nominal one. The four-momentum of the jet is scaled by a
factor 1+ r and, since the simulated jets cannot be under-smeared, by defin-
ition the resulting uncertainty on the normalisation and shape of the final
discriminant is one-sided. The JER uncertainty is symmetrised.
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Jet vertex tagger: The uncertainties associated to the JVT (see Sec-
tion 6.3.5) are based on the residual contamination from pile-up jets after
pile-up suppression and the MC generator choice [272, 304].

Misidentified 7,,4: The systematics associated with the 7,4 identifications
are presented in Table 5.2 for both the LLH- and BDT-based methods. This
uncertainty depends on the chosen working points.

Misidentified 7,,4 rates: To address the uncertainty associated to the
method of determining the probabilities of misidentified 7,4, the Template
Fit method is compared to the counting method. Details about these two
methods are presented in Section 6.5. For the counting method, the uncer-
tainty arises from the global normalisation and for the Template Fit it comes
from the quark-to-gluon composition.

Thaa €nergy scale: As well as for the jet, the 7,4 energy has to be cal-
ibrated. This is done in four steps: The first step adjusts the calorimeter
measurement right after the reconstruction. The second step subtracts the
energy contribution from the pile-up. In the rest of the steps, other effects
such as missing clusters are compensated by scaling the true energy of the 7.
A number of systematics are related to the calibration of the 7,4 energy.

Heavy- and light-flavour tagging: The efficiency of the flavour-tagging
algorithm is measured for each jet flavour using data and simulation control
samples. This assessment yields correction factors to adjust the tagging rates
in the simulations. For b-tagged jets, these factors, along with their uncer-
tainties, are estimated from data incoming from di-leptonic t¢ events [236,
304]. For c-jets, the factors stem from jets produced by W boson decays in
tt events [237]. Light-flavour jet corrections are based on di-jet events [238].
Uncertainties related to b- and c-tagging efficiencies, which vary depending on
jet pr, are meticulously assessed, accounting for bin correlations [236]. Ad-
ditional uncertainties arise when extrapolating the b-tagging efficiency meas-
urement from the pr region used to determine the correction factors to higher
pr areas. In total, 19 NPs are considered across light-, b-, and c-jets.

Electron efficiency: The electron efficiency scale factors correct the differ-
ences in the reconstruction efficiency between the real and simulated data.
For electrons, these scale factors are measured with a “tag-and-probe” method
in Z — e"e” and J/i) — ete” events. The information on the correlation
of the different components of the systematic uncertainties is provided for all
efficiency measurements. The default uncertainty correlation model provides
one up/down variation for a reduced set of uncertainties [211, 305].
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e« Muon efficiency: Similarly to the case of the electrons, scale factors for
muons are obtained from Z — ptp” and JA) — ptp” events. These are
applied to correct for the differences between data and MC in the muon
identification and isolation efficiencies [306] (see Section 6.3.3). Uncertainties
on these scale factors are provided by the muon CP group and applied as
up/down variations of the nominal scale factors for each component. Addi-
tional uncertainties are considered for the “track-to-vertex association” muon
scale factors [306, 307]. They are evaluated in the same way as the other com-
ponents (identification, isolation) of the muon scale factors. In total, six NPs
are used.

« Electron energy scale and resolution: The accuracy of the electron mo-
mentum scale and resolution in MC simulations is verified through the ex-
amination of reconstructed mass distributions of Z — e*e” and Ji) — ete”
events. Additionally, E/p studies using W — ev events are used. When
comparing data and MC samples, small discrepancies are observed and cor-
rections are applied to account for this unbalance. These corrections are
applied using the tools provided by the E/gamma CP group. All the effects
are considered fully correlated in n and they are summed in quadrature to
provide up/down variation for a reduced set of uncertainties [211, 305].

e Muon momentum scale and resolution: Corrections for momentum
scaler and resolution have to be applied for MC-simulated muons. The uncer-
tainties of these are obtained varying four NPs related to the ID and the MS.
Additional uncertainties are considered to account for the charge-dependent
scale correction (“sagitta bias”) applied on data. A more detailed description
can be found in Reference [306, 307].

o EX5 soft term: Uncertainties on the scale and resolution are specifically
applied to the “soft-track” (“soft term”) on the EF'™°, which cannot be associ-
ated to any of the reconstructed and calibrated objects (“hard term”). These
uncertainties are derived from the level of agreement between data and MC
of the pp balance between the hard and soft Ef™* components [277]. The

. .. £
scale and resolution uncertainties of E5'" are treated as separate NPs.

6.8 Fit results

The determination of the absolute normalisations of signal and background
yields, taking into account higher-order theoretical predictions, is performed
through a fit to the data. This fit aims to normalise the event yields and val-
idate the modelling in both the signal and control regions. By performing the fit
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the signal strength (u??;hhad) and the background normalisation factors (k,) are

obtained™*.

A profile-likelihood-binned-fit method is employed in the SRs and CRs to con-
strain the systematic uncertainties as nuisance parameters (NPs). Importantly, a
simultaneous fit is performed considering all regions since no single region exclus-
ively contains a single process. Cross-contamination from multiple backgrounds, as

well as the signal, occurs in the CRs. The software package employed to perform
the fit is TRExFitter.

In this section, the fit procedure is detailed and the results of the tHq search
are presented. The inclusion of systematic uncertainties as constrained NPs, the
treatment of signal and background normalisations, and the simultaneous fit to all
regions are explained. Subsequently, the signal strength and normalisation factors
are presented and discussed in Section 6.8.1.

The different types of fit are described in Section 6.8.2 and the strategy to
select the binning is briefly commented in Section 6.8.3. The fit results using the
MC-only (Asimov) dataset are presented in Sections 6.8.4 and 6.8.5.

Finally, the results using the collected data are discussed in Sections 6.8.6
and 6.8.7.

6.8.1 Likelihood fit

The likelihood fit is a statistical technique used to estimate the parameters of
a model by maximising a likelihood function. The likelihood function, denoted as

(? 14, ) is defined as the probability of observing a certain set of data (7) given

a model with NPs ( 6 ) and signal strength (x). In the case of binned distributions,
such as histograms, the likelihood function can be expressed as the product of the
probabilities of observing the observed and expected number of entries in each bin.

The likelihood function has the form:
Probability

=
K——
L(?, W, 9 )= 7|,M; H Pz |:u’ Likelihood

“The signal strength is defined as the ratio between the observed and expected production cross-
obs
(tHq)
oY (tHq)
)
" p)”

sections fi g, = The normalisation factor is the same but for the fitted background

process k, =



Fit results 193

_>
where i runs over the data points. P(x;| 6 ) is the probability density function for
the data point x; given the model defined by @ .

The likelihood function is maximised to obtain the estimated values of the NPs
6 and p that best fit the observed data. This process is known as the maximum

likelihood estimation, (/i 7) = argmax, {L( )}. It is important to note that
the likelihood function itself does not prov1de a direct probability interpretation of
the parameter values; it is a measure of the goodness-of-fit between the model and
the observed data.

Since particle physics experiments are counting experiments, the probability
density function follows the Poissonian statistics. The Poisson distribution is a
discrete probability distribution that expresses the probability of a given number
of events occurring in a fixed interval of time or space if these events occur with a
known constant mean rate and independently of the time since the last event.

Fit for binned distributions

The employed fit is a shape analysis, meaning that the shape of the kinematic
distributions is used to find the parameter of interest (POI). The kinematic vari-
ables used for the fit in this analysis are presented in histograms, which are binned
distributions. For binned distributions, the likelihood function can be written as

- obs| ex -

i€bins N (61)
I P(n™|p- stp )+ >k beXp 0)).
i€bins peBkg
Here, i runs over the bins of the histogram, n™ and n; ¥ are the observed and

expected number of entries in the bin ¢. The predicted signal entries in the bin ¢
[Pl

are - s; © while for particular background process “p” are k, - b; *. Therefore, the
number of events in ¢ is:

nP = s (F) 4 Y ke B

peBkg

G

) )

with the index p running over the different background processes. While the para-
meter k, normalisation factor is typically set to the unity for most background
processes, it can also be let to float as a free parameter in fit. Later, in Sec-
tion 6.8.2.1, it is explained why only the normalisation of ¢Z W in the 2¢SS+ 17,4
is the only one fitted in this search. The result of the fit is the best estimate of the
POIs, which in this analysis is the /f Fhaa byt it could also 1nclude different k,.

2417y, - —
|, 0

In other words, the p;, is the one that maximises L(7 ) in Equation 6.1.
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Implementation of uncertainties

The statistical model described in Equation 6.1 provides a method to derive the
POI. However, it does not account for the effect of the uncertainties. To factor
in these uncertainties, one can introduce a set of additional parameters within the
statistical construct to simulate the systematics influence. These parameters are
referred as NPs. There are NPs due to the reconstruction imperfections, others
are connected to theoretical calculations and some NPs are also coming from the
statistical uncertainty of a MC-simulated dataset.

The effect of each systematic uncertainty is encapsulated by generating a mod-
ified distribution of the observable, which is then compared against the nominal
distribution. For every NP, two alternative distributions of the fitted variable can
be built using +1 standard deviations variations of the associated systematic un-
certainty:

0=0"+A0.

Here 6 are the varied NPs, #° the nominal values and A@ the variation around
the nominal value. The construction of these varied distributions is discussed in
detail in Section 6.7. The deviation between the nominal and varied distributions is
parametrised by a singular NP. The NPs are evaluated via dedicated measurements.

Each NP is included as a penalty term in the likelihood expression in Equa-
tion 6.1 using a Gaussian distribution for each of them. Therefore, the profile
likelihood function to be maximised is:

LRl )= I [P( Pl s (F) +57(0)) x T G600 26,
i€bins jEsyst
where j runs over the different NPs and G is the Gaussian distribution function.
The 0;-2 is the nominal value of NP j on the bin 7. Its variation Af,; is set, by
convention, to one standard deviation. The ¢ index runs over all bins in all the
distributions considered for the fit.

Besides the NPs associated to the systematic uncertainties, other NPs can in-
cluded in the fitting procedure in the same way as the POI. Another element that is
included in the fit as a NP is the effects on the statistical uncertainty. Independent
MC-statistical uncertainties are considered in each bin and the NP associated to
these statistical uncertainties are known as gammas (7). The gammas are fully
decorrelated among different bins and follow Poissonian distributions. Taking the
~v-NPs into account, the resulting likelihood function is expressed as:

% ex % ex %
L@ ) = 11 {73( Pl s (F) + 5 (8))
1Ebins (62)
x T G(6%10,., A0,,) x HP(@SJ@SJ,MM)}

j€Esyst sEY
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The effect of the systematic uncertainties can be decomposed according to
whether they are universal across all bins or they impact the samples differently
from bin to bin. The first is called the normalisation effect and second is the shape
effect. For instance, the NPs describing the cross-section of a background sample do
affect this sample in all bins the same and only affect the normalisation while NPs
related to the reconstruction might affect each bin separately (i.e. shape effect).

In summary, the fitting process can be characterised as the optimisation prob-
lem involving the maximisation of a multi-dimensional likelihood expression. The
outcome of this procedure yields specific values for the u, k, and ;. The res-
ults concerning the NP can present two distinct types of variations. First, the
post-fit value of the NP can deviate from its nominal 0? a phenomenon referred as
pulling. Secondly, its uncertainty could be less than +1 standard deviations from
its nominal value, a condition identified as constraint.

6.8.2 Fit strategy

The strategy of the fit refers to the choice of the configuration for the fitting
procedure. This includes the decision of which £, are allowed to vary in the cal-
culations, as well as the designation of which regions defined in Section 6.6.4 are
used as CR or VRs. The POIs of each fit are discussed in Section 6.8.2.1. Sec-
tion 6.8.2.2 details the approach used to avoid biases by not examining real data
in signal-enriched regions. Afterwards, in Section 6.8.2.3, the different type of fits
are discussed. Finally, Section 6.8.2.4, describes the processes of eliminating the
contributions from systematic uncertainties that do not significantly impact the
analysis.

The choice of distributions for the fit and its binning are also considered to be
part of the fit strategy and are described later in Section 6.8.3.

6.8.2.1 Parameters of interest

The POIs in the fit are in the signal strength of the tHq signals and the nor-
malisation factors of the backgrounds, k,. In the binned-likelihood function in
Equation 6.2, the k, factors do not appear explicitly but they are included in the
expected number of background events in bin as by = 3 cpyg Ky - by ;- Here, b7
is the expected number of events of the background p in the bin .

As introduced in Section 6.8.1, k, is fixed to one for most of processes. In this
analysis there are several processes that are let to float as free parameters of the
fit. For the 2¢ OS+ 17,4 some discussion has arisen regarding the extraction of the
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k; and k4 jes normalisation factors in the fit calculation. Since the backgrounds
due to misidentifications have already been fitted, as discussed in Section 6.5,
the original proposal was to not include k; and ky . s to avoid double fitting.
However, due to the large mismodelling'” of the backgrounds, the normalisation
for the t¢ and Z + jets processes is calculated in order to bring stability to the fit.

Table 6.28 shows the different approaches explored in the configuration of the
20 OS + 17,4 fit. The first column of the table explores whether to use the regions
defined in Section 6.6.4.1 as CR or VRs. The difference between CR and VR is
detailed in Section 6.8.2.3. The second column of Table 6.28 refers to whether or
not the k;; and ky s are free-floating parameters of the fit. Finally, the option
of not using the misidentification scale factors is also explored.

‘ tt and Z + jets ‘ Free parameters ‘ Corrected weights

Baseline CR Pitrg > Kizr Kz 4 jets v
Alternative 1 VR iHg v
Alternative 2 CR Mg v
Alternative 3 CR Hirrg s Kz Kz 4 jets X

Table 6.28: Different fit configurations tested for the 2¢ OS + 17,4 channel. All of these have
been explored (with blinded data) to check how the setup of the fit would influence the results.
Baseline refers to the one presented in this thesis.

The “Alternative 1”7 one does not yield good results because the SR does not
have enough statistics to have a stable fit. To solve the problem of the low statist-
ical sample in the fit, the “Alternative 2” includes the background-enriched regions
but the discrepancy between the data and the MC-simulation samples is so large
that it would result in extreme values of the MféfI)SHThad. This is why the “Baseline”
option is the one implemented. Alternatively, to avoid the issue with the misid-
entification scale factors, the weights without corrections could be used and the
misidentification rates could be corrected in the same fit that is used to derive the
signal strength. This approach is referred to as “Alternative 3”7, and the results

testing this option are not very promising.

Regarding the 2¢SS + 17,,4 channel, the different strategies that have been
tested are presented in Table 6.29. The one presented on this thesis is using only a
CR consisting on the region of the phase space orthogonal to the SR. Additionally,
the use of CRs dedicated to the ¢t and t¢X processes have been used so that the

5 The mismodelling mentioned arises from an issue in the derivation and application of the
weights corresponding to the misidentification scale factors. It affects both 2¢ + 17}, ; channels
and constitutes one of the major problems in this analysis. It is hoped that this issue can be
resolved in future versions of the NTuples.
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fit had more ability to control the backgrounds separately but these options are
less estable than the baseline. Only the one referred to as “Alternative 2” in the
Table 6.29 provided results comparable to these of the “Baseline” approach.

‘ CRs ‘ Free £,
Baseline All bkgs ki ix
Alternative 1 | tt, ttX kg, kgw
Alternative 2 | tt, ttX ki, kix

Alternative 3 | tt, ttX | kg, kgw, kg kg

Table 6.29: Different fit configurations tested for the 2¢SS + 17,4 channel. All of these have
been explored with blinded data to check how the setup influence the results.

6.8.2.2 Blinding

In formulating the analysis strategy, it is crucial to avoid examining data re-
gions which are anticipated to be rich in ¢t Hg-signal events. This practice, known
as blinding, plays a vital role in safeguarding against the influence of bias in res-
ults, which can occur if researchers are swayed by statistical variations observed
within the data. Consequently, unless specified otherwise, the determination of
the strategy (e.g. building of the BDT models, region definition, region-binning
tuning, etc) relies entirely on blinded data. In this research, the data point in a
bin is only shown if the expected signal fraction is smaller than 0.3% and all bins
in the SRs were fully blinded.

Even though the plots presented in this thesis are not blinded, all distributions
remained blinded while carrying this analysis. Only in Sections 6.8.6 and 6.8.7 the
search is done with unblinded data.

6.8.2.3 Fit types
The configuration of the fits allows to set up three different types of data regions:

o Signal region: A signal-enriched region that drives the signal extraction,
i.e. the pup,, but adds negligible constraints on the background parameters

(Kp)-

o Control region: A background-enriched region with negligible signal con-
tamination. This regions are used in the fit calculations to derive the POls.
Typically, the CR of a background-process p is used to control it by obtaining
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its k, factor. Note that this p-background can either be a single process or a
collection of processes. For instance, the k;;y, in Table 6.29 targets a single
process while the k;y or kx control the production of several processes
simultaneously.

Validation region: A region in which the background and signal levels are
predicted, but which are not used in the fit to constrain the POIs. The VRs
serve to validate the extrapolation from the fit results.

The fit is based on orthogonal signal and control regions. This way all the CRs
and SRs are statistically independent, can be modelled by separate profile fits,
and thus be combined into one simultaneous fit. The background parameters are
predominantly constrained by CRs, probably with large statistics, which in turn
reduces the impact of their uncertainties in the SR.

Given these types of regions, there are three types of fit configurations that are
used in the analysis:

» Using Asimov dataset in all regions: The purpose of performing the fit using

only Asimov data is to evaluate the sensibility of the experiment and to set
the expected limits in the measurement. The results using the Asimov dataset
are presented in Section 6.8.4

Background fit in the CRs: This fit is performed using only the CRs for the fit,
and with the blinding threshold activated. The background-only hypothesis
consists of setting the strength of the signal process to zero (yiz, = 0). The
purpose of the CR-only-background-only fit is to estimate the backgrounds
in the SRs and VRs without assumptions on the signal model. Here, only the
CRs are used to constrain the fit parameters neglecting any potential tHq
contribution.

Using blinded data in CRs and SR and the MC-simulated backgrounds only:
After performing the CR-only-background-only fit, the fit can be extended
to the SRs in the CRSR-background-only fit. Here the SR remains blinded
only in for distribution plots but the data is used in profile-likelihood fit.
In contrast to the CR-only—background-only fit, the real data in the SR is
used in the fit calculations. This allows to check how the parameters of the
previous fit are affected by including the SR. All the different configurations
presented in Tables 6.28 and 6.29 are explored to this extent.

Full-data fit using the CRs and SR: This is the last step in the analysis.
Once all the already-described fits have been carried out, and no problems are
detected, one shall fit the data in all regions without any assumption about
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the normalisation factors or the signal strengths. First, this is done using
blinded data and, finally, with unblinded data. In Sections 6.8.6 and 6.8.7,
the profile-likelihood-fit over all the regions with unblinded data is presented
for the two considered channels. Note that only one fit configuration from
Table 6.28 and one from Table 6.29 are fitted with unblinded data.

6.8.2.4 Pruning

In Section 6.8.1 is explained that the systematic uncertainty can impact the fit
through normalisation and/or shape effects. If a NP has an overall little impact
on the fit, it can be ignored from the calculations. This process of removing the
systematics that do not affect much the fit is named pruning. By applying the
pruning over the NPs, the fit procedure is less consuming computationally and
instabilities due to the large number of NPs are avoided.

The impact of each NP is checked separately for the shape and normalisation.
If the normalisation impact of a given systematic uncertainty is smaller than 0.5%
in a particular region and for a sample, the normalisation uncertainty of that NP
is removed from the fit for that region and that event sample. Regarding the shape
impact, it is evaluated by normalising both the nominal and the varied distributions
and checking bin by bin the change. If the variation is smaller than 1% for each bin,
the shape impact is not considered. If a NP has negligible shape and normalisation
contributions, it is dropped for the given region and event sample. If a systematic
uncertainty is removed across all regions and every event sample, it is entirely
excluded from the likelihood model.

6.8.3 Binning optimisation and distributions for the fit

The proifle-likelihood-binned-fit procedure described in Section 6.8.1 is per-
formed over binned distributions to obtain the POIs. The binning of these distri-
butions play a role in the result of the fit. Note that the binned distributions are
the same through all the steps of the fit i.e. Asimov, CR-only-background-only,
and full data fit.

Binning refers to the process of defining the size of the bins in a histogram.
While the distributions of the variables are often presented using equally-sized bins
(see plots in Appendix C as an example), this is not a requirement. In fact, when
performing the binned likelihood fit fits, using equally-sized bins may not be the
optimal choice. A finer binning means better S/B and S/ v/B in the most important
bins for the fit. On the one hand, the more bins there are, the more information
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is retained about the shape of the distribution. On the other hand, too many
bins can lead to a small statistical significance of some bins. To mitigate statistical
fluctuations in specific bins, the binning process can be optimised. The optimisation
aims to enhance the separation of the ¢t H¢q signal from the background and minimise
bins with large statistical errors. The automatic-binning-Transform-D algorithm
examines the original distribution, initiating from the bin with the highest BDT
score. It then merges bins until a certain fraction of signal and background events
is achieved. This merging threshold is determined by the function Z:
Z = Zb](bfl; + ZSXZ ,

where n, and n;, denote the number of signal and background events in the merging
bin, respectively. Similarly, N, and N, represent the total counts of signal and
background events. The parameters z, and z, can be adjusted as needed. A bin is
established once Z reaches 1 or exceeds it. The parameters z, and z, govern the
maximum portion of signal and background events in a bin, respectively, subject
to the condition z, 4+ 2, = Nyips-

6.8.3.1 Fitted distributions in the 2¢ OS + 17,4

The distribution of the BDT(tHg|og) discriminant is fitted to extract
uffgSHThad in the SR. Regarding its binning, after performing several tests, the
best results are achieved with z, = 1 and 2, = 2 with the Transform-D algorithm

and some fine tuning by hand. The SR is presented in Figure 6.29a.

Meanwhile, BDT(t¢t|og) and Hr are used for the two CRs dedicated to the tt
and Z 4 jets, respectively. Figures 6.29b and 6.29¢ presents these two distributions

. N 200S+17y, 20 0S+1
which are used to extract the normalisation factors k- "had and ki jets Thad

6.8.3.2 Fitted distribution in the 2¢SS + 17,4

In the 2SS+ 17},4 the distribution for the SR is the BDT(tH¢|sg) and prelim-
inar binning has been selected using the transform-D algorithm for automatic with
parameters z, = z, = 2. Afterwards, some fine tuning using by hand is applied to
merge bins with low statistics. The SR is fitted in the BDT(tHg|gg) distribution.
The background-enriched region is fitted on the Hy distribution. The choice of
Hy is motivated by the fact that this variable allows to discriminate between ¢
and ttX in the scenario where these two processes have its own free-floating k,.
However, due to the low statistical sample present in this channel, a single CR is
used, CR(All Bkg). The fitted distributions are presented in the Figure 6.30.
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Figure 6.29: Pre-fit distributions used for the (a) tHq SR, and CR of the (b) tf and (c) Z + jets
processes in the binned-profile-likelihood fit of the tHq(2¢ OS + 17y,4) channel. Note that, while
the data is being showed in (a), all the fit strategy is defined with blinded data in the SR.

The dotted-red line corresponds to the normalised tHq signal.

The statistical and systematic

uncertainties in the MC-simulated samples are represented with the dashed line and. The error

bars correspond to the statistical uncertainty of the data.



202 Chapter 6. Search for the {Hq production with a 7,4 in the final state
*: normalised to total Bkg. *: normalised to total Bkg.

‘(IE) 707\ L L L L L O L 4(/‘_:’) L L ) L L L I O B L B o
g L ¢ Data ---tHg * ] 3 30 ¢ Data ---tHg * A
w [ Vs=13TeV, 140 fb" EtWH mwz ] w [ Vs=13TeV, 140 fb" EtWH mwz 1
601" tHg(21sS+1r) T W E [ tHg(21SS+tr) T Wi 1
F SR Wiz WiiH : 25~ CR ti+tiX Witz WiH -
50— Pre-Fit Wizg mw — r Pre-Fit WtzZq B w ]
r [JZ+jets  []Diboson ] s0f [[JZ+jets  [JDiboson -
- [ I minor bkgs?” Uncertainty 1
. o) re—— | — . : 1 =
2 E x2ndf=1.3/4 y»2prob=0.86 E 2 E %2/ndf=5.0/4 y2prob =0.29 E
o 1.4F 3 o 1.4F 3
=~ £ , % / / 3 = 4E 2 ., |, ‘ 3
o} 1 Z Z 555 A S 1 ¢ 7 3
£ g b & E £ g e £
8 o6k ’ ’ ; E 8 o6f 1 4 t i E
0'6: : : : : : - 0.25 : : : : : J

4 0.5 0.6 0.7 0.8 0.9 1 200 300 400 500 600 700 800
BDT(tHq) H; [GeV]

(a) BDT(tHql|gg) distribution in SR.

(b) Hr distribution in the CR(All Bkg).

Figure 6.30: Pre-fit distributions used for the (a) tHg SR and (b) CR(All Bkg) in the binned-
profile-likelihood fit of the tHq(2¢SS + 17},4) channel. Note that, while the data is being showed
in (a), all the fit strategy is defined with blinded data in the SR. The dotted-red line corresponds
to the normalised tHq signal. The statistical and systematic uncertainties in the MC-simulated
samples are represented with the dashed line and. The error bars correspond to the statistical

uncertainty of the data.
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6.8.4 Asimov-hypothesis fit in the 2 OS + 174

The Asimov fit consists of using only the MC-generated events as if these were
the collected data. Asimov datasets are built as binned datasets, in which the no"
in each bin is set to the n;™® for the chosen model parameters. In the Asimov
hypothesis, the signal strength in Equation 6.2 is set to the unity. In this same

expression, the different NPs are set to their nominal values (6 = 6°).

Since the ji;g, and the k, are fixed, in the Asimov fit one can extract inform-
ation about the impact of the different uncertainties in the final results. In other
words, the Asimov fit allows to estimate the median experimental sensitivity of a
search or measurement as well as fluctuations about this expectation [292]. That
sensitivity and the expected-upper limit on the production cross-section are the
results presented in Section 6.8.4.2.

6.8.4.1 Nuisance parameters in the 2 OS + 17,4 Asimov fit

The pruning procedure to remove the non-impactful NPs is described in Sec-
tion 6.8.2.4. The results of the pruning are presented in Section E.1 of Appendix E.
There it can be seen that most of the NPs are completely pruned or that shape
contribution is dropped.

The Asimov setup is employed to assess the influence of systematic uncertain-
ties. It is anticipated that the majority of the uncertainties of the NPs will lie
between the +1 standard deviations (+1c). However, there may be instances
where the fit process uncovers additional information about a NP within the fit
dataset, leading to a constraint of that NP. From the NPs that survived the prun-
ing, only the ones shown in Figure 6.31 presented constraints. Note how the black
line denoting the relative uncertainty on the NP is smaller than the width of the
green band in Figure 6.31. The green band represents 1 standard deviations from
the nominal value of the NP.

