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Introduction

Developed between the late 1960s and the mid-1970s, the standard model (SM) of
particle physics represents our best understanding of physics phenomena at the most
fundamental scales. It provides a unified picture for all known elementary particles
— the building blocks of matter — and the way they interact via 3 of the 4 fundamen-
tal forces. Over the decades, the SM has been tested extensively by a broad variety of
experiments. It is able to successfully explain almost all experimental results over a
wide energy range, at times with a precision unmatched in any other field of physics.
Its great predictive power was again remarkably exemplified by the discovery of the
long sought-after Higgs boson in 2012 at CERN’s Large Hadron Collider (LHC), the
last predicted SM particle which had not yet been observed.

However, the SM is not the ultimate theory of everything, and falls short of ex-
plaining several well-established observations: for instance it does not incorporate
the gravitational force, nor does it explain what is dark matter, or how neutrinos
acquire mass. This suggests that the SM only corresponds to a low-energy approx-
imation to a more fundamental theory beyond the standard model (BSM). Modern
high-energy physics experiments seek to probe as precisely as possible the predic-
tions of the SM, and to search for new phenomena predicted by BSM scenarios, in
order to gain deeper insight into the laws underlying the physics of the subatomic
world.

The LHC is the world’s largest and most powerful accelerator, conceived to cover
a broad physics programme. It can collide protons and heavy ions, and hosts 4 major
experiments: ALICE, LHCb, ATLAS and CMS. The latter two are general-purpose



Introduction

experiments. They observed jointly the Higgs boson in 2012 at a mass of 125 GeV,
less than 3 years after the start of the LHC. This thesis started in October 2016, 1 year
after the beginning of the Run 2 data-taking period (2015-2018). During this period,
the LHC produced collisions at the unprecedented centre-of-mass energy /s = 13
TeV and with increased instantaneous luminosity, allowing the experiments to collect
statistics at an ever-faster rate.

The very high energy reached at the LHC makes it the only accelerator in the
world currently capable of producing the Higgs boson and the yet heavier top quark.
Due to its unique properties, among which its very strong coupling to the Higgs
boson, physicists are wondering whether the top quark may play a special role in
the theory. Since its discovery in 1995 at the Tevatron, the precise measurement of its
properties gave rise to a very interesting and fertile research field.

This thesis focuses on the searches for the associated production of a single top
quark and a Z boson (tZq) or a Higgs boson. The latter mechanism is commonly de-
noted tH, which refers both to the tHq and tHW processes, corresponding to different
production modes of the single top quark (t- or tW-channel). Single top quarks are
produced alone via the electroweak interaction, by opposition to the predominant
pair production mode related to the strong interaction.

These studies are based on the data collected at /s = 13 TeV by CMS, and tar-
get events wherein the unstable particles (top quark, Z or Higgs boson) decay into
leptons. The very rare tZq and tH processes could be studied at the LHC for the
tirst time. Both of these studies are well motivated, as they probe the SM in unique
ways while being sensitive to potential new physics effects. These analyses are quite
challenging, as they both target a very rare signal in the presence of much larger back-
ground processes, which requires the use of advanced signal extraction techniques.

However, the extended experimental reach of the LHC comes at the cost of in-
creased radiation damages for the detectors. In particular, the CMS silicon tracker is
the device closest to the interaction point, and is subjected to extreme levels of radia-
tion. This may degrade the properties of the tracker sensors in the long-run, a process
called ageing. This detector allows for the precise measurement of the trajectories
and momenta of charged particles, hence maintaining its excellent performance is of
crucial importance for the CMS experiment. During this thesis, I carried out a study
aimed at monitoring the ageing of the silicon strip tracker using dedicated data.

This thesis is organised as follows. The first chapter gives a description of the stan-
dard model, its main theoretical ingredients and its shortcomings. All the concepts
necessary to understand the physics analyses are introduced. A particular emphasis
is put on the description of the properties of the top quark and the Higgs boson, as
they are at the core of this thesis work.

il
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The second chapter presents the LHC and the CMS detector. It aims at explaining
the way the data are produced, and how they are processed in order to provide an
accurate description of the outcome of a collision. The role of each subdetector is
described and its performance discussed. The algorithm used to reconstruct particles
is presented. Moreover, the typical workflow for the generation of the simulations
which are compared to the data is introduced.

Chapter 3 presents a study aimed at monitoring the ageing of the CMS strip tracker.
After introducing the main concepts related to silicon sensors and radiation damages,
the principle of this analysis and the processing of the dedicated data are explained.
Different methods are compared for the extraction of results, with a focus on the
method which I improved significantly. This method is the one used to produce the
final results, several of which were approved and made public. Finally, the limita-
tions of this analysis are discussed, as well as possible solutions and alternatives.

Chapter 4 describes a search for the associated production of a single top quark and
a Z boson (tZq). This rare process is very interesting because it probes directly the
coupling of the top quark to the Z boson. It is also sensitive to the possible existence
of BSM particles or interactions, such as flavour-changing neutral currents (FCNCs).
In addition, it represents a background to other important analyses, such as the one
described in Chapter 5, which motivates the precise measurement of the tZq cross
section.

