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RESUMEN (en espafiol)

En esta tesis se han presentado medidas de produccion de quarks top en asociacién con un
bos6n de Higgs o un bosén W en estados finales con leptones. Los datos utilizados
corresponden a colisiones proton-proton registradas por el experimento CMS en el LHC durante
el Run-2, a una energia en centro de masas de 13 TeV. Se han presentado medidas de
precision en el contexto del Modelo Estandar (ME) y, en algunos casos, también se han
realizado interpretaciones de dichas medidas en el contexto de teorias Mas Alla del Modelo
Estandar.

En esta tesis se ha estudiado la produccion asociada de un bosén de Higgs con un par de
quarks top-antitop (ttH) y un solo quark top (tH), usando estados finales donde el bosén de
Higgs se desintegra en WW, 77y, residualmente, ZZ. Estos estudios han permitido observar la
produccion de ttH con una significancia observada (esperada) de 4.7 (5.2) desviaciones
estandar. Ademas, estos procesos permiten estudiar el acoplamiento entre el top quark y el
bosé6n de Higgs a primer orden en teoria de perturbaciones. La medida anterior ha sido
interpretada en el contexto de acoplamientos anémalos, estableciendo limites en el modificador
del acoplamiento entre el Higgs vy el top (k;), que debe estar en los de los intervalos — 0.9 < k;
<-07y09 <k <11 al 95% de nivel de confianza, asumiendo que el resto de los
acoplamientos son los del ME.

El boson de Higgs predicho en el ME es un pseudo-escalar invariante bajo transformaciones
de Carga-Paridad (CP). En esta tesis, el proceso ttH se ha utilizado para buscar violacion de la
simetria CP en el acoplamiento entre el quark top y el bosén de Higgs. Se han establecido
regiones de confianza bidimensionales en k; y K;, que son los modificadores de acoplamiento
de Yukawa del quark top CP-par y CP-impar, respectivamente. Los resultados se han
combinado con otras medidas para incluir sucesos donde los bosones de Higgs se desintegran
en ZZ y yy, estableciendo los limites en k; y K, a los intervalos (0.86, 1.26) y (-1.07, 1.07) al
95% de C.L., respectivamente. El escenario puramente CP-impar se ha excluido con 3.7
desviaciones estandar.

También se ha presentado la medida de la produccién asociada de un bosén W con un par de
quarks top-antitop (ttW). La seccién eficaz medida es de 868 + 40 (estad.) + 51 (sist.) fb. Este
valor es mayor que el predicho en el modelo estandar, pero es consistente dentro de dos
desviaciones estandar y representa la medida més precisa de estas secciones eficaces hasta
la fecha.

La reconstruccion, identificacion, aislamiento y seleccién de leptones son elementos
importantes en todos los estudios presentados en este trabajo. En esta tesis se ha desarrollado
un nuevo algoritmo basado en técnicas de analisis multivariante. Se ha mostrado que el nuevo
algoritmo es mas eficiente que el utilizado durante el Run-2 y tiene un comportamiento mas
estable en condiciones con un alto nimero de colisiones simultaneas.




RESUMEN (en Inglés)

This thesis presents measurements where top quarks are produced in association with a Higgs
boson or a W boson in final states with leptons. The data used in these studies corresponds to
proton-proton collisions recoded by the CMS experiment at the LHC during Run-2, at a centre-
of-mass-energy of 13 TeV. Standard Model (SM) precision measurements are reported and, in
some cases, interpretations on the context of Beyond the Standard Model theories are also
carried out.

The measurement of the associated production of a Higgs boson with pair of top-antitop quarks
(ttH) and a single top (tH) is reported in final states targeting the Higgs decay to WW, 7 and,
residually, ZZ. These studies allow to observe ttH production with an observed (expected)
significance of 4.7 (5.2) standard deviations. Additionally, these processes allow to study the
top-Higgs coupling at tree-level. The measurement is interpreted in the context of anomalous
couplings. The Higgs-top coupling modifier (x,) is found to be in either one of the intervals -
0.9<k,<-0.7and 0.9 < k, < 1.1 at 95% confidence level, assuming the rest of the couplings
to be those of the SM.

The SM Higgs boson is a pseudo-scalar invariant under Charge-Parity (CP) transformations. In
this thesis ttH process is used to search for CP violation in the top-Higgs coupling. Two-
dimensional confidence regions are set on k, and k., which are respectively defined as the CP-
even and CP-odd top-Higgs Yukawa coupling modifiers. The results are combined with other
measurements to include events where the Higgs bosons decays to ZZ and yy, allowing to set
limits on the coupling modifiers, constraining x, and &, to be within (0.86, 1.26) and (-1.07,1.07)
at 95% C.L., respectively. The pure CP-odd scenario is excluded with 3.7 standard deviations.

The measurement of the associated production of a W boson with pair of top-antitop quarks
(ttW) is also reported in this thesis. The cross section is measured to be to be 868 + 40 (stat.)
+ 51 (syst.) fb. The reported value is larger than but consistent with the standard model
predictions within two standard deviations and represent the most precise measurement of
these cross sections to date.

Lepton reconstruction, identification, isolation and selection are important items in all the studies
presented in this work. In this thesis a new algorithm, based on multivariate analysis techniques
is developed and reported. The new algorithm is found to be more performant than the one used
during Run-2 and shows a more stable behaviour in conditions with high number of
simultaneous collisions.

SR. PRESIDENTE DE LA COMISION ACADEMICA DEL PROGRAMA DE DOCTORADO
EN MATERIALES
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Introduction

Physics has always aimed to explain the Universe with the highest grade of detail
and precision possible and at all scales. This is an enormous task, which is usually
divided in smaller, interconnected fields of study. Specifically, the realm of particle
physics aims to explain which are the fundamental constituents of the Universe and
how they interact. In this context, the Standard Model (SM) is the most successful
theoretical framework to provide precise predictions. It was developed during the 60s
and it has been tested continuously since then, using several experimental devices.
Currently, the state-of-the-art facility to study the SM (and its extensions) is the Large
Hadron Collider (LHC), a proton-proton accelerator providing the highest center-of-
mass energy up to date, and the experiments in which the pp collisions are recorded:
ATLAS, CMS, ALICE and LHCb.

It is usually stated that the study of the SM was culminated in 2012, when the Higgs
boson, predicted 50 years before [1-6], was found by ATLAS and CMS [7, 8]. Never-
theless, this was only the starting point for an extensive experimental program con-
structed to fully understand the properties of the newly discovered particle. In this
thesis, pp collision data collected with the CMS experiment are used to study the
Higgs boson coupling to the top quark. This quark is the most massive elementary
particle known up to date. As a consequence of its large mass, the top quark presents

a unique feature: it decays before hadronization, being the only quark that can do so.

Run-1 of the LHC (2009-2012) allowed to discover the Higgs boson and measure its
coupling to vector bosons. In addition, precision measurements related to top quark

production were also carried out.

Run-2 (2015-2018) provided an unprecedented amount of data, collected at a center-
of-mass energy of 13 TeV. The data available at the end of this data-taking period
corresponded to an integrated luminosity of 138 b1, allowing to study low cross
section processes not measured before. With the full Run-2 dataset, the coupling of
the Higgs boson to fermions, called Yukawa coupling, was investigated. The coupling
of the Higgs boson to the third generation of fermions was proven and evidence for

the coupling to the second generation was established.

In this thesis the dataset recorded during Run-2 is exploited to study the Higgs boson

coupling to the top quark. This is the largest Yukawa coupling and deviations from
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the SM prediction would indicate the presence of physics beyond the SM (BSM). The
top-Higgs interaction can be directly measured at tree level only by studying the asso-
ciated production of a Higgs boson with a top quark (tH) or a top-antitop quark pair
(ttH). I have worked on the measurement of the ttH and tH inclusive production cross
sections using final states with multiple leptons. The improvements in the experimen-
tal techniques applied on Run-2 data, some of which were developed in this work,
allowed to observe the ttH process in final states with leptons, as reported in Ref. [9].
Regarding the top-Higgs coupling, I have performed the search for charge-parity (CP)
violation in the top-Higgs boson coupling. Results are published in Ref. [10], showing
good agreement with the SM. A combination with other Higgs boson final states is in-
cluded in the study, excluding the pure CP-odd scenario with 3.7 standard deviations
(s.d.).

When studying ttH, other ttX processes arise as background. The ttZ process was
measured during Run-2 with a good precision of the order of 10%. However, the com-
prehension of ttW production is more challenging. This process was studied firstly
with part of the Run-2 dataset, showing a value for the cross section higher than the
SM prediction, but consistent within uncertainties, both by ATLAS and CMS [11} 12].
It was also investigated in dedicated control regions in the context of ttH dedicated
measurements [9, |13, 14] and, later in tttt dedicated studies [15, [16] by both collabora-
tions, as well. Measurements using the full Run-2 dataset showed tension between the
production rate measured and the theory predictions [17-19]. Such prediction have
shown that higher order electroweak contributions have a non-negligible contribution
to the cross section. As a result, the modelling of ttW process is an open question
under discussion within the community, that would benefit from dedicated measure-
ments of the inclusive and differential cross sections. The ttW process also allows to
study the top-electroweak coupling and has the unique feature that diagrams present-
ing gluon-gluon initial states are suppressed. During this thesis I have measured the
ttW inclusive production cross section using final states with two or three leptons. The
result, published in Ref. [20], reduces the total uncertainty on the cross section by a
factor of two with respect to the previous CMS result [12] and is in agreement within
2 s.d. with the latest NNLO (QCD) + NLO (EWK) SM prediction [21].

All studies reported in this thesis use final states with leptons, hence lepton recon-
struction, identification, isolation, and selection are a key elements of the analysis.
The performance of the lepton reconstruction and selection must be studied in each
data-taking period, as it is crucial for the measurements performed by the CMS ex-
periment. Additionally, identification and selection techniques need to be constantly
improved, with the goal of achieving better efficiency and reducing the background

rate. These improvements will ultimately result in the reduction of the systematic
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uncertainties in measurements using leptons in the final state. This thesis was carried
out during the LHC long shutdown after the end of the Run-2 and at the beginning of
Run-3. In order to maintain or improve the performance obtained during Run-2, given
the harsher conditions of the new data-taking period, with a higher number of simul-
taneous collisions, I have developed a new identification algorithm for muons based
on machine learning techniques. The results of this new algorithm are published in
Ref. [22].

Final states with multiple leptons in combination with missing transverse energy can
be used as signature to search for new physics. During this thesis I have been in-
volved in searches using events with two opposite-sign same-flavor (OSSF) leptons
and missing transverse momentum in the final state. The results and limits obtained
were published in Ref. [23]. Additionally, during the development of this thesis, the
Run-3 of the LHC started; giving me the opportunity of performing the first CMS
measurement of the quark anti-quark pair production cross section at the new energy
of 13.6 TeV [24].

The results obtained in this thesis have been published in various articles. These pub-
lications and the responsibilities I had in the different CMS groups are summarized in

the diagram displayed in figure

The thesis is organized as explained in the following lines. Chapter 1 gives an overview
of the theoretical framework on which the results of this thesis are based: the SM. It in-
cludes a brief discussion of its limitations and a summary of the Higgs boson and top
quark sectors of the SM at the energy scale of the LHC. Chapter 2 describes the com-
plex instruments used to produce and collect the data analyzed in this thesis: the LHC
collider and the CMS experiment, and details about how particles are reconstructed
in the detector are provided. Chapter 3 focuses on lepton reconstruction, selection
and identification techniques in CMS, as this is one of the core elements of the studies
presented in the thesis. Chapter 4 discusses the production of a pair of top quarks
in association with a W boson or a Higgs boson. Common items in the measurement
of both processes are given in this chapter. Chapter 5 describes the measurement of
ttW cross section, while chapter 6 describes the measurement of the ttH + tH cross
section in final states with multiple leptons, including an interpretation of the results
of the top-Higgs coupling in terms of the CP symmetry. Finally, the conclusions are

presented.
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Theoretical framework

In this chapter a brief review of the theoretical framework relevant in high energy
physics, the standard model (SM), is given. Afterwards, the limitations of such frame-
work are briefly discussed and some extensions of the SM are presented. Finally, I

explain the phenomenology of proton-proton (pp) collisions.

1.1 Standard Model

Currently, the SM is the theoretical framework that better describes the elementary
particles and their interactions [25]. It accurately portrays how the fundamental con-
stituents of matter (and antimatter) interact among themselves across a wide range of

energies, spanning from few eV to the TeV scale.

Within the SM, elementary particles are described as excited states of quantum fields,
which are defined using the mathematical framework of Quantum Field Theories
(QFTs). The final objective of the SM is to provide quantitative predictions about
the real world; in order to do so, some conditions need to be fulfilled by the QFTs:
they must be both renormalizable and gauge invariant. Additionally, the model must
incorporate the principles of quantum mechanics and special relativity. The fields de-
scribed in the SM can be fermionic (non-integer spin) or bosonic (integer spin), this

allows to classify particles as fermions or bosons.

Gauge (or vector) bosons have spin 1 and are responsible for the interactions, i.e. they
act as mediator of a certain force. The gauge bosons in the SM are: the photon (), the
W= and Z bosons and the gluon (g). The photon is responsible for the electromagnetic
force and it is massless; therefore, the range of action of this force is infinite. W+ and
Z bosons are the mediators of the weak interaction, both have mass and the W* boson
also bears electric charge. Finally, the eight double-coloured massless gluons act as

mediators of the strong force. The range of interaction for the gluon, the W and Z

5
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FiGure 1.1: Summary of SM particles including its properties: spin, charge and
masses. Information extracted from [26].

bosons is finite. Additionally, gluons self-interact, which leads to the phenomenon
of colour confinement, explained in detail later. Gravity is not included in the SM
description, but its effect is insignificant at the energy scales used in particle physics.
The Higgs boson (H), with spin 0, is the only scalar boson in the SM. It was introduced
in the Higgs-Brout-Englert mechanism, that explains how the W= and Z bosons, as

well as fermions, acquire mass.

Fermions engage in interactions mediated by bosons and have spin 1/2. These par-
ticles can be categorized into two groups depending on whether they possess colour
charge or not: quarks and leptons. Fermions are also classified in three distinct gen-
erations, with those within the first family being the constituents of visible and stable
matter. Quarks, being colour-charged fermions, are sensitive to the strong interaction.
They also have electric charges, that may take values of either +2/3 (for up, charm,
and top quarks — u, ¢, t) or -1/3 (for down, strange, and bottom quarks — d, s, b).
There are three electrically charged leptons: the electron, muon and tau (e, , T) and

three neutral leptons known as neutrinos (v, v, v7), which only interact weakly.

Each particle has a corresponding antiparticle, with the same mass and opposite

charges. A illustrative representation of the particle postulated in the SM can be seen
in Fig.[L.1]

The interactions and propagation of fields in the SM (and in any QFT) is fully de-
scribed by a Lagrangian density, £(¢;, 0¢;, x*), where 1; are the fields, defined as the

generators of a suitable representation of the Lorentz group, and x* the spacetime
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coordinates. In particular, fermion fields are represented by spinors, gauge bosons by
vectors and the Higgs boson is represented by a scalar field. The crucial items of any
QFT —not discussed so far— are the symmetries postulated in the model: the SM
Lagrangian must satisfy local gauge symmetries. These symmetries are responsible
for the conservation of charges and imply the appearance of fields that corresponds
to bosons which mediate the interactions. In particular, two interactions or sectors
are present in the SM Lagrangian: the Electroweak (EWK) and the strong interac-
tion, described by quantum chromodynamics (QCD). Each of them is represented by
a local gauge symmetry. EWK interaction is invariant under transformation of the
SU(2); x U(l)YEI group, while the QCD is invariant under the 3-dimensional special
unitary group SU(S)CH In the following, I will categorize different portions (sectors)
of the SM lagrangian based on the interaction they describe.

1.1.1 Electroweak sector

The electromagnetic and weak forces are described together in this sector of the La-
grangian. The electroweak theory was developed by Glashow, Weinberg, and Salam
[27-29], and it is a unification of the electromagnetic and weak interactions. The elec-
tromagnetic interaction is described by the abelian symmetry group U(1),, while the
weak part of the interaction is represented by the non-abelian gauge group SU(2);.
The weak interaction possesses the distinctive characteristic of violating parity, this
fact is accommodated in the theory by using the chirality property of the fermion
fields. Chirality is a Lorentz-invariant quantity corresponding to the eigenvalues of
the operator: 7> = i9%919293, where 7' are the Dirac matrices. The spinors repre-
senting the fermions, can be projected onto left (1) and right (yr) handed spinors as

follows:

(1+7")y. (1.1)

N[ =

(1=2")y, YR =

N[ —

YL =

The SU(2); part of the theory acts only on left-handed fermions. As a result,
left-handed fermion fields transform as doublets under SU(2);, while right-handed

fermion fields do it as singlets of the SU(2); group. For first generation quarks, it can

L= (”L>, g, dg. (1.2)
dr

IThe “1” refers to left and the “Y” to the hypercharge that we will describe later
2The “C” refers to the colour charge, which is the charge associated to the strong force

be written:
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For other fermions it would be equivalent, except for neutrinos, which do not have a

right-handed component.

The SU(2); symmetry implies the existence of three gauge bosons, whose vector fields
can be denoted as W]i with i = 1,2,3 and u the index going over spacetime compo-
nents. By introducing them, the gauge transformation under which the Lagrangian is
invariant can be defined, and the associated conserved charge is called weak isospin:

I3. The SU(2), invariant Lagrangian can be written as:

1. B} _
L= —Ew;ww;‘” + ifigy" Dyug + idgy" Dydg + iLy" D, L (1.3)

W;W and D), are defined as:

Wi, = 9, W — 3, Wi, — gye W] Wi (1.4)
D, = 3, — igw LW (1.5)
H Iz 8w 2 H .

where 0; are the Pauli matrices and gy is the coupling constant in the SU(2), group.

An analogous development is performed in the U(1), group, yielding a vector field

B*. The corresponding lagrangian density is:

1 S
L=—2B"Buw+ ), $lin0" = YgrBu)y (1.6)
l[J:MR,dR,L

Where Y is the hypercharge, which is the current conserved by this symmetry. It is
related to the isospin and the electric charge by the expresion: Y = (Q — I3) . gy is the

coupling constant associated to the vector field, and B*” = 9, B, — 0, B,,.

The Lrwk is constructed combining both Lagrangian densities. It is worth noting
that, at this point, the fields present are massless, as any mass term of the form myp
will not be invariant under SU(2) transformations. This will be solved later by the
introduction of the electroweak spontaneous symmetry breaking, explained further in

this chapter.

1.1.2 Strong sector

The theory in the SM that describes the strong interaction is Quantum Chromodynam-
ics (QCD) and was developed by Fritzsch, Leutwyler and Gell-Mann [30]], based on the
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previous work of Yang and Mills [31]. It is a gauge theory symmetric under SU(3)c
Lie group, which is the 3-dimensional special unitary group. The conserved quantity
associated is the colour charge. Quarks are the only fermions presenting this charge,

hence, they are represented as triplets; while leptons have the trivial representation.

SU(3)c group is non-abelian and has 8 generators, which are represented by the
Glenn-Mann matrices (T”). These generators are the eight vector bosons G, called
gluons, and defined as G = 9,Gj — d,G}; + gs f”bCijGf,. In the previous expression,
f7¢ are the structure constants of the SU(3)c group, where the a,b, ¢ index run over
the 8 types of gluons. It is worth noting that the last term of G;, —introduced due
to the fact that the group is non-abelian— is responsible for the self-coupling of the

gluons.

Using this notation, the QCD Lagrangian can be written as:

- 1
Laocp = P(ir"0y — g5 TuGy —m)p — ;G;’LGZW (1.7)
Where g5 is the strong coupling constant, later on in this thesis the used notation for
this constant will be: ag = ¢2/47. One consequence of the SU(3)c group is that as

runs with the energy scale of the interaction (Q) as:

1

2Y o — S
as(Q7) ~ Q7 Aoy,

(1.8)

The previous expression implies that the strong interaction will become stronger at
low energy scales. As a consequence, quarks and glouns will not be observed as
free particles; instead, they will form bounded colourless states called hadrons. This
phenomenon is known as quantum colour confinement. The top quark is the excep-
tion: given its high mass it decays before hadronizing. In the high energy regime, the
strength of the strong interaction is reduced, and the opposite phenomenon, asymp-

totic freedom, is predicted.

1.1.3 Symmetry breaking

As already stated, imposing invariance under local gauge transformations of the
SU(3)- x SU(2); x U(1), group implies that no mass terms are allowed in the La-
grangian. Hence, all fermions and bosons should be massless. This contradicts the
experimental observations, therefore there is a clear need to modify the theory so it

can accommodate massive fermions and bosons.
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This is achieved by introducing the Higgs-Brout-Englert mechanism [1-6]], which de-
scribes the Spontaneous Symmetry Breaking (SSB) of the EWK symmetry.

We consider a SU(2)y doublet of scalar field:

|
-

where ¢ is a positively-charged scalar field and ¢ is a neutral scalar field.

Whit this we construct the Lagrangian:

L = (Dup)" (D) — V(9) (1.10)

Where the potential V(¢) = ?¢T¢p + A(¢pT¢)? with 2 < 0 and A > 0, this potential
is represented in Fig. From the potential shape it can be observed that the sym-
metric solution is unstable and there are a set of indistinguishable minima at the same
potential energy to which the system can evolve. This evolution will spontaneously
break the symmetry and establish one of the minima as the physical one. As a result

the unitary gauge is assumed, and can be written as:

0
Y R — (1.11)
’ ( 5 +4’(x)>

where ¢(x) represents the degree of freedom that remains after the symmetry break-
ing. It can be interpreted as a scalar field with mass: v/2Av, i.e. the Higgs boson.
After adding this field to the Lagrangian, it can be shown that new combinations of
the W, and B, fields with the components of the scalar field yields three massive and
one massless new fields. These fields correspond to the bosons introduced at the be-

ginning of this chapter. In particular, Wﬁ’ and By, are mixed, they can be disentangled

. 3)
Zy _ (cos Ow — sin OBy Wy (112)
Ay sin By cos Oy B,

Where 6y is the Weinberg angle that is defined by the following relationship: tan 6y =

gy/8gw.

by applying a rotation:
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FIGURE 1.2: Representation of Higgs potential V(¢) = ?¢T¢p + A(¢pF¢)? with {2 < 0
and A > 0.

The A, field defined is the photon (7) field while the Z, corresponds to the Z9. Both
of them are neutral and the Z, field has an associated mass: mz = 5,/¢% + g%

It can also be shown that the WI} and Wﬁ are mixed following the linear combination:

1
WE = E(w,ﬁ” Fw?), (1.13)

which describes the observed W+ with an associated mass: my = 8W-

1.14 Yukawa coupling

Fermion masses can also be derived from the interaction between the scalar doublet
(Higgs) and the fermions. The most general Lagrangian density describing that inter-

action for a single generation of quarks is the following:

L = —y,Lo“ugr — ysLpdg + h.c., (1.14)

where v, and y; are called Yukawa couplings and are free parameters of the model.
And ¢° = io?¢'. Expanding again around the vacuum expectation value of the scalar
field defined in Eq. a mass term is found with the following form:
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Y9 i
’ 1.15

/2 vy (1.15)

hence, the mass of fermions equals m; = yv/ /2 for charged leptons and quarks. The

non existence of right handed neutrinos implies that, according to this mechanism,

neutrinos remain massless.

1.1.5 The CKM Matrix

So far we have only considered one generation of fermions, while the SM has three
flavours of fermions. Nevertheless, the description used up to this point can be extend
to account for all quarks, by using the following notation: Q;;, ur; and dg;, where i is

an index running over the 3 flavours. Then, equation can be rewritten as follows:

L = —Y}iQui¢‘ur; — Y{Qripdr; + h.c., (1.16)

where Y;; and Yi‘; are 3x3 complex matrices and the indices i and j run over the three
flavours. The Y* and Y? matrices are not diagonal, leading to possible flavour mixing
between generations. Consequently, fermion fields do not have well defined masses.
To address this issue, the fermion fields need to be redefined as eigenstates of the
Yukawa matrices. For quarks, a basis of fermion fields that are eigenstates of both
Yukawa matrices and of electroweak interactions is not achievable. Therefore, the
interaction of the W bosons does not happen among same flavour fermions; instead,
it connects the quark mass eigenstates from different families. This phenomena is
parameterized through the Cabibbo-Kobayashi-Maskawa (CKM) matrix [32]:

Vud Vus Vub
Vekm = | Vg Vs Vi (1.17)
Via Vis V.

This matrix is unitary and its elements are free parameters of the theory that need to
be measured. Elements in the diagonal are found to be larger than their non-diagonal
counterparts. In addition, the mixing in the first and second generation is larger than
for the third generation, where the term is large enough to assure that most of the top

quarks decays produce a b quark [26].

For leptons, as in the SM neutrinos are massless, this effect can be handled by re-

defining the three flavours of neutrinos with no additional criteria needed. In models
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where neutrinos are not massless, a parametrization analogous to the CKM matrix is
used: the PMNS (Pontecorvo-Maki-Nakagawa-Sakata) matrix [33].

1.2 Limitations of the SM

The SM has been tested and confirmed via observations since its formulation 5 decades
ago, this makes the SM one of the most successful theories in physics. The culmination
of that effort was the discovery of the Higgs Boson in 2012 by ATLAS [_8] and CMS [7].
Nevertheless, there are still some topics for which the SM is not able to provide a
description that explains satisfactorily the observations. In this section, some of these
points are discussed along with few proposed extensions of the SM — Beyond the

Standard Model theories (BSM) — that aim to accommodate these phenomena.

Hierarchy problem

In the SM, loop contributions from fermions and bosons to the Higgs propagator
are found to be significant. These corrections, dominated by the top quark, can be
summed up into a correction to the Higgs bare mass which is of the order of the plank
scale (=~ 10" GeV) and proportional to the Yukawa couplings of the SM fermions:
A(mpy)? ~ Y2A3. It is possible that such large corrections cancel out with other cor-
rections, leading to the observed Higgs mass value of around 125 GeV. In particular,
corrections from bosons contribute with the opposite sign to that of fermions. Nev-
ertheless, a complete cancellation is unexpected, and this might be an artifact of the
model, an indication that there should be a simpler explanation such as a yet undis-

closed symmetry of the model.

Gravity

As stated in Section the SM does not account for a description of gravity as a
QFT. Nevertheless, at the energy scales used in the current colliders (of the order of
TeV), this is not really a limitation, because gravity effects to the processes of study

are negligible, and only become significant at the Planck scale.

Neutrino masses

In the SM formulation given above, neutrinos are massless. Nevertheless, experimen-

tal observations show that neutrinos change flavour (oscillate) [34]. This phenomena



14 1 Theoretical framework

can be explained if different generation neutrinos have mass. Their masses are cur-
rently unknown, but there is enough evidence to prove that they are non-zero. In the
SM, neutrinos are right handed particles, and as a consequence, they are unable to
acquire mass through the same mechanism employed by other fermions. There are
several formulations to explain neutrino masses such as the see-saw [35] mechanism,
but there is no consensus on which is the best extension to accommodate neutrino
masses in the SM [36].

Matter antimatter asymmetry

Our Universe is predominantly composed by matter and the amount of antimatter is
a small fraction, that usually can be explained by secondary origin in energetic par-
ticle collision, for example arising from cosmic rays. If charge conjugate parity (CP)
symmetry was exact, the laws of Nature would be the same for matter and for anti-
matter. Consequently, in order to explain this asymmetry, CP violation is postulated
as one of the necessary conditions for baryogenesis by Sakharov [37]. It could also be
argued that the unbalance could be local, but there is still a need for a mechanism that
generates it. Additionally, parts of the universe dominated by antimatter would have

effects on our observations of the isotropy of cosmic microwave radiation.

There is also direct evidence of CP violation: it was first discovered in neutral K
decays [38] in 1964, later in 2013 and 2019 it was also observed in B [39] and D [40]
mesons decays by LHCb. These observations can be explained by the CP violation in
the mixing of the neutral mesons. Such mixing can be introduced in the SM by a CP-
violating complex phase in the CKM matrix described in Section Nevertheless,
this single CP-violating SM parameter is not able to explain the full matter-antimatter

asymmetry in the Universe, failing by several orders of magnitude.

In the SM there are three sources of CP violation: the already mentioned complex
phase in the CKM matrix, a complex phase in the PMNS matrix, and CP violation in
the strong interaction. An experimental indication of the latest would be to observe
the electric dipole moment of the neutron. This has not been accomplished, suggesting
that the CP violation in the strong sector is also too small. In 2020, indications of CP
violation in the lepton sector where reported by T2K Collaboration [41]. This last
source of CP violation would allow for leptogenesis [42], an early universe scenario
in which heavy neutral leptons —that were their own antiparticles— underwent CP-
asymmetric decays, resulting in a Universe with unequal numbers of particles and
antiparticles. Leptogenesis can successfully account for the present matter-antimatter

asymmetry. These hypothesis can be tested in neutrino oscillation experiments.
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Additionally, there are several BSM theories that would introduce CP-violating pro-
cesses in different sectors that may explain the large matter-antimatter asymmetry
produced in the early universe. Some BSM theories predict that CP violation in the
top quark sector and the Higgs section can be particularly large. As a result, indi-
cations of CP violation might be found by studying the top decay, the top dipole
moments, the production rate for tt, single top and ttX, the Higgs couplings and cer-
tain production modes of the Higgs boson [43]]. These BSM proposals can be tested in

the collider experiments.

Dark matter

Cosmological observations, such as the rotation of stars around the centre of the
galaxy, are dependent on the gravitational effect of the massive objects in their sur-
roundings. These observations show a large discrepancy between the amount of “vis-
ible” or baryonic matter and the gravitational effect measured [44]. This suggests the
existence an ”invisible’ﬁ type of matter, that would account for a large fraction of the
mass forming these astrophysical systems. Currently, no particle in the SM is suitable
to explain such kind of matter, referred to as dark matter (DM). Some BSM theories
include the addition of new particles that can be DM candidates, such as the so-called

weakly interacting massive particles (WIMPs) [45].

1.2.1 Beyond the SM

In order to cope with the limitations of the SM described above, as well as other not
mentioned, BSM theories are developed. These are extensions of the SM that aim to

improve the description of the universe given by the SM.

The most famous BSM theory is supersymmetry (SUSY) [46], and was developed in
1974. This theory is founded on the idea of introducing a new symmetry that trans-
forms fermions into bosons by extending the Lie algebra. In these theories, particles
are represented as multiplets of the associated algebra, called supermultiplets. The
degrees of freedom of each supermultiplet are equal for fermions and bosons, hence,
each particle has associated a superpartner. If the particle is a fermion, its superpart-
ner should be a boson and viceversa. SUSY theories can solve the hierarchy problem,

besides, they introduce new particles that can be DM candidates.

There are, in fact, many exotic ideas to extend the SM, some of them including an

extra particle or field. Currently, an approach to look for new physics in a model

3 As it would not interact via the electromagnetic force



16 1 Theoretical framework

independent manner is using the formalism of Effective Field Theories (EFTs) [47].
This is based on the idea that new physics might appear at energies that are too high
to directly produce the resonance associated to the BSM particles with the current
experiments. Nevertheless, at low energies, these new physics would be accessible as
an integrated out theory, with a limited energy range of applicability. The effect can be
the appearance of a new interaction vertex or a modification of an existing coupling.
The EFT approach is sensitive to most of the SM issues proposed in this section. In
particular, CP violation can be constrain by certain EFT parametrizations as the one
reported in Ref. [48].

1.3 Phenomenology of the SM in colliders

Particle colliders serve as the primary experimental infrastructure designed to test the
SM and search for new physic phenomena. In particular, this thesis is developed using
data from collisions that took place at the Large Hadron Collider (LHC), a hadronic
collider that will be described in Chapter [2l When modelling a pp collision, the first
thing to bear in mind is that protons are not elementary particles, but composite states
bounded by the strong interaction. At the LHC working energies, which are of the
order of 10 TeV, the constituents of the protons (partons) can interact, leading to an
inelastic collision where the proton breaks. These collisions are the ones that yield
the most relevant physical processes. Additionally, QCD plays a significant role on
the description of hadronic collisions. As a consequence, two energy regimes can be
identified, depending on whether QCD is perturbative (for scales over Agcp), or it
is not (scales under Agcp). For the former case, QCD can be treated as a weakly
interacting theory in which free quarks exist, while for the later, coloured particles are

force to hadronice.

The description of an inelastic collision in the LHC can be summarized in the following

items:

* Description of the incoming proton and, in particular, the kinematic properties

of the interacting partons.

* The hard scattering that describes the interaction between the two partons to

produce a new state.