Instrumental_JER
————— JES flavour response

————— JES flavour composition
— JER EffectiveNP 5 .
JER EffectiveNP 4 Modelling
JER EffectiveNP 1 [ —— ]t PS + had.
-2 -1 0 1 2 -2 -1 0 1 2
(6-6,)/A0 (6-6,)/A0

Figure 6.31: Pull plots of the constraint NPs under the Asimov hypothesis in the 2¢ OS 417} .4
channel. Each NP is shown as the relative change from its nominal value. The green and yellow
areas represent the +£1¢0 and +20 deviations from the nominal value of the NP, respectively. The
points represent the best-fit value for the NP and the uncertainty bars represent the post-fit
uncertainty.



204 Chapter 6. Search for the {Hq production with a 7,4 in the final state

Apart from the systematic uncertainties, it is necessary to evaluate the uncer-
tainty associated with the s of the bins used for the fit. These s accounting for
the statistical uncertainty of the MC dataset in the 2¢ OS + 17,4 Asimov fit are
presented in Figure 6.32.

—— y SR BDT tHq 2L1TAU OS bin 0002

—— y SR BDT tHq 2L1TAU OS bin 0001

—— y SR BDT tHq 2L1TAU OS bin 0000
'y y CR ttbar 2L1TAU OS bin 0003
- y CR ttbar 2L1TAU OS bin 0002
-+ y CR ttbar 2L1TAU OS bin 0001
—— y CR ttbar 2L1TAU OS bin 0000
- v CR Zjets 2L1TAU OS bin 0002
. y CR Zjets 2L1TAU OS bin 0001
—&— v CR Zjets 2L1TAU OS bin 0000

0.80.8509095 1 1.05 1.11.151.2 1.25

Figure 6.32: The vs of all bins used in the 2/ OS 4 17,4 channel under the Asimov hypothesis.
The s are associated to the bins in the SR from left to right and numbered starting with 0.

The correlations play an important role in the profile likelihood fit, being re-
sponsible for the majority of the reduction of the post-fit uncertainty. As Fig-
ure 6.33 shows, there are no high correlations in the 2¢ OS + 17,,4 channel. The
largest correlation is of a 35.7% between the ky  jots normalisation factor and the
JES pileup p topology NP.

The impact of the NPs by groups is presented in Table 6.30, where it can
be seen that theoretical uncertainties are the dominant contribution to the total
systematic error. The most important theoretical uncertainty is that of the t#
NLO generator, followed by the t¢ FSR. The NPs associated with the PDFs also
rank high in this table. This is due to the contribution of the PDF uncertainty
of the tHq production. It makes sense that, in terms of determining the signal
strength of the tHq, the modelling of the tHq process plays an important role in
the error. Additionally, leftmost panel in Figure E.4 hints the impact of the tHq
PDFs uncertainty by not dropping completely almost any of its associated NPs in
the SR. This systematic error of £7.5 is the largest among all PDF uncertainties
in this analysis.

The influence of the different NPs over the results is ranked in Figure 6.34
according to its impact on the determination of jp,. The impact is calculated
by fixing the specific NP to its nominal value and varying the others upwards or
downwards. Then, the value of the impact is the p,p, obtained in each of these
four configurations minus the i, obtained in the nominal fit.

The top-ranked NP is the MC uncertainty in the last bin of the SR distribution.
It can be seen that there are not many events in the last bin in Figure 6.29a and,
hence, it makes sense to have this v in the first place of the ranking. The other
highly ranked NPs are related to the generation of the t¢ events. This could be
expected since t¢ is the main background in the 2 OS + 17,4 channel and its
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Figure 6.33: Correlation between the different NPs and the POIs in the 2¢ OS + 17},4 in the
Asimov hypothesis. Only the NPs with at least one correlation above 15% are shown.

presence is not only confined to its dedicated CR(#%) but it is also the dominant
process in the SR (see Table 6.25).

6.8.4.2 Asimov-fit results 2¢ OS + 17,4

The expected sensitivity to the signal strength and the normalisation factors in
the 2¢ OS + 17,4 channel is:

Afirrg = 3506 (tot.)F1585 (stat.) (6.3)
Ak = £0.04(tot.) = 0.02(stat.) (6.4)
Ak + s = £0.10(tot.) & 0.02(stat.) . (6.5)
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Uncertainty source ‘ Grouped impact
MC uncertainty ‘ +7.845
Modelling

Theoretical uncertainties +11.917

PDF uncertainty +7.950
Experimental

Instrumental +4.917

Flavour tagging +0.439
JES/JER +10.851
NormFactors | £10.493

Total systematic uncertainty ‘ +28.511

Table 6.30: Impact of different groups of systematic uncertainties in the measurement of 1,4,
in the 2¢ OS + 17,4 channels under the Asimov hypothesis. The impact of each group of uncer-
tainties is computed by performing a fit where the NPs in the group are fixed to their best-fit
values, and then subtracting the resulting uncertainty on the p,z, in quadrature from the nom-
inal fit. The line “MC uncertainty” refers to the statistical uncertainties in the MC events (see
“gammas” in Section 6.8.1). The other theoretical uncertainties refer to the uncertainties on the
cross-section, the ISR/FSR, alternative models, and the other elements described in Section 6.7.2.
The total uncertainty is different from the sum in quadrature of the different components due to
correlations between NP built by the fit.

The total uncertainty (tot.) includes statistical and systematic effects. The stat-
istical uncertainty alone (stat.) is also shown, separately. The overall uncertainty
on ji;p, is dominated by the contribution of the systematic uncertainties. The sys-
tematic uncertainty (73553) is larger than the statistical one (T1}57). Nevertheless,

an improvement in data statistics would improve the sensitivity over ji;py,.

The fit described above focuses on measuring in the SM ¢ Hq process. However,
as it is discussed in Section 2.3.3.3, the cross-section of the tH production would
increase by a factor of 10 in the CP-violating scenario in which the Yukawa coupling
between the top quark and the Higgs boson has the opposite sign with respect
to the SM predictions. This increase in the cross-section would make the tHq
observable with the dataset analysed in this thesis. The y, = —yP™ is referred
inverted Yukawa coupling hypothesis. It is explored by substituting the tHg and
tWH MC event samples by an alternative simulation in which y, = —y™. By
doing so, the following expected sensitivity to the tHq process in the 20 OS + 17,4
channel is obtained:

Dl pra eyt = Toss (tot.) T3T5(stat.) .
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Figure 6.34: Ranking of the most impactful NPs on the Asimov fit in the 2/ OS+ 17,4 channel.
The NPs are sorted by their impact on the p, 5, in decreasing order. The blue and cyan boxes
refer to the upper x-axis and show the impact on p;p,. The empty rectangles show the pre-fit
impact and filled the post-fit. Moreover, the NPs values and their uncertainties are also included
as dots and lines, respectively. The uncertainty of the NPs is measured with the lower x-axis.

6.8.5 Asimov-hypothesis fit in the 2¢SS + 17,4

The steps in the fit of the 20 SS+ 17,4 channel are the same as is the channel in
which the light leptons have opposed electrical charge. First, the profile-likelihood
fit is performed under the Asimov hypothesis. Under this hypothesis the MC-
samples are used instead of the data collected by the ATLAS detector. Therefore,

in each bin is satisfied that n{™ = ng*.

As mentioned in Section 6.8.3.2, the 2¢SS + 17,4 fit is performed over two
profiles. Apart from the tHq signal, the backgrounds containing a top-quark—
antiquark pair are normalised simultaneously, i.e., a single normalisation factor,
ks ix, is used to control ¢t, tt W, ttH and ¢t Z.
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6.8.5.1 Nuisance parameters in the 2¢SS + 17,4 Asimov fit

The pruning of NPs in the 2/ SS+17,,4 channel is presented in Section E.2. For
instance, in this appendix can be seen that all NPs related to the PDF of the ¢
and ¢t W generation are pruned from the analysis. In that section can be seen that
most of the NPs are dropped completely. The normalisation of the NPs is kept
sometimes and, for a few NPs, the entire information or only the shape is kept. All
NPs that survived the pruning process are almost completely free of constraints.
Figure 6.35 shows how the ¢ NLO generator NP is slightly constrained.

Modelling
e ]iiPS+had
-2 -1 0 1 2

(6-0,)/00

Figure 6.35: Pull plot for the tf NLO generator NP under the Asimov hypothesis in the
2058 + 1714 channel. Each NP is shown as the relative change from its nominal value. The
green and yellow areas represent the +10 and +20 deviations from the nominal value of the NP,
respectively. The points represent the best-fit value for the NP and the uncertainty bars represent

the post-fit uncertainty.

The correlation matrix for the NPS in the 2¢SS + 17,4 channel is presented
in Figure 6.36. No significant correlation is present in the matrix. The normalisa-
tion K 7y 35.7% anticorrelation with the signal strength is the largest element of

Figure 6.36.
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Figure 6.36: Correlation between the different NPs and the POIs in the 2SS + 17,4 in the
Asimov hypothesis. Only the NPs with at least one correlation above 15% are shown.
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To account for the statistical uncertainty of the MC dataset in each of the bins
defined for 2¢ SS+ 17,4 the gamma ~ys are used. These are presented are presented
in Figure 6.37 for the Asimov fit. As can be seen there, all v uncertainties are
smaller than 0.1 on both sides.
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Y
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Figure 6.37: The s of all bins used in the 2SS 4 17,4, channel under the Asimov hypothesis.
The s are associated to the bins in the SR from left to right and numbered starting with 0.

Table 6.31 ranks the NPs by groups based on their influence on the sensitivity
of u?ﬁlis+17had. It can be seen that the largest group is that of the JES and JER
systematics. It is followed by the normalisation factor of the ¢f, t¢W, ttH and
ttZ backgrounds. The PDF uncertainty is small when compared to the one in
2008 + 17,4 channel. The ranking of the most relevant NPs is presented in
Figure 6.38. There, it is shown that the normalisation of the ¢ +¢tX processes is
the most impactful element on the tHq fit. This makes sense since, as Figure 6.30
suggests, the background processes have to be scaled significantly to fit the data in
the CR and this affects the distributions in the SR and, hence, the measurement of
Herrq- The next most significant contribution is the statistical significance rightmost
bin of the SR. As Figure 6.30a shows, this bin has the largest concentration of tHq
events but also the smallest number of events.

6.8.5.2 Asimov-fit results 2SS + 17,4

The expected sensitivity to the ¢ Hq signal strength and the £ ;7 ¢ normalisation
factor in the 2¢SS + 17,4 channel is:

Apip, = £6.51(tot.) £ 6.06(stat.) (6.6)
Ak 7x = £0.16(tot.) £ 0.12(stat.) (6.7)
The statistical error is the dominant component in the total ufi[iSHThad uncer-

tainty. The sensitivity to the tHq production improves significantly with respect
to the 20 OS + 17,4 channel (Equation 6.3). Regarding the uncertainty on the
background, it is larger than for the 2¢ OS + 17,4 channel. This is partially ex-
plained by the fact that the background contribution is remarkably reduced in the
20'SS + 17},,q channel. Although, the majority of the uncertainty over kg ;7 is due
to the systematic contributions.
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Uncertainty source Grouped impact

MC uncertainty ‘ +1.376
Theoretical

Other theo. uncert. +1.262
PDF uncertainty +1.516
Experimental

Instrumental +0.793
Flavour tagging +0.163
JES/JER +2.877
NormFactors ‘ +2.725

Total systematic uncertainty ‘ +4.614

Table 6.31: Impact of different groups of systematic uncertainties in the measurement of ji;, in
the 20 SS+ 174, 4 channels under the Asimov hypothesis.The impact of each group of uncertainties
is computed by performing a fit where the NPs in the group are fixed to their best-fit values, and
then subtracting the resulting uncertainty on the p,z, in quadrature from the nominal fit. The
line “MC uncertainty” refers to the statistical uncertainties in the MC events (see “gammas” in
Section 6.8.1). The other theoretical uncertainties refer to the uncertainties on the cross-section,
the ISR/FSR, alternative models, and the other elements described in Section 6.7.2. The total
uncertainty is different from the sum in quadrature of the different components due to correlations
between NPs built by the fit.

In the same way that the result in Equation 6.8.5.2 is obtained, the expected
sensitivity to the tHq process with inverted Yukawa coupling in the 2¢ SS + 17,4
channel is:

AT +1.72(tot.) + 1.30(stat.) .

t

The procedure to perform the fit with y, = —yP™ coupling is the same as for the
SM studies.
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Figure 6.38: Ranking of the most impactful NPs on the Asimov fit in the 2SS+ 17,4 channel.
The NPs are sorted by their impact on the p, 5, in decreasing order. The blue and cyan boxes
refer to the upper x-axis and show the impact on p;p,. The empty rectangles show the pre-fit
impact and filled the post-fit. Moreover, the NPs values and their uncertainties are also included
as dots and lines, respectively. The uncertainty of the NPs is measured with the lower x-axis.

6.8.6 Full-data fit results in the 2¢ OS + 17,4 channel

In the case of the fit to the data, there are no ad-hoc conditions applied to the
signal strength, the normalisation factors or the NPs. Therefore, in contrast to the
Asimov fit the values of y,y, and the k, can diverge from one, and the s can be
different from their 6°%s (i.e. pull).

6.8.6.1 Nuisance parameters in the 2¢ OS + 17,4 full-data fit

When the data is included in the fit, the NPs can be pulled. In Figure 6.39
only the pulled NPs are presented. The pulls and constraints of all other NPs in
the CR~only-background-only fit and in the unblinded-full fit do not present any
unexpected behaviour. The largest pull corresponds to the NP of the simulation of
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PS and hadronisation for the ¢¢ processes. The generation of the hard scattering
in tt also presents the second largest pull.
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Figure 6.39: Pulled NPs in the unblinded-data-full fit of the 20 OS + 17, ,4. The rest of NPs do
not present any significant pull or constraint from its nominal value.

The observed pulls can be ranked according to their significance. The pull sig-
nificance is a quantitive measure of the compatibility between data and constraints.
This is particularly important to spot nuisance parameters with a non-zero value
preferred by data but are not constrained.

For each NP, it is computed as Equation 6.8 expresses. The most significant
pulls are presented in Figure 6.40. There is no significant pull.

|post fit value|
\/ 1 — (postfit error)?

pull significance = (6.8)

When unblinding the data, the pulls can appear not only on the NPs but also
in the v factors. These are shown in Figure 6.41. There it can be seen that no
significant pulls are present in the v factors and, while some ~ drift from 1, their
are still compatible with the SM when their uncertainties are taken into account.

The correlation matrix for all the NPs is shown in Figure 6.42. In this figure, two
elements stand out with —52.8% and 44.9% of anticorrelation with juz,. These
correspond, respectively, to the t# FSR and tf NLO generator. Note that the
normalisation factors Kk, jes and k,; are 35.4% correlated.
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Figure 6.40: The 20 largest pull significances for the 2¢ OS + 17,4 in an ordered manner, with
the most significant pull shown first.
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Figure 6.41: The s of all bins used in the unblinded-data-full fit of 2/ OS+ 17,4 channel. The

~s are associated to the bins in the SR from left to right and numbered starting with 0.

6.8.6.2 Results of the 2¢ OS + 17,,4 full-data fit

The result of the profile-likelihood-binned fit in the 2¢ OS + 17,4 channel pro-
duces the following signal strength and normalisation factors:

perrg = —22. 1145383 (tot.) T15.75 (stat.) (6.9)
k= 0.97 £ 0.03(tot.) £ 0.02(stat.) (6.10)
k74 = 1.03 % 0.11(tot.) % 0.02(stat.) (6.11)

The total uncertainty (tot.) includes statistical and systematic effects. The stat-
istical uncertainty (stat.) is also shown, separately. The obtained results are com-
patible with the SM. The t# and Z + jets normalisations are hardly scaled, being
close to the SM prediction. In the case of k, the result is compatible with the SM
within one standard deviation. Due to its small uncertainty, £, jes is not compat-
ible with the SM within one standard deviation. Regarding 1i,5,, a negative factor
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Figure 6.42: Correlation between the different NPs and the POIs in the 2¢ OS + 17,4 channel
in the unblinded-full fit to data. Only the correlations of the NPs and normalisation factors with
at least one correlation greater than 15% are shown. Correlations are represented by a positive
number and anticorrelations by a negative one.

of —22.11 is applied to the tHq process. Of course, a negative factor and, hence, a
negative number of events does not have any physical meaning. However, the un-
certainty covers the compatibility with the SM within one standard deviation. The
large statistical uncertainty in the u?é(;SHThad result (the 1378 in Equation 6.9)
could be reduced if the statistical sample was larger and, hence, our understanding

of the tHq normalisation would be better.

For the inverted Yukawa coupling hypothesis, the measured signal strength is:

Fottgue—yt™ = —10.7555% (tot.) T35 (stat.) .

The effect of the full-data fit in the 2¢ OS channel is presented in Figure 6.44
where the binned distributions are shown after the fit and can be compared to the
pre-fit ones in Figure 6.29c. As expected, the x? increases after the fit, meaning
that the data/MC agreement has been improved. Also, note how the uncertainty
bands are now thiner.
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Figure 6.43: Ranking of the most impactful NPs on the fully-unblinded-data fit in the 2¢ OS +
17}.q channel. The NPs are sorted by their impact on the p;p, in decreasing order. The blue
and cyan boxes refer to the upper x-axis and show the impact on f;p,. The empty rectangles
show the pre-fit impact and filled the post-fit. Moreover, the NPs values and their uncertainties
are also included as dots and lines, respectively. The uncertainty of the NPs is measured with
the lower x-axis.

In addition to the signal strength, an upper bound is also determined through

a one-sided statistical test. This test is contingent upon the value of pp,, and the

upper limit is derived using the CLs method [308] to establish a confidence level

of 95% (CL 95%). The interpretation of the signal strength, along with the upper

limit, can also be articulated in terms of the production cross-section of the signal
process as follows:

O_obs = i1rq % O_pred 7

where o4

is the value sign of the production cross-section predicted by the theory.
For the 2¢ OS+ 17,4 channel, the expected and observed upper limits on the signal
strength are presented in Table 6.33. This means that in only 5% of all statistical
fluctuation cases, the signal strength would take a value higher or equal to 47.5

that is obtained.
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Uncertainty source Grouped impact

MC uncertainty ‘ +7.136
Theoretical

Other theo. uncert. +24.041
PDF uncertainty +9.624
Experimental

Instrumental +5.408
Flavour tagging +0.455
JES/JER +11.377
NormFactors | £10.527

Total systematic uncertainty ‘ +28.543

Table 6.32: Impact of different groups of systematic uncertainties in the measurement of ji;, in
the 2¢ OS+ 17y, 4 channel with the profile-likelihood-binned-fit with unblinded data.The impact of
each group of uncertainties is computed by performing a fit where the NPs in the group are fixed
to their best-fit values, and then subtracting the resulting uncertainty on the g, in quadrature
from the nominal fit. The line “MC uncertainty” refers to the statistical uncertainties in the
MC events. The other theoretical uncertainties refer to the uncertainties on the cross-section,
the ISR/FSR, alternative models, and the other elements described in Section 6.7.2. The total
uncertainty is different from the sum in quadrature of the different components due to correlations
between NPs built by the fit.

Observed ‘ Expected ‘ lo CLgs ‘ 20 Clgs
475 | 612 | [41.95,93.48] | [30.56, 148.6]

Table 6.33: Expected upper limit for the p;p, in the 2¢0S + 17,4 channel. The third and
fourth columns correspond to the 1o and 20 confidence interval on the expected upper limit.

To estimate how much the fit can constrain tHgq cross-section under the
Yy = —ytSM hypothesis, the expected upper limit is calculated in Table 6.34. The
observed limit obtained with the fit to the data is presented in the same table.
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Figure 6.44: Binned distributions in the 2¢OS + 17,4 channel after the fully-unblinded fit.
The real and simulated data events are shown using the following distributions: BDT(tHgq|pg)
for the SR, BDT(¢t) for the CR(¢t), and Hy for the CR(Z + jets). The uncertainty bands include
the statistical and all the systematic sources. The lower panels show the ratio between real and
simulated background data events. the x> /ndf and the probabilistic x* are included to measure
the agreement between real and simulated data events.

Observed ‘ Expected ‘ lo CLgs
77.95 119.6 | [46.97, 284.9]

Table 6.34: Expected upper limit for the y;z, in the 20 OS + 17,4 channel under the inverted
Yukawa coupling hypothesis. The third column correspond to the 1o confidence interval.

6.8.7 Full-data fit results in the 2¢SS + 17,4 channel

In the same manner as for the 2¢OS + 17,4 channel in Section 6.8.6, the
profile-likelihood-binned-fit to the 2¢SS + 17,4 channel with unblinded data is
presented in this section. The limits to the ¢ Hq production derived in this section
are more stringent since the 2¢ SS + 17,4 channel is more sensitive than the other
sub-channel.

6.8.7.1 Nuisance parameters in the 2SS + 17,4 full-data fit

When unblinding the data, some pulls are observed in the NPs (Figure 6.45)
while no significant pulls take place for the v factors (Figure 6.46). The largest
pulls are one of the JES effective NPs and the one accounting for the generation of
the PS and hadronistaion of the ¢f process. The most significant pulls according
to Equation 6.8 are presented in Figure 6.47. Three out of the four most relevant
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pulls correspond to the T-energy scale. This parameters refer to the calibration of
the energy of the 7y,4.
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Figure 6.45: Pulled NPs in the unblinded-data-full fit of the 2SS + 17, ,4. The rest of NPs do
not present any significant pull or constraint from its nominal value.
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Figure 6.46: The ~s of all bins used in the unblinded-data-full fit of 2¢ SS + 17,4 channel. The
~s are associated to the bins in the SR from left to right and numbered starting with 0.

The correlations in the unblinded fit are presented in Figure 6.48. While none
of the elements of this matrix is large, the most relevant of these is the anticorrle-
tion of 34.4% between the ky; ;75 and u?f}iSHThad. This leads to the most highly
ranked impacted on the derivation of the ju, (see Figure 6.49). The impact of the
systematic uncertainties pretend in groups is shown in Table 6.35, where it can be

seen that the largest groups of systematics are the JES and JER ones as well as
the uncertainty from the k; ;5.
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Figure 6.48: Correlation between the different NPs and the POIs in the 2SS + 17,4 channel
in the unblinded-full fit to data. Only the correlations of the NPs and normalisation factors with
at least one correlation greater than 15% are shown. Correlations are represented by a positive
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Uncertainty source Grouped impact

MC uncertainty ‘ +0.983
Theoretical

Other theo. uncert. +1.105
PDF uncertainty +1.374
Experimental

Instrumental +0.716
Flavour tagging +0.126
JES/JER +2.727
NormFactors ‘ +2.235

Total systematic uncertainty ‘ +4.081

Table 6.35: Impact of different groups of systematic uncertainties in the measurement of ji 7, in
the 20 5SS+ 17, ,4 channel with the profile-likelihood-binned-fit with unblinded data.The impact of
each group of uncertainties is computed by performing a fit where the NPs in the group are fixed
to their best-fit values, and then subtracting the resulting uncertainty on the p, 5, in quadrature
from the nominal fit. The line “MC uncertainty” refers to the statistical uncertainties in the
MC events. The other theoretical uncertainties refer to the uncertainties on the cross-section,
the ISR/FSR, alternative models, and the other elements described in Section 6.7.2. The total
uncertainty is different from the sum in quadrature of the different components due to correlations
between NPs built by the fit.
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6.8.7.2 Results of the 2¢SS + 17,4 full-data fit

The signal strength and k;; ;7 obtained as a result of the profile-likelihood-
binned fit in the 2¢SS + 17,4 channel are:

ferrg = —2.67 =+ 5.44(tot.) = 5.03(stat.) (6.12)
kg ax = 0.73 + 0.14(tot.) £ 0.10(stat.) . (6.13)

The uféisﬂ%ad is scaled to a negative value. While a negative p or k is clearly

. . o . 20SS+1 .
an unphysical solution, when taking into account the uncertainty, py, Thad g

compatible with the SM prediction within one standard deviation. For the norm-
alisation factor of the backgrounds with a pair of top quarks, the SM prediction is
at 1.930 from the SM prediction. It is believed that the origin of this discrepancy
comes from the scale factors correcting the misidentification rates (see Section 6.5).
After the application of the template fit method, there is still a mismodelling of the
distributions, being incompatible with the SM. For the inverted Yukawa coupling
hypothesis, the measured signal strength is:

Hyprgye—y™ = —0-3F 1.2(tot.) &+ 1.1(stat.) .
Both the observed and expected upper limit for the u?éiSHThad are obtained
and presented in Table 6.36.
Observed ‘ Expected ‘ lo CLgs ‘ 20 Clgs
1383 | 16.94 | [10.33, 30.22] | [6.991, 52.24]

Table 6.36: Expected upper limit for the p, 5, in the 2SS+ 17,4 channel. The third and third
fourth correspond to the 1o and 20 confidence interval.

Regarding the limits on the inverted Yukawa coupling hypothesis, the 10CLg;
and 20CLgs are calculated in Table 6.37.

Observed ‘ Expected ‘ lo ClLgs ‘ 20 Clgs
2079 | 24.07 | [7.478, 112.5] | [3.197, 342.4]

Table 6.37: Expected upper limit for the 1,5, in the 2¢SS + 17,4 channel under the inverted
Yukawa coupling hypothesis. The third and third fourth columns correspond to the 1o and 20
confidence interval, respectively.

Figure 6.50 presents the fitted distributions of the 2¢SS + 17,4 channel after
performing the full-data fit. These can be compared to the pregit ones in Fig-
ure 6.30b. The simulated background is scaled by a factor k; 7y in the post-fit
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distributions and, hence, the data/MC agreement improves. This is reflected by
the improved x*.
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Figure 6.50: Binned distributions in the 2¢SS + 17,,, channel after the fully-unblinded fit.
The real and simulated data events are shown using the following distributions: BDT(tHq|gg)
for the SR, and Hrp for the CR(#¢,t£X). The uncertainty bands include the statistical and all
the systematic sources. The lower panels show the ratio between real and simulated background
data events. the X2 /ndf and the probabilistic X2 are included to measure the agreement between
real and simulated data events.






Chapter 7

Conclusion

Cuando el rio es lento y se cuenta con una buena
bicicleta o caballo si es posible banarse dos (y hasta tres,
de acuerdo con las necesidades higiénicas de cada
quién) veces en el mismo rio.
—AUuGUSTO MONTERROSO,
HERACLITANA (1978)

This thesis presents the study to measure the direct production of a Higgs boson
in association with a single-top quark, focusing on final states with two light-flavour
leptons and one hadronically-decaying-7 lepton, employing the ATLAS detector.
Attending to the relative charge between the light lepton, this investigation is
divided into two channels: 20 OS + 17,4 and 20S5S + 17},4.

The search for such a rare process is motivated by the intricate interplay between
two fundamental particles: the Higgs boson and the top quark. On the one hand,
the Higgs boson plays a critical role in our understanding of mass acquisition by
particles through the Spontaneous Symmetry Breaking mechanism. On the other
hand, the top quark is notable for being the most massive particle in the SM and
the only one that decays before its hadronisation. Therefore, the Yukawa coupling
between these two particles is expected to be the largest in the SM and it can be
measured through this interaction. This measurement is central to the experimental
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program of the LHC and it could hint at possible CP violation, influencing the t Hq
production cross-section.

In this thesis the theoretical foundation of physics of the top quark and Higgs
boson are discussed, a review of the ATLAS detector and its performance is given,
and the simulation chain and object reconstruction are described. Then, the search
for the t Hq production is carefully detailed.