After introducing the context and motivations of this analysis in more details,
the sources of backgrounds contaminating this search are discussed. The particle
reconstruction and the selections used to define different regions enriched either in
signal or background events are presented, and the estimation of the most challeng-
ing background directly from the data is detailed. We motivate the use of advanced
techniques based on machine-learning and the matrix element method in order to
signicantly improve the separation of the signal from background processes. The
sources of systematic uncertainty are listed, and an overall description of the statis-
tical model used to obtain the results is given. Finally, the results are presented and
discussed. They represent the first statistical evidence for the existence of the tZq
process.

Lastly, Chapter 5 presents a search for the associated production of a single top
quark and a Higgs boson (tH). This process is of special interest, as it is the only
process which is sensitive at the same time to the magnitude and relative sign of the
top-Higgs coupling without requiring any assumption regarding new physics. It is
also sensitive to the possible violation of the charge-parity (CP) symmetry in inter-
actions of the top quark with scalar particles like the Higgs boson, and to different

ii
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types of FCNC interactions. This makes the tH process a unique probe of a key SM
parameter, and a potential gateway to new physics.

After giving a broad overview of the context and motivations to study the tH
process, the particle reconstruction and event selection are detailed. The data-driven
procedure for the estimation of reducible backgrounds is explained. The treatment
of systematic uncertainties and the signal extraction are described. The final results
are presented and put into perspective.

Furthermore, this main analysis was re-adapted in order to search for top-Higgs
FCNC interactions, denoted tH-FCNC. FCNC interactions are strongly suppressed
within the SM and are expected to be undetectable, hence any indication to the con-
trary would represent an unambiguous sign of new physics. After recalling the con-
text of this study, the differences with the main analysis are highlighted. Finally, the
results are discussed. This analysis places the most stringent upper limits to date on
the cross sections of the tH-FCNC processes.

v
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Développé entre la fin des années 1960 et le milieu des années 1970s, le mod-
ele standard (standard model, SM) de la physique des particules représente 1'état
actuel de la connaissance des lois physiques aux échelles les plus fondamen-
tales. Il fournit une vision d’ensemble de toutes les particules élémentaires
connues — les constituants de base de la matiére — et de leurs interactions via
3 des 4 forces fondamentales. Au cours des décennies suivantes, les prédic-
tions du SM ont été vérifiées par un grand nombre d’expériences diverses. Ce
modele est en mesure d’expliquer presque tous les résultats expérimentaux,
couvrant une vaste échelle d’énergie, parfois avec un niveau de précision sans
équivalent dans d’autres domaines de la physique. Récemment, son pouvoir
prédictif a été illustré une nouvelle fois de facon remarquable par la décou-
verte du boson de Higgs en 2012 au Grand Collisionneur de Hadrons (Large
Hadron Collider, LHC) du CERN, pres de 50 ans apres que son existence ait été
postulée. Il s’agissait de la derniere particule prédite par le SM a n’avoir pas

été encore observée.

Cependant, le SM ne constitue pas une ultime théorie du tout, et n’est pas
en mesure d’expliquer un certain nombre d’observations solidement établies :

par exemple il n’inclut pas la force gravitationnelle, n’explique pas de quoi
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est constituée la matiére noire, ni comment les neutrinos obtiennent leurs
masses. Ceci suggere que le SM ne représente qu'une approximation a basse
énergie d'une théorie plus fondamentale "au-dela du modele standard" (be-
yond the standard model, BSM). De nos jours, les expériences de physique des
hautes énergies visent a sonder en profondeur les prédictions du SM, ainsi qu’a
rechercher des phénomenes de nouvelle physique postulés par les nombreux
modeles BSM, dans le but de raffiner notre compréhension des lois physiques
qui régissent le monde subatomique.

Le LHC est 'accélérateur le plus grand et le plus puissant au monde, congu
pour couvrir un vaste programme de physique. Il peut produire des collisions
de protons et d’ions lourds, et accueille quatre expériences principales : AL-
ICE, LHCb, ATLAS et CMS. Les deux derniers sont des détecteurs dits général-
istes. IIs ont observé conjointement le boson de Higgs pour la premiére fois en
2012 a une masse de 125 GeV, moins de trois ans apres le démarrage du LHC.

Cette these a débuté en octobre 2016, un an apres le début de la période
de prise de données appelée "Run 2" (2015-2018). Durant cette période, le
LHC a produit des collisions de protons a une énergie dans le centre de masse
inégalée /s = 13 TeV, et avec une luminosité instantanée accrue, ce qui a per-
mis aux expériences de collecter des données a un rythme encore plus rapide
qu’auparavant.

L’énergie record atteinte par le LHC fait de lui le seul accélérateur au monde
actuellement en mesure de produire le boson de Higgs, ainsi que le quark
top qui est encore plus massif. Les propriétés uniques du quark top, parmis
lesquelles son couplage tres intense au boson de Higgs, suggérent que cette
particule pourrait jouer un role a part dans le SM. Depuis sa découverte en
1995 au Tevatron, les mesures de précision des propriétés du quark top ont

donné lieu a un champ de recherche particuliérement fertile.

L’axe principal de cette these est la recherche de la production associée d'un
quark top solitaire et d"un boson Z (tZq) ou un boson de Higgs. Ce dernier
mécanisme est communément noté tH, ce qui désigne a la fois les processus
tHq et tHW, qui correspondent a deux modes de production distincts du quark
top solitaire (canaux t et tW respectivement). Les quarks top solitaires sont

11
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produits seuls via l'interaction électrofaible, par opposition au mode dominant
de production par paire via l'interaction forte.