¢ Radiation coming from coloured states generated in the two previous items.
At some point those coloured products of the collision will reach the non-
perturbative regimen and hadronize. This includes the lower energy remnants

of the incoming protons and their evolution after the hard scattering.
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One of the most important physical quantities in the context of high energy physics is
the cross section, which represents the probability that a certain process takes place.
It depends on the centre-of-mass energy of the collision and is given in surface units.
The inclusive cross section can be derived from any observable of interest, allowing to
confront the measured data with the prediction. The differential cross section, which
is the cross section as a function of a certain observable, can also be extracted to study

how the prediction and the data agree, as a function of the selected observable.

In fact, any observable of interest can be computed from an inclusive or differential
cross section. Cross section for the production of a given final state in pp collisions

can be computed at fixed order in perturbation theory as:

o= 2/dxidx]-fi(xi,yp)f]-(xj,yF)Ui]-(xlxzs;yRyp) (1.18)
ij

The sum runs over all possible parton flavours that can produce the interaction. The
expression is integrated over all the possible initial-state momenta of the considered

partons. Those initial-state momenta are parameterized by the Bjorken variables: x; =

Pparton
Pproton

of finding a parton of a given flavour (i) with a fraction of the proton’s momenta x

fi(x) are the parton distribution functions (PDFs), that give the probability

when interacting. Finally, 0j; is the cross section of the partons with flavours i and j
at the desired order in perturbation theory, that depends on the factorisation (yr) and

renormalisation scales () and the energy of the interaction.

Below, a more detailed description of each of these items is provided. Due to the
complexity of the computations in practice, some of the steps of the computation are
simulated using Monte Carlo (MC) methods, which are computationally affordable.

Each of the steps are treated by different tools.

Parton distribution functions

As already stated, protons are composit states. Quantum numbers of a proton are
given by its main constituents or valence quarks, which are of flavours u, u and d.
Given the nature of strong interactions, the structure of the proton should also include
other coloured particles, radiated from the valence quark interaction: these are gluons

and other quarks, known as sea quarks.

In order to model the complex internal structure of the proton PDFs —denoted as
fi(x,q*)— are used. They provide a parametrization of that structure for an external

particle interacting at a certain energy regimen: g2. In this use case, that energy
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FIGURE 1.3: Parton distribution functions f (x) (where f = uy, dy, 1, d, s =35, c =
¢, b =0, g) obtained in NNLO NNPDF3.0 global analysis at scales y? = 10 GeV?
(left) and p?= 10* GeV? (right), with as(M2%) = 0.118. Figure extracted from Ref. .

regime is given by the factorization scale yr, which is selected to regularize the effect
of infrared divergences, separating the soft and hard processes. Hence, PDFs are used
to summarize the structure of the proton that cannot be computed by perturbation
QCD calculations.

PDFs have been experimentally obtained in deep inelastic scattering measurements
at certain energy scales. These functions can then be propagated to the energy scale
under study using the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equa-
tions. As a consequence, PDFs can be measured in the “clearer” environment pro-
vided by electron-proton collisions at lower energies, and then, extrapolated to LHC
energies. In fact, the foundation of the modern PDFs, used in this thesis, are the ones
provided by ZEUS and H1 collaborations at the HERA collider.

Figure [1.3| shows an example of the PDFs obtained in he NNLO NNPDF analysis
at two different energy scales of 10 and 10* GeV2. The PDF of the valence quarks get
closer to the sea quark ones as energy increases. At higher energy, the gluons take the

most part of proton momentum.

Flavour schemes

When modelling the production of third generation quarks, two different approaches

can be followed to treat initial-state b quarks: the first one, called 4-flavour scheme
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(4FS), assumes the b quark to be massive; while the second, called 5-flavour scheme
(BFS), considers it to be massless. In the 4FS, the mass of the quark is taken into
account, and the b quark is included in the initial state only through gluon splitting,
because its mass is larger than that of the proton. As a result, there are only four quark
flavours (up, down, charm and strange) allowed in the proton. In the 5FS, instead, the

b quark is modelled via a PDF as any other parton.

Both approaches were found to provide reliable predictions. In the 4FS the b quark
emission is simulated exactly at fixed order in perturbation theory. This should,
in principle, provide a more accurate description than the 5FS, where the emission
is modelled by the parton shower. Nevertheless, the gluon splitting introduces a

collinear divergence, that may break the convergence of the perturbation series.

Hard scattering

Hard scattering refers to the inelastic interaction between the two incoming partons.
Usually, at the energies provided by the LHC, the parton contains a large fraction
of the proton energy, big enough to remain in the energy regimen where QCD is

perturbative. The term ¢;;(x1x2s; prpir) in equation can be written as follows:

1
Oij—n(X1X28; URMUF) = ?S/dCDnIMiHn(s, Dy, i, pr)|? (1.19)

where s is a Mandelstam variable of the two partons, ®, accounts for the phase space
of the final state (that might contain n particles), and M is the matrix element (ME).
The ME encodes the probability that a scattering of initial partons (i, j) produce the
final state particles n. The matrix element can be computed using QFT by applying
Feynman diagrams that represents all possible transitions between the initial and the

final state and their associated amplitudes.

Matrix element computation as well as phase space integration is handled using MC
simulation. Such MC generator programs are know as matrix element generators.
Usually in these computations the hard scattering is simulated at Leading Order (LO)
or Next-to-leading Order (NLO) accuracy in QCD using the POWHEG [51], MADGRAPH

or MADGRAPH AMC@NLO [52] programs with a given choice of PDFs.

Parton showers, underlaying event and hadronization

So far the description provided corresponds to the first and second items in the enu-

meration given at the beginning of this section. Fixed order calculations grant an
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accurate prediction for the partonic final state. However, they do not provide a com-
plete description of the experimental final state, as particles in the partonic final state

may further decay or radiate extra particles.

All charged particles might radiate photons, while all coloured particles can radiate
gluons. These gluons may additionally radiate other coloured particles that, subse-
quently, will interact between themselves, producing a shower. This process is known
as parton fragmentation. Each step of the shower will decrease the energy, and, at
some point, the transition between the perturbative to the non-perturbative QCD
regime will be reached. For this reason, the process is described by phenomenological

models known as Parton Showers (PS).

We have described the origin of radiation in the final state (FSR), but a similar phe-
nomenon happens for the rest of proton constituents that are not part of the hard
scattering. Those partons may interact among each other, producing secondary inter-
actions called Underlying Event (UE). The UE is modelled using phenomenological

models that take into account perturbative and non-perturbative effects.

Finally, the particles produced in the shower are still coloured states, hence they
are not observable. Instead, they will undergo an hadronization process in order
to produce bounded colour neutral states, denoted as hadrons. This is a fully non-
perturbative process, that occurs below a given energy scale. In order to describe the
hadronization phenomenological models such as ryTHIA [53] and HERWIG [54] (that

also model PS) are used.

A schematic depiction of the modelling of a pp collision, including all steps described
in this section, is shown in Fig.

1.4 Higgs boson and top quark physics at LHC

1.4.1 Higgs boson physics at LHC

The discovery of the Higgs boson represents a significant milestone in the field of LHC
physics, completing the Standard Model. This experimental achievement initiated an
extensive experimental program focused on precisely measuring the properties of the
newly discovered boson, with the objective of verifying its compatibility with the SM
Higgs boson. These properties include its mass, electric charge, interactions with other
particles, and spin. In particular, the Higgs boson mass my is a free parameter of the
SM that needs to be measured. This parameter determines the coupling of the Higgs

to other particles as well as its production and decay rates.
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Ficure 1.4: Simplified schematic representation of a proton-proton collision where a
top-antitop quark pair is produced along with its subsequent PS. Extracted from Ref.

55].

The most precise measurement of the Higgs boson mass was performed combining
data taken by the CMS experiment during the years 2011, 2012, and 2016 at /s = 7, 8,
and 13 TeV and yields a value of myy = 125.38 - 0.14 GeV [56].

Production modes

In pp collisions at the LHC the main production modes of the Higgs boson are: gluon-
gluon fusion (ggH), Vector-boson fusion (VBF), Higgs-Strahlung (VH) and the associ-
ated production of a H with heavy quarks. The main leading-order Feynman diagrams
of the four most common production modes of the Higgs boson in pp collisions are
shown in Fig. The cross sections for the different production modes spans over

several orders of magnitude, as shown in Fig. [1.6| (left).

Gluon-gluon fusion is the dominant production mode in the LHC, with a cross section
of 49 pb. As the Higgs boson does not couples directly to the massless gluon, it is
produced via an intermediate loop of heavy quarks. This loop is dominated by top
quarks and contributions from lighter quarks are suppressed proportionally to mé.
VBF production mode has a cross section of 3.8 pb, being the production mode with
the second-largest cross section. This production mode proceeds as the scattering of

two quarks-antiquarks mediated by the exchange of a W or Z boson, with the Higgs
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F1Gure 1.5: Main leading order Feynman diagrams contributing to the Higgs boson
production in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-Strahlung, and (d)
associated production with a pair of top quarks.
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Ficure 1.6: Left: SM Higgs production cross section in pp collisions as a function of
the center-of-mass energy. Right: SM Higgs decay branching ratios as a function of
the Higgs boson mass. Both figures extracted from Ref. [57].

boson radiated off the electroweak boson propagator. Therefore, Higgs production is
purely electroweak, as any jet activity (from QCD) would happen around the forward
outgoing quarks, so the experimental signature of this production mode is very clean.
Higgs-Strahlung is the third most frequent mechanism, with a cross section of 2.3
pb. In this process, the Higgs boson is produced in association with an electroweak
boson. As the VBF production mode, it can be used to probe the coupling of the H to

the electroweak bosons.

The associated production with a pair of heavy quarks is the production mode with
the next-to-the-lowest cross section and can be initiated by two incoming gluons (gg)
or two incoming quarks (qq). The heavy quarks can be a top-antitop quark pair (ttH)
or a pair of bottom-antibottom quarks (bbH). The ttH cross section is 507 fb, of the

same order of bbH cross section, nevertheless, the second one presents final states
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modes, assuming SM Higgs decay rates. The thick (thin) black lines indicate the

1 (2) s.d. confidence intervals, with the systematic and statistical components of the 1

s.d. interval indicated by the red and blue bands, respectively. Figure extracted from
Ref. [58].

harder to distinguish from the backgrounds. The Higgs boson can also be produced

with a single top, tH, being this the production mode with the lowest cross section:
89.5 fb.

All production modes of the Higgs except bbH and tH have been observed both by
CMS and ATLAS [58] 59]. Figure|1.7| summarizes the values of the measured produc-
tion cross sections using data collected during Run-2 by the CMS experiment. All the

measurements are in good agreement with the SM.

Decay modes and couplings

The Higgs boson is not a stable particle, it decays before reaching the detector, there-
fore it must be studied via its decay products. It decays in several modes with differ-
ent frequency, the branching ratio of the Higgs boson as a function of the mass of the
Higgs is shown in Fig. (right). At my = 125GeV, H — bb is the most frequent
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decay mode, followed by H — WW. Using Run-1 data, it was possible to observe the
H decay to WW, ZZ and <+, separately [60, 61]. In fact, the two latter ones, despite
having low branching ratios, were the channels that yielded to the H discovery. Both
benefit from being resonant channels and from the high resolution of the detector to
measure the invariant mass of the dilepton and diphoton systems. This probed the
Higgs coupling to gauge bosons and showed that this coupling was proportional to
m?,, as predicted by the SM.

Higgs coupling to fermions is directly proportional to the mass of the fermion, there-
fore, the largest value of the Yukawa coupling is given by the top-Higgs coupling.
As the Higgs boson does not decay to top quarks, a pair of b quarks is the heaviest
final state possible for the Higgs boson. Despite the large H branching ratio, this mea-
surement is challenging given the large amount of QCD background. The H — bb
was observed by CMS and ATLAS using Run-2 data [62, 63]. H — 77 has the sec-
ond largest branching ratio, and a better signal to background ratio than the previous
channel. This decay was observed by CMS and ATLAS during Run-1 [60, 61]]. Using
Run-2 data CMS reported the evidence of the coupling of the Higgs to the second

generation of fermions, as the H — up, with a significance of 3.0 s.d. [64].

In order to study the top-Higgs coupling, gluon gluon fusion production, or Higgs
decay to 7y can be used. In both cases the top quark appears in loops. In order to
study the Higgs-top coupling at tree level, ttH and tH production modes are needed.
These production modes will be covered in detail later in Chapters [4 and [6|

The current status of our understating of the Higgs coupling to electroweak bosons
and fermions is summarized in fig which was produced using data taken during
Run-2 at /s = 13 TeV.

Figures and along with the Refs. [58, 59] show the outstanding improvement
in our understanding of the Higgs boson properties achieved during the ten years that
followed its discovery, reporting the most up-to-date measurements of the properties
of such boson. The results provided in the CMS publication [58] combine the studies
presented in this thesis and published in Ref. [9].

1.4.2 Top quark physics at LHC

In order to test the SM and explore potential BSM physics models, it is imperative to
investigate the properties of the top quark. This particle was initially postulated by
Kobayashi and Maskawa in 1973, as part of the framework that required at least three
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pectation value. For electroweak bosons, the square root of the coupling modifier is
plotted. Figure extracted from Ref. [58].

generations of quarks to explain CP violation through flavour mixing [65]. Neverthe-
less, the top quark was not discovered until 1995, when it was observed by the DO and
CDF experiments at Tevatron collider in pp collisions [66, 67]. These measurements
allowed to measure its mass, showing that it was the most massive fermion. The
top quark mass, as measured by CMS and ATLAS at the LHC and the experiments
at Tevatron is my = 172.69 £ 0.3 GeV [26], confirming it is the heaviest fundamental
particle in the SM.

As a consequence of the large value of its mass, the top quark lifetime is remarkably
small, of order T ~ 10~2°, which is one order of magnitude lower than the hadroni-
sation time scale. As a result, the top quark undergoes weak force-mediated decays
—most of the time into a W boson and a b quark— before hadronization. This is a
special feature of the top quark, making it the only quark that can be studied as a free

state, and one of the few available probes for perturbative QCD (pQCD).

A second implication of the top quark’s mass is the strength of its coupling to the
Higgs boson, which is approximately of order 1. It is commonly acknowledged that
this Yukawa coupling is the only one in the SM considered “natural”, as the others are

orders of magnitude smaller. Given this fact, the top quark holds a unique position in
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the spontaneous breaking of the electroweak symmetry. Furthermore, the top quark is
responsible for adding sensible corrections to the Higgs boson propagator. Therefore,
studying the top quark and its couplings is a good handle to solve the hierarchy issue
in the SM.

Production modes

There are several production modes of the top quark in pp collisions at the LHC
energy: production of quark anti-quark pairs (tt), single top production and associated

production with other particles.

Some of the leading order diagrams for tt, which is the dominant top production mode
at LHC, are shown in Fig. At the LHC, the dominant production mechanism for
the tt process is gluon-gluon fusion, corresponding to 85% of the total production.
Instead, in pp collisions at the Tevatron energy scales, tt production was dominated by
quark-anti quark annihilation. The next-to-next-to-leading order (NNLO) plus next-
to-next-to-leading-logarithmic accuracy prediction of the tt cross section for a centre-
of-mass energy of /s = 13 TeV yields o = 83272 (Scale) + 35(PDF + as) pb [68].

q t g ¢
8 g
7 t g i
t
g
g
t

Ficure 1.9: LO Feynman diagrams for tt production in pp and pp collisions. Top left
diagrams shows the qg production mode, while the other two show the gluon-gluon
fusion prodction mode.

This production mode has been studied both at Tevatron and at LHC, taking into
account the different final states given by the top quark decay. Top quark can decay
hadronically (qgb) or leptonically, to a lepton, a neutrino, and a b quark (/vb). In
terms of tt decay we can distinguish, then, three scenarios: fully hadronic, dileptonic

and semileptonic, with a branching ratio of 46%, 10% and 44% respectively. The
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FI1GURE 1.10: Summary of LHC and Tevatron measurements of the tt production cross-

section as a function of the centre-of-mass energy compared to the NNLO QCD cal-

culation complemented with NNLL resummation (top++2.0). The theory band rep-

resents uncertainties due to renormalisation and factorisation scale, parton density

functions and the strong coupling. The measurements and the theory calculation are

quoted at m;=172.5 GeV. Measurements made at the same centre-of-mass energy are
slightly offset for clarity. Figure extracted from Ref. [69].

dileptonic final state, despite its low branching ratio, provides a clean signature with

two leptons in the final state and two b jets.

Currently the tt production cross section has been measured at center-of-mass en-
ergies from 1.96 TeV to 13.6 TeV, using data taken by DO and CDF experiments at
Tevatron, as well as, CMS and ATLAS at LHC. A summary of these experimental
measurements is shown in Fig. The measurements are in good agreement with
the NNLO+NNLL predictions. During the development of this thesis, I contributed
to the first measurement of tt production at /s = 13.6 TeV by performing a cross
check of the main analysis, using an event-counting method restricted to events with

an opposite-sign ey pair and at least one jet [24].

The single top production is the subleading top quark production mode at the LHC,
with a cross section one order of magnitude lower than tt production. Several pro-
cesses that yield only one top quark in the final state are included in this production

mode, being the dominant ones the so-called ¢-channel, s-channel and tW-channel. LO



28 1 Theoretical framework

diagrams for those channels can be seen in Fig. In these cases, the top production

is mediated by the electroweak interaction, and a tWb vertex is present.
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Ficure 1.11: LO Feynman diagrams for the main modes of single top production in
pp collisions: t-channel (top left), s-channel (top right) and tW-channel (bottom).

There are other top quark production modes with lower cross sections, in most of those
cases the top quark is produced in association with other particles, therefore, those
processes are probes to the couplings of the top quark to such particles. The amount
of data delivered by the LHC allows to study those low cross section production

modes.

These processes include the associated production of a top anti-top quark pair with
bosons (ttH, ttW, ttZ and ttvy), as well as, single top associated production (tZq, tH,
tHW); finally the tttt production is also included in this category.

The ttH, tH and tHW processes had been already covered as Higgs production modes
and, along with ttW, will be studied in detail in this thesis; ttZ and tty productions

will also be covered later in Chapter 4

The tZq production has been observed both by ATLAS [70] and CMS [71] using Run-2
data. This process allows to study the top-Z coupling but also the WWZ coupling.
Besides, this production is sensitive to flavour chaining neutral currents (FCNC) that

may appear in BSM scenarios.

The tttt production, with a SM predicted cross section of only 12 fb, has been observed
by ATLAS with an observed (expected) significance of 6.1 (4.3) s.d. [72], while CMS
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has reported the evidence of tttt production with an observed (expected) signal sig-
nificance of 4.0 (3.2) s.d. [73]. This process can be used to test the top-Higgs Yukawa
coupling, as one of the tttt production diagrams in the SM is Higgs-induced [74].
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The LHC and the CMS experiment

The measurements described in this thesis have been performed using data from pp
collisions at the LHC, recorded by the Compact Muon Solenoid (CMS) experiment.
This is one of the four main experiments of the LHC at CERN. In this chapter a

description of the experimental framework is provided.

2.1 The Large Hadron Collider

The LHC is a hadron circular accelerator and collider designed to achieve a center-
of-mass energy of the order of 10 TeV. The LHC is capable of accelerating several
types of nuclei: hydrogen nuclei (protons) are most commonly accelerated, but heavier
nucleai, such as lead, are also accelerated in special data taking runs. At the date of
writing, the LHC has provided pp collisions at a center-of-mass energy of 13.6 TeV,
the highest ever achieved. The LHC is composed of two superconducting rings hosted
in a 27 km circumference tunnel 100 m below the surface, which is inherited from the
Large Electron Positron collider (LEP) [75]. In each of the rings a beam of protons is
accelerated in a direction. Both beams are allowed to collide in specific points of the
LHC circumference, where the four multi-purpose particle detectors ALICE, ATLAS,
LHCb and CMS are located. In this section, a brief summary of LHC description is

provided, a more detailed description can be found in Ref. [76].

The beam within the LHC is supplied by a chain of colliders. Since 2020 the process
starts with negative ionised hydrogen atoms (one proton with two electrons), which
are accelerated by Liniac 4, a linear collider, up to 160 MeV. Then, they are separated
into protons and electrons, and the resulting protons are injected to a circular syn-
chrotron, the Proton Synchrotron Booster (PSB). Before 2020, protons were introduced
into the Linac 2 which accelerated them to an energy of 50 GeV before injecting them

to the PSB. The PSB is capable of arranging clusters of protons, called bunches, and

31
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further accelerating them to an energy of 1.4 GeV. Subsequently, these bunches are
injected into the Proton Synchrotron, which raises their energy to 25 GeV and estab-
lishes a separation of 25 ns between them. Finally, the bunches are injected into the
Super Proton Synchrotron, which serves as the ultimate stage before they enter the
LHC, with an energy level of 450 GeV [77].

The LHC is able to accelerate each of the beams circulating in opposite directions by
using 16 radio frequency cavities distributed along the circumference of the collider.
The cavities operate at a frequency of 400 MHz, each one providing a 2 MV accel-
eration voltage. The voltage in the cavities is synchronized with the arrival time of
the protons. Consequently, protons arriving earlier are accelerated less than the ones

arriving later. This helps to further collimate the bunches.

The beams are bent to be inside the LHC circumference by applying a magnetic field
of up to 8.3 T. This field is created by superconducting magnets located in many
sectors along the circumference. In order to operate properly, these magnets have to
be kept at a temperature of 1.9 K: this is achieved by a cooling system using liquid
helium. Between the bending magnets, there are sets of quadrupoles, sextupoles, and
octupoles magnets used to focus the beam and keep the bunch coherence. Once the
beams have achieved the target collision energy (i.e. 6500 GeV for the data used in
this thesis), they are deviated slightly from its trajectory, in order to make both proton
bunches collide at the collision points. This is called bunch crossing (BX), and it is
worth noting that in each BX more than one proton pair can interact simultaneously.
This effect, called pileup (PU), leads to the presence of more than one interaction

vertices in the registered event.

Other than the beam energy, the instantaneous luminosity (£) is the other relevant
parameter related to the collision setup. The luminosity is defined as the quotient

between the event rate and the cross-section of a given process (¢).

dN

This parameter depends only on the conditions of the accelerator and can be expressed
as follows: -
nyN,N
L= e U2 R (2.2)
4rtoyoy

Where 1, is the number of colliding bunches, N; and NIZJ are the number of protons
per bunch in each colliding beam (around 10!!), f is the beam revolution frequency of

the LHC (40 MHz), 0, and oy, are the effective sizes of the bunches in the transversal
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and 2022 (brown); taken from [78]].

directions, and R is a calibrated geometrical factor that takes into account the crossing

angle at the interaction point.

The integrated luminosity (L) can also be defined by integrating the instantaneous
luminosity over time. The integrated luminosity during the LHC data-taking periods
related to this thesis are shown in the left depiction of Fig. Each of these data-
taking periods is known as a “Run”, the figure shows the accumulated luminosity
for Run-2 and the beginning of Run-3. Run-2 started in 2015 and lasted until 2018:
during that period of time the LHC worked (most of the time) at an energy of 13
TeV. Run-3 started in 2022 and is currently on going. LHC was initially designed to
provide an instantaneous luminosity of about 10**cm~2s~!, but during the running
period between 2017 and 2018 twice this value was reached by collimating a higher
number of protons per bunch, yielding to simultaneous collisions. The mean number

of interactions per BX is shown in Fig. (right) for each year.

2.2 The CMS experiment

CMS stands for Compact Muon Solenoid. This apparatus is, along with ATLAS, one
of the two general-purpose experiments at the LHC. It has been designed to be able to
measure a broad type of physically interesting processes that can happen when pro-
tons collide at the LHC energy scale. CMS is a cylinder-shaped detector, composted by
several layers of subdetectors, built to enclose the LHC beam pipe around one of the
LHC interaction points. The subdetectors that constitute CMS are: a high granularity

tracker, two hermetic calorimeters, and a highly redundant muon system. On top of
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FIGURE 2.2: Cutaway diagrams of CMS detector. The different subdetectors are la-
beled in the figure. Figure taken from Ref. [81].

that, a superconducting solenoid provides a magnetic field of 3.8 T. A sketch of the
detector is shown in Fig. The CMS Experiment is the experimental set-up of this
thesis: in this section some details about the detector are given, for a more exhaustive
discussion of its design see Ref. [79]. For an overview of the detector performance

during Run-2, and a description of the upgrades in place for Run-3, see Ref. [80].

2.21 Coordinate system

In order to define the physical observables used in this thesis, as well as describe the
detector components, a coordinate reference system is defined. The z axis is fixed
along the beam direction with the positive semi-axis pointing west, toward the Jura
mountains. The x — y plane is the transverse plane, perpendicular to the beam direc-
tion. The x positive semi-axis points to the centre of the LHC while the y positive
semi-axis points to the surface. Given the cylindrical shape of the detector, the az-
imuthal angle (¢), and the polar angle (6), are also used. ¢ describes angles between
the y and x axis, while 0 is defined in the z-x plane. 6 is used to define the pseudora-
pidity as: 7 = —log(tan(6/2)). It can be proven that the difference in 7 between two

massless particles is invariant under Lorentz boosts along the z axis.
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Taking into account this geometry, we define the projection of the momentum of a
certain particle in the transverse plane as the transverse momentum, pr. In order to

measure angular distances between particles we define the quantity:
AR = \/AP? + Ay? (2.3)

2.2.2 Tracking system

This is the innermost layer of the CMS detector; it is based on silicon sensors and its
propose is to measure the trajectory of charged particles (tracks). The precise deter-
mination of the tracks is crucial to obtain a high resolution estimation of the particle
track parameters, as well as, to associate the track with one of the interaction vertex.
This avoids the wrong assignation of a particle to one vertex originated due to pileup
interactions. The impact parameter determination is also a key element when tagging

jets coming from a b meson.

The tracking system is divided in two parts: the pixel detector and the silicon strip

detector.

The pixel subdetector is the closest one to the beam axis. After the addition of an
extra layer in 2017, the innermost barrel pixel layer is located around 2.9 cm away
from the beam axis, while the outermost is at 16 cm. In the endcap, the pixel detector
covers up to approximately 50 cm in the Z axis. Given the high occupancy expected
in this region and the need of high spacial resolution for a precise measurement of the
impact parameter, the pixel detector has been designed to provide a high granularity,

yielding a spatial resolution of between 10 and 15 pum.

The strips detector is located between 20 to 116 cm away of the beam axis. Silicon
strips are located following the z direction in the barrel, and the radial component in
the endcap. The obtained resolution along the Z axis is around 200 ym; in the case of

the transverse plane the resolution is typically around 20 ym.

2.2.3 Calorimeters

CMS has two calorimeters: the electromagnetic calorimeter (ECAL) devoted to mea-
sure the energy of electrons and photons, and the hadronic calorimeter (HCAL) which
is designed to measure the energy of hadrons. The ECAL is the innermost of the two,
it is located surrounding the tracker. Then, the HCAL is constructed between the
ECAL and the solenoid magnet. Hermeticity of the calorimeters is crucial in order to

provide a good estimation of the momentum imbalance of the event.
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The ECAL is a scintillation calorimeter composed by tenths of thousand’s of lead
tungstate (PbWOQ,) crystals. This material is very dense (8.3 g/cm?®) and has both
small radiation length (0.89 cm) and Moliere radius (2.2 cm). The light generated
within the crystals is converted into an electric signal that can be read out by photo

detectors based on silicon. The ECAL resolution can be parameterized as:

O'(E) . 2.8% @ 12%
E  VE/Gev E/GeV

& 0.3%, (2.4)

where the first term is the stochastic one, the second takes into account to the elec-
tronic noise and the last one is from the non-uniformity of the detector and calibration

uncertainties.

The HCAL is a sampling calorimeter composed by alternating layers of brass and a
scintillator material. It is devoted to measure the energy of neutral hadrons and gives
an alternative measurement of charged ones. A part of the subdetector is located
outside the magnetic solenoid in order to provide extra absorption and increase the
hermeticity of the detector. In addition, the very forward region (3.0 < || < 5.0) is
covered by the forward calorimeter, located at 11 cm from the center of the detector

and composed of steel.
The energy resolution of the HCAL is given by:

o(E) 8%
= ®7.4%, 25
E VE/GeV (25)

being the first uncertainty the one corresponding to the stochastic term and the second

one accounting for calibration uncertainties.

2.24 Muon system

The muon system is located in the outermost part of the detector and it provides
efficient and robust measurement of muons. As the only SM particles reaching this
part of the CMS detector are muons and neutrinos, the muon system is able to identify
the presence of a muon. The muon system also tracks the muon trajectory, reconstructs
its momenta and triggers based on the presence of muons. The precise reconstruction
and identification of muons is a key element of the CMS physics program, as muons
are particles more efficient to select and less likely to be misidentified than electrons.

Hence, the presence of such particles is a clear signature of interesting processes.
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FIGURE 2.3: Scheme of the plane z-R of the CMS experiment. The muon chambers are
detailed and the four types are shown in different colours [82].

The muon system was composed by three types of gaseous detectors during Run-
2: Drift Tubes (DTs), Cathode Strip Chambers (CSCs) and Resistive Plate Chambers
(RPCs). During 2020 the installation of a fourth type of chamber called Gas Elec-
tron Multipliers (GEMs) started in preparation of Phase-II of the LHC. Each type of
chamber is designed with different features, depending on its geometrical location.
Therefore, the four type of chambers are used in a complementary way. In Fig. 2.3|the

location of each type of chamber is depicted.

DTs are located in the barrel region, covering an || < 1.2. In this part of the detector
the muon rate is low and small contribution from neutron induced background is
expected. DTs are organized in 5 wheels located at different positions along the z
axis. Each wheel contains 4 stations situated at a different distance from the collision
point and alternated with the layers of the magnet return yoke. Stations are composed
by superlayers, each superlayer can be divided in layers, which is composed by cells.
Each DT cell is a cavity containing gas, an anode wire of 50 um of diameter and two
electrode plates. When the muon passes through the cell its position can be obtained
by measuring the drift time of the charged particles produced by the ionization of the
gas to an anode wire. Depending on the orientation of the wires on each layer, the
DTs are able to measure the z position and the r — ¢ bending angle in each chamber.

The exception is the outermost chambers, which only measure the r — ¢ coordinate.
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CSCs are placed in the endcap covering a 0.9 < |57| < 2.4, in this part of the detector
a large background contribution is expected, besides the magnetic field in this region
is not uniform. The CSC chambers are organized in 4 vertical disks in each endcap.
Each disk is divided in chambers split in ¢ sectors. CSC are multiwire proportional
chambers designed to have high granularity, high response and tolerate high levels of
radiation. The wires point in the radial direction, yielding precise measurement of the

¢ component.

RPCs are gaseous parallel-plate detector found both in the barrel and endcap, in the
|n] < 1.9 region. They provide a high time resolution, of around 1 ns. Given this
feature, the RPCs complement DTs and CSCs timing measurement and trigger capa-

bilities.

Finally the GEM detectors are located in the endcaps close to the beam pipe, and will
complement the CSCs in scenarios with high rate expected during LHC Phase-II.

2.2.5 Trigger system

The LHC collision rate can reach 40 MHz, nevertheless, the experimental setup is
not able to process and store that amount of data. As a result, the need of a trigger
system able to quickly select interesting collisions is patent. The CMS trigger system
is divided in two steps or logical layers: Level-1 Trigger (L1) and High Level Trigger
(HLT).

The L1 trigger is designed to have a latency of up to 4 us, therefore it is hardware-
based, because software triggers cannot reach these latencies. The L1 trigger takes
information only from the muon system and the calorimeters. Tracking detectors are
not used, as it is not possible to read out the information in each BX. Each subdetector
has its own L1 algorithm. In the case of the calorimeter the first step is to promptly
reconstruct the energy deposits, while for the muon system it is to reconstruct muon
hits. Then, a two-layer trigger reconstructs electrons, jets, and hadronic 7 candidates
using the calorimeter information. For the muon system, this second step is done by
three track finders. They combine the information from all the muon subdetectors
in order to create muon candidates. Finally, the aforementioned information coming
from the calorimeter and muon track finders is received and combined by the global
trigger, that decides whether the event is worth to be kept or not. This decision is
usually based on the presence of simple topologies on the event, such as the presence

of single and double objects, or combinations of objects passing minimum momentum



2 The LHC and the CMS experiment 39

thresholds. The readout of the CMS detector limits the acceptance rate of the L1 trigger
to be 100 kHz.

The second step, the HLT, is not so constrained by speed requirements; as a result it
can run on commercial computers. After a certain event passes the L1, the full event
information can be processed by the HLT, which performs a more complex and precise

reconstruction.

The HLT is organized in several algorithms (or paths) that target specific topologies.
The event reconstruction is seeded by a L1 positive decision with that specific topology.
The paths run depend on the event: first, the less complex reconstructions are run,
aiming to reject spurious events promptly. Then, the paths are run ordered depending
on the complexity of the reconstruction. For this reason, the amount of time that it
takes for an event to be processed by the HLT varies. The usual average time is of 150

ms. The HLT is able to take a rate of around 1 kHz, integrated over few hours.