This analysis uses proton-proton collisions at /s = 13 TeV from the ATLAS
detector during Run 2 of the LHC with a total integrated luminosity of 140 fb™*.
The parton-level information is implemented and used to reconstruct the tHq pro-
cess. The origin of the light-lepton is assessed via the use of BDT. Then the
rate of misidentified particles is addressed using the template fit method to cor-
rect the MC yields. Afterwards, by using several BDTs, the SRs and CRs of the
analysis are defined. Utilising these regions, a profile-likelihood-binned fit with
Asimov data has been used to determine the sensitivity of the analysis. Then,
the real data has been incorporated to derive the normalisation factors of the ¢
and Z + jets productions in the 2¢ OS + 17,,4 channel. A normalisation factor has
been derived as well for tf, t¢W, ttH and ttZ all together in the 2¢SS + 17,4
channel. The profile-likelihood-binned fit with the entire dataset has been used to
determine the signal strength of the tHq production in each channel. Figure 7.1
presents the results of the direct search for the tHq production for both the SM
and the inverted Yukawa coupling These results on i, are fully compatible with
the SM. In regards to the inverted Yukawa coupling, the findings from our analysis
do not provide sufficient grounds to reject this hypothesis outright. The statistical
approach employed to assess the signal strength for the alternative cross-section
may not be the most effective for testing this hypothesis, particularly because the

negative i, (Y = —ytSM) represents an unphysical outcome. Nevertheless, the
observed deviation of approximately —1o from the expected result under this hy-
pothesis does not support the pup, (y: = —ytSM) scenario. The consistent preference

for a cross-section lower than anticipated across both sub-channels further solidifies
that this scenario is disfavoured.

The culmination of this analysis is the determination of limits on the tHq
production cross-section. The observed and expected upper limits on the tHgq
cross-section are in Table 7.1 and Figure 7.2. For the expected upper limit the 1o
and 20 variations are given. Both observed limits are compatible with the inverted
Yukawa coupling hypothesis. The direct comparison with the results presented in
Table 2.1 is complex since those target tH and this thesis tHg. For instance, the
most recent exclusion limit [105] is similar to the one obtained in the 2¢SS + 17,4
channel. The Reference [105] limitgscy, is 14.6(obs)19.3785(exp) while the one in
Table 7.1 is 13.83(0bs)16.947¢%:% (exp).
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Figure 7.1: Signal strength values for the both the 2¢ OS + 17,4 and the 2¢SS + 17,4 chan-
nels under (a) the SM and (b) the inverted Yukawa coupling scenarios. The total uncertainty
(tot) includes statistical and systematic effects. The statistical uncertainty (stat) is also shown,
separately.

[ upper limit

Channel ‘ Observed ‘ Expected 1o CLgs ‘ 20 ClLgs ‘

2008 + 17,4 4751 61.2 [41.95, 93.48] | [30.56, 148.6]
20SS + 17,4 13.83 16.94 [10.33, 30.22] | [6.991, 52.24]
2008 + 17pq (1 = =™ | 77.95 119.6 [46.97, 284.9] —
208S + 17paq (1 = —y™) | 20.79 24.07 [7.478, 112.5] | [3.197, 342.4]

Table 7.1: Observed and expected upper limits for the p, 5, for both 2+ 17 4 channels derived
with the CL method. For completion, limits under the inverted Yukawa coupling hypothesis are
included as well.

Looking ahead, the prospects for enhancing the outcomes of this analysis are
promising, driven by several anticipated developments:

e The upcoming high-luminosity Run 3 promises increased statistical signific-
ance of the analysis. This will be very beneficial since in the 2SS + 17,4
channel (the one with the best sensitivity) the statistical uncertainty is the
dominant. In the 20 OS+17,,4 the uncertainty due to the statistical sample is
similar to the systematic uncertainty and more data events will undoubtedly
enrich this search.

o The current techniques to estimate the rates of backgrounds due to misiden-
tified objects will also benefit from an increase in the statistical sample since
these are data-driven methods.
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Figure 7.2: Observed and expected upper limits for the ji;f, for both 2¢ + 17,4 channels. The
green and yellow areas represent the 1o (68% CL) and 20 (95% CL) variations of the expected
upper limit.

o As already mentioned, a significant challenge in the analysis presented in this
thesis stems from the lack of agreement observed between the actual data and
the MC-event samples. These discrepancies are attributed to limitations in
the application of the template-fit method. Although the caveat in the im-
plementation of the template is identified, a solution to it is not available at
the time of composing this thesis. Concerning this obstacle, it may be bene-
ficial to explore alternative methods to estimate the rates of the backgrounds
based on misidentified objects.

o With more statistics we could explore splitting the regions used in the fit cal-
culations according to the track multiplicity of the 7,4 (1-prong or 3-prong).
Since jets with different origins mimic differently the 7,,, depending on its
prongness, it can be beneficial to explore this classification when defining the
regions used in the profiled-likelihood fit.

e The impact of the simulated number of events for certain samples is unfortu-
nate. An improvement is expected from incorporating newer samples which
have been simulated with more statistics. While the effect of low MC statist-
ics could be mitigated more sensitive bins with less sensitive bins, after some
tests, it is seen that the sensitivity of the analysis decreased by doing so.

o Currently, there is a mild tension between the simulation and the experi-
mental results for ¢£ W. Therefore, progress in the simulation techniques or a
better understanding of these processes will further refine the analysis. This
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will be useful in the 2SS + 17,4 channel, where this is the second most
important background.

Additionally, this analysis can be extended in several ways. First, the region
definition can be improved by combining the BDTs described in this thesis with
the NNs that are also being used by the ongoing ATLAS analysis. Secondly, the
measurement of the tHq production in the 2¢ + 17,4 channel can be combined
with the measurements in other channels. From the two sub-channels explored
in this thesis, the 2¢SS + 17,4 one is the one that can add more sensitivity to
future combinations with other tHq channels. Finally, incorporating the tWH
processes in the signal would allow to perform a more complete tH search and,
hence, the inverted-top-Yukawa-coupling hypothesis can be properly tested. This
work is currently being done, although it is not included in this thesis. The tools
and methods developed to analyse the tHg productions are the same that are
employed for the inclusive ¢t H measurement.






Appendix A

Details about the parton-level
simulations

A.1 Software package for parton-level informa-
tion

The TopPartons package performs the analysis of the parton-level truth inform-
ation. For all particles except the ones in the final state, the information stored
in the N'Tuples corresponds to the after FSR. For the final state particles, the ISR
information is saved. For each particle, the PDG-ID, pt, 1, ¢ and mass are stored.
Additionally, some of the 7 related variables contain information on whether 7 de-
cays hadronically or leptonically. If the 7 decays to a light lepton, it stores the
PDG-ID of that lepton and if it decays hadronically it stores the PDG-ID of the
W~ for 7~ and the W for 7.

Decay of the Higgs boson and the top quark

First of all, the code searches for the Higgs boson by looking at the PDG-ID of the
truth particles. Then, it takes into account all the considered Higgs-boson decays
and demands that it has exactly two children. The FSR state of the Higgs boson is
stored and its children are studied. If the Higgs boson does not decay into W W™,
7 17 or ZZ, the event is discarded. To fill the truth variables it is also required
that the top quark decays into Wb.

Spectator-quark ambiguity at NLO
fig:tHq:intro:diltauFeynmanDiagram The algorithm identifies the spectator quark,
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i.e. the quark that comes from the hard-scattering process. At NLO, the spectator
quark is not well defined from first principles at the parton level and, therefore,
there would be no way that one can do a proper parton assignment with NLO
generators.

To properly select the spectator light-quark, firstly the top quark is searched
and then its parent found'. The spectator quark is selected at parton level from
among the light quarks after the QED and QCD radiations that are not products of
the top-quark decay. In case of ambiguities arising from ISR, the spectator quark
that minimises the pp of the combined spectator-quark and top-quark system is
chosen.

b quarks

Afterwards, the second b-quark is identified as the one whose parent is a gluon
since it is originated from the gluon splitting. The b-quark originated from the
top-quark-decay system is saved as well. In Figure 6.14 the pr and 7 distributions
of these quarks are compared using the truth-level information.

Further decays

Finally, all the possible decays from the Higgs-boson children are considered. These
are further decayed several times to explore all possible final states. The range of
possible combinations is wide and the particular configuration that defines a final-
state channel can be achieved in more than one way.

A.2 BR-based calculation for the tHq fractions

On the other side, the BR-based calculations are used to determine the fraction
of each decay channel that is present in the 2¢ 4 17,4. This predictions should be
match the fractions obtained with the TopPartons package. This calculations are
performed to validate the code not only for the 2¢+ 17,4 channels but also for the
3(. By doing so, even a further confirmation of the proper functioning of the code
is achieved. For the calculations, the BRs of the three Higgs-boson-decay modes
that are considered are presented in Table A.1 [10]:

'Note that in PYTHIA the intermediate quarks are left out so the parent of the top quark would
be the gluon and up quark in the diagram of Figure 6.1. Therefore, the children of the gluon
are the b-quark, the top quark, and spectator quark.
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Decay BR(%)

H— 771 56.65
H—- WW* 512
H— 77" 37.43

Table A.1: Probability of the Higgs boson to decay to each of its three considere decay channels.
The percentages are normalised to 100%.

The decay products of each pair of Higgs-boson children are combined and the
total decay fractions of these combinations are computed. To do so, decay ratios
presented in Table A.2 are used [10]:

T BR(%) | w BR(%) | Z BR(%)

T — evv 14.82 W — ev 10.71 | Z — ee 3.36
T — UV 1439 | W — pv 10.63 | Z — up 3.36
7 — Hadrons 64.74 | W — tv 1138 | Z — 7171 3.36
W — Hadrons 6741 | Z — vv 20

7 — Hadrons 69.91

Table A.2: BR of each of the 7 lepton, W and Z bosons. The percentages of each column are
normalised to 100%. If the W or Z boson decay to a 7, the are further decayed into either a e/u
Or Tyad-

For each of the Higgs-boson-decay modes, the possible final states are studied
and its correspondent fractions are calculated in Table A.3. In the H — 77 column
can seen that the 7,4 +7, signature is mor probable (45.6%) than the 7, 47,
one (12.4%). For H — W W™, the first two rows take part in the 20 + 17,4
signature when the 7,4 comes from the ¢ quark in the first item and the H boson
in the second. For the ZZ* the ZZ® — 2 x e/u contributes to the 2¢ + 17,4
signature when the 7,4 is produced in the top-quark system. When the top quark
decays into a light lepton, the ZZ* — e/u+ 7,4 mode contributes to the 20+ 17, .4
final state.

For the top-quark system only the ¢ — W 4 b mode is taken into account and
the W boson is further decayed until there are either hadrons, light leptons or a
Thad- Except when the W boson decays directly into hadrons, all modes contribute
to the 2¢ + 17,4 channel.

Combining all the decay modes presented brings out a wide variety of final
states with different probabilities. For the 2¢ + 17,4 final state, these results are
summarised in Table 6.9. Additionally, from these calculations can be deduced
that from all tHq events, only a 3.72% decay into a 2¢ 4+ 17,4 final state. From
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H— 77 BR(%) | H— WW* BR(%) | H— 277 BR(%)
T s e/ut+e/p 1251 | WW* — e/u+e/u 6.42 | ZZ" —>4dxelp 0.52
T = e/t Thaa 4563 | WW* — e/ + Thag 373 | ZZ"—=2xelp 12.85
7777 — Hadrons 4151 | WW* — e/u +Hadrons  34.17 | ZZ" — e/p 4 Thaa 12.85

W W* — Hadrons 55.92 | ZZ" — 4 x v+Hadrons  80.82
Z7* = 2 X Ty 2.82

Z7* 53X e+ T 022

Table A.3: Probability of each final-state of the Higgs system. The probabilities of each column
are normalised to 100%. This is calculated from the numbers in Table A.2.

these, in more than 80% of cases the 7,4 is produced in the Higgs-boson-decay
chain.
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Boosted Decision Trees

A boosted decision tree, typically referred by its acronym BDT, is a supervised'
machine learning (ML) technique used for classification. The analysis presented
in this thesis uses several BDTs. Both the light-lepton-origin assignment (Sec-
tion 6.4.2) and the processes separation (Section 6.6.2) are based on BDTs. This
tool is applied in more scenarios within ATLAS. In the b-tagging, for instance, a
BDT is trained to discriminate b-jets from light-jets [229]. During the development
of this thesis, two software packages have been used to develop BDTs: TMVA [284]
of ROOT [283] and XGBoost [293].

Section B.1 of this appendix explores the fundamental principles, training pro-
cedures, evaluation metrics, and practical applications of BDTs. While in Sec-
tion B.4, the k-folding method for cross-validation is described. Section B.5 care-
fully describes the hyperparameters that control the training procedure. More
details about the metrics and additional considerations are given in Section B.6.
The information on the different BDTs presented in Chapter 6 is complemented in
Section B.7. In this section, the metrics of the different folds are presented sep-
arately, the matrices displaying the linear correlation among variables are shown,
and the evolution plots of the different training are introduced.

B.1 How does a BDT work?

A BDT is an ensemble of decision trees. Each decision tree is a map of possible
results of related decisions. A decision tree takes a set of input features and splits
input data recursively based on these features. This results in a tree structure

1Supervised learning means that the data used in the training is labelled.

235
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Figure B.1: Example of a decision tree with three nodes. This particular example corresponds to
one of the trees in the BDT for the light-lepton-origin assignment (see Section 6.4.2). The colour
of the boxes represents the purity of Typel or Type 2 events that arrive at each node. Repeated
left /right (yes/no) decisions are taken on one single variable at a time until the classification takes
place.

that resembles that of a flow chart with a decision or split at each node. The last
level of the trees are the so called leaves (also known as terminal nodes) and each
represents a class label. An example of a single tree can be seen in Figure B.1,
where an event is classified in one of the two categories following a set of yes/no
questions. In this work the BDTs employed are binary, i.e. they separate the
dataset into two categories, but multiclassifier BDTs could be used as well. In fact
for the region definition, multiclassifier BDTs have been tested but, since the result
was not satisfactory, these are not used.

Boosting is a technique for turning numerous weak classifiers (trees in this case)
into a powerful one. Each tree is created iteratively depending on the prior ones.
The output of each tree, denoted as h,(x), is assigned a weight, w;, proportional
to its accuracy. The ensemble output or prediction is the weighted sum:

j(x) = Et: wyhy ()

where ¢ run over the trees. The ¢ is the model prediction of the true label, y. The
goal of the boosting is to minimise a regularised objective function:

D) = 1 w) + S0 (B.1)
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where 1(7;,y;) = U(f(x;]0),y;) is a differentiable convex loss function which
measures the distance between the true label (y;) and its prediction (¢;) on the i
sample. The term (f;) corresponds to the regularisation function, which penalises
the complexity of the ¢ tree, f,. The 6 in f(x;]@) are the model parameters. For a
BDT, 6 would be the weights and biases. The @x; are values for the input variables
for the i’ sample, while y; denotes the target variable real value. The regularisation
term €(f;) term helps to smooth the final learnt weights to avoid over-fitting.

The tree ensemble model in Equation B.1 cannot be optimised using traditional
optimisation methods in Euclidean space. Instead, the model is trained in an
additive way so that the objective function to minimise is:

2O = 30 70+ fl)) + 905, (B2

There are several types of boosting for BDTs. Some of the most common are
AdaBoost, Gradient Boosting and XGBoost. The latter, which stands for “eXtreme
Gradient Boosting”, is used for region definition and its details can be found in
reference [293]. Boosting can significantly improve performance compared to that
of a single tree and stabilise the response of the decision trees to fluctuations in
the training sample.

B.1.1 Training

For a supervised ML algorithm, the process of training means to learn or de-
termine optimal values for all the weights within the model. To achieve this, the
algorithm takes the labelled data and fits the model. In the case of signal discrim-
ination, for instance, the ML model takes the MC samples, where all the events
are labelled. Within the data, the model also requires a set of variables that have
some power to discriminate between the selected categories. The variables used for
training are referred as input features. A condition on one discriminant variable is
set on each node of the BDT to split the phase space into two parts. The training
aims to find the optimal cut in each node so that after it the separation between
the categories is maximised. This is done in a loop over all discriminating variables
and trying to test as many as possible values for each cut (the default in TMVA is
trying 20 values for each variable). The best cut is defined as the one that yields
the highest splitting index difference between the parent node and the two child
nodes (each weighted by the total number of events in the corresponding block).
The splitting process continues until a stopping requirement is met.
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Internal reweighting of events in the training sample

Occasionally, MC generators may provide event weights which may turn out to be
extremely small or very high. To avoid artefacts, TMVA can renormalise the signal
and background training weights internally so that their respective sums of effective
(weighted) events are equal. By doing this, the performance of the BDT can be
improved since some classifiers are sensitive to the relative amount of each category
(Type1/Type 2 or signal/background) in the training data. While for the lepton
assignment, this renormalisation does not play an important role (the amount of
Typel and Type2 signal events is similar), for the tHq signal discrimination the
signal sample in the training test requires reweighting.

Another case of internal reweighting is when negatively-weighted events are
present in the training sample and the absolute value of the weight is used instead.
More details about the problems associated with negatively-weighted events in the
training sample of a BDT can be found in Section B.3.

B.1.1.1 Loss functions

The loss function, also referred to as the error function, is used to evaluate
the quality of predictions by measuring the deviation between estimated values
and their corresponding true values during a specific iteration of the model. It
penalises prediction errors and plays a crucial role in supervised ML models.

TMVA loss function

The TMVA framework offers various options for loss functions that can be used
for training and evaluating ML models. The choice of the loss function depends on
the specific task and the nature of the problem being addressed. When utilising
gradient boost, one commonly used loss function in TMVA is the squared-error
loss, which measures the squared difference between the predicted value and the
true value. It can be expressed as: (7, y) = (§ — y)*.

For binary classification tasks, TMVA provides different loss functions that
encapsulate the notion of misclassification. The most popular boosting method,
AdaBoost, is based on exponential loss, I(7,y) = =) [309]. However, exponential
loss lacks robustness in the presence of outliers or mislabelled data points, causing
the performance of AdaBoost to degrade in noisy settings.

To address this weakness, the GradientBoost algorithm in TMVA allows for
the use of other potentially more robust loss functions while maintaining the good
out-of-the-box performance of AdaBoost. In TMVA, the implementation of Gradi-
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entBoost for classification, the binomial log-likelihood loss function is employed:

(9,9) = n (1472
XGBoost loss functions

The XGBoost library provides various loss functions that can be used for dif-
ferent purposes. For binary classification, as is the case in the BDTs presented in
Section 6.6.2, the logistic loss function has been used. However, there are other
available options, such as logitraw and hinge. These different loss functions allow
flexibility in choosing the appropriate approach based on the specific requirements
of the classification problem. For the tests involving multiclassifiyer BDTs, the
softprob loss function was employed.

For the logistic loss function in XGBoost, the [ term in Equation B.2 repres-
ents the logarithmic likelihood of the Bernoulli distribution. It can be formulated
as follows:

I = y; log[logistic(g " + f,(@:))] + (1 — ;) log[1 — logistic(9\" " + f,(,))]

where logistic(gj§t_1) + fi(x;)) is the probability for the category. In an algebraically
equivalent manner, it can be written as:

l= yi[@f_l + fi(z;)) — log(1 + eXP(?jf_l + fi(=x;))]

B.1.1.2 Overtraining

Being f(x|f) a ML model where = are the data points used as input and 6 the
tuneable parameters of the model. The function f(x|f) outputs the prediction of
the model. The parameters 6 of the model are tuned during the training process
using a training set (7). The true output (y) of the elements in 7. When successful,
the training finds the 6 that performs as good as possible on new, unseen, data.

For a given f(x|f) model, the training error, err(7), is defined by [310]:

err(T) = = > Uyn, f(2,0)) (B.3)

where NV, is the number of events used for the training and [ the chosen loss function
and x, and y, are the features and label points in the training set. So, the error
function measures the error of the model on a group of objects, whereas the loss
function deals with a single data instance.
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The err(7) usually decreases as the number of training cycles increases, and it
can begin to adapt to noise in the training data. When this happens the training
error continues to decrease but the error on the data outside of the training set
starts increasing, jeopardising the general performance of the model. This effect is
the so called overfitting or overtraining.

In other words, overtraining occurs when a ML model can accurately predict
training examples but is unable to generalise® to new data. When overtraining
takes place, the ML model has learnt the details of the training data to an extent
in which this knowledge do not reflect the behaviour of the test sample. This results
in poor field performance.

Figure B.2 shows how an overtrained BDT evolves. In Figure B.2a can be seen
that as the training of the BDT continues, the ability of the model to classify the
events in 7 (blue) improves while for the data in the test sample (orange), it does
not. This means that the model is not generalising properly. With the plot of
the loss function (Figure B.2b) can be seen how the error of the test data slightly
increases while for the training samples is strongly reduced. These two evolution
plots can be compared to the equivalent ones presented in Section B.7.4, where
there is no overtrain.

XGBoost auc XGBoost logloss

rain_
Test_0

0 100 200 300 400 o 100 200 300 400
Epoch Epoch

(a) Area under the ROC curve. (b) Logarithm of the loss function.

Figure B.2: Example of the evolution of the BDT metrics when overtraining occurs. The x-axis
shows the training iteration. Observe how the curves for the train and test samples diverge as
the training epochs advance.

Usually, overtraining is a result of too little data or data that is too homogenous.
It arises when there are too few degrees of freedom because too many model para-
meters of an algorithm were adjusted to too few data points. Not all MVA methods
are equally sensible to overtraining. While Fisher discriminant [311] hardly suffers

By generalise is meant that the model recognises only those characteristics of the data that are
general enough to also apply to some unseen data.
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from it, BDTs usually present partial overtraining, owing to their large number
of nodes. Nevertheless, for the BDTs some countermeasures can be applied to
preserve the ability to generalise:

o Avoid testing the model on the data used for the training.

o The number of nodes in boosted decision trees can be reduced by removing
insignificant ones (tree pruning). There are two types, pre-pruning and post-
pruning

— Pre-pruning: Refers to the early stopping of the growth of the decision
tree.

— Post-pruning: Allows the decision tree model to grow to its full depth,
then removes the tree branches to prevent the model from overfitting.

o Cross validation is a powerful technique to use all the data for training at the
same time that all the data for testing is employed while avoiding overfitting.
This method is based in cleverly iterating the test and training split around
and it is described on Section B.4.

B.2 Feature-selection optimisation

The optimisation of the list of input variables is divided into two distinct steps:
Obtaining the ranking of the most discriminant variables and removing the features
that present high correlations.

The initial step is performed by an iterative method based on the feature ranking
provided by the XGBoost package. A benefit of the methods that provide a variable
ranking is that it allows for interpretability of the results in terms of which physics
objects are used. The XGBoost-ranking tool is based on references [312, 313] and it
provides a score that indicates how useful each feature is in the construction of the
BDTs within the model. It is calculated for a single decision tree by the amount
that each attribute split point improves the performance measure, weighted by the
number of observations the node is responsible for. After establishing an initial
and preliminar set of input variables, each iteration involves the following steps:

1. Train the BDT using the current set of variables.

2. Rank the input variables according using the XGBoost-ranking tool and re-
cord various metrics such as the log-loss function and the AUC of the ROC
curve.
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3. Drop the lowest-ranked feature from the collection of training variables and
go to the first step of the loop.

When all variables have been dropped out, the loop is completed. As a result, we
get the information of what is the performance of the BDT model depending on
which variables have been used. This allows to understand the actual impact of each
variable in the BDT performance and the effect of removing it from the training.
These steps are schematically illustrated in Figure B.3, where each iteration is
depicted.

After doing this, the correlations among variables have to be studied and sup-
pressed. The correlation studies for the variables used in BDTs for region definition
are presented in Section B.7.3.

Initial set of
features

Train BDT

------ -

Store
metrics

Figure B.3: Schematic view of the iterative algorithm method for feature-selection optimisation.
The procedure is reaped until all features are dropped.

B.3 Treatment of negative weights

Negatively weighted events can be problematic when training a BDT for several
reasons. Firstly, BDTs, typically operate under the assumption that data represents
probabilities or frequency counts. Negative weights violate this assumption, as they
do not have a natural probabilistic interpretation. Additionally, negative weights
affect the stability and performance of the BDT by slowing the convergence model
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or failing to generalise to new data. Negative weights can also distort the process of
correcting the inaccuracies of the previous trees in the boosting iterations, leading
to skewed decision boundaries.

While for the XGBoost there are no dedicated training options to address this
problem, the algorithm can converge using negatively-weighted events. However,
in the search presented in this thesis, it is prefered to avoid the risks involving the
training with negative events and, hence, either the absolute value of the weight
is used or only the events with negative weights are taken into account in the
training process. Note that these two options are internal reweightings and, after
the training, the event weights are the original ones.

For the TMVA case, there are specific options for dealing with events with
negative weights. These are explored below in Section B.3.1.

B.3.1 Negative weights in BDTLepton Assignment

The TMVA library offers several possibilities to deal with the negatively
weighted events. These are:

o InverseBoostNegWeights: It boosts with inverse boostweight. This option is
not available for gradient boosting.

o IgnoreNegWeightsInTraining: This option is the one that is being used and as
its name suggests, it removes the negatively-weighted events from the training
sample.

o Pray: This option allows to use negative weights in the training but might
cause problems with small node sizes or with the boosting. It was tested and
the model could not achieve stability.

o PairNegWeightsGlobal: This option is still experimental. It takes the negat-
ively weighted events and pairs them with the events with positive weights,
annihilating both. When using this option the gradient BD'T was not able to
converge.

In the BDTLepton Assignment 1o gelocted treatment ignores the negatively weighted
events in the training. When testing the model, these weights are taken into
account.
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B.4 Cross validation and k-folding

Cross validation is a technique consisting of training several ML models on
different subsets of the input data and evaluate these models on the complementary
subset of the data. The goal of cross validation is to estimate the performance of a
ML model. Cross validation can identify overfitting or recognise the failure of the
model to generalise a pattern.

One particular method to cross validate is the k-folding. It is based on splitting
the input data into & € N equally-sized subsets. Each of these subsets is referred as
a fold. With this procedure, the ML model is trained & times as Figure B.4 shows.
For each train, k — 1 folds are used in the training set and the remaining non-used
fold is the subset of data where the evaluation takes place. All folds are used once
as test sample and k£ — 1 times in the training sample. There are no formal rules for
the choice of k but typical values are 5 or 10 folds. As k gets larger, the difference
in size between the training set and the resampling subsets gets smaller. As this
difference decreases, the bias of the technique becomes smaller. In the analysis
presented in this thesis a k = 5 is used for both BDTs.

All Data

Training data Test data

’mm1"mw2"mms‘IWM4‘ mws‘\

Fold 1 H Fold 2 H Fold 3 H Fold 4 \ Fold 5 ‘

Spiit2 | Fold1 || Fold2 | Fold3 | Fold4 | Fold5 |

|
|
spiit3 | Foid1 || Fold2 || Fold3 || Fold4 || Folds |
|
|

Finding Parameters

Split4 | Foldl | Fold2 | Fold3 || Fold4 | Fold5 |

Spiit5 | Fold1 | Fold2 | Fold3 | Fold4 || Folds |/

Final evaluation { Test data

Figure B.4: Illustration of k-folding method for cross validation using 5 folds. For each model,
the training folds are presented in green and the test fold in blue. The initial training/test
separation is not performed in our case due to the scarcity of data.
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The k-folding cross validation resample is of particular interest when the data
available is limited because, by applying this method, all events are used in the
training phase. It generally results in a less biased or less optimistic estimate of
the model skill than other methods, such as a simple train/test split (although
train/test split is a particular case of k-folding using k = 2).