Ces études utilisent des données collectées a /s = 13 TeV par CMS, et
recherchent des événements dans lesquels les particules instables (quark top,
boson Z, boson de Higgs) se désintegrent en leptons. Les processus rares tZq
et tH ont été étudiés pour la premiere fois au LHC. Ces deux études présentent
un grand intérét, car elles permettent toutes deux de sonder le SM de fagons
uniques, tout en étant sensible a de potentiels effets de nouvelle physique. Le
principal défi posé par ces analyses est le besoin d’isoler un signal tres rare
en présence de bruits de fond bien plus conséquents, ce qui rend nécessaire

l"utilisation de techniques avancées pour 1'extraction du signal.

La réussite du vaste programme de physique du LHC dépend en trés grande
partie de l'excellente performance des détecteurs, qui doivent fonctionner
dans des conditions extrémes. En particulier, le trajectographe a pistes de sili-
cium de CMS est le sous-détecteur le plus proche du point de collision, et est
soumis a des niveaux de radiation trés élevés. Ceci pourrait engendrer une
dégradation progressive des propriétés de ses senseurs, ce que 'on appelle
le vieillissement. Le trajectographe permet la mesure précise des trajectoires
et impulsions des particules chargées ; c’est pourquoi il est primordial pour
I'expérience CMS de maintenir les excellentes performances de ce détecteur.
Au cours de cette these, j’ai réalisé une étude visant a surveiller 1’évolution du

vieillissement du trajectographe a pistes.

Cette these est organisée de la facon suivante. Le premier chapitre décrit le
contenu du modeéle standard, ses principaux fondements théoriques ainsi que
ses limites. Nous introduirons tous les concepts nécessaires a la compréhen-
sion des analyses présentées par la suite. Un accent particulier est mis sur la
description des propriétés du quark top et du boson de Higgs, qui sont au
coeur de ce travail de these.

Le deuxieme chapitre présente le LHC et I'expérience CMS. Le but de ce
chapitre est d’expliquer la fagon dont sont produites les données, ainsi que la

facon dont elles sont traitées afin d’obtenir une description fiable du résultat
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d’une collision. Le role de chaque sous-détecteur sera décrit, et ses perfor-
mances discutées. L'algorithme utilisé pour reconstruire les particules a partir
des informations des sous-détecteurs sera présenté. De plus, nous donnerons
une vue d’ensemble des principales étapes nécessaires a la génération des sim-

ulations Monte-Carlo qui sont comparées aux données.

Le Chapitre 3 présente une étude visant a étudier le vieillissement du trajec-
tographe a pistes de CMS. Apres avoir introduit les principaux concepts liés
aux détecteurs en silicium et aux dégats causés par les radiations, le principe
de l'analyse et le traitement des données seront décrits. Différentes méthodes
seront comparées pour l'obtention des résultats, dont une méthode que j'ai
sensiblement améliorée durant ma these. Cette méthode est utilisée pour pro-
duire les résultats finaux, dont plusieurs ont été approuvés par la collaboration
CMS et rendus publics. Enfin seront discutées les limites de cette analyse, ainsi
que de possibles solutions et alternatives.

Le Chapitre 4 décrit une recherche de la production associée d'un quark top
solitaire et d'un boson Z (tZq). Ce processus rare est trés intéressant car il per-
met de sonder directement le couplage du quark top au boson Z. Il est égale-
ment sensible a 1'existence éventuelle de particules ou interactions de nou-
velle physique, tels que les changements de saveur par courant neutre (flavour-
changing neutral current, FCNC). De plus, ce processus constitue un bruit de
fond pour d’autres analyses importantes, telles que celle qui est présentée dans
le Chapitre 5, ce qui justifie d’autant plus la mesure précise de la section effi-
cace de tZq.

Apres avoir introduit le contexte et les motivations de cette analyse en
détails, les sources de bruit de fond qui compliquent cette étude seront dis-
cutées. La reconstruction des particules et les sélections utilisées pour définir
différentes régions enrichies soit en évenements de signal ou de bruit de fonds
seront présentées, et I’estimation du bruit de fond principal directement a par-
tir des données sera décrite. Nous justifierons 1'usage de techniques avancées
basée sur l'apprentissage automatisé (machine learning) et la méthode des éle-
ments de matrice (matrix element method, MEM), qui permettent d’améliorer

significativement la séparation du signal et des processus de bruit de fond.
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Nous décrirons les sources d’incertitude systématique qui sont considérées, et
donnerons une description du modele statistique utilisé pour obtenir les résul-
tats. Enfin, les résultats seront discutés. Ils représentent la premiere "évidence"
(au sens statistique du terme) de I’existence du processus tZq.

Le Chapitre 5 présente une recherche de la production associée d'un quark
top solitaire et d'un boson de Higgs (tH). Ce processus est particulierement
intéressant car il est le seul a étre sensible a la fois a la magnitude et au signe
relatif du couplage top-Higgs, sans qu'il soit nécessaire de faire des hypotheses
concernant d’éventuels phénomeénes de nouvelle physique. Ce processus est
également sensible a une possible violation de la symmétrie de charge-parité
(CP) dans les interactions du quark top avec des particules scalaires comme
le boson de Higgs, et a différents types d’interactions FCNC. Le processus tH
permet donc de sonder de fagon unique un parameétre clé du SM, et son étude
pourrait constituer une piste privilégiée vers la nouvelle physique.