2.2.6 Event offline processing

Once events are selected by the trigger they are stored to be analyzed offline. Given
the amount of data registered, the computation resources needed to store and process
it are not present in a single institution. Apart from data, simulations of the physical
processes are needed. These simulations, which should include the detector response
to the particles, are computationally intensive and require significant storage capabil-
ities. That is why the computing model used by CMS and other large experiments
at the LHC is based on the Worldwide LHC Computing Grid (WLCG) [83]. This is a
network that connects computer farms in different institutions and parts of the world,

in order to optimize usage of resources.

The network is organized in layers, each comprising distinct computing centers with
different capabilities and playing diverse roles. The first layer is the single Tier-0 (T0)
physically located at CERN and Budapest. TO is used for data acquisition, triggering
as well storage of raw data and its prompt reconstruction. The next stage is composed
by tens of Tier-1 facilities, that share the responsibility of store and process raw data
contained in CERN’s T0. The following layer is composed by around 50 Tier-2, where
the reconstructed data is stored, simulations of events are generated and users can
perform the first steps of the data analysis tasks. Finally, there is a last layer: Tier-3,
which is composed by smaller computing facilities where local data analysis activities

are carried out.
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2.3 Event reconstruction

The information registered by each subdetector in CMS is combined in order to re-
construct the collision products. The goal is to identify these objects, measure their
kinematic properties and, eventually, compute the physical observables needed for
the analysis of the data. In CMS the algorithm developed to perform this task is the
Particle-Flow (PF) algorithm [84], based on the concept of combining the information
from all subdetectors into a global event reconstruction. The reconstruction is per-
formed first locally in each subdetector, in order to reconstruct tracks in the tracker
and muon system, and energy deposits in the calorimeters. The PF algorithm takes

these information as input.

Tracks in the tracker are reconstructed using an iterative approach. They are seeded
by two hits in consecutive pixel layers. Then, in each successive layer, the algorithm
searches for compatible hits in order to propagate the trajectory. The compatibility
between the hit and the hit pattern expected for a charged-particle is evaluated using
a Kalman-filter [85]. When a hit is considered to be compatible with the track, it is
added to the track and its parameters are updated for the next extrapolation. The
process is repeated in all tracker layers until the algorithm reaches the end of the
subdetector. Then, the track is fitted to extract its parameters, and the hits associated
to the track are removed for subsequent iterations. This process is, then, repeated
with a new seed. In order to keep tracking efficiency high, the seeding and quality
requirements applied to reconstruct the track are relaxed in each iteration. Once tracks
have been reconstructed, primary vertices, that may correspond to several interactions
in the same event, can be identified. The primary vertex is defined as the one with the

highest quadratic pt sum of their tracks.

Energy deposits in the calorimeters are also reconstructed using an iterative approach.
Clustering of the deposits is performed independently in the ECAL barrel and end-
caps, as well as, on the HCAL barrel and endcaps. Cells with energy higher than a
certain threshold, and higher than the neighbouring cells are used as seeds. Clusters
are created by aggregating cells which are adjacent to the clusters and have an energy

excess.

These basic elements reconstructed in each subdetector are linked by the PF algorithm
using geometrical matching. Reconstructed tracks are extrapolated to the calorimeters,
deposits in the ECAL and HCAL are compared in order to check for their compati-
bility. Tracker tracks are extrapolated to the muon system and its compatibility with

muon hits is checked. This linkage is used to identify the particle, as each type will
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interact with a certain subdetector or subdetectors. Tracker tracks that can be associ-
ated to deposition in the ECAL cluster are good electron candidates. Muons can be
reconstructed by associating tracker tracks with segments in the muon system. Elec-
tron and muon reconstruction is treated in detail in Chapter 3| Tracks reconstructed
in the tracker and matched to depositions in the calorimeters are used to reconstruct
charged hadrons, while photons and neutral hadrons will leave only energy deposits
in the ECAL and HCAL, respectively. With this information it is possible to recon-
struct the physical objects used in the analysis, namely jets, b-tagged jets, missing
transverse energy, electrons, muons, taus, and photons. In the following sections, a
summary on how these objects are reconstructed is given, except for leptons and taus,
which are covered in Chapter

2.3.1 Jets

As discussed in Chapter the effect of colour confinement implies that quarks and
gluons produced in the collision are not allowed to remain as singlet states. They
therefore radiate partons until they form hadrons, which are bounded, colourless
states. This process is called hadronization and generates a spray of particles colli-
mated in a given direction that interacts with the detector. This spray of particles is
know as a jet. It is needed, then, to cluster the multiple particles coming from a certain
hadron into a jet. This is a difficult task that in CMS is performed by the anti-k; algo-
rithm [86]. This algorithm uses all the particle candidates constructed by PF algorithm
to run an iterative grouping. The criteria is to group together near particle candidates
using the pt and angular distance. The process is repeated taking into account all
particle candidates until they are clustered into jets for a given radius parameter R. In

CMS a distance parameter of 0.4 is usually used.

2.3.2 b tagging

It is useful to determine the flavour of the partons that have produced a certain jet. In
the case of b quarks and c quarks it is possible, as the hadrons containing these types
of quarks present certain features. These hadrons present a longer lifetime than other
light flavour hadrons, such characteristic allows them to fly several millimetres before
decaying. Consequently, a secondary vertex is generated within the jet cone section,
as depicted in Fig. Besides, b (and ¢) quarks mass is larger than the one of light
flavour quarks and gluons; therefore, the particles produced in the decay will have a

larger momentum relative to the jet axis.
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Jet

FIGURE 2.4: Depiction of three jets, the blue one is a b jet. A secondary vertex is visible
within the b jet cone.
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FIGURE 2.5: Performance of the DeepJet and DeepCSV b-tagging algorithms on tt

events with both top quarks decaying hadronically. The jets are required to have

pr > 30 GeV . The performance is shown for both b vs. ¢ classification (dashed lines),
and b vs. light (solid lines) [88].

Several algorithms have been developed within CMS for b jet identification. In this
thesis the DeepJet algorithm is used. This tagger is based on a neural network
that makes use of full information of all jet constituents, charged and neutral particles,
secondary vertices, and global event variables simultaneously. Depending on the light
jet misidentification probability allowed, three working points (WPs) are defined to
tag b jets. WPs loose, medium and tight, target a misidentification probability of 10, 1,
and 0.1%, respectively. Performance of the DeepJet discriminant in comparison with

the previous, widely used discriminant (DeepCSV) is shown in Fig. 2.5].
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2.3.3 Photons

Photons usually pass the tracker without interacting and deposit more than 95 % of its
energy in the ECAL, producing a shower. Therefore, photon reconstruction is seeded
from ECAL energy clusters with Er > 10 GeV which are not related to any good
quality tracker track; the energy cluster should be isolated and be compatible with a

photon shower.

In some occasions, photons interact with the tracker materials and produce an electron-
positron pair before reaching the ECAL. This is the so-called photon conversion. These
type of photons present a different signature: the produced electron and positron
have bent trajectories in the tracker with p7 almost parallel and energy spread in the
¢ plane. An alternative reconstruction method is applied to also reconstruct this kind

of events.

2.3.4 Missing transverse energy

Precise reconstruction of particles in the event, as well as, the correct association of
this particles to a specific vertex is crucial in order to infer the presence of particles not
interacting with the detector, i.e. neutrinos, but also new particles postulated in BSM

theories. The missing transverse momentum, 7™, is defined as follows:

Frs = — Y (i) 26)

Where the index i runs over all reconstructed particles associated to a certain vertex.
Give momentum conservation, in case no invisible particles are present the piss in
the event should be zero. Nevertheless, there are detector effects that prevent this
from being true, such as energy resolution, detector noise, misreconstructed particles,

primary vertex determination and underlying event.

In order to mitigate these effects, a set of filters [89] had been developed to identify
events where the pIiss is expected to be poorly reconstructed. The impact of applying
these filters is depicted in Fig.

Other relevant related quantity is H**, which is defined as the pfss but considering

only jets, leptons and 7; with certain selection criteria. This definition is less sensitive
to invisible particles, but it is also less dependent of energy mismeasurements and

spurious signals.
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FIGURE 2.6: The pi* distributions for events in a multi-jet selection with the event
filtering algorithms applied (filled markers), without the event filtering algorithms
applied (open markers), and from simulation (solid histograms). Taken from [89].

2.4 Data taking conditions

The LHC collider and the CMS experiment are very complex experimental setups that
are not completely stable with time. The working conditions of the LHC changes,
while CMS undergoes upgrades and suffers degradation in some of its subdetectors
as a consequence of the collisions. These factors collectively introduce non-uniform
data acquisition conditions over time. These effects are carefully considered during
the data analysis by applying corrections or dedicated simulations. The main features

of Run-2 data taking period are described below.

24.1 Pileup conditions

As described in Section the pileup conditions are a direct consequence of the
LHC collision parameters selected. Figure [2.1 shows that the number of simultaneous
interactions per BX increased significantly for 2017 and 2018 with respect to 2016
data taking period. This directly affects the performance of pTi, jet energy and
lepton isolation measurements. Additionally, triggers are affected, as the increase in
instantaneous luminosity creates the need to tighten the HLT requirements to keep

the rate under control.
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2.4.2 Detector upgrades

A partial update of the tracker was performed during 2017. The upgrade introduced
an additional layer located in the innermost layer of the pixel tracker, both in the
endcap and the barrel. This would allow at least 3-hit coverage across all the tracker

acceptance as well as improve the resolution on the impact parameter measurement.

Nevertheless, during 2017 data taking some of the pixel modules failed. The failure
was caused by radiation-induced damage in the components of the power supply.
Despite this, the degradation in performance was not dramatic given the redundancy

of the system. Before 2018 data taking period all the modules where repaired.

2.4.3 Degradation effects on the detector

During data taking the detector is exposed to high radiation environments, specially
the innermost detectors. The tracking system is the subdetector subjected to the high-
est radiation densities, but it is also built using materials resilient to the radiation.
For this reason, the subdetectors suffering more significant degradation effects due to

radiation are the calorimeters.

ECAL crystals suffer a gradual lose of transparency as the radiation dose accumulates.
As a result, the response of the crystals is delayed, shifting the ECAL timing. This
shift was not propagated to L1 calibrations during 2016 and 2017 data taking years,
meaning that some of the objects reconstructed in the ECAL (at high #) and firing the
trigger were associated to the wrong bunch crossing. The L1 trigger logic does not
allow to trigger in the two BX after the triggered one, as a consequence, if this effects
takes place, the collision to be measured would be vetoed and the wrong event would
be saved, this effect is know as L1 preferring. It is possible to measure the probability
of this effect to happen by selecting events 3 BX after a trigger has been fired. These
events are not affected by the prefiring by definition of the trigger rules. Corrections
due to the prefiring are applyed when needed, and are found to be small, of the order
of a few percent. In the case of data taken during 2018, the effect was accounted for in

the L1 calibrations, so no correction is needed for that year.

In addition, in 2018, a section of the HCAL in the endcap region experienced a failure
and could not be recovered during the data taking period. As a consequence, the
energy estimation of jets, photons and electrons in the —1.57 < ¢ < —0.87 and —3.0 <
1 < —1.3 region suffered a miscalibration. In the analysis presented in this thesis, an

extra uncertainty is applied to account for this miscalibration.
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2.5 Corrections to simulation

Monte Carlo simulations reproduce quite reliably most physical processes that take
place in a pp collision; in Section [1.3| the generators used to model the collision are
described. Nevertheless, one needs also to model how the final state particles interact
with the detector, as well as, the detector response. Geant4 [90] is used to model
detector interaction, but there are certain effects such as complex interaction processes,
magnetic field anisotropies or alignment that are not straight forward to include in the
simulation. As a result, part of the data taken by the detector must be used to extract
calibrations for the objects reconstructed and identified and use those calibrations to
correct the simulation. These correction have associated uncertainties that must be
taken into account in the data analysis as systematic uncertainties. In this section the

methods used to derive these calibrations are discussed.

2.5.1 Trigger efficiency

There are several strategies to estimate the trigger efficiency depending on the nature
of the trigger used. In this thesis a combination of single, double and triple lepton
triggers is used. The method used to measure the trigger efficiency is called orthogonal

trigger method, and is described in the following lines.

Events used to measure the trigger efficiency are collected using a set of triggers,
known as reference triggers, that are independent to the ones required at analysis level.
In particular, the reference triggers used in this thesis are based on the momentum
imbalance and the jet activity of the event. Furthermore, events should pass a minimal
offline selection (Off. Selection) related to the number of leptons in the final state and
their minimum pr. Then, the efficiency for a given leptonic trigger can be computed

as:
N (Off. Seletion & Ref.trigger & Trigger)

N(Off. Seletion & Ref. Trigger)

€(Trigger) = (2.7)
Trigger efficiencies are highly dependent of the lepton kinematics, hence the measure-
ment is usually performed as a function of the pr and 7 of the leptons. Uncertainties
on the measurement are considered: the statically uncertainty of the selected samples
and the comparison between both sets of reference triggers. The correlation between
the reference triggers and the leptonic triggers is not zero, as the mismeasurement
of a lepton can yield to instrumental missing transverse energy. Nevertheless, the

correlation is small and covered by the uncertainties.
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2.5.2 Lepton efficiency

Efficiency of lepton reconstruction and selection is evaluated using a “tag-and-probe
method” [91]. This will be covered in detail in Chapter |3, where a dedicated descrip-

tion of lepton reconstruction and selection is given.

2.5.3 Jet energy and resolution

Jet reconstruction is described in Section As jets are composite objects, their re-
construction is particularly complex. To ensure an accurate estimation of the jet energy
scale and pj]ft resolution, a series of corrections are applied in both data and simula-
tion. Corrections on the jet energy resolution ensure that the simulation describes well
the data.

The correction procedure is divided into several sequential steps, with a comprehen-
sive description of each step provided in Ref. [92]. Firstly, contributions from pileup
and underlying event particles are subtracted in both data and simulation. Subse-
quently, a comparison is made between the momentum of the simulated jet at the
reconstruction level and that at the generation level. Corrections are then derived
for both data and simulation to ensure a consistent response as a function of pt and
1. Finally, residual corrections are applied only on data, to account for discrepancies

between data and MC simulations in various topological scenarios.

All these jet corrections are applied individually to each jet within each event, taking
into account their pt, 17, and the detector region. Moreover, these corrections are
propagated to certain sensitive variables, such as g%, Additionally, each correction
comes with a corresponding set of systematic uncertainties, which are appropriately

propagated into the estimation of the pt and other affected observables.

2,54 b tagging

The b-tagging algorithms described in Section are susceptible to missmodelling
effects in simulation. It is needed to evaluate the b-tagging efficiency, as well as the
mistagging efficiency, the techniques used are fully described in Ref. [93], below a

summary is presented.

Measuring efficiency in MC simulations is straightforward, as the generated informa-
tion allows to determine if a jet originated from a b hadron. Therefore, efficiency is

defined as the number of b jets correctly tagged by the algorithm (at a specific WP)
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divided by the total number of actual b jets. Evaluating efficiency in data demands
a more difficult approach. This process involves selecting a sample enriched in b
quarks, achieved via two methods: employing a multijet sample where events with
non-isolated muons in the low-pt range are chosen, or utilizing a tt sample focused
on final states with two isolated leptons. In both cases, several techniques exploiting
kinematic differences between light jets and b jets, are applied to accurately determine

the proportion of jets and b jets that either pass or fail the b-tagging selection.

In order to estimate the mistagging efficiency, corresponding to jets originating from
gluons or light quarks a multijet enriched sample is used and the “negative-tag method”
is applied. This technique is characterized by the definition of positive and negative
taggers. These taggers are constructed using the nominal tagging algorithms, although
restricted to jets with tracks exhibiting positive or negative values of the impact pa-
rameter and secondary vertices with either positive or negative flight distances. The
algorithms are expected to be symmetric for light jets, while an asymmetry is shown
for b and c jets, making it possible to measure the proportion of light jets classified as

b jets by the algorithm.

The uncertainty associated with the measurement of b-tagging efficiency includes fac-
tors such as lepton and jet identification efficiency, energy scale corrections, and the
effects arising from gluon splitting, quark fragmentation, and the methods employed

to differentiate light jets from b jets.

Additionally, quark- and gluon-inducedf jets can be distinguished in CMS, using the
Quark-Gluon Likelihood algorithm [93]]. Gluon-induced jets are wider, present higher
particle multiplicities and have a more uniform energy fragmentation when compared
to a quark-induced one. These characteristics are exploited by the algorithm in order

to classify jets as quark- or gluon-induced.

2.6 Statistical treatment of the data

When analyzing the data taken by CMS, it is usual to make use of statistical techniques
that maximise the separation power between two classes of entities, namely two classes
of events, or two classes of physics objects. Multivariate analysis techniques (MVAs)
are used to classify events in two or more categories using several physical observables

as input variables.

Three types of supervised learning algorithms are used in this thesis: Random Forests
(RFs), Boosted Decision Trees (BDTs) and Neural Networks (NNs). They are trained

on a simulated sample where it is possible to know, by construction, the class each
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event or object belongs to (e.g. signal vs background, muon vs jet misreconstructed as
a muon, etc); then, the algorithm learns to perform the classification based on the input
information provided and can be applied to other (not tagged) simulation events or to
data.

RFs are classifiers combining several decision trees to produce an unique output. A
decision tree is a classifier that applies several sequential criteria. Hence, a first se-
lection is done in a certain variable and, according to it, the data set is divided in
two subsets or nodes. The process is then repeated with other selection criteria until
a certain predetermined level of signal purity is achieved in each node. The maxi-
mum number of branching operations needed to achieve the target purity is called the
depth of the tree. In a RF several decision trees are used: each of them is constructed
based on a random subset of the training data and a random subset of features at each
node. This randomness introduces diversity among the trees, and the final prediction
is obtained by aggregating the predictions of all individual trees. For classification
tasks, the most frequent class among the trees is selected, while for regression tasks,
the average prediction is taken. A extended description of random forest algorithms
can be found in Ref. [94].

BDTs are binary classifierss also built using decision trees. In this case, in order to
combine the trees, a technique called boosting is used. This is based on training a
tirst layer of weak learners. Then, each subsequent tree is trained to classify samples
for which the previous classifier has failed. There are several boosting algorithms

available. More information about this kind of discriminants can be found in Ref.[95].

Many types of NNs have been developed recently [96]. The NNs used in this thesis
are feed-forward NNs. A neural network is an algorithm that creates a mapping
or correspondence between a set of neurons in the input layer, as many as the input
variables, and a certain number of neurons in the output layer, that provide the desired
classification. A certain activation function (f) is applied to create each neuron as
f(Xaix; + b;) where x; are the input variables, while a; are the weights and b; the
biases, parameters of the model. Such parameters are obtained during the training
and are chosen to minimize the cross-entropy variable. Several activation functions

and minimization techniques to obtain the parameters can be used.






3

Lepton reconstruction, selection,

identification and isolation

In this thesis, final states with multiple leptons are used to study the physical pro-
cesses of interest. For this reason, efficient lepton reconstruction, identification, and
selection are key elements and are covered in this chapter. Firstly, muon and electron
reconstruction algorithms within CMS are explained. Afterwards, muon and electron
identification is discussed. As muon selection was one of the tasks developed during
my PhD, in this section special focus is given to the performance of muon identifica-
tion during Run-2. A new identification technique developed for Run-3 and based on
an MVA is also presented. Later, how to select isolated leptons is discussed, includ-
ing the description of an MVA trained to select prompt isolated leptons as the ones
targeted in the final states of this thesis. Finally, hadronic T reconstruction is briefly

discussed.

3.1 Muon reconstruction

The tracker and the muon system are the two CMS subdetectors that play a role in
muon reconstruction. Three algorithms are used to construct muon tracks: standalone
muon, tracker muon and global muon. In this section they are briefly discussed, a com-
plete description of the algorithms can be found in Ref. [97]. The first step of the

reconstruction is performed locally in the muon system and the tracker separately.

Local reconstruction in the muon system uses information from the several types of
detectors present in this part of CMS, as explained in Section The precise location
of each hit is reconstructed from electronic signals in each chamber. The algorithm
used for this task is different depending on the detector technology. In addition,

DTs and CSCs are multilayer detectors, therefore, hits in each layer can be associated
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following a straight-line track within each CSC or DT chamber to create the so-called
segments. On the other hand, local reconstruction on the tracker has already been
discussed in Section

standalone muon reconstruction is seeded by groups of DT or CSC segments. Then,
the track candidate is propagated and updated adding also information from RPCs
and using a Kalman-filter algorithm [98]. Tracker muon tracks are reconstructed by
extrapolating all tracks in the tracker to the muon system. A geometrical matching
is performed between the extrapolated track and DT or CSC segments. In order to
consider the track as muon tracker track, it should match at least one muon segment.
Finally, global muon tracks are built by matching standalone tracks with tracker tracks.
Both tracks are extrapolated to a common surface, where its parameters are compared

by performing a combined fit using a Kalman-filter.

For muons produced within the muon system acceptance the probability of being
reconstructed either as global or tracker muons is of 99%. Tracker muon algorithm
is designed to be highly efficient, specially in zones where the muon system is less
redundant. The global muon algorithm reconstructs muons passing the muon system
with high purity. These reconstructed muon tracks are fed into the PF algorithm

applying additional criteria from other CMS subdetectors.

Muon momentum is estimated using the inner track information, as for muons with
pr < 200 GeV, the contribution from the muon system to the momentum measurement

is marginal. For high pt muons, dedicated techniques are used [99].

3.2 Electron reconstruction

Electrons are reconstructed by using information form the tracker and the calorime-
ters, a complete description of electron reconstruction in CMS can be found in Ref. [100].
As electrons pass through the tracker, they will suffer bremsstrahlung and, as a conse-
quence, they will radiate photons. This implies that the trajectory of the electron will
change. Furthermore, when the electron reaches the ECAL, it will probably be com-
posed by a combination of electrons and photons. Reconstruction algorithms take this
into account in order to create a single electron candidate containing all the associated

objects.

In the ECAL, dedicated electron clustering algorithms are used. These take into ac-
count that the energy of the radiated photons mainly spreads along the ¢ direction.

This is a consequence of the bending of the electron trajectory in the magnetic field.
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Two algorithms, applying different criteria for the barrel and endcap, are used to as-

sociate the deposits corresponding to electrons and photons into a supercluster (SC).

Three dedicated electron seedings are used. The ECAL-based seeding uses ECAL
deposits corresponding to a electron candidate and associates related electrons and
photons into a SC. The second type of seeding uses doublets of tracker hits matched
geometrically to the ECAL SC. The tracker-based seeding uses tracks reconstructed us-
ing the general algorithm for charged particles, that are compatible with an electron.
To recover efficiency, the two later methods are combined using dedicated tracking al-
gorithms to model the energy loss due to bremsstrahlung; these algorithms use Gaus-
sian Sum Filtering (GSF) [101]. Electron tracks reconstructed using these techniques
are called GSF tracks.

ECAL clusters, GSF tracks, as well as SC associated to tracker tracks are passed as

input for the PF algorithm, which finally produces electron and photon candidates.

3.3 Muon identification

Several quality criteria on reconstructed muons are applied at analysis level to assure
high purity. Three working points are defined for muons of pt between 15 and 200
GeV, depending on the efficiency and purity level needed for a specific study: tight,
medium, and loose identification (ID) criteria. For low-pr and high pt muons, dedi-

cated selections are developed, but are not described in this thesis.

Loose ID aims to be highly efficient, but maintaining a low rate on charged hadrons
misidentified as muons. It is able to identify prompt muons, which are those originat-
ing at the primary vertex, as well as, muons from light and heavy flavour decays. A
loose muon is defined as a muon selected by the PF algorithm that is also a tracker or

a global muon.

Medium and tight ID muons are defined as muons passing the loose ID criteria and

adding extra sequential quality criteria on several variables such a

— The muon track fit x2.
— The number of muon stations with hits included in the muon track fit.

— The number of hits in the pixel detector included in the muon track fit.

Loose, medium and Tight ID are know as cut-based IDs
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— The x? of a kink-finding algorithm on the inner track. The algorithm splits the
inner track in two parts in several places along the trajectory and compares them.
A large x? indicates that the two parts are not compatible with being a single

track.

— For global muons, the x? of the position matching between the inner and stan-

dalone tracks.

— The muon segment compatibility, which is evaluated by using both the number
of matched segments in all stations and the closeness of the matching in position

and direction with the pattern expected for a minimum ionizing particle.
— The number of tracker layers used in the muon track fit.
— The fraction of tracker hits used for the fit of the inner track.

— The number of matched stations: number of segments (one per station) recon-

structed in the muon chambers and used in the global muon track fit.

— The compatibility of the track with the PV both in the xy and z plane.

Medium ID is created in order to select prompt muons and muons from heavy flavour
decay [97], the corresponding selection is defined in the following lines. The tracker
track of a medium muon is required to use hits from more than 80% of the inner
tracker layers that it traverses. If the muon is not reconstructed as global, the muon
segment compatibility must be greater than 0.451. In any other case, when the muon is
reconstructed as both a tracker muon and a global muon, the muon segment compat-
ibility is required to be > 0.303; In that scenario other requirements are applied: the
muon track fit must have a x> < 3, the x? of the position matching between the inner
and standalone tracks must be lower than 12, and the maximum Xz of the kink-finder

must be less than 20.

Tight ID is defined to select prompt muons, rejecting both muons from decays in flight,
as well as, charged hadrons misidentified as muons [97]. The selection is described
in the following lines. A tight muon is a global muon whose tracker track uses hits
from more than 5 layers of the inner tracker and includes in the tracker fit at least
one pixel hit. Additionally, the tracker muon track must match hits in more than one
muon stations. The global muon fit must include at least one hit in the muon system
and have a x> < 10. Compatibility criteria with the PV is also imposed: requiring
a transverse impact parameter |dyy| < 0.2 cm and a longitudinal impact parameter

|d,| < 0.5 cm.
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3.3.1 Muon performance during Run-2

Muon selection performance can be evaluated by computing the efficiency as a func-
tion of the muon pr and 7, using the “tag-and-probe method”. This technique selects
muons coming from the Z boson decay, as described in Ref. [91]. Tag muons are
required to pass the tight ID criteria and, to avoid any bias in the efficiency measure-
ment, to be geometrically matched with the muon that triggered the event. Probe
muons are required to be tracker muons and have a pt > 20 GeV. Simulated samples

of Z /v events, also known as Drell-Yan (DY), are usually used.

Muon performance during Run-2 have been documented in Refs. [102] and [103]. The
efficiency is shown to be stable between the across the data taking years, even with
different detector geometry, which show the robustness of muon identification. As
an example, 2018 efficiencies for loose ID and tight ID muons are shown in Fig.
The efficiency of the loose selection is above 98% for all 7 and pr regions. Tight
muon efficiency is above 95% except in 1 regions where the muon system is less

instrumented.

3.3.2 Developments on muon selection for Run-3

As shown in the previous section, the muon identification performance during Run-2
was outstanding. Nevertheless, in cases where the purity of the selected sample is
critical, or when the muon identification performance is degraded due to PU, the use
of more advanced techniques is crucial to maintain an acceptable compromise between
efficiency and purity. Studies on the medium and tight identification criteria showed
that these selections could be optimized, specially in the context of higher number of

simultaneous collisions.

In order to do so, an MVA technique was used. In particular a RF classifier trained
in a tt sample. The training variables are the ones used to define the cut-based muon
selection used during Run-2, and described in Section with the exception of the
impact parameters. This discriminant, that from now on will be called muon MVA 1D,

is trained to select genuine muons.

A tt sample was chosen for the training as it provides genuine muons from diverse
sources, such as muons from prompt decays and from heavy-flavour hadron decays.
The MVA is trained and tested using 2018 simulation, as this year is consider to be
representative of Run-2 conditions. Besides, the PU profile was higher than in other

Run-2 data taking years, and closer to the one in Run-3.
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FiGUure 3.1: Muon efficiency for the loose ID (upper row) and tight ID (lower row)
selection in 2018. Efficiency is measured using data and simulation. Left plots show
the efficiency as a function of # while right plot shows it as a function of pt. The
lower plot shows the data to simulation agreement. Figures extracted from Ref. [103].

In order to determine the source of the muon in simulation, generation information is
used. A geometrical matching between the hits of the simulated muon track and those
of the muon track reconstructed in the muon system is performed, then the simulated
muon track is used to trace the generated parent particle. Signal muons are those
produced promptly in the decay of W, Z, and Higgs bosons, isolated muons from t
leptons decays, and nonisolated muons from heavy-flavour hadron decays. Muons
from the decay of light hadrons (such as kaons and pions), and spurious signatures in
the detector misreconstructed as muons, i.e. hadrons reaching the muon system, are

classified as background.

The optimization was performed using the area under the receiver operating charac-
teristic (ROC) curve, as well as the efficiency and the background rejection as figures
of merit. The ROC curve for this MVA is shown in Fig.[3.2] which also shows the signal

efficiency and the background rejection for the cut-based ID working points medium
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F1Gure 3.2: ROC curve for muons with pr > 10 GeV for the muon MVA ID discrim-

inant (black solid line) its medium and tight WPs shown as orange solid and purple

open stars, respectively. Orange solid and blue open points show the medium and

tight WPs of the cut-based ID. The ROC curve of the soft MVA ID [104] is also shown
(grey dashed line).

and tight. Additionally, the ROC curve for the soft MVA [104] is shown: this MVA was
developed during Run-2 to select low-pt muons specially arising from heavy-flavour

decays.

Two working points for the muon MVA ID are provided. The Medium WP is de-
signed to provide the same background rejection as the cut-based selection medium
WP, calculated for muons with pr > 20 GeV. The tight WP is designed to reduce
the background contribution a 10% more than the medium WP, but still keeps high

efficiency.

Performance of the MVA is checked in data and simulation using the tag-and-probe
method introduced in the previous section; in this case, probe muons are required to
be loose muons. Efficiency is shown for the medium WP of the muon MVA ID and
the cut-based ID as a function of pr, 7 and number of primary vertices in Fig. The
efficiency of the medium MVA ID is higher than 99.5%, and about 0.5% higher than
the one achieved by the cut-based ID for a similar background contamination. MVA
ID efficiency remains above 99.5% even for events with up to 60 PU vertices, showing
great stability as a function of PU. Instead, for the medium ID cut-based selection a
decrease in efficiency as a function of PU is shown. This is an important feature of the
MVA 1D, as it will behave better than the cut-based one in Run-3 PU conditions.
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FIGURE 3.3: Muon identification efficiency for the medium WP as a function of pr
(upper row) and the number of vertices (lower row) for muons with || < 0.9 (left)
and || > 0.9 (right). Blue dots show the muon MVA ID performance both for
the 2018 data set and DY simulation, while red triangles show the efficiency of the
medium cut-based ID used during Run-2. Data to MC ratio is also shown.



3 Lepton reconstruction, selection, identification and isolation 59

3.4 Electron identification

Additional criteria are applied over reconstructed electrons in order to select prompt
isolated electrons and distinguish them from photon conversions, jets misidentified
as electrons, or electrons from semileptonic decays of b and ¢ quarks. Several dis-
criminating variables can be used in order to select prompt electrons. More complex
discriminants based on MVAs are also developed. Here a brief review is given, for a

more comprehensive description see Ref. [100]

In order to discriminate electrons from jets misidentified as electrons, the lateral ex-
tension of the shower in the 7 direction can be defined as follows:

s X —n)*w G3.1)

(op =
1 LW

The sum runs over the 5 x 5 matrix of ECAL crystals around the crystal with highest
energy in the SC, w; is a weight depending logarithmically on the energy, and the
positions #; are expressed in units of crystals. Variables related to the energy deposits
are also used. For example, the ratio between the energy deposited in the ECAL and
HCAL, H/E; and the difference between the inverse of the SC energy and the inverse
of the track momentum, 1/Egc — 1/p.

In order to discriminate signal electrons from conversion ones, the pattern of track hits
can be used. When the photon conversions happens inside the tracker, the first hit on
the track will not be located in the innermost layer of the tracker. Therefore, in order
to reject photon conversions, tracks with not missing hits are selected. Topological
features of the track can also be used to decide if the electron is likely to come from a

photon. Such information can be used to reject events compatible with a conversion.

More advance selection criteria were developed in order to improve electron selec-
tion. A BDT is trained in a DY+ets simulation, using prompt electrons as signal and
jets as background. The input variables to the BDT are the variables defined above,
along with the SC position, relative position between the SC and the tracker track
and tracker parameters. Several WPs are defined, in this thesis, WP-loose and WP-80,

corresponding to a 98% and 80% signal efficiency, respectively, are used.
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3.5 Lepton isolation and the prompt lepton MVA

3.5.1 Lepton isolation

In order to select prompt leptons coming from the decay of a Z, W or H bosons; or
leptons coming from a T decay, extra criteria is needed. Those leptons need to be
distinguished from other genuine leptons, arising from heavy flavour decays. Non-
prompt leptons are usually produced within a jet cone; therefore, the detection of
other objects around the lepton can be used to discriminate them. Isolation variables
measure the energy in the vicinity of the lepton and provide discrimination between

prompt and nonprompt leptons.