Note that when the score of the model is applied, each event gets the score that
was assigned when it was used as test event. Not doing this would bias the model.

The expected error for a model f(x|0) trained using k-folding is:
1
err(7) = % > err(Ty), (B.4)
k

where err(7;) is the error as described in Equation B.3 for each splits test. As
Equation B.4 shows, an increase in the number of folds would imply more models
to average over and, hence, implying an improvement in the confidence of how
consistent the f(x|0) achieves a given level of performance. However, a larger k
would also reduce the statistical strength of each fold.

When it comes to assigning an event to a fold, there are no particular rules
besides trying to ensure that all the folds represent the general behaviour of your
sample and that the size of all folds is the same. The best way to ensure this
is by shuffling the dataset randomly. In this analysis, the function to split the
data sample among the folds is using the event number. The event number is a
categorical variable that assigns a number to each event and it has no physical
meaning. Therefore, using this variable to split the data does not create any bias.

B.5 Hyperparameters

Hyperparameters is the term used to refer to the specifications that control”
the learning process of a ML algorithm.

A ML model is defined by its model parameters, which are sat by the process
of training. To reach some level of intelligence, the process of training a model
involves selecting the optimal hyperparameters that the learning algorithm will
use to learn the ideal model parameters that accurately map the input variables
() to the labels (y). The learning algorithm uses hyperparameters when learning,
but these are not included in the resulting model.

5The prefix “hyper” suggest that these parameters are on a higher level that modulates the
training process.
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XGBoost

In XGBoost, the hyperparameters are classified in three categories: general, booster
and task hyperparameters. For the work developed in this thesis, the parameters
related to the boosting of the trees are the ones that have been optimised.

o General parameters: Refer to which booster its been used. The used option is
based on linear functions. The general parameters also adapt the algorithm to
the used device. Since the training of the BDTs takes place in ARTEMISA*
facility, it is set GPU.

« Learning task parameters: Decide on the learning scenario. Specify the learn-
ing task and the corresponding learning objective.

o Booster parameters: Control the performance of the selected booster. For
trees, the most relevant are:

— Learning rate: This tuning parameter determines the step size at each
iteration while moving toward a minimum of a loss function. Figure B.5
shows the evolution per epoch for the loss function depending on the
learning rate. This hyperparameter is also known as eta or shrinkage,
and it ranges from 0 to 1.

— Minimum split loss: Also known as gamma or Lagrangian multiplier.
A node is split only when the resulting split gives a positive reduction
in the loss function and the gamma gives the minimum loss reduction
required to make a further partition on a leaf node of the tree. Therefore,
the higher the gamma, the more conservative the algorithm will be. The
minimum split loss ranges from 0 to co. After testing several values for
this hyperparameter, it is not being constrained.

— Minimum child weight: It defines the minimum sum of weights of
all observations required in a child. When the tree partition results
in a leaf node with the sum of instance weight less than the value of
this hyperparameter, the tree stops partitioning. Higher minimum child
weight prevents the model from learning too specific relation. So, this
is done to prevent overfitting. This tuneable parameter ranges from 0
to oo.

— Maximum tree depth: It refers to the number of splits in each tree,
which controls the complexity of the boosted ensemble. When MaxDepth

*ARTEMISA (ARTificial Environment for Machine learning and Innovation in Scientific Ad-
vanced computing) is a ML dedicated facility at IFIC. It is composed of several Intel Xeon
Platinum CPUs and Tesla Volta GPUs that help to find the optimal configuration for ML al-
gorithms.
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Loss

Very high learning rate

Initial loss

Low learning rate

High learning rate

v

Epoch

Figure B.5: Different loss-function curves versus iteration. Learning rate is one of the most
important hyperparameters to adjust well during the ML model training. If it s high, it can cause
the model to diverge. If it s too low it can slow down the training.

is set to an integer value greater than zero, the created cell tree will
not be deeper than this integer. This hyperparameters controls de pre-
pruning described in Section B.1.1.2. The maximum depth of a tree is an
integer ranging from 1 to co but it is rare to have trees with depth higher
than 10 since XGBoost aggressively consumes memory when training a
deep tree. In the BDTs for region definition, this hyperparameter is set
to either 4 or 5.

— Scale of positive weight: When the categories are imbalanced, as it is
the case for the signal and background in this analysis, the signal sample
can be reweighted to have a larger impact. The scale of positive weight is
the parameter by which the weights of the target process are multiplied.
The typical value to consider is the fraction between positive instances
(signal) and negative instances (background). When the BDT is target-
ing the identification of background processes this hyperparameter can
be also used but it takes values closer to the unity.

— Tree method: It alludes to the tree-construction algorithm used in XG-
Boost. The method used here is the GPU implementation of a variant
of the LightGBM [293, 314].
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TMVA ROOT

This section complements the hyperparameter optimisation for the BDT for the
lepton assignment that is described in Section 6.4.2.3. The TMVA-based BDTs
allow to configure the several training hyperparameters. From those, the ones that
have been explored are:

e Number of trees: Number of trees in the forest. The more trees, the
more complex the model is and, hence, it can learn more. However, the
complexity risk is that the BDT can learn the specifics of the training sample,
i.e., overtraining.

e Minimum size for each node: Minimum percentage of training events
required in a leaf node. The default for classification: 5%.

e Number of cuts: Control the number of cuts tested within a variable in
order to find the optimal cut value for a node splitting.

o Negative weight treatment: Controls the approach for handling events
with negative weights during BDT training. The TMVA library has options
to include negative weights in the training by pairing them with positively
weighted and “annihilating” both events. This strategy has been tested but
in the end, removing the negative events provided the best performance.

o BoostType: Type of boosting algorithm. The options are

— AdaBoost: This is the most popular type of boosting algorithm and it
uses an exponential loss function. Its name comes from “adaptive boost-
ing”. It consists of creating several weak trees, each of them adjusting
what the previous one could not. This algorithm lacks robustness in the
presence of outliers or mislabelled data points, which can happen in the
lepton-origin-assignment scenario.

— Gradient boosting: The TMVA implementation of the gradient boost
uses the binomial log-likelihood loss function for classification. This
algorithm attempts to overcome the problem presented by AdaBoost
regarding the outliers or mislabelled data.

« Use Bagged Boost: If used, only a random subsample of the events is used
for creating the trees at each iteration. The “bagged sample fraction” is the
relative size of the bagged sample to the original size of the data sample.

e Pruning: Method used for removing statistically insignificant nodes in the
BDT in order to counteract overtraining. For simple decision trees, it is
beneficial to first grow the tree to its maximum size and then cut back,
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rather than interrupting the node splitting at an earlier stage. However, for
BDTs, the best performance is found when small trees (max. depth ~ 3) are
used rather than big trees with pruning.

The learning rate, maximum number of trees, and maximum depth that are ex-
plained above for the XGboost but these have also been tuned for TMVA.

B.5.1 Hyperparameter optimisation of a BDT with the ge-
netic algorithm

A genetic algorithm (GA) is a search heuristic that mimics the process of natural
selection to find solutions to optimisation problems [294]. It works by maintaining
a population of potential solutions, and iteratively improving the population over
time. Each element of the population is referred to as a chromosome and in our
case is a collection of hyperparameters and, hence, a different BDT model once it is
trained. Figure B.6 describes the steps of the GA for hyperparameter optimisation.
These are:

1. Initialise a population of potential hyperparameter configurations (chromo-
somes). Each chromosome is a vector of values for the different hyperpara-
meters of the BDT model.

2. Evaluate the fitness of each chromosome. For the BDT, this is done by
evaluating the performance of a BDT trained with these hyperparameters.
The fitness function used to measure the ability of the model is Zn:

Zn log(LogLoss) .

B 1
~ 1—AUC

3. Select the best half of chromosomes as parents for the next generation. This
means that half of the chromosomes with higher Zn is kept while the other
is dropped.

4. Perform crossover and mutation to renew the population. This means that,
from the chromosomes that are kept, new ones are created via two mechan-
isms:

e Crossover: Combine the chromosomes of two parents to create new off-
spring. There is the possibility that a specific value of a hyperparameter
is exchanged between two chromosomes. To favour diversity in the new
chromosomes, the crossover rate has been set to 80%.
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e Mutation: Randomly change one or more genes in a chromosome. For
each hyperparameter in each new chromosome, the mutation probability
is set to 8%. If a hyperparameter mutates, it is multiplied by a random
number from a gaussian distribution with mean 1 and a standard devi-

ation 0.05.

The crossover and mutation rates, as well as the mutation factor can be

modified for each optimisation.

5. Repeat steps 2-4 until a satisfactory solution is found.

and drop

Drop
duplicates

Genelic Cross

and renew algorlthm pair

Mutate

Inject initial population

A collection of sets of hyperparameters is
injected to the GA.

Selection and drop

A model is trained for each set and these
are ranked. The worst half is dropped.

Cross pair

Randomly interchange values of some
hyperparameters between two sets.

Mutate

Randomly mutate the values of some
hyperparameters.

Drop duplicates and renew

Remove the duplicates and add the new
sets to reach the initial population.

Results

To watch carefully and attentively in order
to learn or gain information.

Figure B.6: Schematic view of the GA method for hyperparameter optimisation.

B.6 Other considerations about

Receiver operating characteristic curve

The receiver operating characteristic curve (ROC) is a graphical plot used that is
used to illustrate the ability of a binary classifier. It assesses the tradeoff between
true positive (TP) and false negative (FP) rates as the parameters of the classific-

ation vary. This is depicted in Figure B.7a.

o True positive rate: Also known as sensitivity. It is the possibility of a posit-
ive test conditioned on truly being positive. For instance, it is the probability

BDTs

for the BDT in Section 6.6.2 to identify a tHq event as such.
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« False positivity rate: It can be calculated as 1 - sensitivity. It refers to the
possibility of a negative test given that it is truly positive. In the Section 6.6.2
BDT scenario, it would be the ability to classify a background event as if it
was a tHq signal event.

The area under the curve (AUC) is a commonly used quantitative summary, it
measures the bidimensional area under the ROC from (0,0) to (1,1) as Figure B.7b
shows. The use of the AUC is convenient for several two reasons. Firstly, it is
invariant with the scale because it does not measure absolute values but rates.
Secondly, it is invariant with respect to the classification threshold and, hence, it
evaluates quality of the classification model.

— ——— =
TP vs. FP rate at -
one decision
threshold
7 [V}
(]
5 ’ -
o % 4
= / TP vs. FP rate at
another decision o
/ threshold -
/
o I’ o
0 FP Rate 1 0 FP Rate 1

(b) The AUC varies from 0 to 1. While 0.0 cor-
responds to a model that always fails, a 1.0 means
that the model is right a 100% of times.

(a) Typical ROC curve. It shows that as the classi-
fication threshold decreases, more events are classi-
fied as positive, causing both the FP and FN rates
to increase.

Figure B.7: The ROC presentes the TP vs the FN rate. The ROC analysis is related to
cost/benefit interpretation of decision making.

Precision-Recall curves

While the ROC summarises the trade-off between the true positive rate and false
positive rate for a predictive for different probability thresholds, there is another
plot that helps with the diagnosis of the binary classification models; the Precision-
Recall curves. These summarise the equilibrium between the true positive rate
and the positive predictive value for a predictive model using different probability
thresholds.

Typically, the use of ROC and precession-recall curves is such that the first
type is used when there are roughly equal numbers of observations for each class
and the second should be used when there is a moderate to large class imbalance.
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Figure B.8: Precision-recall curves for different models. The one in black corresponds to the
BDTLepton Assignment ) 461 The larger is the area under the curve, the better is the model.

For both the ROC and the precision-recall curves, the larger the area under the
curve, the better. Figure B.8 shows that the optimal classifier is the one in which
the curve in the precision-recall plot is close to the (1,1) point.

Separation power
The separation power is a valuable metric for evaluating the performance of a
variable or classifier in terms of its ability to distinguish the target process from
other processes. The separation power < S? > of a classifier y can be quantified
using the integral:
fl/s - Z/B

2 >= ) 75+ in Y, (B.5)
where g5 and ¢p are, respectively, the signal and background probability density
functions of y. The 1/2 factor is used to keep < S* > within the [0, 1] interval.
The separation is zero for identical signal and background shapes, and it is one for
shapes with no overlap.

B.7 Additional plots and tables

This section expands the information provided in the main body of the thesis
about the training of the different BDT models. The models and ROC curves
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of the BDThepton Assignment 1.0 regented in the first section. The second section
shows, for the XGBoost.based BDT, the correlation between the variables and the
evolution of the training.

B.7.1 BDTLepton Assignment

Figure B.9 compare the train and test distributions for the five different models
composing the final BDTRepton Assignment = A 56 aoreement between the distribu-
tions of the train and test subsets is observed through all the folds. This means
that no overtraining in our data. See Section 6.4.2.5 for the description of the
training of these models.

In Figure B.10 are presented the ROC curves for the five models trained in
Section 6.4.2.5

B.7.2 BDTs for region definition

The three BDTs used to define the analysis regions are presented in Sec-
tion 6.6.2. Two of these are trained on 2¢OS + 17,4 events to target the signal
and the t¢ process. These are the BDT(tH¢|og) and BDT(¢f|og), respectively. For
the 2¢ SS+ 17,4 channel, only one BDT is used for the analysis, the BDT(tHq|sg),
which targets the signal. In this section, the correlations between the variables of
each model are presented first. Then, the training evolution is studied with the
AUC and LogLoss progression over the training epochs.

B.7.3 Correlation between input features

When choosing the input variables of an ML model, it is important to check for
correlations between these variables because highly correlated variables can lead to
redundancy, reducing the efficiency and interpretability of the model. This helps
to avoid overfitting, ensuring the model generalises well to new, unseen data. For
the feature selection described in Section 6.6.2.2, the linear correlations among all
variables within a model have been explored and the results are presented in Fig-
ures B.11, B.12 and B.13. In these figures, the more intense the colour, the higher
the correlation. For the BDT(tHgq|og) is of particular relevance the correlation
between the An(forward non-b-tagged jet, subleading b-tagged jet) and the mul-
tiplicity of forward jets. These two variables have a correlation of 87% and 85%
for the signal and the background, respectively, so it could be beneficial to remove
one of these two. For the BDT(##|ng) model there is not any highly correlated pair
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of variables, being the highest correlation a 52%. Similarly, for the BDT(tHq|gg),
the only correlation appears for the pp and the energy of the top quark. Since the
energy depends on the momentum, it is not surprising that these two present a
66% (tt) and 72% (other processes) correlation.

B.7.4 Evolution of training

The loss values of the training and test offer a deeper understanding of how
learning performance evolves across different epochs. These metrics provide useful
insight into how the learning performance changes over the number of epochs. This
can help diagnose potential learning issues that might result in an underfitted or
overfitted model.

Figures B.14, B.15 and B.16 present the evolution of the AUC and LogLoss
functions at each iteration of the training procedure. These are plotted, separately
for train and test, so that overtraining can be detected. The values for the AUC and
LogLoss of the last epoch correspond to those presented in Figure 6.23 (although
small discrepancies can appear). The train and test curves in these plots are
not diverging (as in the overtraining example in Figure B.2), indicating that no
overfitting is present.
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BDTLepton Assignment giorihytions for the different folds. Typel and Type2 cat-

egories are presented in blue and red, respectively. The doted distribution corresponds to the
scores when the model is evaluated on the training sample. The areas on the histogram refer
to the score of the same model when applied to the test sample. On one side, these plots allow
to compare the model of each fold. As can be seen, both categories have the same behaviour
through the five models. This indicates that the subset of the MC sample used in each split is
not affecting the model. On the other side, it can also be checked that the distribution for each
fold is the same for the train and the test subsamples.
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in Section 6.4.2. All the curves show a similar behaviour.

Figure B.11: Correlation matrix of the variables used as input in the BDT(¢tHg|og). For the
left matrix, the correlations among variables are explored for the tHq process only while, for the
right plot, these are studied for all the backgrounds. Correlations are presented in blue while
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Figure B.12: Correlation matrix of the variables used as input in the BDT(¢#|og). For the left
matrix, the correlations among variables are explored for the ## process only while, for the right
plot, the correlations are calculated for the other processes. Only linear correlations are shown
and higher-order relationships may not be reflected in this matrix.

Figure B.13: Correlation matrix of the variables used as input in the BDT(tHql|gg). For the
left matrix, the correlations among variables are explored for the ¢ Hq process only while, for the
right plot, these are studied for the background processes.
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Figure B.14: Evolution of the AUC and LogLoss functions for the training of the BDT(tHg|og)-

The x-axis shows the training iteration.
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Figure B.15: Evolution of the AUC and LogLoss functions for the training of the BDT(¢¢]og)-
The x-axis shows the training iteration.
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Figure B.16: Evolution of the AUC and LogLoss functions for the training of the BDT(tHq|gg)-
The x-axis shows the training iteration.



Appendix C

Distribution of kinematic
variables

In this appendix are presented all the distributions of the variables used to train
the BDT model, with the exception of those already presented in Chapter 6.

C.1 BDTLepton Assignment

Normalised distributions of the BDTLepton Assienment 5, oy4 variables for the
20SS+ 17,4 samples. The distributions using all events (black) and using only the
positively-weighted ones (green) are superimposed. The error bands correspond to
the statistical error. Note that the “positive vs negative” distributions have the
same profile because here we are not separating according to the Type 1 and Type 2
categories.

In the left subfigure, the distribution using all events (black) is superimposed
over the one using only the positively-weighted ones (green) for comparison. In the
right plot, the events in which the ¢; comes from the top quark are shown in blue
while those for which ¢; is produced from the Higgs boson are plotted in red. Note
that only events that contain the truth-reco matching described in Section 6.4.2.1
are used to produce these plots.

Then, uncertainty bands correspond exclusively to the statistical error. In the
case of the distributions containing negatively-weighted events, the calculation of
the statistical uncertainty is described in Appendix D.2
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jet and the leading-light lepton.

Input variable: m_Tpred_opt2

8 009 — 001 1

S o08F Q r i
3 oo7p > L ] é
go.osi— < 0.008 - s
2 005 Z L 18
0.04F = + il
g T o.006[ 42
0.03f- L 15
0.02F + {1e
E F 1a
001E 0.004 q4e
L A N S B B S :fi;:
{1a
£E 0.002 1%
SEl i RSP Shae SEL A b e 13
| el s = n St 1=
3 18
(/] S N N 0 1 1 S

5 700 150 200 250 300 3"5|:Ld W(mg) 0 200 400 600 800 1000
opt2
mﬂred(t)
. . . . . opt2
Figure C.4: Normalised distributions for m »4(t).
Input variable: deltaR_b_LightLep2

" T

2 0.07F v o n 4

5 F / S osf =
3 0.06F / o L 18
2 il S . 12

0.05)- L i
5 Wl T 04| s

| 7/ P o N
0.04E 2 a :g
o.oaz— s 0.3 - §
0.02[- L 1o
£ : N 1<
0.01;— 02F —:e
. AT AP EPATATSN AU EAAT SOOI SO B la
£ 1g8E 1e
& ]:QEX L] o2 13
| T L S SPn S B 12
¥ | S ntass b SaEa AT T ] 3
gfgimmmmmm\mmmmmmmm\mk? 135

0.5 1 15 2 25 3 4.

" AR(Subleading lepton, leading b-jet) 1 2 3 4 5
AR(b-taged jet, )

Figure C.5: Normalised distributions for AR(b-taged jet, ).



262 Chapter C. Distribution of kinematic variables
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C.2 BDT(tHgq|os)

For all distributions presented here, the uncertainty bands include the statistical
and systematic uncertainties and the lower panel presents the ratio between the
collected data and the MC simulation. Additionally, the xy* measures the agreement
between real and simulated data events.

When training an ML model, it is important to use variables that provide good
modelling, i.e., good data/MC agreement. For most of the distributions presented
in the rest of the appendix, while the data/MC agreement is far from being exact,
it is compatible with the uncertainty. The variables are presented in their order of
importance within the BDT (see Figure 6.17a)
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Figure C.7: Separation plot for the two most discriminant variables of the BDT(tHg|pg).
The original distributions for these features are presented in Figure 6.18. In (a), the transverse
momentum of the hadronically-decaying 7-lepton is showed. The reconstructed 7,4 is more
boosted when it is produced from the Higgs-boson decay than in the main backgrounds. In (b),
the number of forward jets present in the final state is swhon. A forward jet is defined as a jet
reconstructed within 2.5 < || < 4.5. The jets more forward than |n| < 4.5 are not detected. The
forward jets are selected with the forward Jet Vertex Tagger [304]. The spectator-quark-initiated
jet in the tHq production is quite forward, so the multiplicity of forward jets peaks at one. In
contrast, tf and Z + jets do not have forward jets in hard-scattering process.
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Figure C.8: Distribution and separation plot for the flavour of the leading lepton. The types
are ¢ /et (1), u /" (2),and 7~ /7" (3). Note that, for the backgrounds, the reconstructed 7,
rarely is the leading lepton. In contrast, for the tHq production, the flavour of the leading lepton
is more distributed. There is a disagreement between data and MC prediction for the events in
which the 7,4 is the leading lepton (third bin), this can be linked with the phenomena observed
in Figure 6.18a, in which the modelling of the pp (7,,4) misbehave for large pr.
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Figure C.9: Distribution and separation plot for the reconstructed mass of the Higgs boson
using the MMC method [290]. It peaks around 125.254+0.17 GeV, which corresponds to my [10].
This variable allows to separate events with a real Higgs boson (e.g. tWH, tHgq, ttH) from the
rest.
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Figure C.10: Distribution and separation plot for the flavour type of the sub-sub-leading lepton.
In Figure C.8 is observed that, for the backgrounds, the 7,,,; does not tend to be the leading
lepton. In agreement, this Figure shows that the 7,4 typically is the lepton with lower pr for
the backgrounds. However, this is not the case for the tHq production. Observe that Type({;)
and Type(¢y) are the only features that use the pp-based definition to refer to the light leptons.
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Figure C.11: Distribution and separation plot for the invariant mass of the leading b-tagged jet
and the spectator jet. The spectator jet is the one produced by the quark that is scattered in the

Feynman diagrams of Figures 2.12a and 2.12b.
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*: normalised to total Bkg.
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*: normalised to total Bkg.
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*: normalised to total Bkg.
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*: normalised to total Bkg.
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Figure C.18: Distribution and separation plot for the An distance between the fy;,,s and the
jet initiated by the spectator quark.

*: normalised to total Bkg.
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Figure C.20: Distribution and separation plot of the pt of the
flavoured leptons).

softest lepton (including 7-

*: normalised to total Bkg.
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Figure C.22: Distribution and separation plot for the minimum AR distance between any two
charged leptons form the the three that are present in the final state.
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C.3 BDT(tt|os)

This model aims to separate the t¢ and Z + jets processes to define dedicated
regions. Therefore, the variables presented are those that can discriminate between
these two backgrounds.

As well as for the distributions above, the uncertainties included here correspond
to both the statistical and systematic ones, and the lower panel presents the ratio
between the collected data and the MC simulation. The variables are presented in
their order of importance for the BDT(t#|pg), as Figure 6.17b presents.
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Figure C.26: Separation plot for the two input features with highest discriminant power in
the BDT(tt|pg). The distributions for these two variables showing all processes are presented in
Figure 6.19. In (a), the invariant mass of the two charged light-flavoured leptons is presented. The
peak around m({giggs; Lrop) = 90 GeV corresponds to the events in which a Z boson is produced.
The mass of the Z is my; = (91.1876 & 0.0021) GeV [10] and when the mass of the light leptons
produced in the Z-boson decay is reconstructed, values close to m, are obtained. Therefore, this

variable allows us to identify Z + jets processes. The Ev' iss separation plot is shown in (b). Note
that while this variable provides good discrimination power against Z + jets, it was not able to
separate ¢t and tHgq. For this reason, in the studies in which £} is introduced for the training
of the BDT(tHq|og), the model becomes specialised in discriminating tHq and Z + jets but the
separation between tHq and tt gets worse.
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Figure C.27: Distribution and separation plot for the pt of the leading b-tagged jet.

*: normalised to total Bkg.
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*: normalised to total Bkg.
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Figure C.29: Distribution and separation plot for the visible mass of the reconstructed top
quark. The visible mass refers to the sum of the mass of all particles that are not neutrinos that
decayed form the top quark.
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Figure C.30: Distribution and separation plot for binned DL1r score (calibrated) of the leading
b-tagged jet [231]. In Equation 5.1 the formulation of the DL1r score is presented.
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Figure C.31: Distribution and separation plot for the pt of the softest lepton.

*: normalised to total Bkg.
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Figure C.32: Distribution and separation plot for binned DL1r score (calibrated) of the sub-
leading b-tagged jet.
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Figure C.33: Distribution and separation plot for the An distance between the leading light jet
and the subleading b-tagged jet.
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Figure C.34: Distribution and separation plot for the An distance between the two light-
flavoured-charged leptons. This variable is also used in the BDT(¢Hg|gg)-
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C.4 BDT(tHgq|ss)

The uncertainty bands depicted here encompass both statistical and systematic
uncertainties. The lower panel illustrates the ratio between the actual data and the
MC-simulated samples. The variables are presented in their order of importance
within the BDT(tHqlgg). This ranking is presented in Figure 6.17¢)
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Figure C.36: Separation plot for the two input variables with largest separation power. In (a),
the pr of the light-flavoured lepton originated from the top-quark-decay system is presented. In
(b) is shown the An distance between the forward non-b-tagged jet and the leading b-tagged jet.
The forward jet is typically the spectator jet and the b-tagged jet is the one that originated from
the top-quark-decay system. Therefore For the tHgq signal, on average, these two jets are more
separated than in the backgrounds. This distribution is the same as for Figure C.15 but for the
2058 + 17,4 channel. The distributions for these two variables are presented in Figure 6.20.
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Figure C.37: Distribution and separation plot for the An distance between the f,, and the
leading-light jet.

*: normalised to total Bkg.
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Figure C.38: Distribution and separation plot for the multiplicity of central jets. The central
jets are produced in the direction perpendicular to the beam pipe. In this analysis every jet with
In| < 2.5 is called a central jet.
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Figure C.39: Distribution and separation plot for the transverse mass of the £;, and the leading
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Figure C.40: Distribution and separation plot for the energy of the light-flavoured lepton
originated from the top-quark-decay system.
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Figure C.43: Distribution and separation plot for the transverse momentum of the hadronically-
decaying 7-lepton. This variable is also discriminant for the 2¢OS + 17,4 channel.
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Figure C.44: Distribution and separation plot for the An distance between the two light-
flavoured-charged leptons.
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Figure C.45: Distribution and separation plot for the AR distance between the two charged
light-flavoured leptons.



Appendix D

Effect of negative weights

D.1 Negatively weighted events

The weight in a MC-simulated sample refers to a factor assigned to each event
in the simulation to account for various effects such as event generation, detector
response, and data-to-simulation discrepancies. These weights are used to scale
the simulated events to better match the observed data or to accurately model
specific physical processes or background contributions. These negative weights
reflect the cancellation of positive and negative contributions to ensure the cor-
rect overall probability distribution. The weights are derived based on theoretical
calculations, detector simulations, and calibration procedures, and they are cru-
cial for obtaining accurate predictions and comparisons with experimental data in
analyses at ATLAS. While negative weights pose challenges for statistical analysis
and interpretation, they are necessary to accurately reproduce the expected physics
processes and their interference effects.