Apreés avoir donné une vision d’ensemble du contexte et des motivations
pour 'étude du processus tH, nous présenterons la reconstruction des partic-
ules et la sélection des évenements. Nous détaillerons les procédures d’estimation
des bruits de fond réductibles a partir des données. Nous décrirons le traite-
ment des incertitudes systématiques considérées, ainsi que la procédure d’extraction
du signal. Puis, les résultats finaux seront présentés et mis en perspective.

D’autre part, cette analyse principale a été ré-adaptée dans le but de rechercher
des interactions FCNC mettant en jeu le quark top et le boson de Higgs,
notées tH-FCNC. De facon générale, les interactions FCNC sont fortement sup-
primées dans le cadre du SM et sont a priori largement hors de portée de la
précision expérimentale actuelle ; c’est pourquoi la preuve du contraire con-
stituerait un signe clair de nouvelle physique. Aprés avoir rappelé le contexte
de cette étude, les différences avec 1’analyse principales seront explicitées. En-
tin, les résultats seront présentés et discutés. Cette analyse place les meilleures

limites actuelles sur les sections efficaces des processus tH-FCNC.







CHAPTER 1

The standard model of particle
physics

1.1 Introduction to the standard model

Developed throughout the second half of the XXt century, the standard model (SM) of
particle physics describes the elementary particles and their interactions. Built upon the
mathematical foundations of quantum field theory and gauge symmetries, it results from
a constant back and forth between theory and experiment. The SM provides a unified
picture and a valid description of the physics phenomena observed at the scales probed
by ever more powerful particle accelerators. The discovery of the Higgs boson [1, 2] at
the LHC [3, 4] in 2012, almost 50 years after its existence was first postulated, demon-
strated once more the great predictive power of the SM.

The standard model describes fundamental interactions as the exchange of mediator
particles called gauge bosons. All gauge bosons included in the SM are vector bosons: they
have a spin equal to 1 and obey Bose-Einstein statistics. The best-known among them is
the photon, which is the force-carrier associated with the electromagnetic interaction.
The W* and Z bosons are the mediators of the weak nuclear force, while the strong
nuclear force is mediated by gluons. Although the gravitational force is not accounted
for in the SM, its intensity is so weak compared to the other interactions (many orders
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of magnitude lower) that it can be neglected at the considered energy scales. Finally,
the recently discovered Higgs boson plays a unique role. It is a scalar boson of spin 0
associated with the so-called Higgs mechanism, through which the W* and Z bosons
acquire their masses (as explained in section 1.5).

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| 1l 1
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Figure 1.1: Categorisation of the elementary particles of the standard model.

In opposition to bosons, the fermions, which are the constituents of matter, are half-spin
particles satisfying the Fermi-Dirac statistics and the Pauli exclusion principle. They are
further categorised as leptons or quarks.

The six flavours of leptons are grouped in 3 separate generations, composed respec-
tively of the electron (e), muon (1) and tau (7) leptons, and the corresponding electrically-
neutral neutrinos (v,, vy, V7). Charged leptons are sensitive to the electromagnetic and
weak interactions, and have an integer electric charge of -1. Neutrinos only interact via
the weak force and are considered massless in the SM, although it was proven experi-
mentally that their masses must be extremely small but non-zero (see Sec. 1.8.1). Thus
they interact very weakly and can only be detected with dedicated experiments.

Quarks also come in 6 different flavours and are organised in 3 generations, compris-
ing respectively the up (u) and down (d) quarks, the charm (c) and strange (s) quarks,
and the top (t) and bottom (b) quarks. They are sensitive to the 3 interactions included in
the SM, and they have a fractional electric charge of either +% or — % Due to the partic-
ular behaviour of the strong force, quarks can not exist freely but only confined together
into composite hadrons, such as protons and neutrons.
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All fermions also exist as antiparticles, which are identical in every aspect except that
they have opposite internal quantum numbers (such as the electric charge). For both lep-
tons and quarks, the 3 generations are ordered by increasing mass, and particles of higher
generations will decay into lower mass ones. For this reason, 3 first-generation particles
only make up all the ordinary matter: up and down quarks bound into protons and
neutrons which form the atoms’ nuclei, around which electrons orbit (in the semi-classic
formalism). The study of higher-generation particles requires high-energy experiments,
using either accelerators or cosmic rays. Figure 1.1 summarises all the particles included
in the SM and their categorisations.

1.2 Introduction to quantum field theory

Quantum field theory (QFT) is the theoretical framework used to build the physics
models describing the subatomic world. Its development started with the advent of
special relativity (SR) and quantum mechanics (QM) at the beginning of the XXt century,
out of the need for a theory compatible with the new paradigms introduced by these
two scientific revolutions. Notably, the discovery of wave-particle duality motivated the
introduction of fields as the most fundamental objects describing reality.

1.2.1 Fields and symmetries

Fields and Lagrangian formulation

At the very core of QFT lies the idea that any particle or wave in the universe corre-
sponds to the excitation of a quantum field. A field is a quantity whose values are defined
everywhere in spacetime. Similarly to classical field theory from which it inherits, QFT
expresses the dynamics and interactions of a system using the Lagrangian mathematical
formulation.