PF relative isolation is computed as the sum of the pr of all charged hadrons, the
transverse energies of all photons and of all neutral hadrons reconstructed by the PF
algorithm within a AR region surrounding the lepton, and divided by the pt of the
lepton. Charged PF candidates not associated with the PV are not considered, and
contributions from neutral PU particles are taken into account with two alternative
estimations: the AB corrections or the effective area corrections. The isolation can then

be expressed as follows:

IPF — (Z chh hadrons + max (0’ Zpr%eutral hadrons + Zp’% _ PS"U)) /pglfpton (32)

When using the A corrections, the PU term corresponds to the sum of charged-
hadron deposits originating from PU vertices scaled by a factor of 0.5. This factor,
computed in simulation, is the ratio between charged and neutral particle production
rate at inelastic pp collisions. For the effective areas method, the PU term is expressed
as: pA,sr, where p is the average energy density in the event, and A,¢f (the effective
area) express the dependence of isolation as a function of the number of reconstructed

vertices in the collision.

The size of the cone depends on the desired selection and on the type of lepton. The
standard size used in CMS for electrons is AR = 0.3, while for muons, AR = 0.4 is
used. In boosted topologies, varying the size of the cone with the pr is desirable, as
this allows to recover efficiency when leptons are emitted colinearly with the rest of
the decay products. This type of isolation is called mini-isolation, and the cone size is

reduced as a function of pr, taking values between 0.05 and 0.2.
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3.5.2 Prompt lepton MVA

In this thesis, the ttH, tH, and ttW processes are studied in final states with multiple
leptons. One of the leading backgrounds arises from the misidentification of non-
prompt leptons. Given the low cross section of these processes, especially tH and
ttH, a very efficient selection of prompt leptons and leptons coming from taus is a
key element. In order to enhance the discriminating power between prompt and non-
prompt leptons, a multivariate discriminant, using both muon identification and iso-
lation variables, was trained. This method has been crucial in several important CMS
publications using Run-2 luminosity, such as the observation of ttH [9, 105], tttt [106]
and tZq [107] processes, the precision measurement of WZ [108-110] process and the
increase in sensitivity in electroweak SUSY production searches [111]. The technique
has been documented for muons in Ref. [112]. The description provided in this section
is done for the MVA trained and optimized in the context of ttH analysis. A retraining
of this method is also available and was used in ttZ and tZq measurements. In the

context of this thesis, this alternative training is used in the ttW measurement.

The discriminant is a BDT with gradient boosting, trained with the TMVA tool [113],
using ttH simulation as signal and tt simulation as background. Signal leptons are
those reconstructed leptons in the ttH simulated sample that are matched at generator-
level to the decay of a Z, or W boson, or a 7. Background leptons are those present in
the tt semileptonic sample that are not matched to a prompt W or Z boson decay or a

T decay. A very loose preselection is applied before training, requiring leptons to pass
the requirements described in Table

Electrons Muons
PT 5 GeV 5 GeV
1] <25 <24
ID WP-loose of the MVA and missing inner hits <2  loose ID
Relative mini-isolation < 40% pt < 40% pr
|dxy] < 0.05 < 0.05
|d,| <0.1 <0.1
d/oy <8 <8

TaBLE 3.1: Preselection applied before the prompt lepton MVA training.

Two models are trained independently for electrons and muons. Besides, in order to
account for differences in the detector and PU conditions between 2016 and 2017, two
different training are applied. For 2018, the training performed in 2017 simulation is

used, as no significant changes were present between the two years.

Input variable considered are kinematic variables of the leptons, isolation of leptons,

impact parameter variables and, if present, properties of the jet associated with the
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lepton. This jet is the one in which the PF candidate that conforms the lepton is

included. Only jets with pt > 10 GeV are considered. The training variables are:

— Lepton pr and |7].

— Charged component of the mini-isolation variable, defined as:

I;harged _ p;harged /p!} ) (33)
— Neutral component of the mini-isolation variable, using the effective areas method [97]

to corrected for PU effects. The variable is defined as:
Ineutrals —max | 0 Z pneutral hadrons + Z pfy —p A 5 2 /p( (3 4)
! T T 0.3 T ‘

— Lepton-to-jet pr ratio variable. It is the ratio of the transverse momentum of the
lepton to the transverse momentum of the nearest jet: pti© := pk/ pjft. If no jet
associated to the lepton is present, this variable is set to 1/(1 + I¢;), where I is
the relative isolation. Related to this variable is the jet relative isolation variable,
defined as (1/p%t° — 1)

— Lepton relative pr variable. Defined as the projection of the lepton momentum
in the transverse direction to the jet, p=! := p’ sin6, where 0 denotes the angle
between the lepton and jet momentum vectors and p‘, the magnitude of the
lepton momentum. If no jet associated with the lepton exists, this variable is set

to zero.

— Jet b-tagging score: the value of the DeepJet b-tagging algorithm discriminant
(defined in Section [2.3.2) of the associated jet. The variable is set to zero when

there is no associated jet to the lepton.

— Jet charged constituents: the number, Neharged, Of charged PF candidates within
the associated jet. Tracks entering in the counting must be within a R < 0.4 of
the lepton and are required to come from the PV. Minimal track quality, pr, and
impact parameter criteria are also required. If no associated jet is present, this

variable takes the zero value.

— Longitudinal (d;) and transverse (dxy) impact parameters. Since these variables

span over several orders of magnitude, their logarithmic value, is used.

— Significance of the three-dimensional impact parameter. It is defined as the ratio
of the impact parameter of the lepton track in three dimensions with respect to

the PV and its uncertainty. It is denoted as d/0;.
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Ficure 3.4: Black solid lines shows the ROC curve for the prompt-lepton MVA for
electrons (left) and muons (right). Dashed lines show the performance for a mini-
isolation based selection.

— Output of the Electron MVA ID: BDT trained to separate electrons from jets,
described in Section This variable is only used for electrons.

— Muon segment compatibility variable as defined in Section This variable is

only used for muons.

Performance is tested in a tt sample using generation information. The area under the
ROC curve is used as figure of merit to tune the MVA hyperparameters. In Fig.
the performance of the prompt lepton MVA is shown along with the performance
for other, simpler, isolation selections. For muons, two selections are tested; in both
cases a range of mini-isolation criteria are applied on top of the tight ID and the
medium ID criteria, respectively. For electrons, the selection requires the electron to
pass the loose ID criteria provided by the MVA described in Section and mini-
isolation. A reduction in the nonprompt rate is observed in any point of the curve,
when comparing the prompt-lepton MVA selection versus a selection based on the
cut-based ID and mini-isolation. For ttH the optimal WP was found by selecting an

output on the MVA score greater than 0.85 for muons and 0.8 for electrons.

3.5.3 Nonprompt muon rate measurement

For muons, the nonprompt rate is evaluated in simulations and data as a function of
pr and 5. In order to perform this measurement, a sample of multijet data events
enriched in nonprompt leptons is used. Events in the multijet enriched sample must

contain one muon passing the single muon triggers in Table and the selection



64 3 Lepton reconstruction, selection, identification and isolation

criteria described in Table Additionally, the muon is required to pass the medium
ID selection to suppress contributions from light flavour decays, which are poorly
modelled in the used simulation. Besides, at least one jet recoiling against the muon

with a AR > 0.7 should be present in the event.

| HLT path [ Prescale [ Lepton reco-pr [ Jet pT ‘
HLT Mu3_PFJet40 | 8.99 x 10° >3 GeV > 45 GeV
HLT Mu8 1.59 x 10* > 8 GeV > 30 GeV
HLT Mul7 5.94 x 102 > 17 GeV > 30 GeV
HLT_Mu20 2.25 x 102 > 20 GeV > 30 GeV
HLT_Mu27 2.25 x 102 > 27 GeV > 30 GeV

TaBLE 3.2: Triggers used to record events for the measurement of the nonprompt
muon rate.

The selection described above is dominated by multijet events, nevertheless contri-
butions due to electroweak-induced processes such as tt, W + jetsand Z + jetsare
expected. In order to provide an accurate measurement of the nonprompt rate, the
prompt muon contribution from those processes should be extracted. The variable
miX provides a handle to distinguish prompt and nonprompt contributions. This vari-

able is defined as:

mix = \/2 pix pmiss (1 — cos A¢) (3.5)
where pfX = 35GeV and A¢ is the azimuthal angle between the muon momentum
and the p™. This quantity is a variation of the transverse mass of the lepton and
piss. The miX variable shows a kinematic endpoint around the W boson mass, similar
to the mt observable. Nevertheless, mrt is correlated with the pr of the muon, while

miX is not, avoiding potential biases in the measurement.

Two categories of events are created, depending on whether they pass the muon se-
lection criteria that we what to study. In this case, the criteria applied is that the muon

has an MVA score larger than 0.85. The nonprompt rate, f, is then defined as:

f= _ Npass (3.6)

Npass + Ntait
The contributions for nonprompt muons in both categories (Npass and N, ) is ex-
tracted from a fit to the miX shape. This fit is preformed simultaneously in the passing
and failing categories, using templates obtained from multijet simulations and sim-
ulations from the processes leading to prompt-leptons as fitting distributions. The

normalizations of the templates are free parameters in the fit. Modification on the
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shape of these templates are allowed by adding nuisance parameters to the fit. Statis-
tical uncertainties of the templates are also nuisance parameters in the fit. An example
of mt* distribution after the fit is shown in Fig.
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F1GUrEe 3.5: Distribution of the mfX in the multijet sample after the fit has been per-

formed for muons with 15 < pr < 20 GeV and || > 1.2 passing (left) and failing

(right) the muon MVA selection. Black dots show the data while the solid histogram

is the prediction from simulation. In the lower part of both plots the ratio between
data and prediction is shown.

The nonprompt muon rate computation is also performed using a cut-based selection
based on ID an mini-isolation requirements to provide a comparison. The performance
of mini-isolation shows a dependence with the pr, hence, the requirement on mini-
isolation applied is selected for each pt range to give the same efficiency as the prompt
MVA, in order to obtain a fair comparison. The nonprompt rate for the prompt MVA
selection and the cut-based selection is shown in Fig. The nonprompt rate is
reduced a factor of 2 when using the prompt MVA with respect to the mini-isolation
selection for muons in the barrel. The reduction is even bigger, a factor of 3, for the
|7| > 1.2 region. The agreement between the rate computed in data and simulation is

also good.

3.5.3.1 Retraining of the prompt MVA

As already stated, the technique described above was initially developed in the context
of the ttH multilepton analysis. Afterwards, it has been retrained and optimized for

other analysis such as ttZ or tZq measurements. The alternative version of the MVA
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FIGURE 3.6: Measurement of the nonprompt-muon rate of a prompt muon MVA (blue
dots) and mini-isolation (red triangles) selection as a function of pt for muons with
7] < 1.2 (left) and || > 1.2 (right).

was trained simultaneously using ttW, tZq, and ttZ simulation as signal, tt simulation
was used as background. The preselection applied is also different. For electrons, it is
not required that electrons pass the WP-loose of the identification MVA. For muons,
the ID selection is tightened and requires muons to pass the medium identification
criteria. Both for muons and electrons, the pt threshold used for the training was
raised from 5 GeV to 10 GeV. When comparing the performance for both MVAs, no

significant difference where found.

3.6 Hadronic tau reconstruction

Taus are the only leptons with a mass large enough to decay into hadrons, accompa-
nied by a single neutrino. Approximately 36% of the time, the taus decay into either an
electron or a muon. In those cases, the reconstruction is performed using algorithms
designed for electrons or muons, as previously outlined. In the remaining scenar-
ios, the taus undergo decay into charged hadrons (mostly 77*) and neutral hadrons
(%), plus a neutrino. The hadronically decaying taus (T,) are reconstructed using the
hadrons-plus-strips (HPS) algorithm [114].

This algorithm is seeded by the PF jets constituents and it is designed to reconstruct 7z°
(which are present in most of T decays) within the jet. The ¥ will decay as 7° — 77,

where photons will very likely convert into a electron pair. Hence, the ¥ manifests
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in the jet as a photon PF candidates or as electron candidates. The deposits of these
candidates in the ECAL are clustered in the so called strips. The 7, candidates are
then created by combining the charged-particle constituents of the jet (prongs) with the
strips. Depending on the number of strips and charged particles observed, different
decay modes are reconstructed: a single charged particle without strips (h*); a single
charged particle and one strip (h*7°); a charged particle and two strips (h*7%7);
and the combination of three charged particles (h*hTh*). Where I denotes a charged
pion or kaon. Extra quality criteria are applied to the T candidates: for candidates
containing more than one charged hadron, tracks should originate from the same
vertex, the T constituents should be contained within a cone which size depends on

the pt of the candidates and the total electric charge should be +1.

The 7, reconstruction is completed by discriminating genuine 7, from QCD-induced
jets, muons and electrons. Several algorithms had been designed with that propose.
In this thesis, a Deep NN (DNN) called DeepTau [115] is used. The algorithm takes
as input both low level information about the PF candidates within the T cone, along
with high-level information of the reconstructed 7,. The DNN was trained using tt
and W + jetssimulation. The network offers three distinct output nodes, specialized
in distinguishing 7, from jets, electrons, and muons, respectively. Based on the score
from each node, several working points are established: eight for the node discrimi-
nating against jets, four for the node targeting muons, and eight for the node trained

to identify electrons.

100 CMS Simulation Preliminary 2017 (13 TeV)
-—4— MVA vs. jets (JINST 13 (2018) P10005)
-—4— MVA (updated decay modes)
—— DeepTau vs. jets
K
-1 | . g
1071 b, <100 Gev ¢

Jet mis-id probability

MVA/DeepTau

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Tau ID efficiency

F1GURE 3.7: Jet misidentification probability as a function of 7 efficiency. The perfor-
mance of the DeepTau algorithm in simulated events (blue line) is compared to the
performance for other discriminants (red and green lines). Figure taken from [115].

The performance of the DeepTau algorithm improves significantly with respect to the
previous MVA-based algorithms used [116]. This improvement is shown in Fig.
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where the eight working points defined to discriminates against jets are depicted.
The T efficiency is measured using H — 77 simulation, while the misidentification

probability is estimated using tt simulations.
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Analysis methodology for ttX production in

multilepton final states

The main topic of this thesis is the measurement of processes where top quarks are
produced in association with a boson: ttX (tX). In particular, the associated production
of a top quark-antiquark pair with a Higgs boson or a W boson are studied. In Chap-
ter the unique features of Higgs production in association with top quarks were
already introduced. Here, ttH and tH production are explained in detail, including
how such production modes are sensitive to BSM scenarios. Other processes where
top quarks are associated with bosons present very similar signatures to the afore-
mentioned Higgs boson production mode. Hence, a good understanding of processes

such as ttW or ttZ is mandatory.

In this chapter, an overview of the relevant characteristics of ttX production, as well
as, the experimental status of such measurements is given. Afterwards, a description
of the analysis strategy followed in this thesis to measure ttH and ttW cross sections
in final states with multiple leptons is presented, in particular some common items of

both analyses are explained.

4.1 ttH and tH production

4.1.1 SM production

In pp collisions ttH can be produced in a gg or qq initials state, Fig. 4.1| shows two LO
diagrams for this process. From the diagrams it is clear that the Higgs boson couples
at tree-level to the top quark, as a result ttH production cross section is proportional
to y?. ttH cross section has been computed at NLO in QCD with NLO electroweak
corrections [117], yielding a value of ofi{f = 506.5 fb, with a renormalization and fac-

torization scale uncertainty of +5.8/-9.2 % and a PDF+a; uncertainty of 3.6%. This

69
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computation is used as reference in the studies reported in this thesis. Latest calcu-
lation at NNLO in QCD reports a value of 0'5?,[{ = 507.0 (3.1) tg;g;/g fb [118], where
the uncertainty in brackets is the combination of the the uncertainty from the soft
Higgs boson approximation and the systematic uncertainty from the subtraction pro-
cedure; and the uncertainty given as a percentage accounts for the renormalisation

and factorisation scales variations.

q

FIGURE 4.1: Representative LO Feynman diagrams for the ttH process in pp collisions.

The measurement of the ttH cross section can be used to study the module of |y;|, but
it is not sensitive to any information about its sign. The relative sign of y; and the
Higgs to W coupling (Aw) can be inferred from the Higgs production in association
with a single top. This production occurs mainly via two channels: t-channel, usually
denoted as tHq, and tW-channel, or tHW. The s-channel has a negligible cross section
and it is usually not considered. At LO in the 5FS both production modes are well
defined; for higher orders, or in the 4FS, some processes interfere. For example, when
the W boson decays hadronically, the tHq interferes with both the tHW and the s-
channel at higher orders. Nevertheless, computations at NLO in the 4FS and 5FS
exists for the t-channel. Similarly, the tW-channel interferes with ttH production at
NLO, but there are calculations available to account for such interference as the ones
reported in Ref. [119]. Representative LO diagrams for the tHq and tHW production
modes are shown in Fig. Both production modes are directly proportional to the
coupling of the Higgs to the top and of the Higgs to the W. Additionally, as the initial
state is the same in diagrams with a top-H vertex (left) and a H-W vertex (right), there
is an interference between both diagrams of each channel. In the SM such interference
is destructive, yielding values for the cross section of tHq and tHW of O'éll\{/[q =743
fb and o]V = 15.1 fb, respectively. These values are computed at NLO in QCD and
evaluated in the 5FS [117], the corresponding uncertainties are reported in Table
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FIGURE 4.2: Representative LO Feynman diagrams for the tH process in the t-channel
(upper row) and tW-associated production mode (lower row).

Ugé‘g [fb] Scale [%] PDF +a; [%]
tH tW-channel 15.17 +4.9/-6.7 + 6.3
tH t-channel 74.25 +6.5/-14.9 + 3.7

TaBLE 4.1: Cross section for tH production computed at NLO QCD for /s = 13 TeV

and myg = 125.09 GeV. Scale stands for the relative renormalization and factorization

scale uncertainties, including uncertainties on the flavour scheme. PDF+a; stands for
the relative uncertainty from the PDF choice and & value. [117].

4.1.2 Yukawa sector and BSM interpretations

As discussed in Chapter|[I|the top Yukawa coupling cannot be studied via Higgs boson
decays, since the decay of the Higgs boson in two top quarks is not allowed. Instead,
such coupling can be tested using the gluon fusion production mode or the Higgs
decay to 97y. In both cases the top quark contributions appear in loops, as shown
in Fig. Alternatively, the coupling can be studied using ttH and tH production
modes. This allows to perform the measurement at tree level, avoiding BSM contribu-

tions that may appear in the loops.

In that sense, the measurements of the top Yukawa coupling in the SM can be extended
to search for new physics. To perform this kind of studies ttH and tH measurements
can be interpreted in the context of the Kappa-framework [120]. This framework
allows to introduced BSM modifications only on the couplings strengths of the Higgs

to other particles. The coupling modifiers are denoted as «; and defined in such way
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FiGure 4.3: Feynman diagram showing Higgs boson production via gluon fusion
mode and its decay into a photon pair.

that the cross section and partial decay widths of the Higgs scale as x? at leading order.
For the loop-induced vertices, the interaction can be effectively parameterize through

K, and xg, to scale the couplings of the Higgs to photons or gluons.

Two BSM interpretations of the coupling are studied in this thesis. The first one
corresponds to the relative sign of the top Yukawa coupling and the H-W coupling.

The second is related to the existence of CP violation in the Higgs sector.

Relative sign of the top Yukawa coupling

The tH cross section can be parameterized as a function of the coupling modifiers x
and x;, at LO and /s = 13 TeV [121]:

Oitiq = (263K, + 358Ky — 5.21K,Kw) X i (41)

owmw = (2.91%; + 2.31Kw — 4.22Kikw ) X Ty (4.2)

As stated in Section the interference in the SM is destructive, in that case |k;| =
kw| =1, and {& = —1. Anomalous couplings would affect the inference between
the diagrams, modifying the cross section of tH production mode. The particular case
where [x;| = [cw| = 1, and (- = 1 is known as the Inverted Top Coupling (ITC)
scenario. Under that assumption, the cross sections for tHq and tHW would increase
by a factor of 11 and 9, respectively. This feature makes the study of tH production
particularly relevant, as ttH cross section remains unchanged between the the SM

scenario and the ITC scenario.

Charge-Parity violation in the Higgs sector

In the SM the Higgs boson is a pseudo-scalar invariant under CP transformations.

This hypothesis was proven in data by studying the Higgs decay to vector boson
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pairs [122]]. Those studies, however, do not rule out CP violation in the Yukawa sector,
as the Higgs boson could be a mixture of CP-eigenstates with a CP-odd component
that does not couple to vector bosons. In particular, outside the kappa framework

approach, one can write the Lagrangian of the top Yukawa sector as [123]:

L = Pi(cos(a)kpy + i sin(oc);cAtt%)\]%@gb, (4.3)

where ; represents the top quark field, ¢ is a scalar representing the Higgs field, «
is the CP-mixing angle and x4y and xpy are real dimensionless rescaling parameters
for the CP-odd and CP-even components respectively. Depending on the choice of «,
three scenarios are identified, as detailed in Table

Scenario «

Purely CP-even 0° or 180°
Purely CP-odd 90° or 270°
Mixed # 0°, # 90°, # 180°

TaBLE 4.2: CP scenarios

As already stated, the nature of the top-Higgs coupling affects ggH production mode,
as well as, Higgs decay to 7y via loops. The Higgs coupling to gluons and photons
has been measured, providing constrains on this Lagrangian. Such constrains in the
above parametrization imply: x4y = 2/3 and xyy = 1. This selection of parameters
allows to recover the SM coupling for the Hgg and Hyvy. Nevertheless, ttH and tH
production are still affected by the CP-phase as shown in Fig. where the cross

sections for both processes are represented as a function of «.

Trilinear Higgs coupling

The ttH and tH production are sensitive to some terms of the Higgs potential. In
particular, the trilinear coupling (x,) affects these processes in diagrams including
higher order electroweak corrections, as the ones in Fig At low energy, new
physics could modify the value of this coupling, changing the Higgs potential. The
ttH production is one of the Higgs production modes more sensitive to these higher

order corrections, differences are expected in kinematic distributions as reported in
Ref. [124].

4.1.3 Experimental status

The ttH production was observed both by ATLAS and CMS in 2018 by combining data
at v/s = 7, 8 and 13 TeV, amounting to an integrated luminosity of 61 fb~! used in the
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ttX, and t-channel tX, atthe LHC13

NLO inclusive cross section tXO
gluon fusion @ SM rate (k= 1, 1 4, =2/3) ttXO
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FIGURE 4.4: NLO cross sections for ttX and t-channel tX productions at the 13 TeV as a
function of the CP-mixing angle («), coloured band represents the scale uncertainties.
kg and k44 are fixed to 1 and 2/3 respectively. Figure extracted from Ref. [123].
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FIGURE 4.5: One-loop Feynman diagrams in ttH (left) and tH production with anoma-
lous trilinear coupling.

CMS measurement [105] and to a 105 fb~!, for the ATLAS one [125]. In the search,
final states targeting the Higgs decay to bb, WW, ZZ, v, and TT were used, in order
to maximize the sensitivity. The signal strength parameter (yz1), which is the quotient
between the measured cross section and the predicted by the SM, obtained by both
experiments is in good agreement with the SM. ATLAS reported a pgy = 1.327033,
while CMS measured a pgyg = 1.26703¢, yielding a significance over the background
only hypothesis of 6.3 s.d. and 5.2 s.d., respectively. Figures and [4.7] show the

signal strength parameters in each of the Higgs decay modes.

Once ttH production was observed, both experiments continued measuring this pro-
duction mode in each of the channels individually. The -y decay mode, despite pre-
senting a low branching ratio, provides a clear signal with a low background setting.
Furthermore, in this final state the Higgs system can be resolved. The CMS [126] and

ATLAS [127] collaborations have measured ttH production cross section in this final
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FIGURE 4.6: Signal strength of ttH process in each of the final states used for the CMS
measurements at /s = 7, 8 and 13 TeV. The combined result is also shown. Figure
extracted from Ref. [[105].
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FIGURE 4.7: Signal strength of ttH process in each of the final states used for the
ATLAS measurements at /s = 7, 8 and 13 TeV. The combined result is also shown.
Figure extracted from Ref. [125].
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state using the full Run-2 dataset achieving an observed (expected) significance of 6.6
(4.7) and 5.2 (4.4) s.d., respectively. ATLAS analysis also studies tH production, but
sensitivity is not high enough to claim evidence of this H production mode. Both
analyses include a CP interpretation of the top-Higgs coupling, excluding the pure

CP-odd scenario with 3.2 s.d and 3.9 s.d., respectively.

The bb final state is the dominant one in terms of branching ratio, yet it is affected
by large background in the context of LHC measurements. This analysis can be
performed by combining several channels depending on the top quark decay: fully
hadronic, semileptonic, and dileptonic. The latest measurements of ttH in this chan-
nels reported by CMS [[128] and ATLAS [129] use 138 and 36.1 fb~!, respectively. The
ATLAS measurement yields an observed (expected) sensitivity of 1.4 (1.6) s.d. using
only final states with one or two leptons. The CMS measurement, using the full Run-2
dataset and all channels, achieves an observed (expected) sensitivity of 1.3 (4.1) s.d.
CMS analysis also aims to measure tH production, setting limits to its production rate.
Both experiments have studied the CP structure of the top-Higgs coupling in this de-
cay mode of the Higgs. Particularly, ATLAS excludes the pure CP-odd hypothesis
with 1.2 s.d. [130].

This thesis aims to study ttH and tH production in final states characterized by the
presence of multiple leptons. This targets cases where the Higgs boson decays pre-
dominantly into WTW~ and 777~ final states, although a minor contribution from
ZZ decays is also included. It is worth noting that H — ZZ — 4/ is usually covered
by other Higgs analyses [131} |132] that includes ttH production. Therefore, this spe-
cific decay channel is excluded from consideration through a veto in the multileptonic
selection process. H — ZZ — 4/ holds the characteristic that the Higgs system can be
reconstructed. However, due to the low branching ratio of this decay mode accurate

measurements in this channel are severely limited by sensitivity constraints.

Multileptonic final states feature an intermediate branching ratio and certain final
states, such as final states with two leptons with the same electric charge in high jet
multiplicity topologies, allow to reduce the backgrounds. Prior to the beginning of this
thesis, ttH was studied in final states with multiple leptons both by CMS and ATLAS
in multileptonic final states using a part of the Run-2 dataset. CMS reported a signal
strength of pgy = 0.96753], corresponding to the first evidence of ttH production in
multileptonic final states [133]. Latest measurements obtained by ATLAS with a total

integrated luminosity of 80 fb~!, yielded pgy = 0.587535 [14].
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4.2 ttZ, tty and ttW production

The associated productions of a top-antitop quark pair with a W or Z/< boson repre-
sent one of the leading irreducible background for ttH measurement. Their produc-
tion rate is of the same order as ttH production and, given the decay of the W and
Z bosons, its final states will provide signatures similar to the ones expected in ttH
when the Higgs decays to WTW~ and 7" 7~. These processes also serve as valuable
tools for testing the SM and exhibit sensitivity to BSM effects.

The ttZ and ttW production allow to measure directly the electroweak coupling of the
top quark. Moreover, these processes are sensitive to various EFT operators. Therefore,
conducting differential measurements of the ttZ and ttW cross sections enables the

precise constraint of anomalous couplings in these production modes.

421 ttZ

The cross section for the ttZ production was computed at NLO accuracy plus elec-
troweak corrections [117]. Corrections from hard, non-logarithmically enhanced ra-
diation are reported to be large, resulting in a strong dependence of the renormal-
ization scale choice. Calculations are also performed up to the next-to-next-leading
logarithmic (NNLL) accuracy and matched to the complete NLO results including
NLO+NNLO __

QCD and electroweak effects [19]. These computations yield a value of 0z,

859562+23% fb and stabilize the scale dependency as depicted in Fig. [4.8| (left).

Regarding the experimental status for this process, it has been measured both by CMS
and ATLAS [134} 135] using Run-2 data and yielding cross section values in good
agreement with the theory predictions and a high level of precision, with a total un-
certainty around 7-8%, these results are shown in Fig. Recently ATLAS presented

a ttZ measurement including EFT and spin correlations interpretations [136].

422 tty

It has been measured both by CMS and ATLAS using different final states and the
full Run-2 dataset. CMS reported the production in final states with two leptons [137]
and a lepton and jets [138], while ATLAS performed a combined measurement of tty
+tW+ in final state with an electron and a muon [139]. All measurements are shown

in Fig. and are in good agreement with the prediction.
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FIGURE 4.8: Cross section calculation for ttZ (left) and ttW (right) at /s = 13 TeV,
different scale choices are used. Figures extracted from Ref. [19].

In this thesis, the contributions arising from off-shell tty* and ty* production are taken
into account in two separated contributions. Those events where at least one of the
leptons is matched to a photon at generator level, are considered as photon conver-
sions, as explained in detail later in this chapter. In any other case, this production

mode is included within the ttZ background.

423 ttW

The ttW production exhibits some differences with respect to ttZ production. Firstly,
the W boson cannot be radiated from the top quarks in the final state. Secondly, at LO
the production of ttW is qq induced, and gluon-gluon initial states are suppressed.
In pp collisions this yields to a sizable difference between ttW™ and ttW~ production
rates, motivated by the differences in the PDFs of the valence and sea quarks in the
proton. In particular, the main production modes at LO are the channels: ud — ttW™
and da — ttW™. It is worth noting that the ud initial state is two times more probable
than the dt and has larger momentum of the partons. In Fig. 4.9| four representative
diagrams of ttW production are shown at LO and NLO in QCD. The fact that gg initial
states are suppressed, makes ttW process a good handle to study the parton PDFs
and the tt central-peripheral charge asymmetry in pp collisions. In tt production, the
top quark (antiquark) is preferentially emitted in the direction of the incoming quark
(antiquark). At the LHC, in pp collisions, this result in a central-forward rapidity
charge asymmetry, where top quarks (antiquarks) are produced with more forward
(central) rapidities. Additionally, the fact that tt production is dominated by gg initial

state —which is charge-symmetric— makes this effect very small, of the order of 1%.
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FIGURE 4.9: Representative Feynman diagrams for ttW production at LO (upper row)
and NLO (lower row).

In ttW the dominance of qq initial state and the polarization of the initial state by
the emission of the W enhance the asymmetry between the decay products of the top
quarks and top antiquarks. This asymmetry can then be defined using the lepton

decay of the top quark as:

¢ N(Ap' >0)—N(Apt <0)

Al =
©  N(Ayt>0)+ N(Apt <0)

(4.4)

Where Ay’ = |174| — || is the difference between the absolute value of the psedora-
pidities of the lepton coming from the top quark and the antiquark, respecitvely. The
Af has been measured by ATLAS [140].

As already stated, ttW is a key background when measuring ttH production in final
states with leptons. ttW process is also an important background in tttt production
measurements, as well as, searches in final states with two leptons with the same

electric charge (same-sign, ss) and three leptons.

Regarding the experimental status of ttW measurement, both the CMS and ATLAS
Collaborations have observed this process at 8 [141, |142] and 13 TeV [11, 12]. Prior
to the initiation of this thesis, the measurements at 13 TeV, conducted using data
collected in 2016, were the most precise ttW measurements. The cross section values
obtained are depicted in Fig. showing a central value slightly higher than the SM
prediction, but remaining well within the total uncertainties, which are of the order of
20%.
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FiGUre 4.10: Summary of ATLAS and CMS measurements of ttX (X

cross sections at 13 TeV, this shows the experimental status prior to the measurement

presented in this thesis. The measurements of the ttW and ttZ cross sections are com-

pared to the NLO QCD and EW theoretical calculation complemented with NNLL

resummation. The theory band represents uncertainties due to renormalisation and

factorisation scales and parton density functions. Figure extracted from Ref. [69].



4 Analysis methodology for ttX production in multilepton final states 81
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F1GUure 4.11: Diagram summarizing the LO and NLO QCD and EW corrections. Fig-
ure created by S. Sdnchez.

During the ttH measurement reported in this thesis and the recent tttt measure-
ment [106, 143] —performed using the full Run-2 luminosity— the ttW production
rate was checked in dedicated control regions. A tension between the theory and the

prediction was reported in these background studies.

All the above motivates a dedicated inclusive ttW measurement using the full Run-2
dataset. Differential measurements of the process should follow in order to improve

the understanding of ttW modelling.

4.2.3.1 ttW modelling

The ttW production is largely affected by contributions from electroweak diagrams at
LO and NLO proportional to a®> and asa® terms, respectively. These corrections were
naively expected to be much smaller than the NLO (QCD) corrections, especially the
asa® (NLO3) term, which was considered negligible. Nevertheless, the complete NLO
calculation reported in Ref. [17], showed that the NLO; term contributes with a 12%
increase in the cross section with respect to the LO calculation. In Fig. a diagram
summarizing the LO and NLO QCD and EW corrections is shown. The percentage in
the bottom represents the size of the correction with respect to the LO calculation. The
large value of the NLOj correction is explained by the fact that it contains gg — ttW¢'
real emission diagrams, as shown in Fig. 4.9 bottom right, where tW — tW scattering

is present. It is also worth noting that the LO mixed term asa?