The negative weighs can result in samples with reduced statistical power [315].
Therefore, the presence of negatively-weighted events, as opposed to exclusively
positive-weight event samples, implies processing a significantly larger number of
events to achieve comparable statistical significance. This issue is particularly
pronounced during the final stage of detector simulation, where each event can
require hours of CPU time [316].

Another problem with negative weights arises in the training of ML models, as
it is further discussed in Appendix B.
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D.2 Statistical uncertainty of negative weights

Assume that there is a sample of N MC-simulated events. Of these, a fraction
x have negative weighs and, therefore, a fraction (1 — x) has a positive weight.
The effective number of events is (N, — N_), being N, = (1 — )N the amount of
positively weighted events and N_ = xN the same for the negative weights.

The statistical fluctuations are calculated in terms of x and the standard
deviation (o5 = V/N). The number of positive and negative events can fluc-
tuate randomly between +o_ for the later and 4o, for the former. Here,

o_.=vVaN=yxNando, =+1—-zN

The variance (V = ¢°) of the sample is then
V(N = N_)=2z2V(N)+ (1 —2)V(N) =V (N)

and the fractional uncertainty

o(N, —N_) oN 1 o
N,—~N_. (1-2)N—zN 1-2zN
When the fraction of negative events is x = 0, % = % as expected. In

contrast, if x = 0.5 the fractional uncertainty is infinite, as expected.

For the signal tHq 20+ 171,,4 MC signal sample the fraction of negative weights
is between 0.3 and 0.4 depending on the production used.

o(Ny—N_)

— — 1o, _ Ty
v r=03 - A — L _50%
_ oOWNy=N_) _ 10, _9ro,
L] .T—O4—> N, —N_ —Ojﬁ—25ﬁ

The uncertainty of the effective number of events can be compared to that of

using only the positively weighted events. If the two fractional uncertainties are
divided:

(T(N+—N_)
N, —N_

Nfl)

(=73
T

U(N+—N_)
N, N_

2* '.ZU:OZJ:—)W:?)S?

150
n Nac

02 025 03 085 04
\\\\\\\\\\\\\\\\\\\\\\\ ighted events (x)

In Figure D.1, several AR distributions are generated using all the events and
just the positively weighted ones. As expected, the uncertainty bands are bigger for
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Figure D.1: Some normalised distributions for all the signal events in the 2¢SS + 17,4 (black)
and just the positively weighted events (green). For each bin, the error band is calculated as the
square root of the quadratic sum of the weights.

the “All events” than for the “Positive events”. These histograms were produced to
verify that using only the events with positive weights in the training of the BDT
for the lepton assignment in the SS scenario (Section 6.4.2) was not biasing the
result. The size of the error bands is calculated by ROOT as the square root of
the quadratic sum of the weights, as explained below.

D.2.1 Errors in binned histograms

If a bin of a histogram has n entries of weighted events w; with ¢« = 1,2, ..., n,
the size of the bar is ;- ; w;. Therefore, the error of that bar is

(D.1)
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This expression for the error of a bin in a histogram is based on error propaga-
tion and intrinsic poissonian statistics only. The variance, i.e. the error on the
weighted number of events" in that bin, is given by error propagation:

The variance of the weight w;, V(w;), is determined only by the statistical fluctu-

ation of the number of events considered: V (w;) = w}.

D.3 Negative weights in MVA methods

Events coming from the MC generator can be produced with (unphysical) neg-
ative weights in some phase-space regions. Such occurrences are frequently incon-
venient to deal with, and whether or not they are handled effectively is dependent
on the MVA method’s actual implementation. Within the ROOT TMVA library,
probability and multi-dimensional probability density estimators, as well as BDTs,
are among the methods that correctly include occurrences with negative weights.
In cases where a method does not properly treat events with negative weights,
it is advisable to ignore such events for the training but to include them in the
performance evaluation to not bias the results.



Appendix E

Pruning of the non-impactful
nuisance parameters

This appendix complements the fit results presented through Section 6.8
presenting the pruning plots for both 2¢ + 17,4 sub-channels.

E.1 Asimov fit in the 2¢ OS + 17,4 channel

Complementing Section 6.8.4, in this appendix the pruning of the non-impactful
NPs is presented. The process of removing certain NPs that have negligible impact
on the profile likelihood fit is shown in this section. For all present NPs is evaluated
whether to keep the parameter, to drop its normalisation impact, to drop its shape
impact or to completely drop the NP. The shape contribution is evaluated by
observing the the maximum difference in bin entries between the nominal and the
varied distribution, under the same normalisation. Regarding the normalisation
contribution, it is evaluated by integrating the nominal and varied distribution
and measuring the differences.

The pruning is shown first for the instrumental NPs in Figure E.1. Here it can
be seen that most of the NPs are completely pruned. Figure E.2 shows that almost
all the NPs dedicated to flavour tagging are fully dropped. The JES effective NPs
are doped as well but this is not the case for the JER. The pruning of the theory-
related NPs is presented in Figures E.3, E.4 and E.5. The PDF uncertainties for
ttH, tt and ¢t W are completely dropped. While the PDFs of the diboson and,
especially, the t Hg production play an important role.
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Figure E.1: Pruning of non-impactful instrumental NPs in the Asimov fit of the 20 OS + 17, 4
channel. Grey NPs are not present and green ones are kept. Red combinations are completely
dropped. For orange NPs only the shape component is kept, while for yellow ones only the
normalisation is kept. Additionally, the list of NPs is split by regions.
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Figure E.2: Pruning of non-impactful (a) flavour-tagging, (b) JES and (c¢) JER NPs in the
Asimov fit of the 20 OS 4 17,4 channel. Grey NPs are not present and green ones are kept. Red
combinations are completely dropped. For orange NPs only the shape component is kept, while
for yellow ones only the normalisation is kept. Additionally, the list of NPs is split by regions.
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Figure E.3: Pruning of non-impactful (a) modelling NPs as well as the (b) t¢H and (c) ¢¢ PDF
NPs in the Asimov fit of the 2¢ OS + 17,4 channel. The modelling NPs due to PDFs are not
included in this figure. Grey NPs are not present and green ones are kept. Red combinations are
completely dropped. For orange NPs only the shape component is kept, while for yellow ones
only the normalisation is kept. Additionally, the list of NPs is split by regions.
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Figure E.4: Pruning of non-impactful (a) ¢Hgq, (b) t¢ W and (c¢) tZq PDF NPs in the Asimov fit
of the 2¢ OS+17, 4 channel. Grey NPs are not present and green ones are kept. Red combinations
are completely dropped. For orange NPs only the shape component is kept, while for yellow ones
only the normalisation is kept. Additionally, the list of NPs is split by regions.
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Figure E.5: Pruning of non-impactful (a) t¢Z and (b) diboson PDF NPs in the Asimf)v ﬁt of
the 2¢ OS + 17,4 channel. Grey NPs are not present and green ones are kept. Bed combinations
are completely dropped. For orange NPs only the shape component is kept.7 while for yellow ones
only the normalisation is kept. Additionally, the list of NPs is split by regions.
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E.2 Asimov fit in the 2¢SS 4 17,4, channel

Complementing Section 6.8.5, in this appendix the pruning of the non-impactful
NPs is presented. The pruning of the experimental NPs in the 2¢SS+17,,4 channel
is presented in Figure E.6. For the theory-related NPs is presented these results
are shown in Figures E.8, E.9 and E.10. Note that the PDF uncertainties for ¢¢H,
tt and ¢t W are completely dropped.
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Figure E.6: Pruning of non-impactful instrumental NPs in the Asimov fit of the 2¢SS + 17,4
channel. Grey NPs are not present and green ones are kept. Red combinations are completely
dropped. For orange NPs only the shape component is kept, while for yellow ones only the
normalisation is kept. Additionally, the list of NPs is split by regions.
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Figure E.7: Pruning of non-impactful (a) flavour-tagging, (b) JES and (c¢) JER NPs in the
Asimov fit of the 2¢SS + 17,4 channel. Grey NPs are not present and green ones are kept. Red
combinations are completely dropped. For orange NPs only the shape component is kept, while
for yellow ones only the normalisation is kept. Additionally, the list of NPs is split by regions.
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Figure E.8: Pruning of non-impactful (a) modelling NPs as well as the (b) ¢t¢H and (c) t¢ PDF
NPs in the Asimov fit of the 2¢SS 4 17, .4 channel. The modelling NPs due to PDFs are not
included in this figure. Grey NPs are not present and green ones are kept. Red combinations are
completely dropped. For orange NPs only the shape component is kept, while for yellow ones
only the normalisation is kept. Additionally, the list of NPs is split by regions.
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Figure E.9: Pruning of non-impactful (a) tHg, (c) t¢ W and (c) tZq PDF NPs in the Asimov fit
of the 2¢ SS+17, .4 channel. Grey NPs are not present and green ones are kept. Red combinations
are completely dropped. For orange NPs only the shape component is kept, while for yellow ones
only the normalisation is kept. Additionally, the list of NPs is split by regions.
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Recerca de la produccié associada
de bosé de Higgs i un quark top
amb dos leptons i tau hadronic en
I’estat final

Les meves contradiccions son les meves esperances.
—JOAN FUSTER,
CONSELLS, PROVERBIS I INSOLENCIES (1968)

El Model Estandard (SM) de la fisica de particules és una teoria notablement
exitosa, pero també manifesta limitacions significatives. Aquest model unifica totes
les particules elementals que constitueixen I'univers conegut en una teoria tnica.
Dins d’aquest marc, el quark top i el bos6é de Higgs desperten un interés especial,
ja que poden contribuir a respondre algunes de les qiiestions encara pendents.
Aquesta tesi es centra en l'estudi d’ambdues particules i la seua interaccié. El
marc teoric per a l'estudi de la fisica d’aquestes particules es presenta a la Seccié 1.

Per dur a terme aquest estudi, s’han utilitzat dades de col - lisions proto—
proté (pp) amb una lluminositat integrada de 140fb™", a una energia de centre
de masses de 13 TeV, recopilades pel detector ATLAS durant el Run 2 del Gran
Col - lisionador d’'Hadrons (LHC) I’Organitzacié Europea per a la Recerca Nuclear
(CERN). L’ATLAS és el detector més gran de 'LHC, el més potent accelerador de
particules del mén. El marc experimental en el qual s’emmarca aquest treball es
descriu a la Secci6é 2. La recopilacié de les dades, la generacié de simulacions de
Monte Carlo, i la reconstruccié i identificacié dels objectes fisics son descrits a la
Seccid 3.
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326 Resum de la tesi

El bosé de Higgs fou descobert pels experiments ATLAS [77] i CMS [78] en 2012
i, en conseqiiencia, va obrir un nou camp d’exploracio6 en la fisica de particules. Per
comprendre millor I’'SM, és d'un gran interés determinar ’acoblament de Yukawa
del bosé de Higgs amb el quark top (y,). Aquest quark és la particula fonamental
més massiva i, per tant, presenta ’acoblament més fort amb el bosé de Higgs.

La mesura directa de 3, només és possible a 'LHC a través de dues produccions
associades del bosé de Higgs: amb un parell de quark-antiquark de top (ttH) i
amb un unic quark top juntament amb un part6 addicional (tHq). Mentre que
el ttH només permet determinar la magnitud de 1,, I'inica manera de mesurar
simultaniament el seu signe i la seua magnitud és mitjangant la produccié tH [97].
L’observacié d'un excés d’esdeveniments de senyal en comparacié amb la prediccio
de ’'SM podria ser una evidencia de nova fisica en termes de violaci6 de CP a
I’acoblament ;.

En aquest treball, es presenta una cerca de la producci6 t Hq a ’estat final definit
per dos leptons lleugers carregats (electrons o muons) i un lepté 7 que es desintegra
de manera hadronica. Aquesta configuracié es coneix com a canal 20 + 17y,,.
Aquesta busqueda presenta un repte a causa de l'extremadament menuda seccid
eficag del procés t Hq en general, i sobretot pel canal final 2+ 17,4, que representa
només el 3.5% de la produccié total de tHgq.

Per distingir els esdeveniments de senyal tHq dels de fons s’han fet servir tec-
niques d’aprenentatge automatic. En concret, s’han utilitzat arbres de decisio
potenciats (BDT) per definir tant les regions enriquides de senyal com les regions
de control que limiten els processos de fons més importants. Els fons rellevants
inclouen la produccié de parells de quark—antiquark de top en solitari i amb un
bosé addicional (7, ttH, ttW i ttZ) i el bosé Z juntament amb jets'.

A més, per ajudar a identificar els esdeveniments de senyal dins les dades, la
reconstruccié de ’esdeveniment juga un paper crucial. En situacions en que els
leptons lleugers tenen la mateixa carrega electrica, no és possible determinar a
priori quin lepté prové del bosé de Higgs i quin del quark top. Atés aquest fet s’ha
desenvolupat una eina basada en un BDT per assignar exitosament l’origen.

S’aconsegueix una supressio significativa dels esdeveniments de fons, imposant
requisits estrictes d’identificacié i aillament per als electrons i muons. Al mateix
temps, es demana als taus hadronics que superen un discriminador basat en xarxes
neuronals recurrents per reduir les identificacions erronies provinents dels jets.

Un jet es refereix a un feix concentrat de particules produides quan un quark o glué es desintegra
i s’hadronitza, donant lloc un grup de particules detectables que emergeixen en una direccié
similar formant un con.
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Totes les ferramentes mencionades per a la recerca de processos tH i el procedi-
ment per a l'analisi estan descrits a la Seccié 4, on també es presenten i discuteixen
els resultats.

1 Marc teoric

1.1 El Model Estandard

L’SM és un marc teoric que descriu els constituents basics de la materia i les
seues interaccions. Es el model més ampliament acceptat i confirmat experimental-
ment en la fisica de particules. La Figura 1 recull totes les particules fonamentals
descrites per I’'SM.

L’SM inclou dos tipus de particules elementals: els fermions i els bosons. Els
fermions sén particules subatomiques que segueixen les regles de l'estadistica de
Fermi-Dirac. Aquest tipus de particula es caracteritza per tenir un espin semienter
i per seguir el principi d’exclusié de Pauli, el qual estableix que dos fermions no
poden ocupar el mateix estat quantic simultaneament. Els fermions es divideixen
en quarks i leptons. Ambdés tipus de fermions son els constituents basics de la
materia, pero son diferents entre si.

D’una banda, els quarks son particules que tenen carrega electrica fraccionaria.
A més son la unitat fonamental dels protons i els neutrons. Aquestes particules es
combinen en grups per formar hadrons (mesons i barions). Els barions inclouen els
protons i els neutrons, que séon les particules subatomiques més abundants en la
materia. Els mesons tenen un nombre parell de quarks, la qual cosa fa que tinguen
espin enter i siguen bosons. FEls quarks es divideixen en sis “sabors” diferents:
amunt, avall, encant, estrany, superior i inferior. La forma més habitual de referir-
se a ells és pel seu nom en anglés: up, down, charm, strange, top i bottom.

D’una altra banda, els leptons ten carrega electrica sencera i es classifiquen en
leptons carregats (electr6, mud i taud, amb), que tenen carrega -1 i una massa
relativament petita comparada amb altres particules subatomiques com els quarks,
i els neutrins (neutri electronic, neutri muonic i neutri tauonic), amb carrega neutra
i massa quasi nul - la.

Els altres elements que componen I’'SM sén els bosons, particules amb espin
enter que medien les interaccions fonamentals de la fisica. Els bosons de calibre
(espin 1) sén els responsables de descriure tres de les quatre forces fonamentals de
la naturalesa’:

La gravetat queda fora de I’'SM.
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Model estandard, particules elementals

les tres generacions de la matéria interaccions/transmissors de forces
(fermions) (bosons)
| Il 11l
massa  =2.2 MeV/c2 =1.28 GeVi/c? =173.1 GeV/c? 0 =124.97 GeVi/c?
carrega % % % 0 0
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Figura 1: Model estandard de les particules elementals, amb les tres generacions de particules
de materia, els bosons de gauge i el bosé de Higgs. Les superficies en marré clar indiquen quins
bosons (roig) s’acoblen a quins fermions (morat i verd)..

o Interaccié electromagnetica: Mediada pel foté (), és la teoria que estudia

els fenomens eléctrics i magnetics. Totes les particules carregades interactuen
entre si a través d’aquesta forca. Les principals caracteristiques de la interac-
cié electromagnetica son el seu abast infinit i I’absencia de massa dels seus
portadors. En aquest sentit, és responsable de I'estabilitat dels atoms, ja que
manté units els electrons en orbita al voltant del nucli, i de la transmissié de
la llum i altres formes de radiacié electromagnetica. La teoria que descriu
aquesta interacci6é es denomina electrodinamica quantica.

Interaccié nuclear feble: Mediada per dos bosons W (W' i W) i el bos6
Z. Aquesta és responsable de la radioactivitat [, en la qual un neutr6 es
descompon en un protd, un electré i un antineutri. També és la forca a
través de la qual té lloc la desintegracié del quark top en un quark b i un
bosé W. A més, la interaccié nuclear feble és crucial en el procés de fusié
en les estrelles, on es combinen protons per formar elements més pesants.
Les forces nuclear feble i electromagnetica es descriuen simultaniament per
la teoria electrofeble (EW).
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o Interaccié nuclear forta: Mediada pel glud, és responsable de mantenir units
els protons i neutrons al nucli atdomic. Es la interaccié més forta de la na-
turalesa, pero el seu abast d’acci6 esta limitat a distancies subatomiques. A
causa del confinament per color de la teoria nuclear forta, ni els gluons ni
els quarks apareixen aillats (excepte a altes energies). La teoria que descriu
aquesta interaccié es diu cromodinamica quantica (QCD). Aquesta teoria,
igual que I'electrodinamica quantica i la teoria electrofeble, esta basada en el
formalisme de la teoria quantica de camps.

1.2 La fisica del quark top

El quark top (), o simplement top, és el quark de tipus up de la tercera gene-
racio de fermions. La seua caracteristica més distintiva és la seua enorme massa,
sent aquesta la més gran entre totes les particules fonamentals. La seua existencia
va ser postulada al 1973 per Kobayashi i Maskawa [43] i es va observar per primera
vegada al Tevatron a l'any 1995 [47, 48]. Sovint, el quark top és considerat com
una finestra per a la nova fisica perque proporciona un laboratori tnic per provar
la comprensié de I’'SM.

La seua fenomenologia esta determinada per la seua gran massa, deguda a la
qual, la vida mitjana del quark top és la més curta entre totes les particules de
'SM. (1, = 5 x 10"*s [35]). Aix0 representa una oportunitat tnica per estudiar
quarks en estat lliure, fet que és excepcional a causa del confinament de color.
De fet, el quark top és I'inic quark que es pot investigar sense estar lligat. La
seua vida mitjana també és menor que l'escala de temps de decorrelacié d’espin
(my/Apep ~ 10721 s [42]), implicant que els estats del quark top conserven el
seu estat d’espin des de la produccié fins la desintegracié. D’aquest mode, les
propietats del quark top, com la informacié d’espin, es poden obtenir a través dels
seus productes de desintegraci6 i, per tant, mesurar-se.

A més, la gran massa del quark top propicia que consegiientment, aquesta
particula siga 'inica amb un acoblament de Yukawa al bosé de Higgs (y;) de
I'ordre de I'unitat. L’objectiu principal d’aquesta tesi és, precisament, 1'estudi de
la interaccié entre el quark top i el bosé de Higgs per mesurar la seua seccio eficag
de produccio i ajudar a determinar si el g, és el que prediu I’'SM o si hi ha alguna
fase que viola la simetria de CP i afecta aixi al signe de I'acoblament Yukawa entre
el Higgs i el top.

La masa del quark top (m;) és un parametre lliure de I’'SM; llavors, la teoria
no prediu el seu valor i, per tant, aquest ha de ser determinat experimentalment.
Els estudis més recents per a la mesura de la massa del quark top aboquen m; =
172.76 £+ 0.30 GeV [10].
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Pel que respecta a la seua produccié, 'LHC és conegut com una fabrica de
quarks top a causa de la seua capacitat per produir aquestes particules. En aquest
col - lisionador, el quark top es produeix principalment a través de dos mecanismes:
mitjancant QCD, en forma de parelles de quark top i anti-top (¢f), i mitjancant
el vertex tWb de la interacci6 EW, on es produeix un sol quark top en associacio
amb altres particules.

e {1: Esla font més gran de produccié de quarks top en col - lisions hadroniques.
Aquest procés és un dels més importants a ’'LHC, ja que permet estudiar amb
precisié les propietats del quark top. A més, a causa de la seua dominancia
en la produccid, tt és també un fons rellevant en moltes analisis tal i com la
d’aquesta tesi.

o Quark top en solitari: Aquest mecanisme té una seccié eficag tres vegades
menor a la de ¢ i es produeix gairebé exclusivament a través del vertex tW/b
de la interacci6 EW. En primer ordre (LO), hi ha tres modes de produccié6 per
al quark top en solitari, sent el canal-t el mecanisme dominant a 'LHC amb
aproximadament el 70% de la secci6 eficag d’aquest mode a /s = 13 TeV.
Els altres processos son el s-channel i la produccié associada tW. Només el
canal-t i la produccié tW son rellevants per a la produccié d’un sol quark
top.

Les produccions associades de quark top sén processos importants per tal de me-
surar ’acoblament del quark top amb les altres particules de I'SM. El quark top
en solitari es pot produir en associacié amb altres particules (¢X) com els bosons
Z, W, v o H. El tema d’aquesta tesi gira precisament al voltant d'una produccio
associada particular. Més concretament, la produccié amb un bosé de Higgs (tHq).

Pel que fa a la seua desintegracio, el quark top es desintegra quasi completament
(~ 99.8%) a través del vertex tWWb en un quark b i un bos6 W. Per aixo és habitual
fer la classificacié segons la desintegracié subsegiient del bosé W. Per al W™, les
BR (fraccions de desintegracio) per als diferents modes de desintegraci6 soén [10]:

W' — ey, (10.71 £ 0.16)%
Wt —uty, (10.63 £ 0.15)%
W' =y, (11.38 +0.21)%
W* — ¢g (hadrons) (67.41 & 0.27)%
W — invisible (1.4 4+2.9)%

Per als processos conjugats que involucren el W™, les BR son les mateixes.
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1.3 La fisica del bos6 de Higgs

Després del quark top, el bosé de Higgs (H) o simplement Higgs és la particula
més massiva del SM amb una massa de my = 125.25 + 0.17 GeV [10]. La seua
existencia va ser teoritzada l'any 1964 per tres grups teorics treballant indepen-
dentment: Englert-Brout [11], Higgs [12] i Guralnik-Hagen-Kibble [21].

Els experiments ATLAS [77] i CMS [78] de 'LHC van anunciar el descobriment
del bos6 de Higgs en I'any 2012, la qual cosa va suposar un de les grans fites de
I’'SM.

Els quatre processos més dominants per a la produccié de bosons de Higgs en
I'LHC s6n: fusi6 de gluons (ggF), fusié de bosons vectorials (VBF), Higgsstrahlung
(VH), producci6 associada a parell de quarks (qgH i producci6 associada a un quark
top i un Higgs (tHX). Per a una massa my = 125.2 GeV, les seccions eficaces de
produccié de Higgs son [83]:

ttH

1% bbH
1%

WH

tH 2.9
0% O-ggF = 4851_33 pb

ovpr = 3.78 4 0.05 pb
own = 1.37£0.03pb
ozi = 0.897005 pb
o = 0.510.05 pb
oy = 0497017 pb

ogx = 0.09£0.01pb

El bos6 de Higgs té una vida mitjana relativament curta’ (tq = 1.6 x
1072 s [83]) i, per tant, sempre es detecta a través dels seus productes de desinte-

graci6. Les seves fraccions de desintegracié segons la seua importancia i assumint
una my = 125.2 GeV sén [83]:

’La més baixa després del quak top i els bosons EW.
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H->2Z*
S
H>cc 3% 1 Altres
b

3% 1%
H — bb (57.92 £ 0.29)%
H— WTW~ (21.70 £ 0.11)%
o H — gg (8.17+0.26)%
H— 711" (6.24 £ 0.03)%
H — ct (2.888 +0.014)%
H— 77 (2.667 & 0.013)%
H— vy (2.270 £ 0.023)%
H— it (2.165 £+ 0.011)%
H— Zv (0.155 & 0.008)%
H — Altres < 0.2%

1.4 Interaccié entre el quark top i el bos6 de Higgs

Com que el quark top és la particula més massiva, s’espera que y; siga el més
fort entre tots els acoblaments del bosén de Higgs amb fermions i, per tant, el seu
estudi té una importancia crucial, tal com es discuteix a les referencies [84] i [85].
S’espera que l'acoblament Yukawa estiga de 'ordre de la unitat:

_ ﬁ-mtop
v

n =24 Gy Mgy ~ 0.995 ~ 1,

on G és la constant. Aquest valor és molt més gran que els acoblaments dels altres
quarks. Per comparacio, y, ~ 0.025 i y, =~ 0.007 > y; 4.,

La produccié d’una parella de quarks top juntament amb un bos6é de Higgs
(tt H) és el principal mecanisme de produccié associada d’aquestes dues particules.
El process ttH permet mesurar el valor absolut de y,. D’altra banda, amb una
seccid efica¢ molt més baixa que ¢ H, la produccié del bos6 de Higgs acompanyant
un sol quark top (¢H) aporta informaci6 valuosa, especialment pel que fa al signe del
coupling de Yukawa. La produccié de processos tH en general i tHq en particular
constitueix el tema central de la recerca descrita a aquesta tesi.

L’associada produccié tH té lloc a través de tres tipus diferents de processos.
En primer lloc, el canal-t, on el bosé de Higgs es radia desde el quark top o el boso
W (Figures 2a i 2b, respectivament). En aquest canal, el top i el Higgs es creen
juntament amb un quark addicional, donant lloc a la denominada produccié tHgq.
L’altre procés d’interés és la produccion ¢t W H, que consisteix en un procés t W on
el Higgs s’emiteix desde el quark top (Figura 2c). El tercer mode de produccié és
el canal-s. Aquest dltim és poc relletvant degut a la seua petita seccio eficag.
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(a) tHq (b) tHgq (c) tWH

Figura 2: Representacié dels diagrames de Feynman a LO per a tH. A les figures (a) i (b) es
mostra el procés tHq. Aci el bos6 de Higgs s’acopla al quark top (a) o al bosé W (b). A la figura
(b), grvy és el coupling del bosé de Higgs amb els bosons vectorials. A la figura (c), es mostra
la produccié tWH.

1.4.1 Caracteritzaci6é del bos6é de Higgs en tH i sensitivitat cap a y,

El Lagrangia efectiu que descriu I’acoblament de Yukawa entre el bosé de Higgs
i el quark top per sota de l'escala de ruptura de la simetria EW és el segiient [97]:

L= —%wt [cos(a) Ky + 1 Sen(a)ﬁAtt75]¢th .

Aci, 1Y, 1 X, representen el quark top i el bos6 de Higgs respectivament, i a és
I’angle de mescla de CP. Els parametres d’escala kpy 1 Ky 8O0 adimensionals i
reals.