To describe the continuous systems considered by QFT, one has to define the La-
grangian density L(1;, 0,1;, x'), hereinafter simply referred to as Lagrangian, depend-
ing on the fields ¥; and their derivatives d,1; with respect to the spacetime coordinates
xt = (t,x,y,z).

For example, let us consider the Dirac Lagrangian defined as:

Lp = ipy"o,p — mpyp, (1.1)

where * are the Dirac matrices and ¢ = 790 is the Dirac adjoint of . The action S is
defined as the integral of the Lagrangian density over the spacetime coordinates:

S:/Ldtdx. (1.2)
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From the principle of least action:

oL oL

S =1"——29
o ”Qxay¢)

one can obtain the equations of motion of the system. For the Dirac Lagrangian, so-
lutions to these equations are 4-components spinor fields. They can be interpreted as
free fermions (and antifermions) of mass m, satisfying the dispersion relation E2 =
(pe)? + (mc?)?.

)=0, (1.3)

Symmetries

Symmetries play a major role in our understanding of particle physics, and are a cen-
tral concept to many important theories in general. For instance, special relativity is
based upon the Lorentz symmetry, making the speed of light constant in all reference
frames. Symmetries can either be continuous (e.g. the rotational symmetry of a circle), or
discrete (e.g. the rotational symmetry of a square, as only rotations by specific amounts
will preserve its appearance). Furthermore, it is possible to distinguish between exter-
nal symmetries, which correspond to transformations of the spacetime coordinates, and
internal symmetries acting specifically on the fields (independently of spacetime).

From the QM standpoint, a system is said to exhibit a symmetry if its physical pre-
dictions are invariant under a wave function transformation:

p—p' =Uy, (1.4)

where U is a transformation operator. If the operator is constant everywhere in space-
time, the symmetry is said to be global (otherwise local). Invariant quantities lead to con-
servation laws: for example the conservation of energy is a consequence of physics being
invariant under time translation. A set of symmetry operations which satisfies specific
properties (closure, identity, inverse and associativity) forms a group [5]. If all elements of a
group commute , it is said to be Abelian. Any symmetry group can be represented by a
group of matrices.

Noether’s theorem [6, 7] states that if the Lagrangian of a system is invariant under
a continuous symmetry, it implies that an associated quantity must be conserved. For
example it can be trivially seen that applying the global U(1)" transformation:

P — ey,

A (1.5)
P — ey,

ITwo elements A and B of a group commute if they satisfy: [A, B] = AB — BA = 0.

2U(1) is the one-dimensional unitary group, i.e. any of its elements can be expressed as a 1x 1 matrix
whose inverse is equal to its transpose conjugate (U~! =U*). Applying a U(1) transformation amounts to
a multiplication by a complex phase. It is an Abelian group.

4
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to the Dirac Lagrangian (Eq. 1.1) will leave it invariant. As a consequence of Noether’s
theorem, this symmetry gives rise to a conserved current j#(x) implying a conserved
charge Q:

ayj”(x):o,
970 (1.6)
_ [3,9° _
Q= dxat 0.

We say that this Lagrangian possesses a global U(1) symmetry.

1.2.2 Gauge theories

There is a particular kind of invariance which is of crucial importance for QFT, called
gauge invariance. Gauge invariance does not arise from a physical symmetry, but rather
from a redundancy in the mathematical description of a system. A gauge transformation
can be seen as the arbitrary rotation of the phase ("gauge") associated with this degree of
freedom, leaving the predictions unchanged. A possible analogy is the arbitrary defini-
tion of the zero ("ground") potential when using a voltmeter, since we are only measuring
differences of potential.

Applying such a transformation is trivial in the case of global gauge invariance. On
the opposite, making the gauge transformation depend on the spacetime location:

P — lIJ/ _ lpeith(x) ,

1.7
lp — 1&’ — 1pg_iq“(x) , ( )
yields very important results.
For instance, the Dirac Lagrangian of Eq. 1.1 is not invariant under this local gauge
transformation, as the derivative will now act upon «(x), and it becomes:
Lp— Ly = Lp—qpy ouu(x)yp. (1.8)

However, the invariance can be recovered through the procedure of gauge fixing, which
will cancel the problematic term. This is achieved by replacing ordinary derivatives with
covariant derivatives defined as:

and requiring that the new vector field A, (x) transforms according to:

; 1
P — el A, Ay(x) — anzx(x) , (1.10)
where the constant g is the coupling strength indicating the magnitude of the coupling
of Ay (x) to other fields. For this field to be physical, a dedicated kinetic term must be
added to the Lagrangian. It describes the propagation of the spin-1 quanta associated
with Ay, called gauge bosons.
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Therefore, enforcing the local gauge invariance of the Lagrangian induces the existence
of a field having its own dynamics and interactions, and which according to Noether’s
theorem is associated with a conserved charge. The SM describes the 3 fundamen-
tal forces with gauge theories obtained with such procedures, as presented in Sec.
and

1.2.3 Feynman diagrams

Feynman diagrams are graphical representations of the mathematical description of
the interactions between subatomic particles. They were introduced by Richard Feyn-
man [8, 9], both to visualize transitions between states in QFT and as a tool to facilitate
the computation of the probability amplitudes of these transitions.