, resulting from the
interference of QCD and EWK diagrams, does not contribute to ttW production. The
reason is that in qq channels the interference vanishes due to the colour structure of

the initial state.

Aside from large electroweak corrections, ttW is affected by large scale uncertainties.
The complete NLO+NNLL calculation reported in Ref. [19] allows to stabilize the cross
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FiGUrEe 4.12: The ttW production cross sections at various QCD orders (left plot).

Deviation of the different central values with respect to their average in percentage

(upper right ratio plot). K-factors of the averaged central values with the combined
scale uncertainties (lower right ratio plot). Figure extracted from Ref. [18].

section value as a function of the scale choice for ttH and ttZ, reducing the associated
systematic uncertainty by up to a factor of two. Nevertheless, the stabilization is not
that strong for ttW. This effect is clearly depicted in Fig.

In order to improve the scale dependency a new computation was reported in Ref. [18].
This calculation aims to incorporate part of the corrections arising at NNLO —which
are expected to be non-negligible— by applying multi-jet merging at NLO compu-
tation. This calculation features NLO QCD merging for ttW up to two jets, NLO3
corrections are also included. At NLO in QCD, real-emission radiation can come
from a QCD (QCD-jet) or an EWK (weak-jet) vertex. At LO in the standard merging
scheme, the contributions from ttW + weak-jet are ignored below the merging scale.
Analogously, at NLO merging, contributions are evaluated at LO below the selected
merging scale and at NLO above it. In the computation presented in Ref. [18], the
merging scheme is modified in order to take into account correctly the jets from elec-
troweak vertices. Results are shown in Fig. reporting a reduction in the scale
dependency and a central value for the cross section slightly higher than the full NLO

computation.

The state-of-the-art ttW cross section calculation is performed at NNLO in QCD and
including NLO EWK corrections [21]. The cross section values obtained for ttW pro-
duction as well as ttW~ and ttW™ are shown in Table it is worth noting that ttW*
production is two times more likely than ttW~. In Fig. the inclusive ttW cross
section is shown at different orders in QCD perturbation. This result significantly

reduces the uncertainty with respect to previous theoretical calculations.
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ogw+ [fb] ogw- [fb] ogw [fb] oaw+ / Ow-
NNLOqcp + NLOgw 4975 £6.6% +1.8% 2479 £7.0% +=1.8% 745.34+6.7% £1.8% 2.007+=2.1%

TaBLE 4.3: State-of-the-art cross section prediction for ttW* and ttW~ production,
together with its sum and ratio. Uncertainties are computed through scale variations
and are symmetrised. Taken from [21]].
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FIGURE 4.13: ttW production cross sections at various QCD orders. Figure extracted
from Ref. [21].

4.3 Analysis strategy for ttX measurements in final states with

leptons

In the following sections, common items of ttH and ttW measurements are discussed.
In both cases the presence of multiple leptons is required in the final state and events
are categorized depending on the number of leptons. For ttH, final states with hadronic
taus (7,) are also considered in order to target the H — 7" 7~ decay mode. In the ttH
analysis a total of 10 signal region categories are examined, each characterized by rel-
atively high lepton and 7, multiplicities. Among these categories, the most sensitive
ones include the one with two same-sign leptons and zero 1, the category with three
leptons and zero T, and the one with two same-sign leptons and one hadronic tau. For
the ttW analysis, two signal region categories with two same-sign leptons and three

leptons, respectively, are used.

The selected topologies aim to reject as much as possible SM backgrounds with large
cross sections, which are not expected to populate those final states. Nevertheless,
given the low cross section of the signal —several orders of magnitude lower than the
backgrounds— those backgrounds can still have a sizable impact arising from events
where the leptons have been misidentified or come from nonprompt lepton decays.
Consequently, lepton selection is key in both analyses. In order to efficiently select
muons and electrons from bosons and T decays, while rejecting those from nonprompt
decays, the MVA described in Section is used. Besides, for T3, reconstruction and
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identification state-of-the-art identification techniques based on ML algorithms are
used as described in Section 3.6l

In each lepton category, a dedicated selection is imposed based on: lepton charge, jet
and b tag multiplicities, as well as, kinematic variables related to the signal expected
topology. In many cases the amount of background after the selection is still sizable, so

multivariate techniques are developed in order to discriminate signal and background.

The backgrounds affecting the measurements can be classified in two groups: irre-

ducible and reducible.

Irreducible backgrounds are those where reconstructed electrons and muons are, in-
deed, prompt leptons with the charge correctly reconstructed and all reconstructed T,
are genuine hadronic T decays. This background category is dominated by ttW and
ttZ production in the context of the ttH analysis, and by ttH and ttZ processes for the
ttW analysis. Additionally, contributions from tZq and WZ+jet production are also
significant. These processes are estimated using the latest MC simulations available
and dedicated control regions are defined in order to check the data to simulation

agreement.

Reducible backgrounds are those entering the signal region due to the misreconstruc-
tion of leptons or T,. Three sources are considered: nonprompt lepton background,
coming from misidentification of prompt leptons and T7,; conversions, originated from
the asymmetric conversions of a photon into electrons; and the so called charge misiden-
tification, arising from events where the lepton charge was wrongly assigned. The
nonprmopt lepton and charge misidentification backgrounds are estimated by using

dedicated data-driven techniques, while conversions are estimated using simulation.

4.4 Object selection

4.4.1 Electrons and muons

Three levels of lepton selection are defined for electrons and muons with tightening
criteria: loose, fakeable and tight. Loose leptons are required to have a minimum pr
and to be within the acceptance: || < 2.4 for muons and |y| < 2.5 for electrons.
Additional requirements are applied on the impact parameter with respect to the
primary vertex, on the significance of this impact parameter and on the isolation of
the lepton. In the case of electrons, an additional criterion mandates that no more
than one missing hit is allowed from its expected trajectory in the tracker. Certain
restrictions on the muon cut-based ID defined in Section[B.3]and the electron MVA-ID
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selection defined in Section [3.4| are also applied. This minimal loose selection aims to
assure no duplicated nearby leptons are included in the analysis and to reject leptons

originating from low mass resonances.

The fakeable lepton selection is constructed on top of the loose selection, and is used to
estimate the nonprompt contribution in the signal region from data samples. Conse-
quently, this selection is designed to accept nonprompt leptons, but it is also optimize
to keep a good closure for the estimation in data and simulation. When selecting non-
prompt leptons, the cone-pr (p;°"¢) is defined. For nonprompt leptons, this is a proxy
variable for the pt of the parton originating the jet from which the lepton is coming.
For prompt leptons, instead, the pi®"® is the reconstructed lepton pr. For this reason,

the variable is defined as follows:

, (4.5)

peone _ { pT if lepton passes the tight selection

xpr(1+ Iiet) otherwise

where x is a factor that needs to be calculated applying the condition that the p{°"¢ is
a continuous variable, and Ije; is the jet relative isolation. Variables used at event-level
are constructed using the p{°"¢; from now on in this thesis pr stands for cone-pt unless

otherwise specified.

In the fakeable lepton selection, electron requirements are tightened by applying cri-
teria on the ratio between the energy deposited in the ECAL and HCAL (H/E), the
difference between the inverse of the cluster energy and the inverse of the track mo-
mentum (1/Esc — 1/p) and on the spread of the cluster in the 7 region (0j;i;). This
last criterion is applied as a function of the 7 of the supercluster. Events compatible
with conversions are also rejected. Besides, for ttH studies, the number of allowed

missing hits in the tracker trajectory is reduced to zero.

Additionally, for ttH studies, it is required that the jet overlapping with the leptorﬂ
fails the selected WP of the DeepJet b-tagging discriminant. Such requirement is also
added to the selection for ttW studies whenever the event does not pass the prompt-
MVA selection used to define tight leptons. Furthermore, in both object selections,
if the event does not pass the prompt-MVA requirement, some additional criteria are

applied on the isolation of the overlapping jet, and the electron ID.

Finally, the tight lepton selection aims to provide high purity in prompt leptons, the
leptons passing that selection are the ones used to define the analysis signal and con-

trol regions. Tight leptons are fakeable leptons that have a prompt-lepton MVA score

Imatched to the lepton within a AR < 0.4
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higher than a certain value. This value was selected to be optimal for ttH and ttW

analysis respectively, in a different preselection also aligned with the analysis features.

Detailed values for the three selections are provided in Tables 4.4 and [.5|for electrons

and muons respectively.

Observable Loose Fakeable Tight
(Cone-)pr > 7,10 GeV > 10 GeV > 10 GeV
7] <25 <25 <25
|dxy < 0.05 cm < 0.05 cm < 0.05 cm
|d| < 0.1 cm < 0.1 cm < 0.1 cm
d/oy <8 <8 <8

I, <04 X pr <04 X pr <04 x pr
Tinin — < {0.011 / 0.030 }! < {0.011 / 0.030 }!
H/E — < 0.10 < 0.10
1/E-1/p — > —0.04 > —0.04
Conversion rejection — v v
Missing hits <1 =0,<1 =0,<1
Electron MVA ID >WP-loose? >WP-80 (>WP-loose)? >WP-loose?

DeepJet of nearby jet

Jet relative isolation*
Prompt-e MVA

>WP-loose (—)?

<WP-medium?
<WP-interp.3 (—)

<0.7,1.0 (—)
<0.8, 0.4 (>0.8, 0.4)

<WP-medium?

> 0.8,0.4

1 Barrel / endcaps.

2 WPs defined in Section

3 WPs of the DeepJet algorithm, defined in Section WP-interp. denotes that the score is selected
by defining a linear interpolation between the WP medium and loose of the DeepJet discriminant as a
function of the cone-pr.

4 Defined as 1/ prqf‘ﬁo—l if the muon is matched to a jet within AR < 0.4 or as the PF relative isolation
with AR=0.4 otherwise.

TABLE 4.4: Loose, fakeable and tight selection criteria for electrons. Requirements

shown in black are applied when studying both ttH and ttW, while the ones in blue

are only applied in the ttH measurements and the ones in green only in the ttW one.

The cuts in parentheses are applied only when leptons fail the tight lepton MVA cut.
A long dash (—) indicates selection criteria that are not applied.

4.4.2 Hadronic taus

The method used to identify 7, was reported in Section and is based on the
DeepTau discriminant. 7, are used only in the case of ttH measurements, in order to
target the decay of the Higgs into this particle. As in the case of muons and electrons,

three levels of 1, selection criteria are used: loose, fakeable and tight.



4 Analysis methodology for ttX production in multilepton final states 87

Observable Loose Fakeable Tight
(Cone-)pr > 5,10 GeV > 10 GeV > 10 GeV
7| <24 <24 <24

|y < 0.05 cm < 0.05 cm < 0.05 cm
|dz| <0.1cm <0.1cm <0.1cm
d/oy <8 <8 <8

L, <04 x pr <04 x pr <04 x pr
Muon ID >WP-loose >WP-loose ~ WP-medium]

>WP-medium?! >WP-medium?!

interp 2
DeepJet of nearby jet — (< ;VVI\’[—Pni:c;iIan,—) <WP-medium?, —
Jet relative isolation3 — <0.5,1.2 (—) —
Prompt-u MVA — <0.85, 0.4 (>0.85, 0.4) > 0.85, 0.4

! Muon ID WPs are defined in Section 3.3

2 The DeepJet score is selected by defining a linear interpolation between the WP medium and loose of
the DeepJet discriminant (defined in Section as a function of the cone-pr.

3 Defined as 1/ prTatio—l if the muon is matched to a jet within AR < 0.4 or as the PF relative isolation
with AR=0.4 otherwise.

TaBLE 4.5: Loose, fakeable and tight selection criteria for muons. Requirements

shown in black are applied when studying both ttH and ttW, while the ones in blue

are only applied in the ttH measurements and the ones in green only in the ttW one.

The cuts in parentheses are applied only when leptons fail the tight lepton MVA cut.
A long dash (—) indicates selection criteria that are not applied.

All 1, selected must have a pr greater than 20 GeV, be within the acceptance (|17| <
2.3), and not overlay with a loose electron or muon within AR < 0.3. Moreover, the

longitudinal impact parameter is required to be less than 0.2 cm.

Loose T, selection is used to assure no T, enter the purely light lepton categories. On
top of the previous selection T, should pass the Very-Very Loose working point of the

DeepTau discriminant against jets.

The fakeable T, definition is used to contract the regions used to estimate the contri-
bution of background from jets misidentified as 7,. This selection adds, on top of the

loose T, selection, criteria on the discriminant against muons and electrons.

Finally, the tight 7, selection is used to define the 7, that will populate the signal re-
gions. In each of the categories a different background contribution from jets misiden-
tified as 7, is expected, as a result, different working points of the jet-7, discriminate
are used in each category to maximize the signal efficiency. The used working points
go from the very-loose to the very-tight one, corresponding to signal efficiencies from

90% to 50% and the corresponding jet misidentification probabilities from 4% to 0.3%.
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Observable Loose Fakeable Tight

pT > 20 GeV > 20 GeV > 20 GeV

vl <23 <23 <23

|dz| <02cm <02cm <02cm
DeepTau vs. jets > WP-VVLoose > WP-VVLoose Channel-dependent
DeepTau vs. muons — > WP-VLoose > WP-VLoose
DeepTau vs. electrons — > WP-VVVLoose > WP-VVVLoose

TaBLE 4.6: Loose, fakeable and tight selection criteria for hadronic T decays. A long
dash (—) indicates selection criteria that are not applied.

Additionally, to discriminate against muons (electrons) the very-very-very loose (very

loose) working points of the corresponding discriminants are used in all channels.

The criteria for each selection is described in detail in Table

4.4.3 Jets and b tagging

Jet reconstruction and identification techniques were covered in Section In this
thesis jets are reconstructed from particle flow candidates by the anti-k; algorithm,
using a AR = 0.4 as distance parameter. Jets need to have a pr > 25 GeV and |f| <
2.4 to be considered in both ttW and ttH + tH studies. In the second case, in order
to increase the sensitivity for tH production —where the spectator quark is expected
to be emitted in the forward direction— the jet selection is enlarged by considering
“forward jets”. These forward jets can have an || up to 5. Jets in the region 2.7 <
|7| < 3 must have a pt > 60 GeV; this requirement is added due to the calorimeter
noise that specially can affect low-pt jet measurements. Finally, jets that have any
lepton that passes the fakeable selection within a AR < 0.4 cone are removed to select

only jets produced in the parton shower.

In order to distinguish jets from light quarks and gluons from those coming from b
quarks, the DeepJet discriminant is used, as described in Section In this thesis
both the loose and medium WP are used. In addition, some of the MVAs used at
analysis level to classify events as signal or background make use of the score of the

DeepJet discriminant.

4.4.4 Missing transverse energy

In Section two quantities were defined to account for the momentum imbalance

in the transverse plane: p™*® and Hr. In the ttH studies presented in this thesis a
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linear combination of both is used in order to select events:

Lp = 0.6 X p + 0.4 x Hy (4.6)

In events with genuine missing transverse energy both observables are correlated,
while in events with instrumental missing transverse energy they are not. In ttH
multileptonic final states we expect the observables to be correlated when compared
with some of the backgrounds. The coefficients in Eq. 4.6| were optimized to increase

the separation between ttH and the Z+jet background.

4.5 Signal and background estimation

4.5.1 Signals and irreducible backgrounds

Signals and irreducible backgrounds are described using Monte Carlo simulations.

The ttH samples used in ttH measurements are simulated with MADGRAPH_AMC@NLO
at NLO accuracy in QCD; in ttW measurements the ttH simulation is computed with
rowHEG at NLO. The tH process is simulated at LO in QCD using MADGRAPH_AMC@NLO.
The 4FS is used to simulate tHq channel, in order to better simulate the additional
quark from the gluon splitting. In the case of the tHW sample the 5FS is used in order

to avoid interference with ttH at LO.

The tH samples include weights that model variations on the process kinematics as a
function of the Higgs-W and Higgs-top couplings. These variations are parameterized
using x; and xw and imply, as well, modifications in the normalization. In order to
model ttH dependency of the Higgs-top coupling, an alternative LO sample simulated

with MADGRAPH is used.

The ttW process is simulated at NLO accuracy using MADGRAPH_AMC@NLO. An ad-
ditional sample, simulated with MADGRAPH_AMC@NLO, is used to account for the
electroweak corrections of order O(asa®). This represented the stat-of-the-art Monte

Carlo for ttW production at the time when these studies were conducted.

The main irreducible backgrounds when studying both ttH and ttW production are
ttZ and diboson production with additional jets. ttZ, tty, WZ and semileptonic ZZ
contributions are simulated at NLO accuracy using MADGRAPH_ AMC@NLO, for ttZ

the selected phase space takes a Z mass higher than 1 GeV. For ZZ production to 4/
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POWHEG generator is used. Although less relevant, the W*W7 and W*W= produc-
tions are considered as well. WEW events are simulated using PowHEG at NLO and
W=*W= using MADGRAPH_AMC@NLO at LO accuracy.

Triboson production (WWW, WWZ, WZZ, ZZ7) as well as other low cross section
processes involving the top quark: tZq and tttt are simulated at NLO using maD-
GRAPH_AMC@NLO, while ttWV (V = W, Z, and H) production is simulated at LO

using MADGRAPH.

Non-ttH production modes account for a small contributions in the selected final
states, they are modelled by NLO accuracy simulation computed in POWHEG, except

VH production which is modelled using MADGRAPH_AMC@NLO.

A summary of the samples used in the analysis and the cross section values used to

normalize the predictions is shown in Table [4.7]

4.5.2 Reducible backgrounds

Four sources of reducible backgrounds are considered: nonprompt lepton background

and misidentified 7,, charge misidentification and conversions.

4521 Nonprompt leptons

Dedicated techniques, introduced in Section [3.5.2]are used to reject nonprompt leptons
and are shown to be very efficient. Nevertheless, given the large cross section of some
of the backgrounds (such as tt) when compared to the signal, there is a non-negligible
contribution from processes with nonpromopt leptons populating the signal region.
As an example, in final states with two ss leptons, events arising from tt semileptonic
decays can enter the selection if one of the b jets produces a ss lepton. Similarly,
in a final state with three leptons, dileptonic tt events can pass the selection if the
third lepton is a nonprompt one. This background is estimated using data-driven
techniques, in particular the so called nonprompt rate method. An Application Region
(AR) is defined by loosening the signal region definition. The aim is to allow fakeable
leptons, not passing the tight lepton selection described in Section to enter this
region. Therefore, the AR will be enriched in events with nonprompt leptons and can
be used to estimate the contribution of such events in the signal region by applying a
factor, called nonprompt rate (f). The factor f is measured in a Measurement Region
(MR) and then applied on the AR to obtain the estimated contribution of nonprompt
leptons in the signal region. Afterwards, the method is validated by performing a

closure test using simulation.
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Process Generator Order in QCD Cross section [fb]
Signals
ttH MADGRAPH AMC@NLO/ POWHEG NLO 507 [117]
ttH alternative couplings MADGRAPH_AMC@NLO LO 507 [117]
tHq MADGRAPH_AMC@NLO LO 70.9 [144]
tHW MADGRAPH_AMC@NLO LO 15.6 [144]
ttW MADGRAPH AMC@NLO NLO 601 [144],592 [19]
Top-related backgrounds
ttWW MADGRAPH_AMC@NLO LO 6.98 [145]
ttwz 1 MADGRAPH_AMC@NLO LO 3.8 [144]
ttZ/tty * 839 [144] 859 [19]
1 < my <10GeV MADGRAPH AMC@NLO NLO
myp > 10GeV MADGRAPH AMC@NLO NLO
tZq MADGRAPH_AMC@NLO NLO 73.6
tett MADGRAPH AMC@NLO NLO 8.21
Diboson production
WW 1.19x10° [146|
WEWT POWHEG NLO
WEW* MADGRAPH_AMC@NLO LO
WZ 4.50%10* [146]
WZ — ety MADGRAPH AMC@NLO NLO
WZ — llgq® MADGRAPH_AMC@NLO NLO
77 1.69x10* [146]
77 — ! MADGRAPH_AMC@NLO NLO
77 — 00l POWHEG NLO
77 — tlqq® MADGRAPH_AMC@NLO NLO
Triboson production
WWW MADGRAPH_.AMC@NLO NLO 208.6
WWZ MADGRAPH_AMC@NLO NLO 165.2
\\v4 MADGRAPH_ AMC@NLO NLO 55.6
777 MADGRAPH_AMC@NLO NLO 13.9
Other Higgs production modes
ggH POWHEG NLO 4.86x10* [144]
VBE POWHEG NLO 3.78 x10° [144]
ZH? POWHEG NLO 884 [[144]
VH MADGRAPH_AMC@NLO NLO 1.37x10° [144]
ttWH 2 MADGRAPH_AMC@NLO LO 1.58 [144]
ttZH 2 MADGRAPH_AMC@NLO LO 1.54 [144]

TABLE 4.7: Summary of MC simulation used in this thesis to model the signal as well
as the irreducible backgrounds. For each process the generator, accuracy in the QCD
perturbative computation used to produce the sample, and the cross section used to
normalize it are given. In some cases the normalization used when performing the
ttH measurement and the dedicated ttW measurement are different: green numbers
correspond to the normalisation applied in the ttW analysis, while the ones in blue

correspond to the ones applied in ttH measurement.
1 Sample only applied in ttW studies.
2 Sample only applied in ttH studies.

3 Background only considered as irreducible in 1/+1 1, and 0/ +2 T, categories of ttH

Nonprompt rate measurement

analysis.

The procedure used to measure the nonprompt rate was given in Section Here

a revisit of the selection including also electrons is provided.

Events in the measurement region have exactly one lepton passing the fakeable selec-

tion criteria. Additionally, at least one recoiling jet, not overlapping with the lepton
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within a AR > 0.7, is required in the event. Events are selected by triggers not includ-
ing isolation requirements. Muon triggers were shown in Table while electron
triggers are detailed in Table Electron triggers require the presence of an extra jet
and impose certain quality criteria on the electrons. To avoid any possible bias these
quality criteria are mimicked with the selection in Section

As already anticipated in Section this region will be enriched in QCD events,
while the main contribution for nonprompt background is coming from tt. As a result,
a different flavour composition and momentum spectrum of the nonprompt lepton is
expected. To mitigate this effect, the fakeable selection was tuned to assure a similar

flavour composition between both samples.

The nonprompt rate computation is explained in Section in particular the defi-
nition of the nonprompt rate, f is given in Eq.

HLT path Prescale Lepton reco-pr Jet pr

HLT_Ele8_CaloIdM_TrackIdM_PFJet30 15-45 GeV > 8 GeV > 30 GeV
HLT_Ele17_CaloIdM_TrackIdM PFJet30 25-100 GeV > 17 GeV > 30 GeV
HLT_Ele23_CaloIdM TrackIdM_PFJet30 32-100 GeV > 23 GeV > 30 GeV

TaBLE 4.8: Triggers used to record events for the measurement of the nonprompt
electron rate.

Aplication of the nonprompt rate

After the measurement of the nonprompt rate, a transfer factor between the AR and
SR is computed depending on the lepton multiplicity in the SR. If two tight leptons
are required in the final state, the transfer factor can be denoted as Npp, and defined

in the equation:
Nge=Y R+Y R-Y FBR, (4.7)
fp pf ff

where F; is constructed using the nonprompt-rate evaluated in the i-th lepton, sorted

by cone-pr (fi), as F; = 7 J_[’ 7 The sums in the equation runs over the events in the

AR for specific combinations of the leptons. The symbol f in the sum denotes that
the lepton has failed the tight lepton selection; while p means that the lepton is a
tight lepton. The first position indicates that the requirement is applied on the leading
lepton, while the second position, that it applies to the subleading lepton. As an
example, } ¢ runs over all events in the AR where the leading lepton is tight and the

subleading lepton is a fakeable lepton.

Analogously, the expression can be extended to final states with three and four tight

leptons. For three leptons the expression would be:
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Nigs = LE+YL R+)Y B
fpp pfp ppf

-Y RE—-) FF —) EF+) REFR. (4.8)
ffp fpf pff fff

The contribution from prompt leptons in the AR is estimated using simulation and is

removed before applying the transfer factor.
Closure

A closure test is performed in simulated events passing the requirements of the signal
region in order to test the methodology of the data-driven estimation and show no
biases are present. This ensures that the method is not introducing any bias due
to the different flavour composition of the measurement region with respect to the

application region, as well as due to the kinematic of the signal region.

The test is performed independently for muons and electrons using a tt sample in the
signal region with two ss leptons in the final state. The number of nonprompt events
in the SR estimated using semileptonic tt Monte Carlo (the so-called nominal selec-
tion) is compared with the estimation of nonprompt events computed by applying the
nonprompt rate to events in the AR (relaxed selection). Two nonprompt rates are used
for the estimation, in both cases events used for the computation of the f must pass
the MR selection. In the first case, the calculation of f is done on a multijet simula-
tion sample, while in the other a tt simulation sample is used. By comparing both
estimations, the effect of the residual flavour composition and kinematics between the
nonprompt leptons produced in multijet events and those produced in tt events is
shown. In addition, the comparison between the tt simulation and nonprompt-rate
estimation using a multijet sample gives an indication of the total bias expected in the
method.

Figure shows the closure test for muons and electrons as a function of the cone-
pr. Good closure of the order of 10% is shown for muons, while for electrons, a 30 to

40% non-closure is depicted.

4.5.2.2 Misidentified T,

The misidentification rate for 7, can be defined as the number events in which a quark
or gluon jet passes the tight 7, selection over the number of such events passing the

fakeable T, selection.
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F1GURE 4.14: Transverse momentum distributions of nonprompt (left) electrons and

(right) muons in simulated tt+jets events, for the three cases “nominal”, “relaxed, f;

from tt+jets”, and “relaxed, f; from multijet” discussed in text. The figure illustrates

that a nonclosure correction needs to be applied to the probabilities f; measured for
electrons in data, while no such correction is needed for muons.

The rate is measured using tt+jets events in which the two W bosons produced in the
top quark decays decay to an electron and muon pair. Hence, the selection requires
the presence of an opposite-sign ey pair, as well as, the presence of a 7, passing the
fakeable selection. Additionally, at least two jets should be present in the event and
the same b-tagging requirement as in the signal region is applied. Besides, events in
the selection must have me;, > 12 GeV in order to reduce the contributions from low
mass resonances. Contributions of genuine 7, are modelled using the MC simulation
and subtracted. In the above selection, the efficiency of the fakeable T, to pass also the
tight 7, criteria is computed following the same prescription as for nonprompt light

leptons.

4.5.2.3 Charge misidentification

The charge of an electron or muon might be incorrectly determined, yielding to the
appearance of this background in categories where the selection requires to have two
leptons with equal charge. This incorrect determination is mainly a consequence of
the Bremsstrahlung effect. As electrons traverse the detector, they radiate photons that
may subsequently convert to electron-positron pairs. This makes it harder to correctly
determine the curvature of the electron track. Given the larger mass of the muons their
Bremsstrahlung effect is smaller, therefore the muon charge misidentification rate is

negligible.
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This background is estimated using data, by measuring the number of events with
two electrons with equal charge and two electrons with opposite sign of the charge in
the process Z — eTeT. A measurement region is defined to select this kind of events
by requiring two leptons with invariant mass within the Z peak. The events within
the measurement region are further categorized into same-sign (ss) and opposite sign

of the charge (0s) samples, with Ng and N,s the number of events in each of them.

NSS
NSS +NDS

measurement is performed as a function of pr and # of the leptons. The number of

The charge misidentification rate can then be defined as: r = . Moreover, the

events in each category of the measurement region is obtained by performing a fit
to the Z peak. To perform such fit, the shapes of the m distribution taken from
simulation are used as templates. The simulation used for this propose is DY (Z/v*)
simulation produced with MADGRAPH_AMC@NLO at NLO in QCD. The estimation of
events with misidentified charge entering the signal region is estimated by applying

the misidentification probability (r) to data events in the signal region as a function of

pr and 7.

4.5.2.4 Conversions

This includes events in which an electron is produced in the conversion of an uniden-
tified photon. The dominant contribution in the analysis presented in this thesis is

from tty events and is estimated using simulation.

4.6 Statistical techniques for signal extraction

In the physics analyses reported in this thesis, statistical techniques are used in order
to interpret the measured observables. Events are classified in different categories,
where counting experiments are performed to measure cross sections of known pro-

cesses and set confidence intervals on the presence of new processes.

To exploit all the information in the different categories, all counting experiments
must be combined. This can be done by using a maximum-likelihood fit, following
the approach in Ref. [147].

The likelihood L(data|u, 8) depends on the observed data, the vector u representing
the signal strengths for the signal processes targeted by the analysis, and the nui-
sance parameters denoted by 6, which parameterize the systematic uncertainties. The
expected signal and background yields are a function of those parameters, so the num-

ber of expected events can be written as v; = p - s;(0) + b;(0) where s; and b; stands for
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the number of expected signal and background events in each category i, respectively.

The likelihood is defined as a product of probabilities:

L(datalp, 0) HP nilp - si( bi(0)) [ T ox(6xl6k), (4.9)
K

where P denotes the probability function for the Poisson distribution, in particular, it
is the probability of observing n; events in that category, given that v; events are ex-
pected. The functions pi(f|0x) account for the prior probability of observing a value
6 for that nuisance parameter, given that the true value is 6;. The uncertainties affect-
ing the normalization of the processes are represented using a log-normal probability
density function, uncertainties with statistical origin are modelled using a gamma
function, and systematic uncertainties that also affect the shape of discriminating ob-
servables are incorporated into the fit as nuisance parameters [148] and are modelled
by a Gaussian probability density function. In some specific cases, the normalization

of certain backgrounds is left unconstrained in the fit.

The likelihood function can be maximised to find the best values for the parameters u
and 0. In order to remove the dependence on the nuisance parameters, the likelihood
ratio test statistic is defined as a quotient where: the numerator is the likelihood where
the nuisance parameters are substituted with their maximum likelihood estimate con-
ditional on the current value of y; the denominator is the likelihood where both u and
0 are set to their joint maximum likelihood estimate. This test statistic, when max-
imised, provides an estimate for u that accounts for, but not depends on, the nuisance
parameters 0. For computational reasons, instead of maximising the likelihood ratio,

the negative log likelihood ratio is minimised:

>»

G = ologZldataln S@ +b(0)), (4.10)
L(dataljr - s(6) + b(0))
where (j,8) is the maximum likelihood estimator and 0 maximizes the likelihood
for a given p value. The minimization of the test statistic allows to obtain confidence
intervals by applying Wilks’ theorem [149]. This states that in the limit of large number
of observations, g, follows a x7 distribution if p is the true value, where n is the
number of dimensions of y. Under that circumstances, the crossing of u with the

quantiles of x? would indicate the confidence intervals.
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4.7 Systematic uncertainties

The event yields and the shape of the distribution of any observable used in the analy-
sis, may be altered by experimental or theory-related effects, referred to as systematic

uncertainties.

Experimental sources of uncertainty include those related to the object selection, un-
certainties in the data-driven estimates of the misidentified leptons and charge misiden-
tification backgrounds and those derived from auxiliary measurements used to vali-
date and correct the simulations. Theoretical or modelling uncertainties are those
arising from missing higher-order corrections in the cross section calculations and

simulation models, and from uncertainties in the PDFs.

Uncertainties are taken into account in the analyses as nuisance parameters of the
likelihood fit.

Experimental uncertainties

Luminosity: the integrated luminosities of the 2016, 2017, and 2018 data-taking pe-
riods are individually measured with their corresponding uncertainty that amounts
for 2.5%, 2.3% and 2.5%, respectively [150-152]. The luminosity for 2016 was re-
evaluated [153] and the related uncertainty was reduced to 1.2%, the latest estimation

of 2016 luminosity is in agreement with the previous one.

Pileup reweighting: variations on the number of additional pp interactions per event
may modify the efficiency to pass the event selection criteria, hence, inducing a vari-
ation in the event yield. To account for this effect, simulation is reweighted using the
information from the instantaneous luminosity profile in data. A systematic uncer-
tainty is estimated by varying the assumed minimum-bias cross section of 69.2 mb by
+4.6% [154]. The uncertainty is propagated as shape uncertainty and is considered to

be correlated between data-taking years.

Lepton selection: Muon and electron identification and isolation efficiencies are esti-
mated as described in Ref. Per-lepton corrections are derived for electrons and
muons independently and as a function of the pr and 7 of the leptons. Then, they are
propagated depending on the number of leptons in the final state. Overall uncertain-
ties in the muon and electron identification and isolation efficiencies are considered
as shape uncertainties. The uncertainty is considered uncorrelated between the two

flavours and correlated across the data-taking years. To account for differences in the
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event topology between DY events and the events in the signal regions of the analy-
sis, an additional cross-check is performed in a region enriched in tt+jets events. The
difference between the efficiency measured in the tt+jets enriched sample and the one
measured in DY events is taken as an additional systematic uncertainty, and found
to be around to 1-2%. The uncertainty in the 7, identification efficiencies and en-
ergy scale amount to 5% and 1.2%, respectively. They are estimated using Z/y — T
events [155] and are dominated by statistical effects; for this reason it is treated as

uncorrelated.