La Figura 3 mostra la secci6 eficag¢ per a la produccié tX, en el canal-t com a
funcié de l'angle a. Per a comparar, també es mostra la seccié eficag t£X,. Aci
tXo 1 tt X, representen respectivament els processos els tH i ttH.

A T’hora d’observar la Figura 3, la primera apreciacié a tenir en compte és que
la secci6 eficag tTH és simetrica al voltant de v = 7/2. Aixo implica que mesurant
o(ttH) no seria possible discriminar entre escenaris de CP parells i imparells. Per
contra, per al procés tH, no existeix eixa simetria i, llavors o(tH) és sensible a un
possible acoblament que viole CP. Aixo es deu al fet que en I’'SM, la produccié t Hq
on el H es coupla amb el W (Figura 2 (b)) interfereix destructivament amb aquells
en els quals el H és radiat des del top (Figura 2 (a)).
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Figura 3: Seccié eficag a NLO com a funcié de I’angle de mescla de CP per a la produccié tX|,
en el canal-t i ttX, a y/s = 13 TeV. La particula X, representa un bos6 de Higgs amb violaci6
de CP [97].

2 L’experiment ATLAS de ’'LHC al CERN

El Gran Col - lisionador d’Hadrons (LHC, per les seues sigles en anglés) és un
accelerador de particules que es troba al CERN (Centre Europeu per a la Recerca
Nuclear o Laboratori Europeu de Fisica de Particules Elementals), en Ginebra,
Suissa. Va ser dissenyat per a col - lisionar protons i ions pesats amb alta energia,
permitint aixi als cientifics estudiar ’estructura subatomica de la materia i buscar
noves particules.

L'LHC és una maquina d’avantguarda que utilitza tecnologia avancada per
accelerar particules fins a velocitats properes a les de la llum abans de xocar-
les entre si. El funcionament de 'LHC es basa en 1'"is de camps magnetics i
radiofreqiiéncies per accelerar les particules carregades. A continuacio, els feixos
de particules sén dirigits per col - lissionar en els punts especifics on es troben els
detectors com ATLAS i CMS. Aquestes col - lisions generen particules secundaries
que es registren mitjancant una xarxa de detectors situats en el seu interior. Les
dades recopilades d’aquestes col - lisions es fan servir per a investigar la fisica de
particules. Amb energies de /s = 13 TeV, 'LHC és I'accelerador de particules més
gran construit, la qual cosa constitueix una eina clau per a ’avang de la ciencia.
Els quatre principals detectors que envolten 'LHC sén: ATLAS, CMS, LHCD i
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ALICE. El primer d’aquests és I'experiment en el qual es desenvolupa el treball
que es descriu en aquesta tesi doctoral.

2.1 El detector ATLAS

El detector ATLAS s’utilitza per mesurar les propietats de les particules re-
sultants de les col - lisions d’hadrons. ATLAS té una estructura cilindrica i és un
dels detectors de particules més grans del mén, amb aproximadament 46 metres de
llargaria i 25 metres de diametre. Esta compost per diversos components i subcom-
ponents. Cada un d’aquests sistemes s’encarrega de registrar un tipus d’informacio
diferent. En ordre de dins cap a fora, ATLAS esta format per:

 Detector intern (ID): Aquest component és el més proper al punt de col - lisié
i té com a finalitat rastrejar les trajectories de les particules carregades. L'ID
esta format per tres subcomponents:

— Detector de Pixels: Es la part més interna de 'ID. El material de detec-
ci6 és silici de 250 pm de grossor. Cada modul conté 16 xips de lectura i
altres components electronics. La unitat minima de detecci6 és el pixel
(50 x 400 pm), dels quals hi ha aproximadament 47000 per modul. La
mida mintscula dels pixels esta dissenyada per rastrejar de manera ex-
tremadament precisa prop del punt d’interaccié. El detector de pixels
esta compost per quatre capes dobles de tires de silici i té 6.3 milions
de canals de lectura i una area total de 61 m?.

— Rastrejador de Semiconductors (SCT): Té un concepte i una funcié si-
milar al Detector de Pixels, pero amb tires llargues i estretes en lloc
de petits pixels, fet que fa possible cobrir una area més extensa. Cada
tira té una mida de 80 pm x12 cm. El SCT és la part més critica del
detector intern per al rastreig basic en el pla perpendicular al feix, ja
que mesura particules en una area molt més amplia que el Detector de
Pixels.

— El Rastrejador de Radiaci6 de Transici6 (TRT): Del 'anglés Transition
Radiation Tracker, és un rastrejador de tubs de deriva’. Cada tub te
un diametre de 4 mm, una longitud de fins a 144 cm i esta ple d'una
mescla de gasos (principalment Xend).

e Imant solenoidal: Es un imant superconductor que envolta I'ID i genera un
intens camp magnetic per desviar la trajectoria de les particules carregades.

“Straw chamber en anglés, es tracta d’un tub llarg amb un fil al centre i un gas que s’ionitza quan
una particula el travessa.
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o Calorimetre electromagnetic (ECAL): Aquest component té com a funcié
principal mesurar I’energia de les particules que interactuen electromagne-
ticament, com els fotons i els electrons. Esta format per capes de cristalls
d’escintil - lacié que generen senyals de llum quan les particules interactuen
amb ells.

 Calorimetre hadronic (HCAL): A diferencia de 'ECAL, aquest calorimetre
esta dissenyat per mesurar I'energia de les particules hadroniques, com els
pions i els protons. Esta compost per capes de material dens que interactuen
amb les particules, generant una cascada de particules secundaries que séon
detectades i mesurades.

« Espectrometre de muons (MS): Aquest component esta dissenyat per mesurar
i rastrejar els muons, que tenen una gran capacitat de penetracié. L’MS uti-
litza diferents tecnologies de detectors per identificar i mesurar les trajectories
i les energies dels muons.

2.2 Alineament del detector intern d’ATLAS

Determinar amb precisio la trajectoria d’una particula dins del detector és una
tarea determinant per poder reconstruir diversos observables fisics. D’una banda la
reconstruccié de les trajectores permet identificar quines particules carregades han
estat produides en una col - lisi6. D’altra, la trajectoria d’'una particula carregada
en un camp magnetic proporciona informacié sobre la seua quantitat de moviment

La part del detector que s’encarrega de reconstruir les trajectories és I'ID. Quan
les particules carregades travessen el detector, deixen diposits d’energia a cada
subdetector (pixel), que permeten la reconstruccié de la trajectoria de la particula.
Amb més de 2 metres d’altura i 6 metres de longitud, ’AIDr té una precisié de
mesura de posicié millor que una centesima de mil - limetre. Per aconseguir aquesta
precisio, el detector ha d’estar alineat amb una precisi6 igual o millor.

Un coneixement detallat de la geometria de I'ID és crucial per a una recons-
trucci6 precisa. La posici6 i forma dels subdetectors no sén estacionaries sino que
canvien amb el temps. Els elements del detector poden desplacar-se a causa de fluc-
tuacions de temperatura o de canvis en el camp magnetic. Per tindre en compte
aquests moviments, es realitza amb regularitat l’alineament del ID i es determina
la geometria real de cada element actiu del subdetector. Aquest alineament s’ha
de dur a terme mitjancant metodes indirectes, perque el detector és inaccessible
durant el funcionament de I'LHC.
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L’algoritme d’alineament d’ATLAS esta basat en la comparaci6 dels punts d’im-
pacte registrats amb la trajectoria reconstruida de les particules. Si la posicié d'un
subdetector és correctament coneguda, les diferencies residuals s’equilibraran. En
cas contrari, els residuals mostraran un desviament sistematic, indicant el desali-
neament d’un subdetector. Aquest és un procés iteratiu que segueix l’estructura
jerarquica de I'ID, primer alineant les grans estructures fisiques i després els ele-
ments individuals del subdetector. La Figura 4 mostra les diferencies residuals
produides pel desalineament de I'ID.

Figura 4: La linia negra és la trajectoria reconstruida de la particula que creua I'ID. L’estrella
roja representa la mesura en cada capa del detector i les diferéncies residuals estan representats
per la linea blava [148].

2.2.1 Visor Web de Monitoratge de 1I’Alineament de I’'ID

Atés que qualsevol desalineacié dels diferents elements de I'ID deteriorara la
qualitat de la reconstruccié de trajectories i objectes és obligatori un seguiment
constant de l'alineaci6. Durant la produccié d’aquesta tesi, he contribuit a 1’a-
lineament de I'ID a través del desenvolupament del sofware de monitoratge dels
resultats de I'alineament de I'ID d’ATLAS descrits amunt.

El visor web de Monitoratge de 1’alineaci6 de I'ID és una aplicacio destinada a la
monitoratge dels resultats de 1’alineament basats en trajectories aconseguits en el
bucle de calibraci6 per a I'ID. Ajuda a avaluar les correccions d’alineacié calculades
aixi com moltes distribucions grafiques directament relacionades amb el rendiment
(per exemple, els residus del detector). A la Figura 5 es mostra la pagina principal
del visor web que he desenvolupat.
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Figura 5: Pagina principal del Visor Web de Monitoratge de I’Alineacié de 1'ID.

Les meues responsabilitats incloien el desenvolupament i implementacié del co-
di tant per a la part client (frontend) com per a la part del servidor (backend) per
al Visor Web de Monitoratge de I’Alineacié de I'ID. S’han realitzat millores sig-
nificatives en aquesta eina, incloent-hi la integracié amb la configuracié estandard
d’Athena, la conformitat amb els estandards d’estil d’ATLAS, millors en I'eficien-
cia d’execucio i actualitzacions dinamiques, aixi com una major interactivitat del
frontend. A més, s’ha optimitzat el codi per a eliminar redundancies i s’ha millorat
la interficie d’usuari per a facilitar 'accés i la gestio de les dades.

Aquestes millores no només augmenten la velocitat d’execucié de 'aplicacié,
sind que també proporcionen accés a més informacio i permeten gestionar i accedir
facilment a les dades desitjades. El Visor Web de Monitoratge de 1’Alineaci6 de I'ID
que he desenvolupat s’esta utilitzant activament pels membres de la col - laboracio
ATLAS per a monitorar 'alineacié de I'ID durant la Run 3 aixi com en el re-
processament de les dades de la Run 2. Aixo ha simplificat significativament el
monitoratge de l'alineacio, fent la tasca més eficient i facil de fer servir.
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3 Recol - leccié de dades, simulacié i reconstruc-
ci6 d’objectes

3.1 Simulaci6 i adquisicié d’esdeveniments en ATLAS

La simulaci6 i 'adquisicié de dades sén també una part fonamental de I’analisi,
ja que és amb elles amb les quals es realitzara posteriorment 1’estudi del procés
tHq.

Per I'analisi descrita en aquesta tesi, les dades utilitzades sén les recollides pel
detector ATLAS durant el Run 2, és a dir, del 2015 al 2018. Les dades van ser
produides durant col - lisions pp a 'LHC amb una freqiiéncia de 25 ns a /s =
13 TeV. La lluminositat total integrada aconseguida durant aquest periode va ser
de 140 fb ', amb un error que varia entre el 2,0% i el 2,4%.

La simulacié d’esdeveniments, també coneguda com a simulacié Monte Carlo
(MC), es divideix en diverses etapes que abasten des del calcul de la seccié eficag
a escala de partons (quarks i gluons) fins a les cascades de partons i els efectes no
pertorbatius del procés, i finalment, la simulacié de la interaccié de les particules
pel detector i el senyal electrica d’aquest. Els diferents passos d’una col - lisié de
pp que cal tenir en compte es mostren de forma esquematica a la Figura 6.

La simulacié de MC inclou diversos processos fisics: la dispersié de QCD, també
coneguda com la creacié dels elements de matriu; la cascada de partons, I’hadro-
nitzacio, els processos de dispersié de QCD secundaris, desitegracions i el pile-up.
Cada un d’aquests processos es simula de forma independent i utilitza diferent
informaci6é d’entrada.

Hi ha diversos programes al mercat per realitzar una o diverses parts de la simu-
laci6. Els utilitzats en algunes de les simulacions a ’analisi inclosa en aquesta tesi
son: POWHEG Box, MADGRAPHS5__AMC@NLO, SHERPA, PYTHIA i HERWIG.
Alguns d’ells han estat utilitzats per la simulacié nominal d’un procés, mentre que
d’altres s’han utilitzat per obtenir ’error derivat de 1"is d’un programa o l'altre.

L’altim pas de la simulacié d’esdeveniments és la simulacié del pas de les parti-
cules pel detector, la qual cosa es realitza a través d’Athena [142, 163], un software
especific de la col - laboraci6 ATLAS, utilitzant GEANT4 [185].

Les diferents combinacions de generadors de MC utilitzades tant per al procés
de senyal com per a tots els fons considerats es mostren en la Taula 1. La influéncia
a I’analisi dels processos llistats a la Taula 1 no és uniforme.
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Figura 6: Esquema d’una col - lisié pp per a produir un esdeveniment ¢¢H. El gran punt roig
representa la interaccié forta principal, seguida de la desintegraci6 del bosé Higgs i els dos quarks
top, representats pels tres punts rojos més petits. Els punts blaus indiquen els partons en el seu
estat inicial. Els processos de dispersié forta secundaris es mostren en violeta. Finalment, es
mostra el procés d’hadronitzacié (en verd clar) i els estats finals hadronics (en verd). A més,
apareixen unes linies grogues que representen la radiacié de fotons.
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Procés Generador de MC Ordre (esquema) Joc de PDF Cascada de partons Joc de PDF
Signal
tHq MADGRAPH5_AMC@NLO2.6.2 NLO (4FS) NNPDF3.0NLO nf4  PyTHIA 8.230 NNPDF2.3L0 (Al4 tune)
Fons

tt PowHEG Box v2 NLO (5FS) NNPDF3.0NLO PyTHia 8.230 NNPDF2.3L0 (Al14 tune)
V+jets SHERPA 2.2.1 NLO+LO NNPDEF3.0NNLO - -

Diboson =~ SHERPA 2.2.1-2 NLO+LO NNPDF3.0NNLO - -

Triboson SHERPA 2.2.2 NLO+LO NNPDF3.0NNLO - -

tt7 MADGRAPH5 _AMC@QNLO 2.3.3 NLO NNPDF3.0NLO PyTHIA 8.210 NNPDF2.3L0 (A14 tune)
tuw SHERPA 2.2.10 NLO NNPDF3.0NNLO - -

ttH POWHEG Box v2 NLO (5FS) NNPDF3.0NLO PyTHIA 8.230 NNPDF2.3L0 (A14 tune)
t-channel POWHEG BOX v2 NLO (4FS) NNPDF3.0NLO nf4  PyTHIA 8.230 NNPDF2.3L0 (Al4 tune)
tWw PowHEG Box v2 NLO (5FS, DR) NNPDF3.0NLO PyTnia 8.230 NNPDF2.3L0 (Al4 tune)
s-channel POWHEG Box v2 NLO NNPDF3.0NLO PyTHIA 8.230 NNPDF2.3L0 (Al4 tune)
tZq MADGRAPHS5__AMCQ@NLO2.3.3 NLO NNPDF3.0NLO PyTHIA 8.230 NNPDF2.3L0 (Al4 tune)
tWH MADGRAPHS__AMC@NLO28.1 NLO (5FS, DR) NNPDF3.0NLO PyTHIA 8.245p3 NNPDF2.3L0 (Al14 tune)
tWz MADGRAPHS_AMC@NLO2.3.3 NLO NNPDEF3.0NLO Pyrnia 8.212 NNPDF2.3L0 (Al4 tune)
ttt MADGRAPH5 _AMC@QNLO 2.2.2 NLO NNPDF3.1NLO PyTHIA 8.186 NNPDF2.3L0 (A14 tune)
tttt MADGRAPH5_AMC@NLO2.3.3 NLO NNPDF3.1NLO PyTHIA 8.230 NNPDF2.3L0 (A14 tune)
g9H PowHEG Box v2 NLO CT10 PyTHIA 8.210 CTEQ6L1 (AZNLO tune)
qqH PowHEG Box vl NLO CT10 PyTHIA 8.186 CTEQ6L1 (AZNLO tune)
WH PyTHIA 8.186 LO NNPDF2.3L0 - -

ZH PyTHiA 8.186 LO NNPDF2.3L0 - -

Taula 1: Resum de les mostres d’esdeveniments simulats de senyal i fons basics utilitzades en
els analisis de tHgq.

3.2 Identificacié i reconstruccié d’objectes en ATLAS

Els senyals proporcionats pels diferents components del detector ATLAS son
transformats en objectes fisics reconstruits per poder emprar-los en les diferents
analisis. Un objecte fisic fa referencia a una particula o entitat similar a una
particula reconstruida detectada dins d’ATLAS com a conseqiiéncia d’una col - lisi6
de particules. Els principals objectes fisics que es detecten i reconstrueixen per a
aquesta tesi son:

o Electrons: Reconstruits utilitzant els diposits d’energia en el ECAL, coinci-
dents amb trajectories a I'ID. Sense una bona resolucié a I’hora de reconstruir
les traces, seria imposible identificar i reconstruir particules carregades [209].
Per aixo, un correcte alineament del ID es fonamental, tal com es descriu en
la Seccié 2.2. A aquesta analisi, les condicions fetes servir per etiquetar un
objecte com a electrd sén les recomanades pel Combined Performance group
i consisteixen a tenir un pp superior a 10 GeV, estar dins de l'interval de
pseudorapidesa de |79 < 2.47, i superar el nivell d’identificacié estricte.
S’apliquen condicions sobre 'aillament per a reduir 'impacte dels electrons
que no provenen del procés principal (electrons non-prompt).

e Muons: Es reconstrueixen associant traces en la cambra de muons amb
traces en I'ID, complementant aquesta informacié amb el senyal dels calori-
metres [215]. De nou, es veu la necessitat d'un bon alineament a 1'ID. Al
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nostre analisi es requereix que els muons tinguen pr > 7GeV, |n| < 2.5, i que
passen un criteri d’identificacié mitja Igual que amb els electrons, es demanda
una estricte aillament dels candidats a muons.

Leptons tau: El lepté 7, amb una massa de 1.78 GeV, és I'tnic lepto prou
massiu per desintegrar-se en hadrons. En aproximadament un terg dels ca-
sos, els leptons 7 es desintegren de manera leptonica (7,,) en un mué o un
electr6 amb dos neutrins. Els 7., no es reconstrueixen com a tal, siné que
directament s’identifiquen els muons i electrons. En els casos restants, els tau
leptons es desintegren de manera hadronica, en una combinacié de mesons
carregats i neutres amb un .. Els leptons 7 que es desintegren hadronica-
ment, coneguts com a Ty,4, €s reconstrueixen i identifiquen fent servir una
xarxa neuronal recurrent. A més, una BDT per a vetar electrons es utilitzada.

Per a acceptar un objecte fisic com a 7,4 €s precis que aquest tinga associades
una o tres traces i que es trobe en espai definit [n™"| < 2.5 excluint 1.37 <
7™ < 1.52. També es requereix un pp minim de 20 GeV. Una Xarxa
Neuronal Recurrent (RNN) és emprada per realitzar 'identificacié.

Jets: Formats per la conglomeracié de diposits d’energia al calorimetre ha-
dronic, que sorgeixen de I’hadronitzacié de quarks i gluons produits en les
col - lisions. Els jets son feixos de particules estretament agrupades i alta-
ment col - limades que es mouen en la mateixa direccio, seguint la direccié
original del quark o glué original. Aquests objectes es reconstrueixen a par-
tir dels diposits d’energia en els calorimetres i les traces de I'ID. Aquesta
informacié és combinada utilitzant I'algoritme Anti-k, [221].

Per a aquesta analisi, s’aplica el requisit de que el pp siga superior a 20 GeV
i es trobe contigunt en |n| < 4.5.

Jets-b: Jets que provenen de I'hadronitzacié de quarks bottom. La seua
identificacié es fa mitjancant diferents algoritmes que exploten els seus trets
caracteristics, com els seus parametres d’impacte, la presencia de vertexs
secundaris o la seua topologia de desintegraci6. Particularment, 1’algoritme
DL1r és utilitzat en aquesta analisi. Aquest metode esta basat en una xarxa
neural recurrent [276]. També cal que es satisfaca que pp > 20 GeV, || <
2.5.

Energia transversa mancant: També coneguda com a moment transvers
de falta, és una quantitat important que representa el desequilibri del moment
miss

transvers en un esdeveniment. La ET" es deu a particules no detectades,
que en el cas de la nostra analisi sén els neutrins.
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# ‘ 0 Thad ‘ 1 Thad ‘ 2 Thaa
tHq (bb) tHq (WW/ZZ]TT)
Le(e/ 1) 1/ 10+ 27y
tHe (WW/ZZ/rT) | tHqg (WW/ZZ/TT)
26 e/ 1) 2059 2 4 17y
tHqo (WW/ZZ]TT
st (o) gy | M0 VW27

Taula 2: Diferents canals per a la produccié de tH g segons la preséncia de leptons de sabor lleuger
i taus que es desintegren hadronicament en l’estat final. Els requisits de multiplicitat sobre els
objectes d’estat final, asseguren l'ortogonalitat entre canals per a una futura combinacié.

Canal ‘ H—>mr H—-WW"' H—ZZ*
2+ 17,y | 63 32 5
1 +2r,, | 96 3 1
2¢ SS 17 80 3
3¢ 14 69 17

Taula 3: La probabilitat percentual dels modes de desintegracié del bos6é de Higgs dins dels
diferents canals multipleptonics ha sigut calculada utilitzant les fraccions de desintegracio.

4 Recerca de processos tHq amb un estat final
20 + 174

L’objectiu principal d’aquesta analisi és establir limits en la secci6 eficag de
produccié del procés tHq. La produccié de tHq s’analitza a través de sis canals
ortogonals optimitzats de manera independent (presentats a la Taula 2), centrant-
se aquesta tesi en 'estat final amb dos leptons lleugers (e/p) i un leptd tau que es
desintegra hadronic (7y,4). El canal 2¢ + 17,,4 es divideix en dues subcategories
depenent del signe relatiu de la carrega electrica mostrada pels dos leptons lleugers
carregats: El canal 20 OS+ 17,4 si la carrega és oposada i el 20 5SS+ 17,4 si tenen
la mateixa carrega. Els diagrames de Feynman corresponent a aquestos dos modes
de produccio es presenten a la Figure 7.

Per als canals amb estats finals multileptonics, ’analisi considera tres modes de
desintegracié del bosé de Higgs: H — W W™, H -7 7"y H — ZZ. La Taula 3
mostra 'importancia de cada un dels modes de desintegracié dins de cada canal de
cerca tHq. Es important notar que, en conjunt, aquestos tres modes representen
tnicament el 21% del total de la fracci6 de dessintegracié del bos6é de Higgs tal i
com s’explica a la Seccio 1.3.
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(a) 20SS + 174 (b) 2008 + 17,4

Figura 7: Diagrames a ordre dominant per a la produccié tHq (24 17,,4) al canal de desinte-
gracié H — T,,qTep- s pot apreciar que el dos leptons lleugers al diagrama (a) tenen la mateixa
carrega eléctrica mentre que en (b) la carrega és oposada.

4.1 Estudis sobre la senyal

Per tal de poder separar els processos tHq de els fons, cal comprendre les
propietats d’aquesta produccié. D’aquesta manera podrem definir observables fisics
(comunament referits com variables) que ens permeten discriminar el senyal per
tal crear regions a l’espai de fases enriquides en processos tHq, tal com es fa en la
Seccié 4.3. El primer pas per fer agd és obtenir la informacié del senyal a escala
de partons. Després, utilitzant aquesta informacié, l'origen del leptons lleugers
(és a dir, si venen de la desintegracié del bos6 de Higgs o de la del quark top)
pot ser determinat. Finalment, ago pot ser emprat per reconstruir les propietats
cinematiques dels processos tHq i, amb aquestes, definir variables.

4.1.1 Validacié de les simulacions a nivell de partons

Dins de la col - laboracié ATLAS, per tal de generar i administrar la informacié
a nivells de partons, el paquet de software TopPartons és emprat. Una de les
contribucions d’aquesta tesi ha sigut el desenvolupament dels codis necessaris per
a incloure en aquest paquet els processos tHq. Per tal de validar que el programa
elaborat funciona correctament, s’han realitzat calculs teorics per comparar-los
amb el resultat del paquet.
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El paquet elaborat guarda a les NTuples” la informacié de totes les particules
que apareixen al diagrama de Feynman dels processos tHq. Aquesta informacio
consisteix en el PDG-ID®, pr, n, ¢ i massa. Addicionalment, per als leptons 7, es
guarda la informacié sobre si aquests es desintegren laconicament o hadronicament.
Aquest desenvolupament es fet servir per tots els canals que participen en la cerca
del procés tHgq.

Pel que fa als calculs per validar TopPartons, aquests s’han fet combinant les
fraccions de desintegracions de totes les particules involucrades a les cadenes de
desintegracié del quark top i el bosé Higgs. Després s’han estudiat totes les combi-
nacions d’aquestes particules que podien generar els estats finals 20417, 4. Gracies
a aquests calculs podem conéixer les contribucions de cada canal de desintegracio
a l'estat final i també determinar on es produeix el 7,,4. Aquests resultats son
recollits a la Taula 4.

Canal de Origen del 7,4 Total
desintegracié | Quark top Bos6 de Higgs
H— 711 5.06 64.06 69.13
H— WW* 9.01 18.01 27.02
H— 77" 2.22 1.64 3.85
Total 16.29 83.71 100.00

Taula 4: Contribuci6 en percentatge de cada canal de desintegracié del bos6é de Higgs a 'estat
final 2¢ + 17, ,4. A més, l'origen del 7,4 és presentat.

Finalment, els resultats obtinguts a través dels calculs sén comparats amb els
del paquet software a través de la segiient metrica:

Nombre d’esdeveniments(H — Canal de desintegracié — 2¢ + 17,4)
Nombre d’esdeveniments(H — Canal de desintegracio) '

La Taula 5 recull el resultat de la comparacié. La discrepanca trobada a H — ZZ*
no és deguda a una falla en TopPartons sino que el codi que llig el resultat de
TopPartons no considera certes combinacions per aconseguir I'estat final 20+ 17y 4.
Els mateixos tests s’han portat a terme a l’estat final 3¢ i 'agraiment es donava
per als tres canals de desintegracio.

Tindre una informacié adequada a escala de partons és fonamental per a I'a-
nalisi, ja que s’utilitza en diverses tasques des de la determinacié de 1'origen del

®Una NTupla es refereix a un format de dades utilitzat per emmagatzemar i organitzar informacio
detallada sobre les col - lisions de particules i les simulacions. Les nostres NTuples estan al format
ROOT [283].

%Un nombre que identifica la identitat de la particula.
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Fraccié d’esdeveniments ‘ Calcul teoric | Resultat de TopPartons

Homr o2 Thaa 0.1246 0.1232 + 0.0057
Ho W W™ —20+17),
o 0.0141 0.0151 = 0.0009
Ho22 2 b 0.0164 0.0100 = 0.002
—Z7

Taula 5: Prediccié teorica comparada amb el resultat de TopPartons. La incertesa a la segona
columna correspon a ’error estadistic.

lepté lleuger en el canal 2¢SS + 17,,4 had fins a l'estimacié de la contribuci6 al
fons deguda a la mala identificacié de 7y,4.