Path integrals

Feynman diagrams rely on the computation of path integrals in the paradigm of quan-
tum mechanics. In classical mechanics, the principle of least action (Eq. 1.3) states that
the path taken by a particle to go from A to B in spacetime is the one which makes the
action stationary (dS = 0). However, Feynman suggested [10] that in the quantum realm,
instead of taking one such definite path, a particle would take every possible trajectory at
once. Each path is equally probable and contributes with a factor e’°.

The probability amplitude for the particle to go from A to B, specified by a function
called propagator, is obtained by summing over all the paths. The rationale behind this ap-
proach is that the complex phases of random paths interfere with one another, effectively
cancelling out these paths from the computation of the amplitude. On the other hand,
paths arbitrarily close to the classical trajectory with stationary action all have similar
phases. Thus, the net in-phase contribution from paths closest to the classical trajectory
contributes the most to the probability amplitude.

Perturbative expansion

Likewise, the probability amplitude for a system of particles to go from an initial state
to a final state involves all the possible Feynman diagrams representing this transition.
The computation takes the form of a sum of integrals, each of which can be derived from
its associated diagram by applying defined rules. The result is approximated using per-
turbative expansion in power series of the coupling constant « of the considered gauge
field, as illustrated in Fig. 1.2. Leading-order (LO) or tree-level diagrams correspond to the
first order of the power series; Next-to-leading order (NLO) diagrams correspond to the
second order, and so on. Each interaction vertex is associated with a matrix element M,
which is a Lorentz scalar proportional to the coupling constant. The interaction proba-
bility is proportional to M?.
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Figure 1.2: Illustration of the perturbative expansion for an interaction involving 2 fermions with
Feynman diagrams. The probability amplitude is obtained by summing over all the possible dia-
grams, i.e. accounting for the higher-order corrections to the tree-level diagram. Taken from Ref. [11].

Renormalization

The strength of an interaction as well as the mass of a massive particle vary with the
considered length scale (or likewise, with the exchanged four-momentum QZ of the inter-
action) [12]. This is a consequence of the fact that, in order to describe the physical reality,
one needs to take into account the infinite set of higher-order corrections to a particle’s
propagator. These corrections correspond to the interaction of the particle with the vac-
uum as it propagates (vacuum polarization or self-energy), and virtual fluctuations which
alter the interactions between particles. While self-energy results in a change of the par-
ticle’s effective mass or charge, the second phenomenon modifies the effective coupling
constant of the interaction [13]. For instance, the strength of the tree-level e~ ye™ inter-
action vertex shown in Fig. 1.3 (a) is modified by the photon’s self-energy terms, one of
which is represented in Fig. 1.3 (b).

() (b)

Figure 1.3: (a) Tree-level e~ ye™ interaction vertex. (b) Example of one-loop self-energy diagram of the
photon, which modifies the strength of the interaction.

These loop corrections involve integrals over the four-momenta of the particles en-
tering the loops, which can cary arbitrarily large momenta (i.e. short wavelengths). This
gives rise to ultraviolet (UV) divergences making the result infinite, thus non-physical. To
solve this problem, one needs to regularize the theory by introducing an arbitrary cut-off

7
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scale A. This amounts to ignoring the states with momenta much larger than A. To avoid
running into divergences in the limit A — oo, formulas need to be rewritten in terms of
renormalized quantities, which are the ones we actually measure experimentally. They
correspond to a shift of the tree-level "bare" quantities with counterterms (correspond-
ing to Feynman diagrams) which absorb the UV divergences and yield finite, physical
quantities.

As a result of this procedure, renormalized quantities depend on the energy scale of
the process. The physical quantities that we measure are expressed at an arbitrary renor-
malization scale yg. To simplify the calculations (avoid large higher-order corrections in
the perturbative expansion), it is common to choose yp to be of the order of the momen-
tum scale of the considered process. In the 1970s, 't Hooft proved that all theories with
local gauge invariance can be renormalized in such a way [14-16].

1.3 QED and QCD

1.3.1 Quantum electrodynamics

Quantum electrodynamics (QED) is the gauge theory describing the electromagnetic
force. It was the first gauge theory to be developed, and served as a basis for the subse-
quent ones.

The QED Lagrangian is obtained from the Dirac Lagrangian (Eq. 1.1) by adding a
kinetic term for the photon field. This term can be expressed using Maxwell’s tensor
Fuy = 0,A, — 0" A”. Hence the Lagrangian describing the interaction of a fermionic field
with the electromagnetic field is:

1
»CQED - »CDirac - ZF]/WFVV

N ) ) _ 1
= ipy"9, ¢ — mpyp — ey o a(x)P — ;LFWP"V

LS (1.11)
kineticp massy interactionp/ Ay Fnetic A;
. 1
— (ir*Dy — m)p — {Fu P,
where Dy, is the covariant derivative defined in Eq. 1.9. Since this Lagrangian possesses

a U(1) gauge invariance, it ensues from Noether’s theorem that an associated charge Q
(identified with the electric charge) is a conserved quantity in interactions (see Eq. 1.6).
The gauge boson of the electromagnetic field is the photon, and it bears no charge due to
U(1) being abelian. Moreover, adding a mass term for the photon field in Lorp would
spoil its local gauge invariance. As a result theoreof, the photon is massless and the
electric force has an infinite range. The coupling constant aggp of this interaction, also
known as the fine-structure constant, depends directly on the electric charge e of the elec-

. 2 . .
tron via agpp = £ (in natural units).
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The first formulation of QED as a gauge theory of electromagnetism with symme-
try group U(1)gp came independently from Tomonaga [17, 18], Schwinger [19-22] and
Feynman [5]. As simple as its construction may appear, it is one of the most stringently
validated theories in physics. Its most precise test is the measurement of the anomalous
magnetic dipole moment of the electron: the prediction for this quantum correction to the
electron magnetic moment, which depends on higher-order Feynman diagrams, agrees
with the experimental results to approximately one part per trillion [23]. It can be used
to determine the dimensionless fine-structure constant, which equates aggp ~ %7 (atan
energy scale Q% = 0) with a relative precision of about one part per billion [24].