Trigger: efficiency on the trigger selection is estimated using the orthogonal trigger
method described in The efficiency is computed separately depending on the
lepton multiplicity, 7 and pr using a set of triggers based on pss. Trigger uncertain-

ties amount to 1-2% and are treated as uncorrelated across years for all categories.

Jet energy scale and resolution: jet reconstruction is affected by resolution effects and
by the energy of the jet. Eleven uncertainty sources are considered on the jet energy
scale, while six components on the jet energy resolution are used to model the depen-
dency on the detector region and pr range [92]. Jet energy scale and resolution effects
are propagated to the analysis by varying the energies of jets in simulated events
within their uncertainties, recalculating all kinematic observables, and reapplying the
event selection criteria. An extra uncertainty is used to account for the HCAL endcap
issue described in Section Besides, jet reconstruction directly affects pmis esti-
mation due to the unclustered energy. Variations on this quantity are propagated to
the pIiss estimation as an additional uncertainty. The uncertainties of statistical origin

are uncorrelated across years, while the other components are treated as correlated.

b-tagging: uncertainties on the b-tagging efficiency and mistag rate are evaluated as
a function of the pt and 7 [93]. Several sources of uncertainties are considered: the
purity of the sample selected to derive the corrections, the statistics of that sample and

the effect of jet energy scale uncertainties.

L1 prefiring issue: the trigger inefficiency due to the loss of transparency in the ECAL
endcap cover in Section is taken into account in the analyses as a correction
factor with its associated uncertainty. Then it is propagated to the analysis as a shape

uncertainty.

Nonprompt background estimation: the nonprompt estimation based on data-driven
techniques has several sources of uncertainty. The first is the statistical uncertainty on
the events selected in the MR and AR. Moreover, the multijet enriched sample is con-
taminated with events containing prompt leptons, which are subtracted, an additional

systematic uncertainty takes into account inaccuracies in the subtraction procedure.
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These uncertainties are accounted in the analyses by varying the nonprompt rates (f).
Three nuisance parameters are introduced for each lepton flavour to model the un-
certainty on the fake rate: one that modifies the overall scale, and one that changes
the dependence on pt and 7 respectively, but keeps the total number of estimated
nonprompt events constant. The uncertainty is taken as the envelope of the three
variations. Additionally, an extra uncertainty is applied to cover for the possible non-
closure effects such as the ones shown in Fig. The overall contribution of this

uncertainty to the analyses is moderate and is higher for final states with 7,.

Charge misidentification background estimation: the normalization uncertainty re-
lated to this background, which is estimated from data, is accounted by applying a
30 % in categories with electrons. The estimation is based on the data to simulation

comparison in a region with two ss leptons with the mee within the Z mass peak.

Modelling uncertainties

Uncertainties due to missing higher-order diagrams in the theoretical calculations are
evaluated by varying the scales yg and pr. The effect of such variations on the shape
and normalization are taken as independent uncertainties and are applied to all back-
ground processes modelled with simulation. For the signal, only the effect on the
shape is taken into account. The uncertainties related to the PDFs and «; are also

taken into account in the same manner, following the recommendations in Ref. [156].

For the ttW analysis, the effect of the initial and final state radiation (ISR and FSR) in
the PS simulation of the signal process is also taken into account as a shape systematic
uncertainty. The effect of the colour-reconnection model is additionally taken into

account by comparing the ttW simulated events with alternative models [157].

A mismodelling of the ZZ+jets and WZ+jets backgrounds is observed at high jet mul-
tiplicity. An additional uncertainty of 30% is applied to WZ and ZZ events with at
least three selected jets in order to account for mismodelling effects. Besides, a large
number of b-tagged jets in WZ and ZZ process are either due to misidentified light-
flavour jets, or to the inclusion of a phase space region that is not well described in
simulation. An additional 40 (10)% uncertainty is applied to the predicted number
of events with two or more (fewer than two) b-tagged jets following the studies in
Ref. [133].

In the ttW analysis, the normalization of ttH, tH, ttvy, tZq are constrained to be within
20% [9], 50% [58], 8% [138] and 10% [158], following the latest CMS measurements

and in order to cover for the extrapolation to the phase space of the analysis, which
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contains events with high jet and b-tagging multiplicities. Other low cross section
processes are assigned a 50% uncertainty given the limited knowledge of their cross

section.

For the ttH analysis, the uncertainties on the normalization, including missing higher-
order corrections in the perturbative expansion, different choices of PDFs, and un-
certainties in ag for the signals and ttW, ttWW, and ttZ backgrounds are taken from
Ref. [117]. They amount to *§5 and *33% for the ttH and tH, and to 135, t?f.s/ and
H187% for the ttW, ttWW, and ttZ, respectively. Uncertainties on the cross section for
other low rate processes estimated with Monte Carlo simulation (including tZq) are
assigned a 50% uncertainty. The uncertainties on the branching ratio of the Higgs are

also taken into account, and are extracted from Ref. [117].

Finally, conversions are assigned a 30-50% normalization uncertainty, following stud-
ies in Ref. [159].

Regarding the statistical uncertainty of the simulation samples in the signal and con-
trol regions used in the analysis, the Barlow-Beeston [160] method is used to account

for it.
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Measurement of ttW production

The ttW process is one of the main backgrounds when studding ttH (and tH) produc-
tion in final states with multiple leptons. Furthermore, this process presents unique
production features as the charge asymmetry and, unlike ttZ, previous measurements
showed a tension with the prediction. This motivates dedicated studies of ttW pro-
cess. In the previous chapter the most important characteristics of ttW production
and the experimental status prior to the studies reported in this thesis were given. In
this chapter the measurement of the ttW inclusive cross section using the full Run-2

dataset at /s = 13 TeV is reported. Final states with two and three leptons are used.

The analysis presented in this chapter has been developed in collaboration with Uni-
versity of Ghent (UG), Université catholique de Louvain (UCL) and University of
Zurich (UZH). I lead the analysis in the three lepton final state, performed studies
on the systematic uncertainties, performed the signal extraction and contributing to

all aspects of the analysis.

5.1 Analysis strategy for ttW measurement

In this thesis ttW process is studied in final states with leptons, where the W boson
decays to a lepton (electron or muon) and a neutrino. Depending on the decay of
the tt system, which can be semileptonic or dileptonic, final states with two or three
leptons are targeted. Hence, the first classification of events is done according to lepton
multiplicity in two non-overlapping categories with two leptons with equal sign of the

charge (2/ss) or three leptons (37).

In each category a different strategy is followed: in the 2/¢ss category an MVA is
trained in order to discriminate signal and background. In the 3/ signal region, events
are further categorize to obtain several subcategories of events with different purity;

then, the mass of the three lepton system is used as discriminating variable. In both

101
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cases, events are divided depending on the lepton charge to be sensitive to the charge

asymmetry expected in this process.

5.2 Event selection in the ttW signal regions

5.2.1 Dilepton category

At trigger level events are selected by a combination of single- and double-lepton trig-
gers, with a pt threshold that vary depending on the data-taking period. A summary
of the trigger paths used with the corresponding thresholds is given in Table 5.1

Trigger path  flavour pr thresholds [GeV]

. 27-35
Single-lepton 4

ee 23 (leading)

Double-lepton ey 23 (leading)

Uu 17 (leading)

eee 16 (leading)

— eey 8 (leading)

Triple-lepton en 9 (leading)
UUU 10-12 (leading)

TaBLE 5.1: Summary of trigger paths used to record events. The threshold applied on
the p of the leading lepton is shown.

Exactly two tight leptons are required with same electric charge, a pr of at least 25
or 30GeV for the leading lepton, depending on whether it is a muon or an electron,
and a pr > 20GeV for the subleading lepton. The invariant mass of the ss dilepton
pair should be larger than 30 GeV and the leptons should be separated by AR > 0.4.
In case both leptons are electrons, m, should not be within 15GeV of the Z mass. In
addition, events must have a missing transverse energy of at least 30 GeV and con-
tain at least two jets, out of which at least two pass the loose b-tagging requirement
or at least one passes the medium requirement. The comparison between prediction
and data is shown in Fig. 5.1/ for various observables in the selection described above.
In the figures the contribution from the charge misidentification background is la-
beled as Charge misID and low cross section processes with a marginal contribution
are depicted under the label Other, this includes tW, tH, tZ, triboson, ttVV and tttt
production. As depicted, the agreement is reasonably good, with some discrepancies

in the bins most populated by signal. The agreement improves after the fit to data.
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F1Gure 5.1: Comparison of the number of observed (points) and predicted (coloured
histograms) events in the same-sign dilepton signal region. Several observables are
depicted: the leading (top left) and subleading (top right) lepton pr, the leading
jet pr (middle left), the number of jets (middle right), the number of b-tagged jets
(bottom left) and the missing transverse momentum (bottom right). The predictions
are shown before the fit to data. The vertical bars on the points represent the statistical
uncertainties in the data, and the hatched bands the systematic uncertainty in the
predictions. The last bins include the overflow contributions. In the lower panels, the
ratio of the event yields in data to the overall sum of the predictions is presented.
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5.2.2 Three-lepton category

In this category events are selected at trigger level by a combination of single-, double-
and triple-lepton triggers. A summary of the trigger paths used with the correspond-
ing threshold is given in Table

Exactly three tight leptons, with pt > 25GeV for the leading lepton and pr > 15GeV
for the other two leptons are required. To remove background contributions from low-
mass resonances, the invariant mass of each pair of leptons in the event is required
to be my; > 12GeV. Besides, events with |mz —91.2| < 10GeV are excluded, where
myz is the invariant mass for each pair of leptons of opposite sign of the charge and
same flavour (OSSF), this criteria aims to remove DY contributions. Additionally, the
sum of charges of the three leptons is required to be 1, and events must contain at
least two jets, out of which at least one passes the medium criteria of the b-tagging

discriminant.

5.3 Control regions for ttW analysis

Two control regions are constructed to improve the understanding of some of the
leading irreducible backgrounds: the first one selects events with three leptons in the
final state and is enriched in ttZ and WZ backgrounds. The second one targets events

with four leptons and is used to constrain the ZZ and ttZ backgrounds.

Three lepton control region

The three lepton control region is defined following the selection of the 3¢ signal
category, but inverting the Z boson mass veto and not applying any requirements
on the jet and b-tagged jet multiplicities. Then, events are classified in 12 bins as a
function of the number of jets and b-tagged jets, as described in Table The data
to prediction comparison in the described categorization is shown in Fig. (left).

Events are later classified depending on the flavour of the leptons.

Four lepton control region

This control region is constructed using events where four leptons with pr > 25, 15,
15, and 10 GeV, respectively, are present. Additionally, at least one OSSF lepton pair
on the Z boson mass (|mz —91.2| < 10GeV) is required. Events are further classified

in 4 bins depending on the jet (j) and b tag multiplicities (b), and on the presence of an
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Category Number of Jets Number of b-tagged Jets

1 =1 =0
2 =2 =0
3 =3 =0
4 >3 =0
5 =2 =1
6 =3 =1
7 = =1
8 >4 =1
9 = >1
10 =3 >1
11 =4 >1

—_
N
V

=

>1

TaBLE 5.2: Event categorization in the three lepton control region.
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F1Gure 5.2: Comparison of the number of observed (points) and predicted (coloured

histograms) events in the three lepton (left) and four lepton (right) control regions.

The predictions are shown before the fit to data. The vertical bars on the points rep-

resent the statistical uncertainties in the data, and the hatched bands the systematic

uncertainty in the predictions. In the lower panels, the ratio of the event yields in
data to the overall sum of the predictions is presented.

extra OSSF lepton pair in the event (2Z). A summary of the event yields in data and
prediction in this control region is shown in Fig. 5.2 (right).

5.4 Signal extraction for ttW measurement

Events in both the 2¢ss and 3¢ categories, as well as in the control regions, are com-
bined to extract the signal by performing a maximum likelihood fit. After the selection

applied in each of the signal regions, events are further categorize in order to improve
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the signal against background discrimination, and certain discriminating distributions

are provided to the fit to enhance the sensitivity.

5.4.1 Dilepton category

In the 2/ss category a multiclass NN is trained to distinguish between events from the
ttW signal process and those from three classes of background processes: ttZ/tty* and
ttH as a combined category, tty, and backgrounds with nonprompt leptons. The NN
is trained using simulated ttW, ttZ/tty*, ttH, and tty samples, and with simulated tt
events as a source of nonprompt-lepton background events. A different set of events
is used to train the discriminant and to perform the signal extraction. This NN has
been developed by the UG and UCL groups, hence here a brief description of the most

relevant items is given.

The NN exploits the reconstructed kinematics of the leptons and jets, the presence of

additional jets, and the presence of b-tagged jets. The variables used as input are:

* lepton flavour category, ee, yp, ey or pe, depending on the flavour of the leading

lepton
¢ lepton charge (+1 or —1)
¢ pr and 7 of the leptons
¢ invariant mass of the lepton pair (1)

¢ difference in azimuthal angle (A¢y/) and pseudorapidity (A#,s) between the lep-

tons
e transverse mass of each lepton and the pTiss in the event, mr(¢;, pTiss)

o pmiss and the azimuthal angle difference between the p™% and each of the
leptons (A¢ (s, ¢;))

¢ number jets passing the loose selection of the b-tagging algorithm, a minimum

of one and a maximum of two b-tagged jets are considered
¢ number of jets that are not among the b-tagged ones
* pr and 7 of the b-tagged jets and the leading non-b-tagged jets (up to four).

¢ azimuthal angle difference between the jets and the leading (A¢(j;, 1)) and sub-
leading lepton (A¢(ji, I2)), respectively.
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¢ invariant mass for the system constructed by each b-tagged jet and each lepton,
m (gi P bj)

* AR between any pair of jets

¢ for b-tagged jets a label indicating whether they pass the medium selection of

the b-tagging discriminant

* a label for each of the four leading jets, indicating whether they also pass the
loose selection of the b-tagging discriminant (this can be the case for events with

more than two jets that pass the loose b-tagging working point)

Six of the input variables are shown in Fig.

The NN is constructed with two fully connected hidden layers, with 128 and 64 nodes
respectively, and an output layer with four nodes, corresponding to the signal category
and the three background categories defined above. The value that a certain event
obtains in each output node can be interpreted as the probability for that event to
belong to that category. Only the ttW output node is used for the signal extraction.
Nevertheless, the described multiclassifier leads to a better discriminating power when

compared to a binary classification.

5.4.2 Three-lepton category

In this category, after the event selection described above, events are further catego-
rized using the the number of jets, number of b-tagged jets and sum of the lepton
charges. Twelve subcategories are constructed, each of them with a different sensi-
tivity and background composition. In particular, the events are classified into three
categories based on the number of jets: exactly 2 jets, 3 jets, or more than three jets
in the event. Within these categories, further divisions are made based on whether
one or two of the jets are tagged as coming from a b quark. Finally, each of the six
categories is divided according to the sum of the charge of the three leptons, that can
be +1 or -1. The data to prediction comparison in the classification of the three lepton

signal region is shown in Fig.

In each of the subcategories a common single discriminant variable is chosen to be
used in the maximum likelihood fit for the signal extraction. Several observables
such as pffniss, the sum of pr of the three leptons, Hr, AR(¢¢) or the invariant mass
of the three lepton system have been studied as discriminant variables. The invariant
mass of the three leptons, m(3¢), was selected, as it was the observable with the

best discriminating power between signal and background contributions. In order to
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F1cure 5.3: Comparison of the number of observed (points) and predicted (coloured

histograms) events in the three lepton signal region. The predictions are shown before

the fit to data. The vertical bars on the points represent the statistical uncertainties in

the data, and the hatched bands the systematic uncertainty in the predictions. In the

lower panel, the ratio of the event yields in data to the overall sum of the predictions
is presented.

evaluate this the total total uncertainty on the signal strength was used as figure of

merit.

5.5 Results

The number of events observed in each category is reported and compared to the
expected value. A description of the signal extraction fit is also provided and the
results for the ttW cross section is given. In addition, the cross section for ttW* and

ttW™ and the ratio between both production modes is obtained.

The fit is performed using both signal regions with 2¢ss and 3/, as well as, the three-
lepton and four-lepton control regions. In the 2/ss category, the NN node targeting
ttW is used as discriminating variable, dividing the events in 8 subcategories depend-
ing on the lepton flavour and charge. In Fig. 5.4 the output node is shown in events
with positive (left) and negative (right) charge of the leptons; the plots are inclusive
in flavour. As depicted in the figure, the NN provides good discrimination between
signal and background, specially against the nonprompt background. The different
shape between left and right figures is explained by the fact that the charge of the lep-

tons is used as input during the training. Moreover, it is worth noting that in events
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with positive lepton charge, the amount of signal is larger than in events with negative

charge, while the amount of background remains constant.

In the 3/ signal region, the invariant mass of the three lepton system is used in the
twelve categories described in the previous section. In Fig. [5.5 the m(3/) is shown in
four of the subcategories. The distributions shown have two b-tagged jets and two

or three jets, respectively. Events are also divided depending on the charge of the

leptons.
Process {40+ {—0— {00+ (ElF0—
tw 677 +21 355+12 119.4+9.2 653+54
Nonprompt 2490 =600 2360570 325£75 298+71
Charge misidentification 520 £110 520 £111 — —
ttH 167 + 34 169 4+ 34 56 +12 57 +£12
ttZ/ tty * 335+ 26 333 £ 26 145 4+ 13 147 £13
Diboson 382 + 88 285 £ 65 46.84+9.1 380+75
Other 178 + 34 126 27 434 +82 335474
Conversions 177 £ 54 192 £59 229+71 240+£74
Total background 4250 =620 4000590 639 + 80 600 + 76
Total prediction 4920 620 4350590 758 £81 663 £76
Data 5143 4486 834 744

TaBLE 5.3: Number of predicted and observed events in the dilepton and trilepton

signal regions before the fit to the data. The uncertainties in the predicted number of

events include both the statistical and systematic components. The uncertainties in

the total number of predicted background and background plus signal events in each

channel are also given. The symbol “—” indicates that the corresponding background
does not apply.

The total number of observed and predicted events obtained before the fit in the 2¢ss
and 3/ signal regions is given in Table Good agreement between data and the total
signal plus background prediction within the systematic uncertainties is observed for

each channel.

Additionally, the fit includes the event yields in the three lepton control region, where
events are classified in 48 bins grouped by the number of jets and b-tagged jets, and
lepton flavours, and in the four lepton control region in four bins grouped by the

number of jets, b-tagged jets, and Z candidates.

The systematic uncertainties are modelled as nuisance parameters, which are able to
introduce modifications in the shape and normalization of the predicted events in
the distributions included in the fit. The fit also takes as free parameters the signal
strengths for ttW, ttZ, WZ and ZZ. The signal strengths can modify the the normaliza-
tion of the related processes. In Figs. 5.4/ and the data to prediction comparison is
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FIGURE 5.4: NN discriminant in the 2/ss signal region. Events are classified in the

left (right) plot if they have positive (negative) lepton charge. The predictions are

shown before the fit to data. The vertical bars on the points represent the statistical

uncertainties in the data, and the hatched bands the systematic uncertainty in the

predictions. In the lower panels, the ratio of the event yields in data to the overall
sum of the predictions is presented.

shown before the fit to data: “prefit”. A slight excess is shown in data for some of the

bins enriched in ttW events. The distributions are also shown after the fit; “postfit”

distributions for both signal regions are depicted in Figs. 5.6 and [5.7] showing good

agreement. In appendix [A] all distributions for both signal regions entering the fit are

shown after the fit to data.

Measurement of the inclusive cross section

The signal strength modifier for ttW is found to be:

paw = 1.47 £0.07 (stat.) 7003 (syst.),

(5.1)

and can be interpreted in terms of the cross section by taking into account the cross

section used to normalize the expected prediction of ttW events. The measured cross

section for the inclusive ttW production is:

oww = 868 £ 40(stat) £ 51(syst)fb.

(5.2)

The measurement is in agreement within 2 s.d. with respect to the prediction

722 f;}s fb || computed at NLO and including corrections from an improved FxFx

merging procedure. This result is in agreement with the corresponding ATLAS mea-
surement [161], and with previous CMS and ATLAS measurements 143].
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FiGure 5.5: Comparison of the number of observed and predicted events in the 3/
signal region. The distribution of the m(3¢) variable is shown in four of the subcat-
egories used in the signal extraction, in particular the ones with: two jets (left) and
three jets (right) and in events with positive sum of the lepton charge (upper row) or
negative charge (lower row). The predictions are shown before the fit to data. The
vertical bars on the points represent the statistical uncertainties in the data, and the
hatched bands the systematic uncertainty in the predictions. In the lower panels, the
ratio of the event yields in data to the overall sum of the predictions is presented.

The discrepancies might be explained by a mismodelling on the signal simulation,
which is challenging; regarding this, several developments have been presented in the
recent years, as was detailed in the previous chapter. Those developments still need to
be implemented in the Monte Carlo simulation used for the experimental data analy-
sis. When compared to the previous CMS result [12], performed with 2016 data, the
current measurement achieves a significant improvement in the precision, with a re-
duction on the statistical (systematic) uncertainty of a factor of three (more than two).
The improvement on the statistical uncertainty can be attributed to the larger data

sample used. Besides, the reduction on the systematic uncertainty is derived from the
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FIGURE 5.6: NN discriminant in the 2/ss signal region. Events are classified in the

left (right) plot if they have positive (negative) lepton charge. The predictions are

shown after the fit to data. The vertical bars on the points represent the statistical

uncertainties in the data, and the hatched bands the systematic uncertainty in the

predictions. In the lower panels, the ratio of the event yields in data to the overall
sum of the predictions is presented.

optimization of the analysis strategy and improved estimates of the dominant back-
ground contributions using data control samples. A more efficient selection of ttW
events and a stronger background suppression of the nonprompt-lepton background
contribution is achieved by the lepton selection with the dedicated lepton MVA dis-
criminant. The enhanced b-tagging performance following the installation of the new
pixel detector in 2017 and a more performant b-tagging algorithm, is also a source of

improvement.

The cross section is also computed using only the 2/ss and 3/ categories, respectively.
In the case of 2/ss category, the measurement is also provided by flavour of the lep-
tons. The results are shown in Fig. The 2/ss category is the dominant one, as
the signal to background proportion is greater. In the figure, the measured cross sec-
tion is compared with the computation at NLO and including the improved merging
procedure [18], and with the computation at NLO+NNLL [19].

Systematic and statistical Uncertainties

The contribution to the total systematic uncertainty from each of the sources consid-
ered and the total statistical uncertainty is detailed in Table[5.4} The leading systematic
uncertainties of experimental origin are the ones related to the integrated luminosity
measurement, the estimation of electron charge misidentification, and the b-tagged
jet identification efficiency. Regarding the normalization uncertainties, ttH, VVV and

ttVV give a non-negligible contribution to the total uncertainty in the measurement.
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FiGure 5.7: Comparison of the number of observed and predicted events in the 3/
signal region. The distribution of the m(3¢) variable is shown in four of the subcat-
egories used in the signal extraction, in particular the ones with: two jets (left) and
three jets (right) and in events with positive sum of the lepton charge (upper row)
or negative charge (lower row). The predictions are shown after the fit to data. The
vertical bars on the points represent the statistical uncertainties in the data, and the
hatched bands the systematic uncertainty in the predictions. In the lower panels, the
ratio of the event yields in data to the overall sum of the predictions is presented.

This is due to the similarities of the decay products of these rare processes with those
of the ttW signal process. Modelling uncertainties associated with the simulation of
ttW events and from the statistical uncertainty in the predicted number of signal and

background events are also a sizable contribution.

Measurement of the ttW™ and ttW™ cross sections
As events are categorized depending on the charge of the leptons, this information
can be exploit to measure the cross sections for ttW™ and ttW~ production. The fit de-

scribed in the previous section is modified; in this case two parameters to modify the
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Source Uncertainty [%]
Experimental uncertainties
Integrated luminosity 1.9
b-tagging efficiency 1.6
Trigger efficiency 1.2
Pileup reweighting 1.0
L1 inefficiency 0.7
Jet energy scale 0.6
Jet energy resolution 0.4
Lepton selection efficiency 0.4
Background uncertainties
ttH normalization 2.6
Charge misidentification 1.6
Nonprompt leptons 1.3
VVV normalization 1.2
ttVV normalization 1.2
Conversions normalization 0.7
tty normalization 0.6
Z7 normalization 0.6
Other normalizations 0.5
ttZ normalization 0.3
WZ normalization 0.2
tZq normalization 0.2
tHq normalization 0.2
Modelling uncertainties
ttW scale 1.8
ttW colour reconnection 1.0
ISR & FSR scale for ttW 0.8
tty scale 0.4
VVV scale 0.3
ttH scale 0.2
Conversions 0.2
Simulation statistical uncertainty 1.8
Statistical uncertainty 4.6
Total systematic uncertainty 5.8

TABLE 5.4: Sources of systematic and statistical uncertainty in the predicted signal
and background event yields with their impact on the measured ttW production
cross section, estimated after the fit to the data. Only systematic uncertainty sources
with values greater than 0.1% are included in the table. The production cross sections
of the ttW, WZ, ZZ, and ttZ processes are simultaneously constrained in the fit. The
second-to-last row refers to the statistical uncertainty in the simulated event samples.
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FiGUurE 5.8: Cross section for ttW production, individual dilepton (ee, ey, pp, and

combined) channels and the trilepton channel, as well as their combination. The

inner black bars show the statistical uncertainty, and the outer green bars give the

total uncertainty. The predictions from two SM calculations from Refs. [18, 19] are

shown by the black and red vertical lines, with the associated bands corresponding
to the total uncertainty.

signal strengths for ttW™ and ttW ™~ are used. Both parameters are extracted using the
information from categories with positive (negative) sum of lepton charges simultane-
ously. Hence, the cross sections for ttW™ and ttW ™ are obtained. This measurements
are of special interest, as the production asymmetry gives information about the PDF
of the proton. The results are shown in Table [5.5| with two theory computations serv-
ing as comparison. The sum of the two measured cross sections for ttW™* and ttW ™ is
in good agreement with the measured inclusive ttW cross section within the statistical
uncertainties. As for the inclusive production, when comparing both cross sections to
the theory computations in Refs. [18}19], they are in agreement within 2 s.d. The val-
ues for the cross sections are, as well, depicted in Fig. (left). Correlations between
both cross sections are expected, arising from the use of common nuisance parameters

and control regions in the fit.

Furthermore, the ratio between ttW™ and ttW~ production modes, ogw- /0w~ is also
computed, treating it as a single parameter and recomputing the maximum likelihood
fit. In Fig.|5.9|(right) the negative log-likelihood scan is depicted, providing the best fit
value for the o+ / oy with its 68 and 95% confidence level (CL) intervals. The best
fit value with its corresponding uncertainties is quoted in Table the systematic

uncertainties are reduced when compared to the ones for the cross sections values,
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SM prediction
NLO+NNLL  NLO +FxFx

Observable Measurement

Taw+ 553 £ 30 (stat) £ 30 (syst)fb 384733 theofb 475 " Stheofb
Tw- 343 £ 26 (stat) £25 (syst)fb 198 T2 theofb 247 21 theofb

Oaw+ /0w~ 1.61 £0.15 (stat) T007 (syst)  1.94 1037 theo  1.92 T037 theo

TaBLE 5.5: Measured and predicted production cross sections for ttW™' and ttW~
production, as well as of the ogw+ /0w~ ratio. The SM predictions quoted at
NLO+NNLL accuracy are taken from Refs. [19| [162]. The SM predictions quoted
at NLO accuracy and including corrections from an improved FxFx merging proce-
dure (NLO + FxFx) have been provided by the authors of Ref. [18]. The theoretical
uncertainties include scale variations and PDF uncertainties.
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FIGURE 5.9: Left: Measured cross section for ttW™ vs. ttW ™~ production (black cross),
along with the 68 (green dashed) and 95% (blue solid) CL intervals.

Right: Scan of the negative log-likelihood used in the measurement of the cross
section ratio oww+/0ww-. The best fit value is indicated, with the inner green and
outer blue bands displaying the 68% and 95% CL intervals, respectively.

In both cases the SM prediction in Ref. [18] is shown in red.

this is expected as some uncertainty sources cancel out due to partial correlations. On
Table 5.5 the theory value for the ratio is also provided. The uncertainty propagation
from the ttW~ and ttW™ cross section theory predictions to the ratio assumes that
there are no correlation between both, which results in an overestimation of the ratio
uncertainty. The measured ratio is in agreement with the theory prediction in Ref. [18]

within uncertainties.

5.6 Conclusions and prospects

The latest measurement for ttW inclusive cross section at /s = 13 TeV using the full
Run-2 dataset has been presented. The analysis is performed in final states with 2/ss

and 3/. The obtained cross section is o = 868 + 65 fb, yielding the most precise
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measurement up to date. The systematic uncertainty was significantly reduced with

respect to the previous CMS result.

The leading uncertainties in the current analysis arise from the normalization of low
cross section backgrounds, the luminosity, the nonprompt background estimation and
b-tagging efficiencies. It is shown that, given the large dataset available, very low
cross section production modes such as ttWW have a non-negligible impact on the
measurement of production modes with similar final states. Hence, in order to provide
high precision ttW measurements it is mandatory to improve the understanding of the
low cross section backgrounds such as ttWW, tZq or triboson production. Besides, the
nonprompt background plays a predominant role in this measurement, specially on
the 2/ss region. The experience derived from this analysis showed the importance of
reducing this background using the most efficient prompt lepton selection available.
Several new selection techniques had been developed or are under development. In
particular, the success achieved in jet identification by the so-called ParticleNet [163],
is currently being extrapolated to lepton selection. This technique aims to make use
of the maximal amount of information, and, in order to do so, it takes the information
from unordered set of particles around the lepton and secondary vertices around the
lepton. Using this information, a Graph Convolutional Neural Network architecture is
used to discriminate prompt leptons from nonprompt ones. Finally, ttW modelling is
another dominant source of uncertainty and has been the topic of an active discussing

within the community.

The tension between the measurement of the ttW cross section presented in this thesis
and the SM is confirmed by ATLAS. The ttW cross section at /s = 13 TeV using the
full Run-2 dataset, reported by ATLAS is oyw = 890 + 80 fb [161].

In addition, the cross sections for ttW™ and ttW ™~ production and the ratio ogw+ / 0w~
were reported in this thesis. A table summarizing the results for CMS, ATLAS and a
comparison with the latest calculation, performed at NNLO(QCD)+NLO(EW) [21] is
shown in Table 5.6l

oaw+ [fb] oaw- [fb] Taw+ / Tew-

NNLOQCD + NLOgw 4975+ 6.6% +=1.8% 247.9+7.0% +1.8% 2.007 +2.1%
ATLAS 5851 g 5 00, 3017500 o5 1951505 AR
CMS 55372 400 2 4o 34317030 1617030 370

TaBLE 5.6: Cross section for ttW ' and ttW ™~ measured by ATLAS and CMS, and latest
theory prediction at NNLOgcp + NLOgyw.

The measurements for o+ and oww- show also a tension with the latest, most pre-

cise, prediction; the agreement between the measurements and this calculation is at
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the 2 s.d. level. The measurement of the ratio oiww+ /0w~ by the ATLAS collabora-
tion is in good agreement with the prediction, whereas the CMS result shows a small

tension.

Following these results, the need to further improve our knowledge of ttW production
is clear, and is a key element for other measurements such as ttH production. In the
extraction of the experimental results shown so far, ttW simulation at NLO (QCD)
with the improved jet merging scheme [18] was not included, as this simulation was
not available by the time this effort started. The use of such simulation and the per-
formance of differential measurements of the cross section to test the modelling of
ttW as a function of the relevant observable is mandatory. ATLAS already presented
differential measurements [161] showing no clear preference for one of the simulation
hypothesis used. As a natural continuation of the work presented in this thesis, I
am performing measurements of the differential cross section in the 2¢/ss and 3/ final
states. Nevertheless, the differential measurements are still dominated by statistics.
Additionally, ttW production can be used to measure the leptonic charge asymmetry,
as defined in Chapter 4 This measurement was already published by ATLAS [140]
and is currently being performed within CMS, this will allow to improve our under-

standing of the top quark production.
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Measurements of ttH and tH production in

multilepton final states

The ttH and tH processes allow to study the coupling of the Higgs boson to the quark
top at LO, providing a unique setup to measure the Yukawa coupling of the most
massive fermion. Discrepancies in this coupling with respect to the SM expectation
would be a clear indication of BSM physics. Given the low production cross sections
of ttH and tH processes they are very challenging to measure; in particular, before
the start of this thesis, ttH was observed only by combining all Higgs decay modes,
while evidence for tH production was not claimed yet. Details about these production
modes were provided in Chapter {4} including the experimental status previous to the

studies presented in this thesis and in other final states.