4.1.2 Assignaci6 de l'origen el lleptons lleugers

Els dos leptons lleugers a 'estat final del canal 2¢ + 17,4 poden provenir tant
del bosé de Higgs com del quark top. Les ambigiiitats respecte a 'origen d’aquests
leptons de sabor lleuger fan extremadament dificil la reconstruccié dels sistemes
del quark top i del bosé de Higgs.

Segons els calculs realitzats en la Seccié 4.1.1. el 7,4 es produeix el 83.7% de
les vegades com a producte de la desintegracié del bos6é de Higgs, en oposicio al
16% en que prové de la desintegracié del quark top. Llavors, en la majoria del
casos podem dir que hi ha un lepté lleuger que prové que bos6 de Higgs ({pges) 1
un altre que prové del (£;,,).

Assumint que el 7,4 es originat del sistema del bos6 de Higgs, I’associacio de
quin lepton de sabor lleuger prové de la desintegracié del quark top i quin del
bosé de Higgs es pot fer directament si aquests dos leptons tenen carrega electrica
oposada, ¢és a dir, en el canal 20 OS + 17,4. Ateés que el bos6 de Higgs té carrega
neutra, la suma de la carrega dels seus productes de desintegracié hauria de ser
zero. Per tant, en el canal 2¢ OS + 17,4, mentre que el lepté lleuger amb carrega
oposada a la del 7,4 és el que prové del bos6 de Higgs, 'altre lepto, és a dir, el
que té la mateixa carrega que 7,4, és el que s’origina de la desintegraci6 del quark
top.

Per assignar amb precisi6 'origen del leptd lleuger en Uescenari 2¢SS + 17,4,
s'ha desenvolupat un métode fonamentat en BDTs de gradient. La BDTOrisenkep
s'implementa utilitzant la biblioteca Toolkit for Multivariate Data Analysis (TM-
VA) de ROOT [283, 284]. La implementacié d’aquesta BDT es pot esquematitzar
a través dels segiients passos:



Recerca de processos tH g amb un estat final 2¢ 4 17,4 347

1.

Py,

Etiquetatge: La creaci6 d'una etiqueta per a I’entrenament supervisat a
través de 1'is d’informacié a nivell de partons i I'establiment de categories
per a la classificaci6. Les categories definides per a la classificacié sén:

o Tipus1: el lept lleuger amb més pr (¢;) és 4., i el secundari (¢5) és

top
EHiggs :

o Tipus2: () és gy 1 Uy 65 Ly,

Donat un esdeveniment simulat, és possible accedir tant a la seua informacié
a nivell de partons com a nivell de reconstruccié simultaniament. Per als
leptons a nivell de partons es coneixen els progenitors, i per als leptons a
nivell de reconstruccid, cal identificar els progenitors. Llavors, és possible
comparar-los per a crear una associacio.

Per a vincular els leptons lleugers a nivell de reconstruccié amb els leptons
lleugers a nivell de partd, es construeix un con de AR < 0.01 al voltant de
cada leptd reconstruit. Quan dins d’aquest con hi ha exactament un leptd
lleuger a nivell de partons, es produeix el que s’anomena “una coincidenci-
a”. Per a identificar correctament 1’origen del lepté en un esdeveniment, és
necessari que ambdos leptons lleugers a nivell de reconstruccié tinguen coin-
cidencies a nivell de parténs. A la Figura 8 es mostren els leptons als dos

nivells amb els cons de AR.

pftop

Do,

p‘elliggs
Dy,

-
pél—[iggs
N

(a) Esdeveniment amb un etiquetatge valid del Tipus1 Py,
amb les dues correspondéncies.

(b) Esdeveniment amb una sola correspondéncia. Aci
no hi ha un etiquetatge valid.

Figura 8: Diferents escenaris per a ’associacié de leptons lleugers a nivell de reconstruccié
(fletxa blava) i a nivell de partons (fletxa roja). Cal notar que les etiquetes £, i fy;,,, NOMES
estan disponibles per a les particules a nivell de partons.

2.

Determinacion de variables per la BDT: La seleccié de caracteristiques
d’entrada a nivell de reconstruccié amb capacitat discriminatoria entre els
Tipus1 i Tipus2. Aquestes variables no poden ser utilitzades després com a
entrades en els BDTs per a la definici6 de regions. Les variables utilitzades a
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la BDTO" 8P g6 Jes presentades a la Taula 6. Les distribucions d’aquestes
variables poden observar-se a I’Apendix C.1.

Variable ‘ Significat ‘ < 8% > (x0.1)
m (H) Massa combinada del 7,4 i €l £;. 3.734
AN(Thad, 1) An entre el Ty,4 1€l 4. 2.457
mP?(H) Massa combinada del 7,4 1 €l ¢;. 2.025
AN(Thad, £2) An entre el 7,4 1 el lepté lleuger secundari. 1.864
m;‘r’;é(t) Massa del quark top reconstruida amb el jet etiquetat b, el ¢; i el vy, . 1.596
AR(b-tagged jet, ¢1) AR entre el jet etiquetat bi el ;. 1.142
m;f;g(t) Massa del quark top reconstruida amb el jet etiquetat b, el ¢, i el vy,. 1.104
AR(b-tagged jet, £5) AR entre el jet etiquetat b i el lepto lleuger secundari. 1.009
An(closest b-tagged jet, ;) | An entre el {411 el jet etiquetat b més proxim a aquest leptd. 0.740
Taula 6: Variables utilitzades a Uentrenament de la a BDTO" 8P E] poder de separacié

(< 52 >) es presenta a la tercera columna.

3. Optimitzacié d’hiperparametres del model: L’optimitzacié dels hiper-
parametres d’entrenament és un element clau per a augmentar 'eficacia del
model. En el cas de la BDTOM8P ¢ls parametres seleccionats es mostren
a la Taula 7. Aquests valors optims s’han determinat mitjancant una cerca
en reticula. En referéncia a la decisiéo sobre com tractar els pesos negatius
(excloure’ls o incloure’ls en l'entrenament), els tests indiquen que un entre-
nar només pesos positius ofereix un millor rendiment. Els histogrames a la
Figura 9 mostren que les distribucions sén similars utilitzant tots els esdeve-
niments o només els esdeveniments amb pesos positius, la qual cosa indica
que excloure els pesos negatius de I’entrenament no introdueix cap biaix en
el model final.

Hiperparametre ‘ Valor Significat
Type Gradient Algoritme per al boosting per als arbres.
MaxDepth 3 Profunditat maxima de I’arbre.
Shrinkage 0.2 Taxa d’aprenentatge per 1’algoritme.
NTrees 10° Nombre d’arbres en el metode.

Nombre de punts a testejar per trobar
nCuts 40 el tall optim en la divisié del node.
NegWeights Ignore neg | Us dels pesos negatius a 'entrenament.

Taula 7: Valors dels hiperparametres utilitzats per gestionar Uentrenament de la BDTOsenker,

La resta d’hiperparametres utilitzen el seu valors per defecte.

4. Entrenament del model: L’entrenament supervisat del model per classifi-
car esdeveniments segons 1’origen del leptd lleuger crea un discriminant que
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(a) AR entre el jet etiquetat com a biel ¢;. proxim a aquest lepto.
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Figura 9: Distribucions normalitzades de variables cinematiques utilitzades a la BDTO isenter

a l’espai de fases corresponent al canal 2¢SS+ 17, 4. En negre es mostren tots els esdeveniments
i en verd només esdeveniments amb pesos positius. Per a cada bin, la banda d’error es calcula
com l’arrel quadrada de la suma quadratica dels pesos.

es presenta a la Figura 10. Per tal de evaluar la capacitat predictiva d’un
model estadistic, la validacié creuada K-fold és utilitzada amb cinc folds.

5. Injeccié del model: Liltim pas consisteix en 'aplicacié del model sobre
les dades i en la determinaci6 del llindar de classificacié optim. Una cerca
lineal troba que BDTOrisenker —0.315 és el punt optim per discriminar
esdeveniments de Tipus 1 i Tipus2.

Una vegada establit 'origen del leptd, en comptes de fer servir ¢, i 5, les
variables per a la discriminaci6 entre senyal i fons fan servir £y, 1 fp,s. Definir
els leptons segons el seu origen, en lloc de la seua ppy, permet crear variables més
eficaces per a la discriminaci6. A la Taula 8, la técnica basada en la BDTOM 8P og
compara amb un metode alternatiu que consisteix a aplicar dos requisits cinematics.
Com es pot apreciar, I'eficacia de classificacié del metode descrit aci és superior.
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Figura 10: Distribucié de la BDT?"#LP " Ep 1a figura (a) els cinc models del K-folding sén
comparats a les mostres de test. En (b) el model final és presentat comparant la distribuci6
d’esdeviments de Tipus1 (blau) i de Tipus2 (roig).

Precisi6 de I'assignacié de 1'origen del lepton lleuger
Total (100%) \ H — 77 (83.08%) \ H— WW (16.92%)

| BDTOvsenep | 8839 | 88.44 | 88.18 |
‘ Metode basat en talls ‘ 83.86 ‘ 84.24 ‘ 81.80 ‘

Taula 8: Precisié calculada comparant la prediccié del metode amb el valor real. El valor real
s’ha obtingut utilitzant l’etiquetatge amb l'informacié a nivell de partons. Aquest etiquetatge
esta disponible per a H — 77 i H — WW" perd no per H — ZZ*. Només s’han utilitzat
esdeveniments on hi havia una correspondeéncia entre els leptons a nivell de reconstrucci6 i a
nivell de partons.

4.1.3 Reconstruccié del sistema

La reconstrucci6 precisa del moment i la massa del quark top i del bos6 de Higgs
és una tasca complicada a causa de la presencia de, almenys, quatre neutrins en
I'estat final. En aquest treball, I'estrategia utilitzada per a reconstruir completa-
ment el top i el bosé de Higgs consisteix primer a reconstruir el sistema del quark
top i després la cadena del bosé de Higgs. Com que coneixem el ER™ total, si
I’energia mancant és reconstruida per al quark top, es pot fer servir:

B%ﬁss(total) = E%ﬁss(Higgs) + B%liss(top)

per a obtindre ﬁr{?iss del sistema del Higgs.

Llavors, el primer pas és reconstruit el quark top. Com que al seu sistema de
desintegracié hi ha un neutri (14,,) com a minim, cal estudiar la hipotesi per a
aconseguir ?(Vtop). Les relacions aconseguides a través d’un ajust per a conéixer
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ﬁrTniss(top) sén:

miss _ 1615.18GeV?
Ten Pre,,

; ™
QSIVri(l)sps = ¢€top :l: 5 )

sent pry, 1 ¢ftop el moment transvers i I'angle azimutal del /;,,.

Una vegada obtingut 1’energia transversa mancant del sistema del quark top
s'utilitza el metode de la Calculadora de Massa Perduda (MMC), originalment
desenvolupat per reconstruir la massa i moment del bosé de Higgs a ’analisi H —
77 [290].

4.2 Estimacio del fons

En la nostra analisi, diferenciem els esdeveniments de fons en dos tipus: “re-
ductible” i “irreductible”.

o Fons irreductibles: Es refereixen a processos amb estats finals identics al
senyal, Aquesta mena de fons no es poden distingir dels processos tHq a
través de la multiplicitat d’objectes fisics reconstruits. En la nostra analisi
sén Diboson (VV), tW, ttZ, ttH, tt W i tZq.

» Fons reductibles: Originats per errors de reconstruccid, on objectes son in-
correctament identificats com a part del senyal. Al canal 2¢+ 17,4, predomi-
nen els esdeveniments identificats consistents en jets erroniament identificats
com Tp,q- Ago genera els fons de ¢¢ i Z + jets. També inclouen processos amb
V'V i certes produccions de ¢t .X.

Coneixer amb precisio la fraccié esperada de cada procés de fons és fonamental
per a obtenir resultats de qualitat. Mentre que per als fons irreductibles, el nombre
d’esdeveniments s’estima amb precisio en les simulacions basades en MC, per als
fons reductibles no és trivial determinar la seua abundancia. Entre els enfocaments
per a l'estimacié de les taxes de mal identificacid, destaca el metode d’ajust de
plantilla.  Aquesta estrategia basada en dades per a estimar ’abundancia dels
diferents fons reductibles implica 'aparellament d’objectes reconstruits en conjunts
de dades simulats amb els corresponents objectes a nivell de parté simulat utilitzant
cons de AR = 0.2. Fent aixo, es creen les plantilles per a objectes fisics (e, p, Thaa,
jet iniciat per quark, jet iniciat per glué i desconegut). Una plantilla és un grup de
particules amb la mateixa etiqueta a nivell de partons. Després es realitza un ajust
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del MC a les dades per a derivar els factors que reescalaran la mostra de MC. Aquest
metode actua com a nominal. Alternativament, el meétode de recompte s’utilitza
per a assignar una incertesa al metode d’ajust de plantilla. La composici6 a nivell
de parto dels objectes reconstruits es presenta a la Figura 11. Alli es pot veure
que mentre els objectes en el procés tHq tipicament estan ben reconstruits, el 7,4
reconstruit dels fons no és realment un 7 en la majoria dels casos.

- clec
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== gjet

- tay .
= ynknown g-jet
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jet
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Figura 11: Composition at parton level of the reconstructed leading (left) and sub-leading
(middle) leptons, as well as 7,4 (right) passing the selection cuts in the 2¢ + 17,,4 analysis
with oppositely charged light leptons. The results are calculated using all MC samples and tHq
production.

4.3 Selecci6é d’esdeveniments

La seleccié d’esdeveniments consisteix en ’aplicacié d’un conjunt de condicions
que ens permeten separar el senyal del fons. D’aquesta manera, definim una regié de
I’espai de fases enriquida amb esdeveniments de senyal. Aquesta regié es denomina
regié de senyal (SR).

El punt de partida és la regi6 de preseleccié (PR), on els objectes fisics sén
seleccionats segons l'acceptacié del detector. Els requisits de PR estan resumits a
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la Taula 10 i el nombre d’esdeveniments a la regié de PR es presenta a la Taula 10
tant per a tot 2¢ + 17,4 com per als dos canals que el componen.

A continuacié, es defineixen variables discriminants i s’utilitzen com a carac-
teristiques d’entrada per a un BDT que distingis entre esdeveniments de senyal i
fons, creant un discriminant.

Objecte Multiplicitat Moment lineal Pseudorapidesa

_ pr(e) > 14 GeV In(e)| < 2.47, |n(e)| ¢ [1.37, 1.52]
Leptons lleugers  n(e/p) =2 pe(t) > 14GeV ()| < 2.50
au hadronic N(Thad) = 1 P1(Thaa) > 20 GeV 17(Thaa)| < 2-50, |7(Thaa)| € [1.37,1.52]
Jets n(jet) = [2, 6]  pr(jet) > 20 GeV [n(jet)| < 4.5
Jets etiquetats b n(b-jet) = [1, 2] pr(b-jet) > 20 GeV [n(b-jet)| < 2.5
B pr(EF™) € [5, 800] GeV

Taula 9: Requeriments de preseleccié. Per als leptons principal i secundari s’aplica un tall
addicional en pp: pr(€;) > 27,GeV i pp(€y) > 20,GeV. El signe relatiu de la carrega eléctrica
dels leptons lleugers també s’utilitza en la preseleccié per separar els canals 2¢SS + 17,4 i
2008 + 17y,4-

Finalment, aplicant requisits sobre les sortides del BDT, es defineix la SR.
També es poden definir regions de I’espai de fases enriquides amb processos d’un
fons especific. Aquestes es coneixen com a regions de control (CR) o de validacié
(VR). La diferencia entre CR i VR és que, mentre les primeres sén considerades en
els calculs de I'ajust, les segones no ho séon. Les SR, CRs i VRs sén totes ortogonals
entre si i son subespais de la PR

Per a distingir el procés de senyal tHq dels fons i crear regions dedicades als
fons, es construeixen diversos BDTs de gradient per a la classificacié binaria:

o BDT(tHq|pg): Entrenat per a discriminar el procés tHq de tots els fons
simultaniament en el canal 2008 + 17,4. Aquest BDT es fa servir després
per a definir la SR per a tHq en aquest canal.

« BDT(tt|os) Entrenat amb l'objectiu de separar tt i Z -+ jets en el canal
2008 + 17y,4. S'utilitza per a definir les VRs per a aquests dos processos.

o BDT(tHgq|sg): Entrenat per al canal 2¢ SS+ 17,4 per a discriminar el procés
tHq de la resta de processos.

Igual que per a l'assignacio de 'origen del leptons lleugers, els passos per a en-
trenar aquests models son: 1’eleccié de variables, I'optimitzacié d’hiperparametres,
I’entrenament del propi model i la injeccié de la puntuacié del model. Aci també
es fa servir k-folding amb k = 5 per a la validacié creuada.
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Procés | 20417,y | 200S 4 17y, | 20SS + 17y,
tHgq 3.2+0.8 19405 1.22 4+ 0.34
tWH 3.4+25 24+1.8 1.040.7
tt 5710 £350 | 5690 + 350 25+ 10
7 + jets 3800 & 1400 | 38004 1400 | 0.7+0.4
ttw 130 + 330 90 + 230 40 + 100
ttH 86 + 29 61 + 20 2549
tiz 160 + 29 139 = 26 2144
twWZz 22 416 19 + 14 2.6 +2.1
tZq 45 +7 40+6 54+0.9
tw 260 + 40 260 + 40 1.24+1.0
Diboson 190 + 130 180 + 130 10+6
Fons menors 1649 14+8 1.8+ 1.1
Fons total | 10400 £ 1500 | 10300 & 1500 | 140 £ 110
S/B(%) | 0031 | 0018 | 0.89
SignificAncia | 0.031 | 0.019 |  0.104

Taula 10: Nombre d’esdeveniments al nivell de PR per al canal 20417y 4 i els seus dos subcanals.
Les incerteses corresponen tant a l’error estadistic com a les incerteses sistematiques (descrites a
la Seccié 4.4).

Els esdeveniments simulats amb pesos negatius representen aproximadament un
30% del total. Per al BDT(tHq|og) i BDT(tt]|og), només s’usen els pesos positius.
Per al BDT(tHq|ss), s’usa el valor absolut del pes a ’entrenament. Aquesta elecci6
és preferida per I'escassetat d’esdeveniments en el canal 20 SS + 17,,4.

Pel que fa a la seleccié de variables, aquestes son escollides per maximitzar el
poder de separacié de la BDT. Un algoritme iteratiu construeix la llista de variables
utilitzades en cada BDT tenint en compte el valor que aporta cada variable al
rendiment del model i les seues correlacions amb les altres variables. El resultat
d’aquest metode dona lloc a les tres llistes de variables presentades a la Figura 12.
La distribucié de la variable més important de cada llista es mostra a la Figura 13.

Una vegada escollides les variables, cal optimitzar els hiperparametres de I'en-
trenament. Aquests s’encarreguen de gestionar el procés d’aprenentatge del model,
perd no formen part d’ell i seleccionar els adequats és crucial, ja que pot influir
significativament en el rendiment del model. L’optimitzacié dels hiperparametres
del BDT es fa utilitzant un algoritme genetic [294]. El conjunt optim d’hiperpara-
metres trobat es presenta per als tres BDTs simultaniament a la Taula 11.
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Figura 12: Ranquing de variables per a cada BDT: a) BDT(tHq|og), (b) BDT(tt|pg) i (c)
BDT(tHg|gg) Els ranquings s’han obtingut amb leina d’importancia de caracteristiques d’XG-
Boost. L’eix x correspon al valor que XGBoost déna per a avaluar la precisié aportada per la
variable al BDT.

El rendiment dels BDTs s’avalua a través de la corba de caracteristiques ope-
ratives del receptor (ROC). Per a un model de classificacié binaria, la corba ROC
representa la relacié entre la taxa de veritables positius (sensibilitat) i la taxa de
falsos positius (1 - especificitat) per a diferents llindars de decisié. Les corbes ROC
dels tres BDTs de definicié de regié es presenten a la Figura 14. L’area sota la cor-
ba ROC (AUC per les seues sigles en anglés) és un altre indicador del rendiment
del model: un valor d’AUC proper a 1 indica un model molt precis, mentre que
un valor d’AUC proper a 0,5 indica un rendiment no millor que 'atzar. Per als
models BDT(tHq|og), BDT(tt|og) i BDT(tHqlgg), les AUC sén, respectivament
0.637 £ 0.004, 0.730 £ 0.003 i 0.6706 + 0.0013.



356

Resum de la tesi

Hiperparametre

| BDT(tHq|OS) | BDT(t¢|OS) | BDT(tHgss)

Profunditat maxima
Taxa d’aprenentatge
Nombre d’estimadors
Pes minim del fill
Escala de pesos positius
Estrategia de pes neg.

4
0.1237
1500
0.52
268.838
Només positius

4
0.0334
1500
0.077
0.36
Només positius

4
0.04
1500
0.026
83.21
Valors absoluts

Taula 11: Configuracié dels hiperparametres utilitzats per a gestionar I’entrenament dels tres
BDTs de gradient emprats per a la definicié de regions. La resta d’hiperparametres es configuren

amb els seus valors per defecte.

La distribucié de les BDTs en funcié del fold es mostra a la Figura 15. En
aquesta figura també es mostren les fraccions entre els esdeveniments de cada fold
i es pot apreciar clarament com tots cinc sén perfectament compatibles entre si.
Aco vol dir que el model té bona capacitat per a generalitzar.
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Figura 13: Variables més rellevants per cadascun dels tres models de classificacié de processos:
(a) BDT(tHq|pg), (b) BDT(tt|pg) i (¢) BDT(tHqlgg). Les bandes d’incertesa inclouen les incer-
teses estadistiques i sistematiques i el panell inferior presenta la relacié entre les dades recollides
i la simulacié MC. Addicionalment, el X2 mesura la concordanca entre les dades reals i la mostra
d’esdeveniments simulats per MC.
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Figura 15: En el panell superior de cada figura, es mostra el perfil del BDT per als cinc folds
simultaniament. L’error en cada bin del panell superior correspon a la desviacié estandard. En
el panell inferior, es presenta la la fraccié d’esdeveniments entre el primer grup (Grup 0) i tots
els altres. Ambdoés panells comparteixen el mateix eix x. Per a tots els folds dins d’'un BDT,
les distribucions sén compatibles dins de I'error estadistic. Aixo indica que el model generalitza
adequadament i no es veu afectat pel conjunt especific d’esdeveniments que s’utilitzen per a
Pentrenament en cada grup. Els perfils mostrats sén dibuixats emprant només les mostres de
test.
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4.4 Fonts d’incertesa

La incertesa en fisica es refereix al fet que és impossible mesurar qualsevol
quantitat fisica amb precisié perfecta. Aixo es deu al fet que tots els instruments
de mesura tenen limitacions i estan subjectes a diverses fonts d’error. Aquestes
incerteses proporcionen una mesura de I'interval dins del qual es preveu que es trobe
el valor real d’'una quantitat mesurada. Hi ha dos tipus principals d’incerteses: la
incertesa estadistica i la incertesa sistematica.

La incertesa estadistica sorgeix de l'atzar inherent o fluctuacions en les dades
finites. Aquestes fluctuacions sén tipicament descrites per metodes estadistics, com
les distribucions de probabilitat, i sén quantificades per mesures estadistiques com
la desviacié estandard o intervals de confianca. Les incerteses estadistiques son
completament no correlacionades entre mesures successives, la qual cosa significa
que cada mesura porta la seua propia incertesa estadistica independent.

D’altra banda, les incerteses sistematiques engloben totes les fonts d’error o
variacié que no son directament degudes a l'estadistica de les dades. Les incerte-
ses sistematiques poden ocorrer en qualsevol punt de la cadena d’analisi. Estan
associades amb diversos factors, incloent-hi ’aparell de mesura, les condicions ex-
perimentals, les suposicions fetes en I'analisi, els models teorics emprats, la recons-
truccié d’objectes, les tecniques d’estimacié del fons i les simulacions MC, entre
molts altres. Les incerteses sistematiques sén completament correlacionades entre
mesures successives, la qual cosa significa que afecten consistentment tot el conjunt

de dades.

Les incerteses sistematiques es classifiquen en dos grans grups depenent del seu
origen: incerteses teoriques i incerteses experimentals.

4.4.1 Incerteses teoriques

Aquestes es refereixen a la modelitzacié a simulacié de MC i el coneixement teo-
ric sobre els diferents processos. Per a quantificar aquestes incerteses, es comparen
diferents prediccions teoriques i variacions en els parametres del model de MC per
a avaluar el seu impacte en els resultats. Les variacions sén comparades amb el
metode principal (referit com a nominal), la qual cosa, permet estimar 'exactitud
i la fiabilitat dels calculs teorics.

Les incerteses de modelatge s’avaluen de tres maneres: comparant la prediccié
del generador de MC nominal amb la de generadors alternatiu, variant els parame-
tres interns de la simulacié nominal o variant la seccié transversal predita dins de
la incertesa teorica.
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4.4.2 Incerteses experimentals

Les incerteses experimentals juguen un paper crucial en els experiments de
fisica de particules, ja que sorgeixen del mateix procés de mesura. En el context
de les analisis de ATLAS, aquestes incerteses provenen principalment de factors
relacionats amb el detector i abasten diversos aspectes, com les limitacions de
I’aparell de mesura, els procediments de calibracié i I'eficacia de reconstruir objectes
fisics dins del detector. Algunes fonts comunes d’incerteses experimentals inclouen:

e Luminositat: Per a cada any de presa de dades, hi ha una incertesa en la
luminositat integrada recollida pel detector ATLAS.

« Reponderacié de Pile-up: Els esdeveniments de les mostres de simulacio
MC es reponderen per a coincidir amb la distribucié observada del nombre
mitja d’interaccions per creuament de feixos en les dades [300]. El valor
d’aquesta incertesa s’obté reescalant el valor de <u> en les dades per 1/0.99
i 1/1.07 al voltant del factor d’escala nominal de 1/1.03 [301].

« Escala d’energia del jet: La calibracié de I'escala d’energia del jet (JES)
corretgeix l’energia i la direccié dels jets per a coincidir amb la dels jets
reconstruits a nivell de partons [302]. La incertesa associada amb JES s’obté
de dades de feix de prova, dades de col - lisions LHC i simulacions MC.

» Resolucié d’energia del jet: La resolucié d’energia del jet (JER) es refereix
a la capacitat de 'experiment per a mesurar l’energia dels jets. La JER es
mesura per separat per a dades i MC utilitzant les dues tecniques in-situ
descrites en les referencies [302, 303].

o Jet vertex tagger: Les incerteses associades amb l'identificador de vertexs
provenen de la contaminacié residual de jets de pile-up [272, 304].

e Thaq Mal identificat: Les incerteses sistematiques associades amb les iden-
tificacions de 7,4 depenen del punt de treball triat a la RNN que s’encarrega
de la identificacié dels 7y,,4.

« Taxa de 7,4 mal identificat: Per a abordar la incertesa associada amb el
metode de determinacio de les probabilitats de 7,4 mal identificat, el metode
de l'ajust de plantilla es compara amb el metode de recompte. Ambdds
metodes sén descrits a la Seccié 4.2.

o Etiquetatge de sabors pesats i lleugers: L’eficiencia de I'algoritme d’e-
tiquetatge de sabors es mesura per a cada sabor de jet utilitzant mostres de
control de dades i simulacié. Aquesta avaluacié déna factors de correccié per
a ajustar les taxes d’etiquetatge en les simulacions.
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« Eficiéncia d’Electrons: S’utilitza un metode especific per corregir diferen-
cies en l'eficiencia de reconstruccié d’electrons entre dades reals i simulades.
Aix0 es mesura en certes classes d’esdeveniments de particules.