1.3.2 Quantum chromodynamics

First experimental milestones

Quantum chromodynamics (QCD) is the gauge theory describing the strong inter-
action. During the 1950s, alongside the development of bubble and spark chambers,
more and more hadrons were discovered experimentally. In 1963, Gell-Mann [25] and
Zweig [26] suggested that the pattern of this group of particles could be explained by
the existence of quarks as the building blocks of hadrons. These quarks would come in
3 flavours (labelled u, d and s) and hold an electric charge of either +% or —% that of the
electron. They would combine to form mesons (1 quark plus 1 antiquark) and baryons (3
quarks).

Soon after, the discovery of spin—% particles such as the O~ (sss), A~ (ddd) or ATF
(uuu) baryons underpinned the idea that quarks must carry a new quantum number. In-
deed, these baryons are all composed of 3 quarks in the same quantum state, which goes
against Pauli’s exclusion principle for fermions. Consequently, each quark got assigned a
colour charge (blue, green or red), and each antiquark a corresponding anticolour. Bound
states of quarks can only exist if they are colourless; e.g. if a meson contains a green
quark, its antiquark must be antigreen.

From 1967 to 1973, deep inelastic scattering (DIS) experiments [27, 28] were conducted
at the Stanford Linear Accelerator Center (SLAC) [29, 30] to probe the internal structure
of hadrons. This gave the first direct confirmation of quarks being physical particles [31],
and not just a convenient theoretical construct. Furthermore, it was found that a quark
which is impacted by a highly energetic particle behaves as if it were free, i.e. its cou-
pling to other quarks is small. This property of the strong interaction is called asymptotic
freedom. It implies that at short distances (higher energies) the coupling strength of the
strong interaction is small, and perturbation theory at low orders provides a good ap-
proximation. On the opposite, at larger distances (lower energies), the coupling strength
increases and non-perturbative approaches must be used (such as lattice QCD [32, 33]).

A related attribute of the strong interaction is colour confinement, stating that quarks
can not be isolated as free particles, and must bound into colourless hadrons (colour sin-
glet states). As a result, quarks produced at colliders hadronize well before they reach the
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detectors, and are observed as collimated jets of hadrons. A notable exception is the top
quark which decays before hadronization, as explained in Sec.

The gauge theory of strong interaction

All these observations could be understood in the framework of a non-abelian gauge
theory. Such theories had been developed by Yang and Mills in 1954, who tried to extend
the concept of local gauge invariance to more complicated symmetry groups. This led
to the construction of QCD as a gauge theory with symmetry group SU(3)c". There are
8 gluons, related to the 3> — 1 = 8 generators T“ of the group. These generators can be
expressed [13] in terms of the 3 x 3 Gell-Mann matrices as T* = FA%. They obey the
commutation relations [T%, T?] = i Y8_, f*°T¢, where the f** are the structure constants
of the SU(3)¢ group, which encode its commutation relations.

In analogy with the QED Lagrangian (Eq. ), the QCD Lagrangian can be ex-

pressed as:

. 1
Locp = P(iv" Dy —m)p — ZG;VGEV, (1.12)

where ¢ are the quark fields. The covariant derivative D, is defined as:

where g is the coupling constant of the strong interaction. The gluon field strength
tensor Gy, is given by:

G, = 0,Gl — 9,Gl) — g f"° GG, (1.14)

where Gj, is the gluon field. Quarks are the only fermions carrying a colour charge and
sensitive to the strong force. The last term of Eq. stems from the non-abelian na-
ture of SU(3)¢, and reflects the self-interaction of gluons: unlike photons, gluons carry a
(colour) charge and couple to one another. In QED, the quantum fluctuations of the pho-
ton field tend to produce electron-positron pairs, which have a screening effect and make
the electromagnetic interaction weaker at larger distances. This also happens for QCD
with quark-antiquark pairs, but this phenomenon is exceeded by the counter-effect of the
gluon self-interaction; this is the cause of asymptotic freedom (larger coupling strength
at larger distances).

Parton Distribution Functions

The constituents of hadrons are called partons. When the internal structure of a hadron
is probed with a particle having moderately high momentum, its 2 or 3 valence quarks
behave as free particles each carrying a fraction x of its momentum (Bjorken x [34]).
However, as the momentum of the probe increases, it is able to resolve smaller values
of x and the picture becomes more elaborate. High-energy DIS measurements revealed

3S stands for "special”, meaning that the group matrices have determinant 1. C stands for "colour",
which is the conserved quantity associated with the symmetry.