In this chapter, the measurements related to ttH and tH production in final states with
leptons, including hadronically decaying taus are reported. The selected final states
target the Higgs decay to WTW™~ and "7~ mainly, with a residual contribution from
727 events, which are vetoed. These final states provide a better signal to background
ratio when compared to bb final states and a larger branching ratio than 7y final

states.

6.1 Analysis strategy for ttH and tH measurements

As already anticipated, in order to perform the analysis, events are classified in ten
non-overlapping categories, depending on the lepton multiplicity in the final state.
These categories are: 2¢ss 4 01, 3¢ 4 011, 20ss + 11, 14 + 113, 0¢ + 2713, 200s + 173,
10 + 27, 40 4+ 0y, 3¢ + 173, and 2/ 4 2713, where ss (0s) denotes same-sign (opposite-
sign), as both leptons are required to have equal (opposite) electric charge. The decay
of the ttH system targeted in each of them is described in Table A dedicated event

119
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FIGURE 6.1: Expected event yields in each of the categories used in the analysis. Figure
extracted from [164].

selection, detailed later in this chapter, is applied in each of the categories following
closely the expected decays. In Fig. [6.1] the expected signal and background events in
each of the categories are shown after the selection. As depicted, each category has
a different background composition, as well as, different purity. The most sensitive
categories in the analysis corresponds to the 2¢ss 4+ 01, 3¢ 4 073, and 2/ss + 17,. In
Fig. the bins corresponding to those categories show a large signal purity, as well
as, high total number of events. They are, also, sensitive to tH, as the number of tH
events is sizable while the backgrounds are still under control. 14 + 17, and 0/ + 21,
categories present a signal yield —both for ttH and tH— similar to the one in the
previous categories, nevertheless there is a large contribution from DY and tt + jets
backgrounds. The 2fos + 11, and 1¢ + 27, categories have an amount of signal slightly
lower than the three most sensitive categories, while the nonprompt background is
roughly a factor of 2-3 higher. Finally, the 4¢ + 01, 3¢ + 173,, and 2¢ + 27, categories
present low background contributions but, due to the large lepton and T multiplicities,
these categories suffer from the low number of events and are not sensitive to tH

production.

These analyses have been carried out in collaboration with the CERN, Institute of
High Energy Physics (IHEP), Laboratoire Leprince-Ringuet (LLR), National Institute
of Chemical Physics and Biophysic (NICPB), UCL, UZH and Cornell University. My
contributions were the definition of control regions to improve the understanding of
the irreducible backgrounds, the signal extraction, the coupling interpretation and the

search for CP violation.

After the selection there is still a sizable background contribution in all the signal

regions, therefore, further discrimination between signal and background is needed.
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Signal category ttH decay mode
2055 + 0Ty, t— bl*v, t— bqq/, H - WW — (*vqq’""

t— blv, t— bqq, H > WW — lvlv
30+ 01, t— blv, t— blv, H - WW — (vqq’
t— blv, t— bqq, H — ZZ — (lqq' / tlvv

20ss + 11, t— blv, t— bqq, H — 17 — fvvt,v?
Y +1t, t— bqq/, t— bqq’, H = 17 — lvvtyv
00 + 21, t— bqq/, t— bqq’, H — 77 — tvtyv
200s + 173, t— bl*v, t— bqq’, H — 11 — (Trvgy?
10+ 27, t— blv, t— bgg’, H — 1T — TtV
40+ 0m t— blv, t— blv, H - WW — lvlv
t— blv, t— blv, H — ZZ — llqq' /tlvv
30+ 11, t— blv, t— blv, H = 11 — lvvtv
20 + 213 t— blv, t— blv,H = 77 — yvT},v

TABLE 6.1: Summary of top quark and Higgs decays targeted in each signal region.
! The leptons should have same electric charge, which means if one is coming from
the top (antitop) the other should come from a W+ (W™).

2 The leptons should have same electric charge, which means if one is coming from
the top (antitop) the other should come from a 7% (77) decaying to light leptons.

3 The leptons should have opposite sign of the charge, which means if one is coming
from the top (antitop) the other should come from a = (t") decaying to light leptons.

Given the features of each signal region, different strategies are used to classify events
and improve the sensitivity. In the 2¢ss + 01,, 3¢ 4 073, and 2/ss + 17, regions, where
the number of events is large, a NN is trained to classify events as signal and back-
ground. Furthermore, as reducible backgrounds are sizable in these categories, and
there is a significant number of tH events, this category would benefit from applying
multiclassification, such as the one provided by a multiclass NN. In the rest of the cat-
egories, with lower number of signal events and large contribution from non-reducible
backgrounds, a BDT classifier is used to discriminate the sum of signal processes from

the total background.

6.2 Event selection in the ttH and tH signal regions

Events are selected at trigger level by a set of single-, double- and triple-lepton trig-
gers; lepton+1;, and double T, triggers are also used. The pr thresholds applied vary

slightly depending on the data-taking period. A summary of the trigger paths and
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its corresponding thresholds for the leading lepton is given in Table The trigger
selection in each category is consistent with the lepton requirements in the specific

category.

Trigger path  flavour  pg thresholds [GeV]

. 25-35
Single-lepton 2997
ee 23 (leading)
Double-lepton ey 23 (leading)
Hu 17 (leading)
eee 16 (leading)
0 eep 12 (leading)
Triple-lepton et 9 (leading)
W 12 (leading)
e+, 24 (e), 20 or 30 (13,)
Lepton+7y WHTh  19-20 (1), 20 or 27 (T)
Double Th Th Th 35-40

TABLE 6.2: Summary of trigger paths used to record events. The threshold applied on
the p of the leading lepton is shown.

The pr thresholds applied to leptons and T, in the offline event selection are above
the trigger thresholds. The charge of the leptons and 7, is required to match the
selected decay mode, besides some categories have specific requirements on the lepton
charge, such as the 2/ss 4- 01,, where two ss leptons are required in order to reduce

the background.

Moreover, several kinematic selections are applied. All signal regions veto events with
invariant mass lower than 12 GeV, to reduce contributions from low mass resonances.
Events from on-shell Z bosons are also rejected, by applying a selection on the invari-
ant mass of an OSSF pair of leptons. Some of the regions also include requirements
on the value of the missing transverse energy, as neutrinos are expected in the final

states.

Additionally, requirements on the jet and b-tagged jet multiplicities are applied. These
selections are designed to match the expected decay in each category, but also include
events in which the jets are outside the acceptance. For categories sensitive to tH, the
jet and b-tagged jet multiplicity requirements are relaxed: events that do not pass the
nominal jet and b-tagging requirements, but have at least one light jet, that can be
forward, and at least one jet that passes the medium b-tagging requirement, are also
included in the selection. This is done to account for the fact that in tHq, the spectator
quark is likely to be emitted in the forward direction, and only one b-tagged jet is

expected.
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Finally, to ensure there is no overlap between categories, events with a number of tight
leptons larger than the strictly required are vetoed. Additionally, events with at least

four leptons and my4 < 140 GeV are rejected to be orthogonal to the H — 4/ analysis.

A summary of the specific selection criteria applied in each category is provided in

Tables [6.3] to [6.71

Selection step 2/0ss + 07, 20ss + 11,

Trigger Single- and double-lepton triggers

Lepton pr pr > 25/ 15GeV pr > 25/ 15GeV (e) or 10GeV (u)

Lepton 7 7| < 2.5 (e) or 2.4 (i)

Th PT — pr > 20GeV

Th—1] — Il <23

Ty, identification — very loose

Charge requirements 2 ss leptons 2 ss leptons

and charge quality requirements  and charge quality requirements

Y q==1
£,

Multiplicity of central jets’ >3 jets >3 jets

b-tagging requirements* >1 medium b-tagged jet or >2 loose b-tagged jets

Missing transverse Lp > 30GeV

momentum

Dilepton invariant mass |y — mz| > 10GeVF and my > 12 GeV

TaBLE 6.3: Event selections applied in the 2/ss + 07, and 2/ss + 17, categories. The
pt thresholds applied to the leading and subleading leptons are separated by slashes.
The symbol “—” indicates that no requirement is applied.

t Applied to OSSF lepton pairs and all electron pairs with same charge.
 Events not passing this requirements but meeting the relaxed jet and b-tagging
selection, described in the text are included in the category.

6.3 Control regions in the ttH and tH analysis

Two control regions with three and four leptons in the final state, respectively are
implemented. As in the ttW analysis, they are used to constrain the ttZ, WZ and
77 backgrounds. The control regions are defined by inverting the Z veto in the 3/ +
07, and 4/ + 01, categories and removing the jet multiplicities requirements. Then,
events are classified following the same approach as in the ttW analysis, as defined
in Section These regions enter the maximum Likelihood fit explained later, on
Section The classification of events in each of the control regions is depicted in

Fig.[6.2) where postfit event yields and uncertainty are used.
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Selection step 3¢+ 01, 30+ 11,
Trigger Single-, double- and triple-lepton triggers
Lepton pr pr > 25/ 15 / 10GeV
Lepton 7 7] < 2.5 (e) or 2.4 ()
Th PT — pT > 20 GeV
Th—T] — In| <23
T, identification — very loose
Charge requirements %‘,q =*1 [2 g=0
’  Th
Multiplicity of central jets* >2 jets
b-tagging requirements’ >1 medium b-tagged jet or >2 loose b-tagged jets
Missing transverse Lp > 01if Nj > 4, > 30GeV if there is an SFOS lepton pair and Nj < 3 or
momentum > 45 GeV in any other case
Dilepton invariant mass my > 12GeV and |my; — mz| > 10 GeVH

Four-lepton invariant mass 4 > 140 GeV1 —

TABLE 6.4: Event selections applied in the 3/ + 01, and 3/ + 17, categories. The pr
thresholds applied to the leading, subleading and trailing leptons are separated by
slashes. The symbol “—” indicates that no requirement is applied and Nj stands for
the number of jets.
t Applied to OSSF lepton pairs.
T If the event contains two SFOS pairs of leptons that pass the loose lepton selection
criteria.
T In the 3¢ + 0T, events not passing this requirements but meeting the relaxed jet and
b-tagging selection, described in the text are included in the category.

Selection step 00 + 21, 17+ 17,
Trigger Double-T, trigger Single-lepton

and lepton+T1, triggers
Lepton pt — pr > 30 (e) or 25 GeV (u)
Lepton 7 — ln] <21
Th PT pT > 40 GeV pT > 30 GeV
Th 1] 7| <21
Tj, identification loose medium
Charge requirements Y q=0 Y. q=0

Th 4,

Multiplicity of central jets >4 jets
b-tagging requirements >1 medium b-tagged jet or >2 loose b-tagged jets
Dilepton invariant mass myp > 12GeV

TaBLE 6.5: Event selections applied in the 0/ 4 27, and 1/ + 17, categories. The
symbol “—” indicates that no requirement is applied.

6.4 Signal Extraction for ttH and tH processes

Events in all signal regions, as well as in the control regions, are combined to extract
the rates for the signals by performing a maximum likelihood fit. As already stated,

in each of the signal regions, events need to be further categorized to improve the
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Selection step 14 421, 20 + 271,
Trigger Single-lepton Single-

and lepton+T, triggers and double-lepton triggers
Lepton pr pr > 30 (e) or 25GeV (p) pr > 25/ 10 (15) GeV (e)
Lepton 7 7] < 2.1 7] < 2.5 (e) or 2.4 ()
Th PT pr > 30 / 20GeV pr > 20GeV
TW—7 7] <21 7] <23
T}, identification medium medium
Charge requirements Y g==1 Yq=0

[N 0,

Multiplicity of central jets >3 jets >2 jets
b-tagging requirements >1 tight b-tagged jet or >2 loose b-tagged jets
Missing transverse — Lp > 0 (if Nj > 4) / 30GeV (if SFOS lepton
momentum pair and Nj < 3)/ 45GeV (else)
Dilepton invariant mass myp > 12GeV

TaBLE 6.6: Event selections applied in the 1/ + 27, and 2/ + 27, categories. The pr
thresholds applied to the leading and subleading leptons are separated by slashes.
The symbol “—” indicates that no requirement is applied and Nj stands for number

of jets.
Selection step 200s 4+ 113, 4¢ + 0,
Trigger Single- Single-, double-
and double-lepton triggers and triple-lepton triggers
Lepton pr pr > 25/ 15GeV (e) or 10GeV (p) pr>25/15/ 15/ 10GeV
Lepton 7 7] < 2.5 (e) or 2.4 (1)
Th PT pr > 20GeV —
Th—T] In| <23 —
T, identification tight —
Charge requirements );q =0and /Z g==1 );q =0
‘ i ‘
Multiplicity of central jets >3 jets >2jets
b-tagging requirements >1 tight b-tagged jet or >2 loose b-tagged jets
Missing transverse Lp > 30GeVt Lp > 0 (if Nj > 4) / 30GeV (if SFOS lepton
momentum pair and Nj < 3)/ 45GeV (else)
Dilepton invariant mass My > 12GeV |10 — mz| > 10 GeVS
and my > 12GeV
Four-lepton invariant mass — myp > 140 Gevl

TABLE 6.7: Event selections applied in the 2fos 4 17, and 4/ + 07, categories. The
pr thresholds applied to the first, second, third and fourth leptons are separated by
slashes. The symbol “—” indicates that no requirement is applied and Nj stands for
number of jets.
t Criteria only applied if the event contains two electrons.
S Applied to OSSF lepton pairs.
1 The event contains two SFOS pairs of leptons passing the loose lepton selection
criteria.

signal against background discrimination. Multiclass NN are used in the 2¢ss + 07,
3¢ + 01, and 2/0ss 4 17, categories, while in the rest of signal regions BDTs are used.
Besides, the control regions defined in Section are also included in the fit. A
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FiGure 6.2: Comparison of the number of observed (points) and predicted

(coloureded histograms) events in the three lepton (left) and four lepton (right) con-

trol regions. The predictions are shown after the fit to data. The vertical bars on the

points represent the statistical uncertainties in the data, and the hatched bands the

systematic uncertainty in the predictions. In the lower panels, the event yields in data
are compared to the predictions.

graphic summary of the categorization of events entering the fit is given in Fig.

The aforementioned MVA discriminants where developed by the IHEP and NICPB
groups; for this reason in this section only a brief description of the most important
items such as the input variables are given. Both types of discriminants take as in-
put two composed variables, which are themselves based on MVA techniques: the
hadronic top tagger and the Higgs jet tagger. The former is designed to find triplets
of jets coming from the top quark decay while the latter allows to identify the jet

produced in the Higgs boson decay in 2/ss 4 01, category.

The hadronic top tagger is a BDT trained on tt simulated events, where combinations
of three jets coming from the top quark decay are used as signal, and other combi-
nations of three jets are considered as background. The BDT uses 16 input variables
related to the jet properties, such as the b-tagging score, the likelihood for a jet to be
quark- or gluon-induced, AR between the jets, and masses and p of different combi-
nations of jets. In each event, all jets are considered and the triplets with highest and

second-highest score in the discriminant are selected.
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Ficure 6.3: Categorization strategy used for the signal extraction, making use of

MVA-based algorithms, jet and b tag multiplicities and flavour of the leptons. The

ten signal regions with their corresponding subcategorization are used along with
two control regions in the fit.

The Higgs jet tagger is a BDT-based discriminant trained in ttH and ttW simulated
events which are required to have two leptons with same-sign of the charge and at
least four jets. Events where the H — (vqq’ are considered as signal, and the rest as
background. Five input variables are used: the pt, b-tagging score and quark-gluon
likelihood of the jets, and the AR between the jets and any lepton passing the fakeable
selection. All jets in the event not selected by the hadronic top tagger are considered,

and the one with highest score is taken.

6.4.1 NN multiclassifiers

A NN discriminant is defined and optimize for each of the 2¢ss 4 01, 3¢/ + 07, and
20ss + 17, signal regions. NNs are trained on simulated samples of signal processes
(ttH, tHq and tHW), the main irreducible backgrounds (ttZ, ttW an diboson) and tt
samples to model the nonprompt lepton background. A different set of events is used

to train the discriminant and to perform the signal extraction.

In each of the categories, around 40 input variables are used; they include kinematic
information of the leptons, 7,, and jets, b-tagging information of the jets, angular dis-

tances between the objects in the event, missing transverse energy and the information
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from the hadronic top tagger and Higgs boson jet tagger. The variables used on each
category are detailed in Table

The NN defined in the 2¢ss 4- 013, has four output nodes, two targeting the ttH and
tH signals, another one dedicated to ttW background and the fourth one dedicated
to nonreducible backgrounds, labeled as rest node. For the 3¢ + 07, and 2/ss 4 1T,
categories, three output nodes are used, two targeting each of the signals and a third

one dedicated to all the backgrounds.

Events in each category are therefore classified according to the highest score in the
different nodes of the NN. In the case of the 2/ss + 01, category, all nodes are further
subcategorized depending on the flavour of the leptons. Similarly, in the 3/ 4 0T,
category, events in the ttH or tH node are further categorized depending on whether
there is a medium b-tagged jet present in the event. Additionally, on the background

node events are also classified depending on the flavour of the leptons.

6.4.2 BDT-based discriminants

Events in the signal regions not mentioned in the previous subsection are classified
using BDT-based discriminants. This approach is more convenient, as these categories
are not sensitive to tH and the number of signal events is limited. The BDT provides

a binary classification that labels the event as signal (ttH and tH) or background.

The simulation samples use to model the background during the training are ttW, ttZ
and tt samples; in the 1/ + 17, and 0/ + 27, a Drell-Yann sample is also used. In-
put variables used are similar to the one used to train the NNs. In categories with
0¢ + 27, and 1/ 4 17, the invariant mass of the leading lepton (or 1,) and the (sec-
ond) T, is reconstructed using the SVFit algorithm [165]. This algorithm provides the
likelihood for the reconstructed visible pr of the 7, decays and p™is on the event to
be compatible with the Higgs boson mass. In addition, in those categories, a second
hadronic top is constructed using the jets not tagged by the first hadronic tagger. On
several categories, the decay angle of the two 7,’s (in the Higgs boson rest frame) is
considered, the variable is denoted as cosf*. A summary of the input variables used

in each category is given in Table

6.5 Results: measurement of ttH and tH cross sections

In this section the observed number of events in each signal region used for the anal-

ysis are given with its comparison to predictions. Moreover, the values obtained for
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Input variable 20ss + 01, 20ss+ 11, 3¢+ 0T,
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n of T,
¢ of T,

Transverse mass of /(+1,) system
Invariant mass lepton+1,

Charge sum of leptons(+T1,)
Maximum lepton 7

Minimum AR leptons(+T;,)
Minimum AR leptons-+jets
Minimum AR T, +Hets

|
RN AR RN

~

~

| <1~
ERSNEREERN

Number of jets
pr of the jets

7 of the jets

¢ of the jets
Jets average AR

Number of forward jets

pr of leading forward jet

|| of leading forward jet

Min An between leading forward jet and central jets

SN ENENENENEN

Number of loose b-tagged jets

Number of medium b-tagged jets
Invariant mass of loose b-tagged jets
Invariant mass of medium b-tagged jets

Lp

RN RN N NN RN N N NN ENENENY

IR ENENENEN ENENENENEN

Hadronic top tagger
Hadronic top pr
Higgs jet tagger

SNENENIIEN ENEEENEN
| <]
ANENIEN

[6F]
[*))
=
—_
W
N

Number of variables

TABLE 6.8: Summary of input variables to the NN discriminants defined for the 2¢ss -+

01y, 2¢ss + 11, and 3¢ + 01y, regions. Variables related to leptons and jets such as

lepton cone-pt are take as many times as number of the corresponding object in the
selection.

ttH and tH signal strengths are provided. In the maximum likelihood fit performed,
the signal strengths for ttH and tH, the nuisance parameters that model the systematic
uncertainties and the rates for ttW, ttZ, WZ and ZZ processes are left unconstrained.
The rate of ttWW is considered to scale with the same factor as ttW. Figures [6.4] to
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TABLE 6.9: Summary of input variables to the BDT discriminant defined for the 0¢ +

2%, 14 + 17, 14 4 27,, 200s + 17, 20 4 273,, 3¢ + 173, and 4/ + 07, regions. Variables

related to leptons and jets such as lepton cone-pr are taken as many times as the
number of the corresponding object in the selection.

show the number of observed events in all signal regions. The signal and back-
ground predictions are scaled by the values of the parameters of interest and of the
nuisance parameters obtained from the ML fit, i.e. they are “postfit”. In the figures
the background contribution from nonprompt leptons is labeled as misld. leptons, the
contribution from the charge misidentification background is labeled as Flips. Besides,
low cross section processes with a marginal contribution are depicted under the label
Rare, this includes tW and tZ production, the production of ss W boson pairs, triboson,
and tttt production. Good agreement between observation and prediction is depicted

in all signal regions.

The number of events measured in each of the categories and the signal and back-

ground prediction in each of them is given in Appendix

The production rate for ttH process is found to be gy = 0.92 £0.19 (stat)fgig (syst)

times the SM expectation. In terms of cross section, it is equivalent to a ttH production
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FiGure 6.4: Comparison of the number of observed (points) and predicted

(coloureded histograms) in the 2¢ss + 07, signal region, for events with highest NN

score in the ttH output node (upper left), tH output node (upper right), ttW output

node (lower left) and other output node (lower right). The predictions are shown af-

ter the fit to data. The vertical bars on the points represent the statistical uncertainties

in the data, and the hatched bands the systematic uncertainty in the predictions. In
the lower panels, the event yields in data are compared to the predictions.
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F1GURE 6.5: Comparison of the number of observed and predicted events in the 3¢ +
0ty signal region for events with highest NN score in the ttH output node (upper
left), tH output node (upper right), and other output node (lower left), and events
in the 20ss 4 17, signal region categorized according to the NN discriminant (lower
right). The predictions are shown after the fit to data. The vertical bars on the
points represent the statistical uncertainties in the data, and the hatched bands the
systematic uncertainty in the predictions. In the lower panels, the event yields in data
are compared to the predictions.
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F1GURE 6.6: Comparison of the number of observed and predicted events in the signal

regions: 14 + 11, (upper left), 0¢ + 21, (upper right), 2¢os + 11, (lower). The predic-

tions are shown after the fit to data. The vertical bars on the points represent the

statistical uncertainties in the data, and the hatched bands the systematic uncertainty

in the predictions. In the lower panels, the event yields in data are compared to the
predictions.
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F1GURE 6.7: Comparison of the number of observed and predicted events in the signal

regions: 1¢ + 21, (upper left), 4¢ 4+ 01, (upper Right), 3¢ + 17, (lower left) and 2¢ 4 21,

(lower right). The predictions are shown after the fit to data. The vertical bars on the

points represent the statistical uncertainties in the data, and the hatched bands the

systematic uncertainty in the predictions. In the lower panels, the event yields in data
are compared to the predictions.
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FIGURE 6.8: Signal production rates (), for ttH (left) and tH (right), in units of their

rate of production expected in the SM. The result is shown in each of the ten cate-

gories individually and for the combination. The central value of the signal strength
in the 20 4- 27, is constrained to be greater than zero.

cross section of:
o = 466 1 96 (stat) 720 (syst) fb. (6.1)

The signal rate for tH is measured to be pyy = 5.7 & 2.7 (stat) £ 3.0 (syst) times the

SM expectation. The corresponding cross section for tH production is:

o1 = 510 4 200(stat) =220 (syst) fb. 6.2)

Assuming that the tH process has the same production rate as expected in the SM, the
observed (expected) significance of ttH signal amounts to 4.7 (5.2) s.d. Analogously,
the significance of tH signal is 1.4 (0.3) s.d. when assuming the ttH process has the
SM production rate.

Figure summarizes the values obtained for both signal strengths in each of the
signal regions. For ttH, the result is shown in the ten signal regions, while for tH the
result is given in the three most sensitive signal regions. Good agreement is shown
among all the measurements and the combined one. The error band in each channel

indicates how sensitive it is to the measurement.

The rate for ttZ and ttW processes is also extracted from the fit. For ttZ, the production
rate is pz = 1.03 £ 0.14 (stat + syst) times the SM expectation, hence it is in good
agreement with the SM prediction. The ttW production rate is found to be puzw =
1.43 £ 0.21 (stat + syst) times their SM expectation. Hence, pgw is above the SM
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prediction, the sensitivity to this background arise from the node dedicated to ttW in
the 2¢ss 4+ 173,, which provides a region very pure in ttW events. The discrepancy is
in agreement with previous CMS and ATLAS results [12, 14], and motivates the need

for a dedicated measurement of the ttW inclusive cross section.

Figure illustrates the two-dimensional confidence regions showing the simultane-
ous measurement of the signal rates (ygg and pg); the simultaneous measurement of
the ttH signal rate alongside ttW and ttZ production rates, as well as the simultane-
ous extraction of ttW and ttZ rates. The 68% and 95% confidence level contours are
evaluated. In each of the fits the parameters not shown in the plot are profiled. From
the confidence regions one can infer the correlation between the parameters of interest
of the fit. Such correlations are found to be moderate, showing the discriminating
power achieved by the NNs. Most of the parameters are in good agreement with the
SM within the 68% CL. The ttW rate, shows a small tension but remains in agreement
with the SM at the 95% CL

Systematic and statistical uncertainties

The impact of each source of systematic uncertainty and the statistical uncertainty in
the measurements of ttH and tH production rates is given in Table The uncer-
tainties with a larger contribution are the statistical uncertainty of the observed data;
the uncertainty related to the 7, reconstruction efficiency; the uncertainties related to
the estimation of the misidentified leptons and flips backgrounds; and the theoreti-
cal uncertainties, which affect the normalization and the shape of the discriminating

observables for the ttH and tH signals as well as for the main irreducible backgrounds.

6.6 Coupling interpretation

So far in this chapter it has been assumed that the Yukawa coupling of the top quark to
the Higgs boson, and the coupling of vector bosons to the Higgs boson, were consistent
with the SM. In this section this assumption is dropped, and the production rates, pyy
and puy, are parameterized as a function of the coupling modifiers. These modifiers
are defined as the ratio of the coupling with respect to its SM expected value: x; =
yt/ny and xy = AV/)L‘S/M.

The ttH production is affected only by «;; and, at leading order, no kinematic depen-
dence is present, hence only the scaling of ttH production rate with x? is considered.
Instead, tH production is sensitive to both x; and xy, and an effect in the kinematic
distributions is considered besides the scaling on the production rate. The changes in

the kinematic properties of tH events will affect the acceptance of such events and the
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F1GURE 6.9: Two-dimensional contours of the likelihood function, as a function of the
production rates of ttH and tH signals and ttZ and ttW backgrounds. The production
rates not shown in the axes of the plots are profiled.

efficiency of the analysis selection, this effect is depicted in Fig. Where x;/xy =1
represents the SM scenario and is shown to have the lowest value of the acceptance x

efficiency.

The definition of the likelihood function given in the previous section is modified.
In this case, the signal strengths are fixed to their SM value, and ttH and tH yields
are scaled according to their x; and xy dependence. Then, the likelihood function is
evaluated using several hypothesis for x; and xy, while the rate modifiers for ttW,
ttZ, WZ and ZZ, as well as the nuisance parameters, are profiled. In this model, the
coupling of the Z and W to the Higgs boson is assumed to be identical. Additionally,
other Higgs boson couplings are assumed to take its SM value. The branching frac-

tions of the Higgs boson decay modes are dependent on the couplings, and they are
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Source Apgrr/ pan [%] - Dpe/ pon [%]
Trigger efficiency 23 8.1
e, u reconstruction and identification efficiency 2.9 7.1
Ty, identification efficiency 4.6 9.1
b-tagging efficiency and mistag rate 3.6 13.6
Misidentified leptons and flips 6.0 36.8
Jet energy scale and resolution 3.4 8.3
MC sample and sideband statistical uncertainty 7.1 27.2
Theory-related sources affecting acceptance 16 182
and shape of distributions

Normalization of MC-estimated processes 13.3 12.3
Integrated luminosity 22 4.6
Total systematic uncertainty 18.5 52.6
Statistical uncertainty 20.9 48.0

TABLE 6.10: Sources of systematic and statistical uncertainties in the predicted signal
and background event yields with their impact on the measured ttH and tH signal
strengths, estimated after the fit to the data.
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FIGURE 6.10: Probability for tH events produced by the tHq (left) and tHW (right)
production modes to pass the event selection criteria for each of the signal regions
sensitive to tH as a function of the ratio x;/xy.

modified accordingly in the fit. The relevant x values are «, kv, x, and «xz,. The con-
tribution from H — pup and H — Z+ is expected to be negligible, hence we consider
kzy = Ky = 1. Moreover, light fermions are treated universally with the parameter

Kf =Ky = Kr.

The likelihood function for different values of «;, profiling xy is shown in Fig.
(left). Limits on «; are derived from the crossing of the —2AL with the x? distribution

quantiles. The parameter «; is found to be within the intervals: —0.9 < x; < —0.7 and
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FiGcure 6.11: Likelihood function as a function of «;, profiling over xy (left), and as a
function of both x; and xy (right).

0.7 < xr < 1.1 at 95% CL Both the SM and the ITC scenario are in agreement with the
observation at 95% CL Besides, the two-dimensional contours at 68% and 95% CL as
a function of x; and xy are depicted in Fig. (right). Good agreement with the SM
is shown and the ITC is excluded at 68% CL

6.7 CP violation in the top-Higgs coupling

The interpretation of the measurement in terms of the top-Higgs coupling can be
extended to search for CP violation. To do so, the most sensitive categories of the

analysis (20ss + 01, , 2¢ss + 11, and 3/ 4 07;,) are used.

As explained in Section[4.1.2} the Lagrangian for the Yukawa interaction can be written
in terms of a CP-even and a CP-odd part. Different proportions of both CP scenarios
would alter the normalizations of ttH and tH processes, as well as, introduce mod-
ifications on the distributions of kinematic observables. To exploit these kinematic
differences on the observables between the CP-even and CP-odd scenarios, a dedi-
cated MVA discriminant is trained in events selected by the ttH signal node of each
of the NN introduced in Section These discriminants were implemented by the
UCL, UZH and IHEP groups. I performed all other steps of the analysis.

6.7.1 CP-discrimination

Three BDTs are trained, one on each of the signal regions, using ttH simulated events

that are selected as ttH-like by the NNs. The simulation used contains events with both
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the SM and the CP-odd hypotheses for the coupling. Events used for the training and

testing of the model are not used for the signal extraction.

Several input observables are considered, including basic kinematic properties of the
objects in the final state, angular distances between the objects, missing transverse
energy information, the score provided by the hadronic top tagger and the Higgs
jet tagger, the transverse mass of each of the leptons, and the invariant mass of the

reconstructed ttH system, which is defined as:

Man = || Lo p" + g™ + ) p|| (6.3)
i i<k
where || - || denotes the norm in the Minkowski space and the second sum runs over

the expected number of jets given by the ttH subsequent decays in the final state
corresponding to the category, i.e., k = 6 (4) in the final state with 2¢ss 4- 0T, (2¢ss + 11,
and 3/ 4 07,). If more than the expected number of jets are present the appropriate
subset of jets is chosen ordered by highest pr. The complete list of observables used
in the training of each of the BDTs is given in Table

The shape of two of the most discriminating input variables are shown, for the 2/ss +
07, and 3/ 4 01, categories, in Fig. In addition, the shape of the output of each
of the classifiers is shown in Fig.

6.7.2 Signal extraction

A maximum likelihood fit is performed, using the three signal regions and including
events from the two control regions as well. The categorization is very similar to the
one applied in the previous sections, but events in the ttH node are further classified
depending on the score of the BDT-based algorithms used to distinguish the CP sce-

nario. A graphic summary of the event categorization before the fit is provided in
Fig.

In this interpretation the likelihood fit is, again, redefined. In this case, two new
parameters of interest are included: x; and &}, which are respectively the CP-even and
CP-odd top-Higgs Yukawa coupling modifiers. From equation {4.3|it can be derived

that x; is proportional to cos(a)xy while &; is proportional to sin(a)x .