« Eficiéncia de Muons: De forma analoga als electrons, es realitzen correcci-
ons per ajustar les eficiencies d’identificacié i aillament dels muons, basades
en diferents tipus d’esdeveniments.

o Escala d’Energia i Resolucié d’Electrons: Es corregissen petites discre-
pancies entre les simulacions i les dades reals respecte a 1’energia i la resolucio
dels electrons.

o Escala de Moment i Resolucié de Muons: Es fan ajustos en les simula-
cions dels muons per alinear-les amb les observacions reals, enfocant-se en la
seua escala de moment i resoluci6.

e Terme Suau de ET"°: S’apliquen correccions a l’escala i la resolucié d’u-
miss

na part especifica de la mesura ET"°, que no esta associada amb objectes
calibrats.

4.5 Resultats
4.5.1 Metode de I'ajust de maxima versemblanca

La tecnica utilitzada per mesurar la normalitzacié del senyal (ufg;hhad) i del
processos de fons que es desitgen controlar (k,) és coneguda com a métode de l’ajust
de mazima versemblanca, encara que és més habitual referir-se a aquesta pel seu
nom en anglés mazimum likelihood fit. El p i k, s’anomenen conjuntament com
parametres d’interés del sistema (POI). El factor de normalitzacié del senyal és
també conegut com forca del senyal i es defnineix com:

obs
g

HtHg = O_pred :

El meétode de maxima versemblanga és ampliament utilitzat als analisis d’ATLAS,
hem d’estimar desenes o fins i tot centenars de fonts sistematiques d’incertesa.
Aquestes incerteses son intruides a l'ajust de versemblancga mitjancant uns para-
metres al model anomenats pardmetres de moléstia (NPs).



362 Resum de la tesi

Aquest metode funciona maximitzant la funcié de versemblanca per distribuci-
- 7
ons en diagrames de barres':

OS ex % ex _>
LR 8) = T P (n™[- s0%(6) +67%(6))
i€bins (1)
x T (6010, 20;) x T] P (60,165, A6;) .
jEsyst sEy

Aci, I'index 7 es refereix al bins dels histogrames que s’utilitzen al fit. L’index j
corre sobre els NPs que es refereixen a les fonts d’incertesa sistematica i I'index
s als NPs associats amb la incertesa estadistica de la mostra de simulacions de
MC (anomenades gammas o v). P i G son, respectivament, les funcions de les
distribucions Poissonianes i Gaussianes. El nombre d’esdeveniments observat és

n$™ i Pesperat n®, que es calcula:

nS® = s + Sk, b(F

pEBkg

on /4 ik, sén les normalitzacions de la senyal i els diferents fons. A I'equacio 1, els
0 son els NPs, mentre que 6, i Af sén el valor nominal del NP i la variacié d’una
desviaci6é estandard aplicada per valorar el seu impacte.

A més del factor de normalitzacié del senyal, també es proporciona un limit
superior mitjancant una prova estadistica. La prova depén del valor de p, i el limit
superior s’extreu utilitzant el metode descrit a la referencia [308] per a establir un
nivell de confianca del 95%. La interpretacié de pu, aixi com el limit superior, també
pot ser escrita en termes de la seccio efica¢ de produccié del procés de senyal de la
seglient manera:

— j(tHg) x o™, (2)

pred

on o és el valor de la seccié de produccié predit per la teoria.

4.5.2 [Estrategia d’ajust

Experiment cec

A T'hora de formular I'estrategia de I’analisi és crucial evitar examinar les regions de
dades que es preveu que tinguen una alta concentracié d’esdeveniments de senyal
tHq. Aquesta practica de cegar I'experiment s’anomena blinding i juga un paper
fonamental a I’hora de protegir I'analisi de potencials biaix o predisposicions que
podrien ocorrer si els investigadors es veuen influenciats per variacions estadistiques
observades.

Cada barra del diagrama de barres és anomenada bin i al diagrama en si ens referim com a
histograma.
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En aquesta recerca, el punt corresponent a les dades en un bin només es mostrat
si la fraccié de senyal esperada era menor que 0.3% i tots els bins en les SRs
estaven completament cegats. Només en la Seccié 4.5.4 la recerca es fa amb dades
des-cegades.

Tipus d’ajust

Primerament, fem un ajust utilitzant tinicament les mostres de simulacions de
MC. En aquest ajust cap dada real és emprada. Aquesta configuracié es coneix
com a hipotesis d’Asimov. Els resultats d’aquesta mena d’ajust es presenten a
la Secci6 4.5.3. El proposit d’aquesta mena d’ajust és avaluar la sensitivitat de
I’analisi i comprovar 'estabilitat de I’ajust amb la configuracié escollida. Si I’ajust
d’Asimov presenta cap mena d’inestabilitat podem canviar la definici6 de les regions
fetes servir a 'ajust o els parametres que deixem flotar als calculs.

Si I’ajust d’Asimov no funciona correctament, les dades reals sén parcialment
influides als calculs. Primer a les regions de control, on fem unajust per a mesurar
la normalitzaci6é del fons que desitgem controlar (k,). Per fer aix0 assumim la
hipotesis de senyal nul - la (és a dir, p;,=0). Aquesta configuracié coneix com
ajust de les CR fons tnicament.

Després les dades s’utilitzen a totes les regions de ’analisi amb la hipotesi nul - la
i, de nou, es calculen el k,. La diferencia aci és que podem determinar I'impacte de
la SR en la determinacié dels factors de normalitzacié. Encara que la SR s’utilitza
en aquest ajust, a les grafiques continua cegada per a no produir cap biaix. Per
simplicitat, els resultats d’aquests dos tipus d’ajust no estan inclosos en el resum.

Finalment, si tots els ajustos preliminars funcionen correctament. L’ajust de
maxima versemblanca per a distribucions amb bins es realitza emprant totes les
regions i tenint també en compte el MC del senyal. Aquest ajust final es du a terme
amb dades des-cegades. Els resultats de I’ajust final es presenten a la Secci6 4.5.4.

Poda de the NPs

En principi, introduim un NP per a cada incertesa sistematica en la funcié de ver-
semblanca. A causa del gran nombre de parametres d’ajust, aquesta tecnica és
molt costosa computacionalment i pot trigar hores o dies per fer un sol ajust. El
que ens preocupa és quines fonts sistematiques tenen una gran contribucié a la in-
certesa dels POI. Si identifiquem les fonts d’incertesa que no tenen una contribucié
significativa, podem llevar-les de I'ajust i agilitzar el procés. Aquesta tecnica és
referida com a poda.
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Configuracions de ’ajust de maxima versemblanca

En aquest cas, per configuracions, ens referim a quines regions de 'espai de fa-
ses incloem en l'ajust de maxima versemblanca i a quins factors de normalitzacio
deixem flotar com a parametres lliures. Les diverses estrategies que sigut explo-
rades es presenten a la Taula 12 per al canal 2008 + 17,4 i a la Taula 13 per al
2055 + 174

‘ tt 1 Z + jets ‘ Parametres lliures ‘ Pesos corregits

Utilitzat CR Pirrg > Kigr K7 4 jets v
Alternativa 1 VR e v
Alternativa 2 CR Htrg v
Alternativa 3 CR Hirrg > Kz Kz 4 jets X

Taula 12: Diferents configuracions d’ajust de versemblanca provades per al canal 2¢ OS+ 17y, 4.
La columna “tt i Z + jets” indica si les regions de ’esapi de fases dedicades a aquests dos processos
son utilitzades als calculs (CR) i si només s’utilitzen per a la validacié de lajust (VR). Totes
aquestes configuracions han estat explorades (amb dades cegues) per a comprovar 'impacte de
cada opcid als resultats.

‘ CRs ‘ K, lliures
Utilitzat Tots els fons kit ix
Alternativa 1 tt, ttX ks kigw
Alternativa 2 tt, ttX kg, kigx

Alternativa 3 tt, ttX kg kaw, Kgns kay

Taula 13: Diferents configuracions de I’ajust provades per al canal 2¢/SS + 17,,4. La columna

CR fa referéncia a quines regions de control s’utilitzen a I’ajust i la columna k, lliures es refereix
p

. . - . 208S+1
a quins factors de normalitzacié es calculen juntament amb la p, p Trad - Totes aquestes han

estat explorades amb dades cegues per a comprovar com la configuracié influencia els resultats.

Com es pot veure a I'iltima columna de la Taula 12, pel canal 2¢OS + 17,4
s’ha explorat no utilitzar els factors d’escala que corregeixen les imprecisions en
I’estimacié del fons a causa d’objectes fisics erroniament identificats®. La idea
consisteix en controlar la freqiiéncia d’aquesta mena de processos fent s dels factors
de normalitzaci6 k;; i kz 4 jes. Els resultats preliminars amb aquesta opcié no eren
massa prometedors. Finalment, s’ha fet servir la configuraci6 en la que ki k7 4 jets
sén calculats. Encara que es podria pensar que no cal controlar ¢t i Z + jets perque
ja disposem dels factors d’escala que corregissen’ la quantitat d’esdeveniments de

®Principalment quarks o gluons mal identificats com a 7.
%En aquest context corregir significa fer que el MC represente correctament la fisica d’ATLAS,
incloent-hi el nombre d’esdeveniments de processos mal identificats.
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MC que tenim d’aquest tipus, la realitat és que 'ajust millora quan kgi Kz 4 jets
son parametres lliures del sistema.

Pel que respecta al canal 2¢'SS + 17,4, el principal problema que hi ha és que
hi ha un excés generalitzat d’esdeveniments de simulats amb MC respecte a les
dades recol - lectades i aix0 provoca que l'ajust siga prou inestable quan tracta de
controlar els processos de fons. Inicialment, s’ha tractat de controlar k,; i k5, fent
servir una regié dedicada per a tf i una altra per a t£X'"’. El motiu per tractar de
fitar tt W en comptes de ttX és que hi ha una lleugera tensi6 entre les prediccions
teoriques sobre la produccié de ¢t W i els resultats experimentals. Tant ATLAS
com CMS han mostrat certa sobreabundancia en les dades en comparacié amb les
prediccions teoriques [317, 318]. En qualsevol cas, ajustar inicament ¢¢ W i t no és
suficient per a corregir el modelatge. Si tractem de controlar els tt, t¢ W, ttZ i tt H
de forma independent, el fit resulta molt inestable perque sén massa parametres
lliures per a una mostra estadistica insuficient. Llavors, els dos plantejaments amb
millors resultats per al canal 2¢SS + 17,4 sén o bé ajustar k,; i k;;x en les dues
regions que tenim, o bé juntar tots els fons en una sola regié ortogonal al SR i
obtindre un tnic factor de normalitzacio, k; ;7.

4.5.3 Ajust d’Asimov

L’ajust Asimov consisteix a utilitzar només els esdeveniments generats per MC
com si aquests fossin les dades recollides. Les dades Asimov es construeixen com
a conjunts de dades distribuides en bins, en els quals el n°® de cada bin es fixa a
n;P. Sota la hipotesi Asimov, la forga del senyal en I'Equacié 1 es fixa a la unitat.
En aquesta mateixa expressio, els diferents NPs es fixen als seus valors nominals

0 =16°).
A la Figura 16 es mostren les correlacions entre les NPs, le factors de norma-
litzacio i la fuypq-

A la Taula 14 descomposem l'incertesa total en la mesura de p,p, per grups
d’incerteses sistematics sota la hipotesi d’Asimov. La influencia de cada NP en la
determinaci6 p,p, is presenta a la Figura 17.

La sensibilitat esperada a la forca del senyal i als factors de normalitzacié en el
canal 20 OS + 17,4 és:

Aptorrg ="3256 (tot.) 11755 (stat.) (3)
Ak = £0.04(tot.) + 0.02(stat.) (4)
AEy 4 jets = £0.10(tot.) £ 0.02(stat.) . (5)

9Cal notar que és complicat discriminar entre tt W, ttZ i ttH.
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Figura 16: Correlaci6 entre els diferents NPs i els POIs en el canals (a) 200S + 17y, i (b)
208S+ 17y ,4 la sota la hipotesi d’Asimov. Només es mostren els NPs amb almenys una correlaci6
superior al 15%.

L’incertesa total (tot.) inclou efectes estadistics i sistematics. També es mostra
separadament 'incertesa estadistica (stat.). Tant les incerteses estadistiques com
les sistematiques sén comparables (+14.39 per a l'estadistica i +15.65 per a la
sistematica).

La sensibilitat esperada a la forca del senyal de tHq i al factor de normalitzacid
kiz.ax en el canal 20SS + 17}, és:

Apyr, = £6.51(tot.) £ 6.06(stat.) (6)
Ak 7x = £0.16(tot.) £ 0.12(stat.) . (7)

L’error estadistic és el component dominant en la incertesa total de u% St aat g
La sensibilitat a la produccié de tHq millora significativament respecte al canal
200S+ 17,4 (Equacié 3). Quant a la incertesa en el fons, és major que en el canal
2008 + 17y,4. Aix0 es deu parcialment al fet que la contribucié del fons es redueix
notablement en el canal 2¢SS + 17,,4. Tot i aixo, la major part de la incertesa
sobre ktt, ttX es deu a les contribucions sistematiques.
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Font d’incertesa ‘ 2008 + 17y,4 ‘ 2055 4 17y
Incertesa del MC | £7.845 | £1.376
Modelatge

Incerteses teoriques +11.917 +1.262
Incerteses a les PDFs +7.950 +1.516
Experimental

Instrumental +4.917 +0.793
Instrumental: etiquetatge de sabor | £0.439 +0.163
Instrumental JES i JER +10.851 +2.877
Factors de normalitzacié | £10.493 | £2.725
Total d’incertesa sistematica ‘ +28.511 ‘ +4.614

Taula 14: Incerteses sistematiques en la mesura de pi, 5, en els canals 2¢+ 17,4 sota la hipotesi
d’Asimov.

4.5.4 Adjust amb totes les dades

Un cop explorats els resultats esperats utilitzant només simulacions MC en
l'ajust Asimov (vegeu la Secci6 4.5.3), el segiient pas en Ianalisi és incorporar les
dades observacionals reals. En el cas de ’ajust a les dades, no s’apliquen condicions
ad-hoc a la forca del senyal, els factors de normalitzacié o els NPs. Per tant, en
contrast amb 'ajust Asimov, els valors de pp, i els k, poden divergir d'una, i els
0s poden ser diferents dels seus 6% (és a dir, desviacié o "pull"). La significancia
dels pulls es presenten a Figura 18.

A la Taula 15 descomposem l'incertesa total en la mesura de p,p, per grups
d’incerteses sistematics utlitzant totes les dades.

El resultat de I’ajust perfil-semblanca amb compartiments en el canal 2/ OS +
17,4 Produeix la segiient forca del senyal i factors de normalitzacio:

perrg = —22.1173185 (tot.) F15 75 (stat.) (8)
k; = 0.97 + 0.03(tot.) + 0.02(stat.) (9)
k74 jets = 1.03 £ 0.11(tot.) + 0.02(stat.) . (10)

L’incertesa total (tot.) inclou efectes estadistics i sistematics. L’incertesa estadis-
tica (stat.) també es mostra per separat. Els resultats obtinguts séon compatibles
amb el Model Estandard. Mentre que les normalitzacions de ¢t i Z + jets gairebé
no son escalades, estant prop de la prediccié del SM, el procés de tHq és escalat
negativament per un factor de —22.11. La gran incertesa estadistica en el resultat
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Figura 17: Ranquing dels NPs més impactants en l’ajust Asimov en el canals (a) 20 OS + 17,4
i (b) 2¢SS + 17y,4. Els NPs estan ordenats per I'impacte en la determinacio p,p, en ordre
decreixent. Les caixes blaves i cianes fan referéncia a I'eix x superior i mostren I'impacte en pi; 7,
Els rectangles buits mostren 'impacte pre-ajust i els omplerts el post-ajust. A més, els valors
dels NPs i les seues incerteses també s’inclouen com a punts i linies, respectivament. La incertesa
dels NPs es mesura amb 1’eix x inferior

2008417y 4
d /Lth

fos més gran.

(el 11375 en ’'Equaci6 6.9) podria ser reduida si la mostra estadistica

La forca del senyal i k7 ;7 obtinguts com a resultat de I'ajust perfil-semblanca
amb compartiments en el canal 2SS + 17,4 son:

fisg = —2.67 % 5.44(tot.) + 5.03(stat.) (11)
ki x = 0.73 £ 0.14(tot.) £ 0.10(stat.) (12)

El ,u2Z S5+ aat Hg és escalat a un valor negatiu que és compatible amb, tenint en
compte la incertesa, la prediccié del SM (com també és el cas per al > OS5 mat g
en I'Equaci6 6.9). El factor de normalitzaci6 dels fons amb un parell de quarks top
son escalats pels factors k; ;7. Aquest factor de normalitzaci6 és proper a la unitat
i és compatible amb la prediccié del SM.
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1T PS + had. Tau energy scale (physicslist)
JER EffectiveNP 9 Tau energy scale (insitu fit)
1f hdamp=3mtop Tau energy scale (model closure)
1 NLO gen Minor bkg. XS
JES BJES Response Tau energy scale (detector)
JER EffectiveNP 6 1ENLO gen.
JER EffectiveNP 3 JES effective NP stat. 6
JES effective NP modelling 1 JER EffectiveNP 1
JER EffectiveNP 11 Tau reconstruction
JER EffectiveNP 12restTerm Diboson NLO gen. + PS + had.
JER DataVsMC MC16 W scale
W XS RNN Tau ID syst.
W FSR Tau electron veto (tot.)
JER EffectiveNP 10 JER EffectiveNP 3
JES flavour composition W scale
JER EffectiveNP 5 TFSR
W NLO gen. JER EffectiveNP 2
MET soft scale W NLO gen. + PS + had.
JER EffectiveNP 1 JER EffectiveNP 7
JES flavour response JER EffectiveNP 5 H i
0 05 1 15 25 0 05 1 15 25

Pull significance Pull significance

Figura 18: Les 20 desviacions més grans per als canals (a) 200S + 17,4 1 (b) 2¢SS + 17,4
ordenades de manera que la desviacié més significativa es mostren en primer lloc.

Font d’incertesa 2008 + 17y,4 ‘ 2055 4 17y

Incertesa del MC | £7.136 | +0.983
Modelatge

Incerteses teoriques +24.041 +1.105
Incerteses a les PDFs +9.624 +1.374
Experimental

Instrumental +5.408 +0.716
Instrumental: etiquetatge de sabor | £0.455 +0.126
Instrumental JES i JER +11.377 +2.727
Factors de normalitzacid ‘ +10.527 ‘ +2.235
Total d’incertesa sistematica ‘ +28.543 ‘ +4.081

Taula 15: Incerteses sistematiques en la mesura de fi,54 en els canals 20 + 17,4 utiitzant totes
les dades.

A més de la forga del senyal, també es determina un limit superior mitjangant
un test estadistic unidireccional. Aquest test depén del valor de i, i el limit
superior s’obté utilitzant el metode CLs [308] per a establir un nivell de confianga
del 95% (95% CL). La interpretacio de la forga del senyal, junt amb el 1imit superior,
també es pot expressar en termes de la seccié de produccié del procés de senyal
com es mostra a la Taula 16.

Un limit superior donat amb interval 95% CL significa que només hi ha una
possibilitat del 5% que el resultat obtingut siga degut a una fluctuacié estadistica.

Pero, que passaria si la fisica fos diferent de la descrita pel SM i 'acoblament de
Yukawa amb el top tingués un signe oposat al del SM? A continuacié, els mateixos
estudis fets fins ara es realitzen sota l'acoblament de Yukawa invertit. Aixo es
fa utilitzant mostres alternatives per a la produccié completa de tH (és a dir, els
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Limit superior per p,
Canal ‘ Mesurat ‘ Esperat ‘ lo CLgs ‘ 20 Clgs
2008 + 17y, | 4751 | 612 | [41.95,93.48] | [30.56, 148.6]
20SS + 1Ty, | 13.83 | 16.94 | [10.33, 30.22] | [6.991, 52.24]

Taula 16: Limits superiors observats i esperats per al ji,r, per a ambdés canals 20 + 17y, 4.

processos tHq + t W H). Aquestes mostres alternatives han estat produides amb
y; = —1. Els resultats obtinguts sén:

20 0S+17.4

SM
tHq,y,=—vy;
208S+17) 4

SM
tHq,y,=—y;

= —10.7155 S (tot.) T 2 (stat.)
= —0.3 £ 1.2(tot.) & 1.1(stat.) .

Els limits superiors a la forca de senyal es presenten a la Taula 17.

Limit superior per ji;p,
Canal ‘ Mesurat ‘ Esperat ‘ lo CLgs ‘ 20 Clgs

2008 + 17y0q (4 = —y2) | 77.95 | 119.6 | [46.97, 284.9]
208S 4+ 17paq (= —y™) | 2079 | 24.07 | [7.478,112.5] | [3.197, 342.4]

Taula 17: També s’inclouen els limits superiors observats i esperats per al p,z, per a ambdds
canals 2¢+ 17,4 derivats amb el metode CL sota la hipotesi de 'acoblament de Yukawa invertit.

5 Conclusions

Aquesta tesi presenta l'estudi per a mesurar la produccié directa d’'un boséd
de Higgs en associacié amb un quark top simple, centrant-se en estats finals amb
dos leptons de sabor lleuger i un lepton 7 que decau hadronicament, utilitzant
el detector ATLAS. Atenent a la carrega relativa entre el lepton lleuger, aquesta
investigaci6 es divideix en dos canals: 20 OS + 17,4 1 2055 + 17},4.

La recerca d’'un procés tan rar es motiva per la interaccié complexa entre dues
particules fonamentals: el bosé de Higgs i el quark top. D’una banda, el bos6 de
Higgs juga un paper critic en la nostra comprensié de l'adquisicié de massa per
les particules a través del mecanisme de Trencament Espontani de la Simetria.
D’altra banda, el quark top, notable per ser la particula més massiva en el Model
Estandard i I'inica que decau abans de la seua hadronitzacié. Per tant, s’espera
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que 'acoblament de Yukawa entre aquestes dues particules siga el més gran en el
SM i es pot mesurar a través d’aquesta interaccié. Aquesta mesura és central en
el programa experimental del LHC i podria indicar una possible violaci6 de CP,
influenciant la seccié de produccié de tHyg.

En aquesta tesi es discuteixen els fonaments teorics de la fisica del quark top
i del bos6 de Higgs, es fa una revisié del detector ATLAS i el seu rendiment, i es
descriuen la cadena de simulaci6 i la reconstrucciéo d’objectes. Després, es detalla
amb cura la recerca de la produccio de tHyg.

Aquesta analisi utilitza col - lisions proté-proté a /s = 13 TeV del detector
ATLAS durant la Run 2 del LHC amb una lluminositat integrada total de 140
fb~!. S’implementa i utilitza la informacié a nivell de parté per a reconstruir el
procés tHq. L’origen del lepton lleuger s’avalua mitjancant 1'is de BDT. Després
s’aborda la taxa de particules mal identificades utilitzant el metode d’ajust de
plantilles per a corregir els rendiments de MC.

Posteriorment, utilitzant diversos BDTs, es defineixen les SRs i CRs de ’analisi.
Utilitzant aquestes regions, es realitza un ajust de la versemblanca amb dades
d’Asimov per determinar la sensibilitat de ’analisi. Després, fent servir totes les
dades, es calculen els factors de normalitzaci6 del fons dominants. Finalment, s’obté
per a cada canal, els valors de la forga del senyal de tHq. Aquestos es mostren a
la Figura 19. El valor esperat s’aconsegueix emprant dades d’Asimov i 'observat
s’aconsegueix amb 'ajust del MC a les dades reals.

is = 13 TeV, 140 pb” s =13 TeV, 140 pb”

— tot. tHq — tot. tHq
stat. stat.
(tot) (stat) (tot) (stat)
+29. +14. — +11.6 +5.0
210S+% | ———@—— W=-22.1 -i.f -1;.3 210S+k| /o w=-10.7 35, s
+5. +5.1 — +1.2 +1.1
21SS+t req  w=-27 5730 21SS+t e u=-03 7%
v b b b b by b L v b b By b by b by
60 40 20 0 20 2060 B0 i00 60 —40 20 0 20 40 60 80 100
u(tHq) u(tHa)(y =1)

Figura 19: Valors de la forca del senyal tant per al canal 2 OS 4 17,4 com per al 2SS+ 17} 4
sota (a) el SM i (b) la hipotesi de 'acoblament de Yukawa invertit. La incertesa total (tot) inclou
efectes estadistics i sistematics. L’incertesa estadistica (stat) es mostra per separat.

Aquest resultat és completament compatible amb el Model Estandard. Els
limits al 95% CL en la secci6 de tHq es troben a la Taula 16 i a la Figura 20.



372

Resum de la tesi

{s =13 TeV, 140 pb”
e
tHq

2108+t

99 Expected = 1o
----- Expected + 20
— Observed

2ISS+t
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95% CL limit onu(tHq)

Figura 20: Limits superiors observats i esperats per al ji;p, per a ambdds canals 20 + 17,,4.
Les arees verdes i grogues representen les variacions de 1o i 20 del limit superior esperat.

Mirant cap al futur, les perspectives per a millorar els resultats d’aquesta analisi
son prometedores, impulsades per diversos desenvolupaments anticipats:

La propera Run 3 d’alta lluminositat promet una major significacié estadistica
de l'analisi. Aix0 sera molt beneficiés ja que en el canal 2¢SS + 17,4 (el que
té millor sensibilitat) la incertesa estadistica és la dominant. En el canal
2008 + 17y,4, la incertesa deguda a la mostra estadistica és similar a la
incertesa sistematica i més esdeveniments de dades enriquiran sens dubte
aquesta recerca.

Les tecniques actuals per a estimar les taxes de fons deguts a objectes mal
identificats també es beneficiaran d’'un augment en la mostra estadistica, ja
que aquestes son metodes basats en dades.

Amb més estadistiques podriem explorar la divisié de les regions utilitzades
en els calculs de I'ajust segons la multiplicitat de trajectories del 7,4 (1-prong
o 3-prong). Com que els jets amb diferent origen imiten de manera diferent
el 74,4 depenent de la seua "prongness', pot ser beneficiés explorar aquesta
classificacié quan es defineixen les regions utilitzades en 1’ajust de semblanca
perfilada.

Actualment hi ha una lleugera tensié entre la simulacio i els resultats experi-
mentals per a t¢tW. Per tant, el progrés en les técniques de simulacié o una
millor comprensié d’aquests processos refinaran més ’analisi. Aixo sera util
en el canal 20 5SS + 17,4, on aquest és el segon fons més important.
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A més, aquesta analisi es pot ampliar de diverses maneres. Primer, la definicié
de regions pot ser millorada combinant els BDTs descrits en aquesta tesi amb les
xarxes neuronals que també estan sent utilitzades per les analisis en curs d’ATLAS.
En segon lloc, incorporar els processos t W H en el senyal permetria realitzar una
recerca de tH més completa i, per tant, es podria provar adequadament la hipotesi
de 'acoblament de Yukawa invertit del top.

Dels dos canals explorats en aquesta tesi, el 2SS 4 17,4 és el que pot afegir
més sensibilitat a futures combinacions amb altres canals de tHyq.
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