The yields for ttH can be parameterized as:

A-k?>+ B - &> (6.4)
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Variable description

20ss + 01y,

20ss+ 11, 3¢+ 01,

pr of leading and subleading jet

Cone-pr of leptons

pr of T

1 of leptons

7 of T,

¢ of leptons

¢ of T,

Transverse mass of leptons

AR of lepton i (i=1,2) to its closest jet

Invariant mass of the reconstructed ttH system (M)

Ay of two jets with highest b score in the laboratory frame (A#p_g)

Ay of the two leptons in frame of two most-likely b jets

Ay of two jets with highest b score in the dilepton system frame
Ay of two jets with highest b score in the ¢1-¢, system frame

Ay of two jets with highest b score in the ¢1-{3 system frame

A¢ of the two leptons in frame of two most-likely b jets

A¢ of two jets with highest b score in the dilepton system frame
Average AR among all jets

Jet multiplicity

pzrniss

Azimuthal angle of p;miss

Highest score of the hadronic top tagger
Higgs jet tagger

Angle of tt and H boson in ttH-system
Angle between two t in tt-frame
AR&4]=*¢Ony*mﬂz+(W3*¢mV
ARy, =/ (1, =10 + (91, — 91,
AR12*13 = \/(’/Mz - Ws)z + (‘sz - 4)[3)2
Tiet1 — Tjet2 i

Pr AR PR R

Total number of variables

RN N N RN BN BN

| sssss ]|

IR NN N N N NN

N N N NN

25

NN

NN

-NRSENENIENEEN

TABLE 6.11: Input observables for each of the BDT-based discriminant aiming to dis-
tinguish ttH CP-even vs. ttH CP-odd like events. A check mark (v') indicates the
variable is used in a given final state, whereas a long dash (—) indicates the variable

is not used in that final state.

While the yields for tH depend also on «y, and can be parameterized as:

A-Kt2+B-1€t2+C-KV+D-KtKV

(6.5)

This parametrization shows the need of classifying the signal events in two scenarios

for ttH (pure CP-even, or SM; and pure CP-odd). For tH four scenarios are needed:

Pure CP-even (SM): k; =1, & = 0, ky =1.

Pure CP-odd: x; =0, &; = 1, xy =0.
L4 KtZO,KtZO,Kv=1

e x;=1,65=0,ky=0
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FiGUure 6.12: Two of the most important input variables to the BDT used for CP

discrimination in the 2¢ss 4 07, (left) and 3¢ + 07, (right) signal regions. The recon-

structed mass of the ttH system is shown for the 2/ss + 01, region, and the Ay of the

two jets with highest b score in the laboratory frame is depicted for the 3¢ 4 01,. The

vertical bars represent the statistical uncertainty originating from the limited amount
of simulated events. When not visible, the bars are smaller than the line width.

Each signal component can be obtained with the dedicated signal simulations de-
scribed in Section and is scaled in the fit with the corresponding relevant ¥ modi-

fier.

In this signal extraction process, other coupling modifiers different than x; and «;
are considered to have its SM value. This includes xy and, as a result, the relevant
branching fractions are also fixed to the SM expectation value. Moreover, x; and £}, the
nuisance parameters and the normalization of the leading nonreducible backgrounds

are treated as free parameters in the fit.

An alternative parametrization is constructed using ttH signal strength and the pa-

rameter |fE|: i
Kt

Htt
= 6.6
‘fCP | K% + K~t2 ( )

This parameterization allows to probe fractional CP-odd contributions.

Systematic uncertainties
The systematic uncertainties affecting the measurement are the ones summarised in
Section[4.7] An extra uncertainty is added to take into account the fact that ttH sim-

ulation used in these studies are LO. Hence, to cover for discrepancies between NLO
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ttH
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Maximum Likelihood Fit

* bl (bt): <2 (22) medium b jets I I

31-CR 41-CR

FiGure 6.14: Categorization strategy used for the signal extraction in the CP inter-
pretation context. It makes use of MVA-based algorithms, jet and b tag multiplicities
and flavour of the leptons and the BDT-based CP discriminants.

and LO simulation, an uncertainty is constructed as the ratio of yields with LO and
NLO samples.

6.7.3 Results

Figure shows the observed and predicted events in each of the three ttH signal
regions. Events are classified using the BDTs depending on its likelihood to be a
CP-even or a CP-odd event. In the figures the contribution from the charge misiden-
tification background is labeled as Charge mism, Conv. stands for conversions and low
cross section processes with a marginal contribution are depicted under the label Rare,
this includes tW and tZ production, the production of ss W boson pairs, triboson, and

tttt production. Good agreement is shown after the fit to data is performed.

The two-dimensional likelihood function as a function of x; and «; is depicted in Fig.
The corresponding confidence regions at 68% and 95% CL are established using
the crossing of the —2AL with the x? distribution quantiles. The value on the x; and
K+ phase space preferred by the data is in good agreement with the SM within the 68%
CL The non-zero postfit value of ; is driven by a small excess in the most CP-odd

enriched regions of the 2/ss 4- 07, and 3¢ + 01, categories.
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Parameter 68% CL 95% CL
Expected

Kt (0.87,1.14) (0.74, 1.27)

Kt (-0.71, 0.71) (-1.01, 1.01)
Observed

Kt (0.89, 1.17) (-1.09, -0.74) or (0.77, 1.3)

K (0.37,1.16) or (-1.16, -0.37) (-1.4,1.4)

TABLE 6.12: One-dimensional confidence intervals at 68% and 95% CL for x; (fixing ¢
to the SM) and #; (fixing «; to the SM). The upper part of the table shows the expected
limits while the lower part shows the observed limits.

One-dimensional confidence intervals can be established on «x;, fixing &; to the SM;
analogously limits can be set on & when fixing «; to its SM value. Such limits are
quoted on Table [6.12]

The results are also shown in terms of |fEH|:
function with respect to |f&Y| is shown in Fig. where iy is profiled. The best
fit value is found to be |fE| = 0.59 with an interval of (0.24, 0.81) at 68% CL and the

pure CP-odd hypothesis is excluded at 95 % CL

the expected and observed likelihood

The precision in these results is limited by the size of the dataset. Additionally, the
leading systematic uncertainties arise from theoretical uncertainties on ttH simulation

and the uncertainty applied to cover NLO vs. LO differences in ttH predictions.

6.7.4 Combination with other Higgs decay modes

The results presented in the previous section are combined with other CMS ttH mea-
surements using final states not considered in this analysis. In particular, the measure-
ments of the CP structure of the Higgs boson coupling using ttH production mode is
extended by considering H — 7 [126] and H — ZZ — 4/ [166] final states.

Correlations between uncertainties are carefully considered. Nuisance parameters
modelling the same source of uncertainty are taken as correlated, this includes un-
certainties on: the luminosity, PU effects, pTi**, b-tagging efficiency and theoretical
calculations on the signal rates and the backgrounds modelled with simulation. Un-
certainties on the jet energy scale and resolution are treated as uncorrelated, as differ-
ent components are taken in each of the analysis. Uncertainties on the lepton identi-
fication are taken as uncorrelated, following the fact that the dominant component of
this uncertainty in the multilepton channel is due to the extrapolation of the efficiency

measured in DY to a tt phase space.
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Ficure 6.15: Comparison of the number of observed (points) and predicted
(coloureded histograms) events in the ttH node, categorized depending on the score
of the CP discriminant for the 2¢ss 4 07, (top), 3¢ + 01, (center) and 2¢ss + 11, (bot-
tom). For the 2¢ss 4 17y, bl (bt) denotes events with less than (at least) two b-tagged
jets. The ttH CP-even (red) and CP-odd (pink) predictions and the background pre-
dictions are shown after the fit to data. The vertical bars on the points represent the
statistical uncertainties in the data, and the hatched bands the systematic uncertainty
in the predictions. In the lower panels, the event yields in data are compared to the
predictions.
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FiGure 6.16: Likelihood scan as a function of x; and «;: expected limits (left) and
observed limits (right). The black cross shows the best value for x; and &; given by
the fit. The black diamond shows the expected SM values for x; and «;. Both 68 and
95% CL limits are shown. xy and H branching fractions are kept to their SM values.

CMS 138 fb™ (13 TeV)

_' 12 TTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTT
= L . i
q r ttH, H — Multilepton (Observed) b
T ;
L — —=— ttH, H - Multilepton (Expected) /
- // i
8% —
L / A
i // ]
6% —
/ i

95% CL

L il ik P T T |
0 01 02 03 04 05 06 0.7

F1GURE 6.17: Likelihood scan as a function of |fElt| for multilepton final estates. The

solid (dashed) line shows the observed (expected) scan.

The addition of the three final states increases the sensitivity significantly, as can be
inferred from the left plot of Fig that shows the expected likelihood scan as a
function of |fH|. The observed result is also depicted in Fig. (right), showing a
best fit value of | 5| = 0.28 and allowing for a fractional CP-odd contribution with
an interval of |fE%| < 0.55 at 68% CL The pure CP-odd scenario is excluded with 3.7
s.d and the result is compatible with the SM within the 95% CL

The two-dimensional confidence intervals as a function of x; and %; are shown in
Fig. The plot is symmetric with respect to the line K} = 0, hence there are two

points corresponding to the best fit, here we only show one for simplicity. The black
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FIGURE 6.18: Likelihood scan as a function of |fE|. The left plot shows the expected

likelihood scan for multilepton final states, H — 9y, and H — ZZ final states, and

the combination of the three. The right plot shows the observed likelihood scan for

multilepton final states and the combination of multilepton, H — yy and H — ZZ
final states.
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F1GURE 6.19: Likelihood scan as a function of x; and ;. Two-dimensional confidence

intervals at 68% CL are depicted as shaded areas, for the multilepton final states (red),

the combination of H — 7y and H — ZZ channels (blue), and the combination of

the three channels (black). The 95% CL for the combination is show as a dashed line.
The best fit for each is shown as a cross of the corresponding colour.

diamond shows the SM expected value. The nontrivial correlation between the mea-
surements are the source of the change in the best fit value and shape of the confidence
regions. One-dimensional limits set «; to be within (0.86, 1.26) at 95% C.L, when &; is
fixed to the SM; and «; to be within (-1.07, 1.07) at 95% CL when «; is set to its SM
value. The limits are also computed at 68% CL, setting «; to be within (0.96, 1.16) and
K¢ to be within (-0.86, 0.85). Results are in good agreement with the SM.
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6.8 Conclusions and prospects

A measurement of ttH and tH processes in final states with multiple leptons is per-
formed. The selected final states target the Higgs boson decaying to WHW~ and
77~ mainly. Several categories are defined depending on the lepton multiplicity,
where each category presents different purity, leading background, and total number
of expected events. In each of them dedicated MVA-based algorithms are used to

separate ttH and tH signals from the main backgrounds.

The signal strength for ttH is measured to be: pgy = 0.92 4 0.19 (stat)*077 (syst),

yielding an observed (expected) significance of 4.7 (5.2) standard deviations with re-
spect to the background only hypothesis, when fixing tH rate to its SM value. The tH
production rate is also measured to be pygy = 5.7 + 2.7 (stat) £ 3.0 (syst), correspond-
ing to a significance of 1.4 (0.3) s.d. for tH production when fixing the ttH production
rate to its SM predicted value. This result allows to claim the observation of ttH pro-
duction mode in multilepton final states. Regarding tH production, the sensitivity is
still very limited given the low cross section of this production mode, as detailed in

the previous chapter.

The main uncertainties are related to the estimation of the nonprompt lepton back-
ground, and the modelling uncertainties for the signals and the backgrounds esti-
mated with simulation. As already stated in Section an efficient prompt lepton
selection is crucial in this kind of analyses, and new techniques are being developed
and will allow to reduce the related systematic uncertainties during Run-3. Regarding
nonreducible backgrounds, ttW is the predominant one in ttH multilepton measure-
ments. The measurement of the inclusive cross section presented in this thesis repre-
sents an important step to understand this background. Nevertheless, its modelling is
challenging and more effort is still needed, for example the performance of dedicated

differential measurements are crucial to improve our knowledge of this process.

Besides, the measurement is used to study the top-Higgs coupling. Firstly, the top-
Higgs and W-Higgs couplings are tested. The x; modifier is constrained to be within
the two intervals: —0.9 < x; < —0.7 and 0.7 < x; < 1.1 at 95% CL

Secondly, the three most sensitive categories are used to search for CP violation in the
top-Higgs coupling. The measurements are found to be in good agreement with the
SM and exclude the pure CP-odd hypothesis with more than 2 s.d. Furthermore, the
result using final states with multiple leptons is combined with previously published
CMS measurements using events where H — 7y and H — ZZ — 4¢. This further

constrains the limits on x; and £;, which are set to be within (0.86, 1.26) and (-1.07,
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FIGURE 6.20: Prospect on the expected likelihood scan as a function of |fE| using the

expected total luminosity accumulated at the end of Run-3.

1.07) intervals at 95% CL, respectively. The pure CP-odd scenario is excluded with
3.7 s.d. This measurement is still statistically limited and would benefit significantly
from Run-3 data. In Fig. a projection of the expected sensitivity on |fZ| using
300 fb~!is given. In this projection, the systematic uncertainties are kept at the same

level as the ones achieved during Run-2.

Furthermore, the current amount of data allows to perform differential measurements
of the ttH cross section. In particular, it is interesting to study the cross section as a
function of the kinematic properties of the ttH system, such as the transverse momen-
tum of the ttH system and the visible mass of the system. These measurements would
allow to disentangle the effects of modified Higgs boson self-coupling values from
other effects such as the presence of anomalous top-Higgs couplings [124]. Currently

I am involved in this measurement with CMS.



Summary and conclusions

The work presented in this thesis makes use of proton-proton collisions recorded by
the CMS experiment during the Run-2 of the LHC at /s = 13 TeV. The unprecedented
amount of analyzed data —138 fb~'— and the improvements in the experimental
techniques —some of which are presented in this thesis— has allowed to measure low
cross section processes and study the properties of the Higgs boson and the top quark
with high precision. The studies reported in this thesis use final states with multiple
leptons and production modes where the top quark is generated in association with
a Higgs or a W boson. Standard Model measurements have been performed and,
in some cases, interpretations of such measurements in the context of Beyond the

Standard Model (BSM) physics have been presented as well.

The first study presented in this thesis is the measurement of the cross section for
the associated production of a W boson with a top quark-antiquark pair (ttW). This
process allows to study the interaction between the top quark and the W boson. Addi-
tionally, its unique production features yield a sizable asymmetry between ttW* and
ttW~, which can be used to extract information about the parton distribution func-
tions of the proton. A good understanding of the modelling of ttW is mandatory to
perform measurements of the associated production of the Higgs boson with a top
quark-antiquark pair (ttH) and the four top production (tttt) in final states with lep-
tons, as ttW represents a sizable background to those processes. In this thesis, the
measurement of the ttW cross section has been reported, achieving the most precise
measurement up to date. These studies have been performed in final states with two
leptons with electric charges of the same-sign (2¢ss) and in events with three leptons
(3¢), using different strategies. In the 2/ss category, which is the one with a higher
number of signal events, multivariate analysis techniques have been used to discrimi-
nate the signal from the background. In the 3/ category a categorization depending on
the jet, b-tagged jet multiplicities and lepton charge has been performed; besides, the

invariant mass of the three lepton system have been used as discriminating variable.

The cross section is measured to be
ow = 868 £ 40(stat) = 51(syst)fb,

which is the most precise measurement of the oy up to date and improves the previ-

ous CMS result [12], reducing the systematic uncertainty by a factor larger than two.
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FIGURE 6.21: Comparison of the ttW cross section measurement reported by AT-

LAS [161] and CMS (this thesis) with the theoretical predictions from SHERPA, the

MADGRAPH_.AMC@NLO +pryTHIA 8 FxFx prescription including EWK corrections [18]],
and the NLO+NNLL prediction [19]. Figure extracted from Ref. [161]

The measurement shows some tension with the SM prediction computed at NNLO
(QCD) + NLO (EWK) of 497.5 & 6.6% £ 1.8% [21] and is in agreement with the one
reported by ATLAS [161]. The ttW cross section measured by ATLAS and CMS are
shown in figure Measuring this quantity is mandatory to understand ttW mod-
elling, which is an open question under debate within the community. Additionally,
the cross section for ttW™ and ttW~ production modes has been measured separately,

and the ratio between both cross sections has also been reported.

In this thesis the measurements of the ttH and tH production in final states with
leptons, including hadronically decaying taus, have been presented. These challenging
measurements allow to study the Yukawa coupling between the two most massive
particles in the SM. The selected final states target the Higgs decay modes to WTW~
and 777~ mainly, with a residual contribution from ZZ events. Events were classified
in ten categories depending on the number of leptons present in the final state. A
dedicated selection was then applied in each category based on the number of jets
and b-tagged jets in the event. The usage of multivariate analysis techniques was
needed to improve the discrimination between signal and background. The measured

production rate is
pin = 0.92 = 0.19(stat) 7% (syst)

times the SM expectation, which corresponds to an observed (expected) sensitivity of
4.7 (5.2) standard deviations. This measurement allows to claim the first observation
of ttH process using only final states with multiple leptons. The tH production rate

has also been measured, with an observed (expected) sensitivity of 1.4 (0.3) s.d. .
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Furthermore, the measurement has been interpreted considering possible anomalous
couplings, allowing the coupling of the Higgs boson to the top quark and the Higgs
boson to the W boson to acquire values different to its SM prediction. Modifications
on such couplings would induce a change in the cross section for ttH and tH, as well
as, changes in the kinematic observables for tH production. Limits have been set on
the coupling modifiers of the Higgs to the top (x;), which is found to be within the

two intervals:

—09 <x < —0.7and 0.7 < x; < 1.1 at 95% CL,

assuming that the coupling of the Higgs boson to the W boson has the value predicted
by the SM.

The SM Higgs boson is a pseudo-scalar invariant under Charge-Parity (CP) transfor-
mations. In this thesis, ttH production mode has been used to search for CP violation
in the top-Higgs coupling. Results are in good agreement with the SM and allow to
set limits on the x; and &}, which are the CP-even and CP-odd coupling modifiers, re-
spectively. The pure CP-odd hypothesis has been excluded with more than 2 s.d.. The
result has been combined with previous measurements to include events in which the
Higgs boson decays to vy and ZZ — 4¢. This allows to set limits on x; and &;, which
are constrained to be within (0.86, 1.26) and (-1.07, 1.07) at 95% CL, respectively. Such
limits are shown in Fig. With the combined analysis, the pure CP-odd scenario

is excluded with more than 3 s.d..

In this thesis a new muon identification technique has been developed. The con-
stant revision and improvement of lepton reconstruction, identification and isolation
is crucial for any CMS analysis using this kind of particle in the final state. The new
MVA-based algorithm had been designed to improve the muon identification effi-
ciency achieved during Run-2. The algorithm was shown to have a higher efficiency
and to perform better under scenarios with high number of simultaneous collisions
than the cut-based selection used as standard during Run-2. This second feature is of
particular interest given higher luminosity expected to be recorded during Run-3 of
the LHC.

In summary, this thesis exploited the possibilities of final states with multiple leptons
to measure the associated production of a boson with top quarks. In particular, ttH
process was measured with enough sensitivity to claim an observation. The measure-
ment of this process has allowed to study the top Yukawa coupling and search for

CP violation. Besides, the ttW process has been measured providing the most precise
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the combination of H — 7y and H — ZZ channels (blue), and the combination of

the three channels (black). The 95% CL for the combination is show as a dashed line.
The best fit for each is shown as a cross of the corresponding colour.

measurement of the production cross section of this process at the CERN LHC. Fi-
nally, a new MVA-based algorithm for muon identification has been developed, with

features that ensure its successful usage during Run-3 of the LHC.
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El trabajo presentado en esta tesis hace uso de colisiones protén-protén recopiladas
por el experimento CMS durante el Run-2 del LHC, a una energia en centro de masas
de /s = 13TeV. La cantidad sin precedente de datos analizados —138 fb~!— y las
mejoras en las técnicas experimentales —algunas de las cuales se presentan en esta
tesis— han permitido medir procesos con secciones eficaces bajas y estudiar con alta
precision las propiedades del bosén de Higgs y el quark top. Los estudios presentados
se centran en estados finales con multiples leptones y modos de produccién en los que
el quark top se genera en asociacién con un bosén de Higgs o un bosén W. Se han
realizado medidas en el contexto del Modelo Estandar (ME) y, en algunos casos, dichas

medidas se han interpretadas en el contexto de la fisica més alla del ME.

El primer estudio presentado en esta tesis es la medida de la seccién eficaz inclusiva
de produccién del bosén W en asociaciéon con un par de quarks top-antitop (ttW).
Este proceso permite estudiar la interaccién entre el quark top y el bosén W. Ademés,
sus caracteristicas tinicas a nivel de produccién conducen a una asimetria consider-
able entre los procesos ttW* y ttW~. El estudio de dicha asimetria se pueden usar
para extraer informacion acerca de las funciones de distribucién de los partones en
el protén. Una buena compresién del modelado del proceso ttW es crucial a la hora
de estudiar tanto la producciéon asociada del bosén de Higgs con un par de quarks
top-antitop (ttH), como la produccién asociada de cuatro quarks top (tttt), ya que ttW
es un fondo importante al estudiar dichos procesos en estados finales con multiples
leptones. En esta tesis se ha presentado la medida de la seccién eficaz inclusiva del
proceso ttW mads precisa hasta la fecha. Dicha medida se ha llevado a cabo en estados
finales con dos leptones con el mismo valor de carga eléctrica (2¢ss) y estados finales
con tres leptones (3/), utilizando diferentes estrategias de andlisis en cada una. En
la categoria 2/¢ss, que es la que tiene un mayor ntimero de sucesos de sefial, se han
utilizado técnicas de andlisis multivariante para discriminar la sefial del fondo. En
la categoria 3¢ se ha realizado una clasificacién en funcién del ntimero de jets, del
nimero de jets etiquetados como provenientes de un b, y de la carga de los leptones;

usando como variable discriminadora la masa invariante del sistema de tres leptones.

La seccion eficaz medida es
ow = 868 £ 40(stat) £ 51(syst)fb,
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FIGURE 6.23: Comparacion de la seccion eficaz de producciéon de ttW medida por

ATLAS [161] y CMS (esta tesis) junto con las perdiciones tedricas proporcionadas

por SHERPA, MADGRAPH_.AMC@NLO +pryrHIA 8 FxFx incluyendo correcciones elec-

trodébiles [18], y la prediccion aNLO+NNLL. [19]. La figura ha sido extraida de la
Ref. [161]

que mejora el anterior resultado publicado por CMS [12], reduciendo la incertidumbre
sistemdtica casi a la mitad. La medida muestra cierta tensién con la prediccién del ME
calculada a NNLO (QCD) + NLO (EWK) de 4975 + 6.6% + 1.8% [21]. El resultado
obtenido concuerda con el presentado por ATLAS [161], como se puede observar en
la figura Esta medida es necesaria para entender el modelado del proceso ttW,
que es un tema en debate dentro de la comunidad de fisica de altas energias. Ademas,
la seccion eficaz también se mide para los modos de produccion ttW* y ttW~ por
separado, y se ha proporcionado también la medida del cociente entre ambas secciones

eficaces.

En esta tesis han presentado las medidas de los modos de produccién del bosén de
Higgs ttH y tH, en estados finales con leptones, incluyendo leptones T que se desin-
tegran hadrénicamente. Esta compleja medida permite estudiar el acoplamiento de
Yukawa entre las dos particulas mas masivas de ME. Los estados finales selecciona-
dos en este estudio se producen cuando el bosén de Higgs se desintegra en WTW—
y Th7~, principalmente, con una contribucién residual de sucesos ZZ. Los sucesos
fuero clasificados en 10 categorias dependiendo del ntiimero de leptones presentes en
el estado final. En cada una de ellas se aplicé una seleccién especifica, basada en el
nuimero de jets y en el namero de jets etiquetados como provenientes de un quark b.
Posteriormente, se utilizaron diferentes técnicas de analisis multivariante (MVA) para
mejorar la discriminacién entre la sefial y el fondo. El cociente entre la seccién eficaz

de produccién medida y predicha es:

s = 0.92 +0.19(estad.) 7015 (sist.)
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lo que corresponde a una sensibilidad observada (esperada) de 4.7 (5.2) desviaciones
estdndar (d.e.). Esta medida permite afirmar que se ha observado por primera vez el
proceso ttH usando solamente estados finales con leptones. También se ha medido la
tasa de produccién del proceso tH, con una sensibilidad observada (esperada) de 1.4
(0.3) d.e.

Ademas, la medida anterior ha sido interpretada considerando posibles acoplamientos
anémalos, permitiendo que el acoplamiento entre el bosén de Higgs y el quark top
y entre el bosén de Higgs y el bosén W adquieran valores diferentes a su prediccién
en el ME. La modificacién de tales acoplamientos inducirfa un cambio en la seccién
eficaz de los procesos ttH y tH, asi como cambios en los observables cineméticos para
el proceso tH. Se han establecido limites en el modificador del acoplamiento del Higgs

al top (), que se encuentra dentro de los dos intervalos:

—09 <k < =07y 0.7 < ¢ < 1.1 al 95% de nivel de confianza,

asumiendo que el acoplamiento entre el bosén de Higgs y el W toma el valor predicho
por el ME.

El bosén de Higgs propuesto en el ME es un invariante pseudo-escalar bajo transfor-
maciones de Carga-Paridad (CP). En esta tesis, se ha utilizado el modo de produccién
ttH para buscar violacién de la simetria CP en el acoplamiento top-Higgs. Los re-
sultados obtenidos estan en concordancia con el ME y permiten establecer limites en
k¢ y K, que son los modificadores de acoplamiento CP-par y CP-impar, excluyendo
la hipétesis puramente CP-impar con mas de 2 d.e. Se ha combinado este resultado
con medidas dénde el bosén de Higgs se desintegra a vy y ZZ. Esto ha permitido
establecer limites en «x; y &, que deben estar dentro de los intervalos (0.86, 1.26) y
(-1.07,1.07) al 95% de nivel de confianza, respectivamente. Estos limites se muestran

en la figura El escenario puramente CP-impar se excluye con méas de 3 d.e.

En esta tesis se ha desarrollado una nueva técnica de identificaciéon de muones. La
revisiéon constante y la mejora en la reconstruccién, identificacion y aislamiento de
leptones son cruciales para cualquier andlisis de CMS que utilice este tipo de particula
en el estado final. El nuevo algoritmo, basado en técnicas de andlisis MVA, ha sido
disefilado para mejorar la eficiencia de identificacion de muones con respecto a la
lograda durante el Run-2. Se ha mostrado que el algoritmo tiene una eficiencia su-
perior y un mejor rendimiento en escenarios con un alto ntimero de colisiones si-
multdneas en comparacién con la seleccion utilizada como estdandar durante Run-2.
Esta segunda caracteristica es de particular interés dada la mayor luminosidad reg-

istrada durante Run-3.
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FIGURE 6.24: Funciéon de méxima verosimilitud en funcién de x; y &. Las dreas

sombreadas muestran los intervalos de confianza bidimensionales al 68% de nivel

de confianza, para estados finales con mdltiples leptones (rojo), la combinacién de

los canales dénde H — vy y H — ZZ (azul) y la combinacién de los tres canales

(negro). Los intervalos al 95% de confianza se muestran con una linea discontinua

para la combinacién de los tres canales. Las cruces representan el punto minimo del
ajuste.

En conclusion, esta tesis he realizado una medida de los procesos ttH y tH, que son
dos de los modos de produccion del bosén de Higgs mas complejos de estudiar de-
bido a su baja seccién eficaz. Dicha medida proporciona la primera observacion de ttH
utilizando estados finales con mdltiples leptones y permite estudiar el acoplamiento
entre el quark top y el bosén de Higgs con una precisién sin precedentes. La me-
dida del proceso ttH ha sido utiliza para interpretar el acoplamiento en el contexto
de la fisica mas alla del modelo estandar, buscando violaciéon de la simetria CP. Los
resultados estdn de acuerdo con el Modelo Estdndar y establecen los limites maés re-
strictivos dados por CMS para el acoplamiento CP-impar entre el Higgs y el top. El
proceso ttW también se ha estudiado en detalle, proporcionando la medida maés pre-
cisa de la seccién eficaz de produccion de este proceso. Esta medida es fundamental
para comprender la modelizacion de ttW, que es un tema de discusion dentro de la
comunidad. En esta tesis he presentado un nuevo algoritmo basado en MVA para
seleccionar muones; este nuevo algoritmo mejora el utilizado previamente en CMS y
muestra un comportamiento estable y robusto en escenarios con un alto ntiimero de
colisiones simultdneas. Este hecho garantiza el uso exitoso de este algoritmo durante
Run-3

En resumen, esta tesis se aprovecha las posibilidades que brindan los estados finales

con multiples leptones para medir la produccién de un bosén en asociacién con quarks
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top. En particular el proceso ttH se ha medido con precisiéon suficiente como para afir-
mar su observacion. La medida de este proceso ha permitido estudiar el acoplamiento
de Yukawa del quark top y buscar por violacién de la simetria CP. Ademds, se ha me-
dido la seccién eficaz del proceso ttW con la maxima precisiéon hasta la fecha en el
LHC del CERN. Finalmente, un nuevo algoritmo basado en técnicas de analisis mul-
tivariante se ha desarrollado, dicho algoritmo tiene caracteristicas que garantizan su

uso exitoso durante el Run-3 del LHC.






A

Additional distributions used in the ttW

measurement

In this appendix all distributions used for the signal extraction described in Chapter
are provided. Figure shows the NN discriminant in the 2¢ss signal region, events
are classified depending on the lepton charge and flavour. Plots are shown after the

tit showing good agreement between data and simulation.

Figure shows the m(3() variable in the 3¢ signal region for the subcategories not
shown in Fig. All distributions shown are post-fit and show a good agreement

between data and simulation.
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FiGure A.1: NN discriminant in the 2¢ss signal region. Events are classified according
to the lepton flavour, ee (upper row), ey (lower row); and sign of the leptons charges,
positive (left) and negative (right) . Plots are postfit, The vertical bars on the points
represent the statistical uncertainties in the data, and the hatched bands the system-
atic uncertainty in the predictions. In the lower panels, the ratio of the event yields

in data to the overall sum of the predictions is presented.
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FiGure A.3: m(3¢) variable in the 3¢ signal region. Events are subcategorized as
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tagged (lower row). Plots on the left (right) contain events with a positive (negative)
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the overall sum of the predictions is presented.
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in data to the overall sum of the predictions is presented.






B

Yields for the ttH and tH measurements

In this appendix the number of events selected in each of the ten analysis channels

defined to study ttH and tH processes in Chapter [| is reported. The information is

given in Tables [B.T|and .

Process 20ss + 01, 3¢+ 01, 20ss + 11,
ttH 222451  61+£15 289 +6.4
tH 119+85 20+14 12.7£9.0
ttZ + ttX 322£25 145+11 29.6 £3.3
ttW + ttWW 1153+ 64 171.1+95 47.4+65
Wz 296+31 89.7+97 194429
77 31.24+33 162+16 16£03
Misidentified leptons 1217+£91 140+11 52.0+9.6
Flips 121+19 — —

Rare backgrounds 22248 41.0£89 133£31
Conversion 42 +12 56E1.6 —

ggH+qqH+ VH+ttVH  353+4.0 34+£03 1.8+03
Total expected background 3517 £85 627 +20 179 +£13

Data 3738 744 201

TaBLE B.1: Number of events selected in the 2¢ss + 01, 3¢ + 07, and 2¢ss + 11, analy-
sis categories, compared to the event yields expected from the ttH and tH signals and
from background processes. The expected event yields are computed for the values
of nuisance parameters and of the POI obtained from the ML fit. The best fit values
of the POI amount to pgy = 0.92 and pyy = 5.7. Quoted uncertainties represent the
sum of statistical and systematic components. The symbol “—" indicates that the
corresponding expected contribution is smaller than 0.1 events.
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Process 14411, 00 + 21, 200s + 11, 14421,
ttH 183 £41 244+6.0 191+43 193+42
tH 65 =46 16 £12 48+34 2619
ttZ + ttX 203 =24 271£38 255£29 203+21
ttW + ttWW 254134 38+£05 174+24 26+£04
Wz 198 +37 425+87 84+1.6 11.8+£22
77 98 £13 342448 19+03 1.8+03
DY 4480 £ 460 1430.0 £220 519£28 250*16
tt+jets 41900 £ 1900 861 +98 — —
Misidentified leptons 25300 +£1900 3790 £220 — —

Rare backgrounds 1930 £ 420 60114 59+£13 56=£13
Conversion — — 0502 —

ggH+qqH + VH + ttVH 385436 26.7£3.6 08+01 —
Total expected background 73550 £610 6290+130 584 £27  295+16

Data 73736 6310 603 307
Process 40+0%, 3¢+1t, 20+ 27,
ttH 20£05 40£09 22405
tH 02+02 08+£06 03£02
ttZ + ttX 59+04 66+£07 25403
ttW + ttWW 02+£00 11+£02 —

77 06+02 03+£01 02£00
Misidentified leptons — 1.5+09 34+£09
Rare backgrounds 06+£01 1.0£03 03+01
Conversion — — —

Total expected background 74+05 11.5+13 68+1.0
Data 12 18 3

TaBLE B.2: Number of events selected in six of the analysis categories compared to the

event yields expected from the ttH and tH signals and from background processes.

The expected event yields are computed for the values of nuisance parameters and of

the POI obtained from the ML fit. The best fit values of the POl amount to py = 0.92

and pyy = 5.7. Quoted uncertainties represent the sum of statistical and systematic

components. The symbol “—” indicates that the corresponding expected contribution
is smaller than 0.1 events.
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