10



Chapter 1. The standard model of particle physics

the existence of the sea of quarks and gluons within hadrons, originating from constant
quark-antiquark (g7) annihilation and gluon splitting. Although the electrically-neutral
gluons from the sea can not be directly observed through DIS, their physical existence
was validated by the observation that charged partons do not carry the totality of the
hadron’s momentum [31].

The probability densities for gluons and the different quark flavours are encoded in
Parton Distribution Functions (PDFs) as a function of x, and for a given resolution scale
Q?. At hadron colliders, it is of utmost importance to have a precise knowledge of the
PDFs in order to accurately describe the initial state of the system, and the distribution
of momentum among the partons. It also represents an important source of theoretical
uncertainty limiting the precision of measurements.

As the PDF dependence on x involves low-scale non-perturbative dynamics, it can not
be directly derived from perturbative QCD. Instead, it is estimated with a global fit to
data from many different sensitive experiments. There are several sets of PDFs derived
using different methodologies and measurements, of which one is represented in Fig. 1.4.
It can be observed that the PDFs of the sea partons strongly depend on the exchanged
momentum, and that at high energies, a large fraction of the proton’s momentum is
carried by gluons.

1 I IIIIIIII 1 IIIIIIII 1 IIIIIII: 1

NNPDF3.1 (NNLO) ]
xf(x12=10 GeV?) 1

g/10

0.9

xf(x42=10* GeV?)

1 llllllll L 1L 1111l

1072 10" 1
X X

Figure 1.4: Proton PDFs from the NNPDF3.1 set, evaluated at Q% = 10 GeV? (left) and Q* = 10* GeV?
(right). Taken from [35].
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1.4 The electroweak interaction

1.4.1 Electroweak unification

The weak interaction

The first model of the weak interaction was proposed in 1933 by Fermi, who described
the B decay in radioactive nuclei as a four-fermion contact interaction [36, 37]. In 1957,
to the astonishment of many in the particle physics community, a famous experiment
conducted by Wu et al. [35] proved that parity is maximally violated by the charged
weak interaction: it only couples to particles of left-handed" chirality (and antiparticles of
right-handed chirality). There also exists a neutral weak interaction, which couples both
to left-handed and right-handed particles. This discovery motivated the introduction
of the vector-axial (V-A) structure of the Lagrangian of the weak force. It relies on the
splitting of a fermionic field ¥ into its left-handed and right-handed components:

Y=L+ YR,
1— 5

pL=Prp=( 27 )Y, (1.15)
1+9°

Yr =Pryp = ( > )P,

where Pp and Pg are the projection operators of left and right chirality.

The model of the weak interaction was subsequently promoted to a gauge theory by
requiring local invariance under symmetries of the SU(2) group, and it was associated
with a conserved quantity called the weak isospin’.

Each generation of left-handed fermions forms a doublet satisfying I3 = j:%, while
right-handed fermions correspond to singlets of null isospin.

The electroweak unification

The electromagnetic and weak forces have distinct properties. For instance, all fermions
are sensitive to the weak force, but only charged particles are subject to electromag-
netism. In addition, the weak interaction violates parity while electromagnetism does
not.

Despite these apparent differences, Glashow [39], Salam [40] and Weinberg [41] pro-
posed that these forces can be understood as two aspects of a single electroweak interac-
tion. This breakthrough towards the unification of forces was based on the assumption
of the invariance under an SU(2); ®U(1)y gauge symmetry. The conserved quantity as-
sociated with U(1)y is the hypercharge Y. It is directly related to the electric charge Q and

“A left-handed (right-handed) particle has the projection of its spin in the opposite (same) direction as
its momentum.

>Weak isospin obeys the same rules as the spin angular momentum. In particular the possible values
of its third component are I3 = {—i—%; —%} for a field with I:%, and I3{+1; —1;0} for a field with I=1.

12
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Table 1.1: Values of the electric charge Q, the third component of the weak isospin I3 and the hyper-
charge Y for fermions (left-handed and right-handed) and the electroweak gauge bosons.

Q[ L | Y |

(e, u, )L -1 -1/2 1
(Ve, Vy, Vo)L 0 +1/2
Leptons 1, Dx 1 0 >
(Ve, Vyu, Vo)R 0 0 0
(u, ¢ t) +2/3 | +1/2
1
Ouarks d.sb)y [ 1/3 12 Y3
(u,c, t)r | +2/3 0 +4/3
(d, s, b)r -1/3 0 -2/3
EWK bosons

the weak isospin via:
Y=2x(Q—-1I). (1.16)
The SU(2); group provides 22-1=3 generators T?, which can be written [10] in
terms of the 2 x 2 Pauli matrices as T% = %(7“. These operators satisfy the commuta-
tion relations [T?, T?] = iY>_, f%°T¢, where the f** are the structure constants of the
SU(2) group. The corresponding massless gauge bosons are labelled W', W? (electrically
charged) and WY (electrically neutral) and have I3 =+1, -1 and 0 respectively. They cou-
ple to the doublets of left-handed fermions with the same coupling strength g. The U(1)y
group provides 1 massless boson B, which is a singlet of null isospin. It couples to all
fermions with coupling strength g’. All of these 4 bosons can be assigned a null hyper-
charge Y=0, which determines their electric charges. Table 1.1 summarises the values of
Q, Y and I3 for all fermions (depending on their chiralities) and electroweak bosons. The
hypothetical right-handed neutrinos would have null weak isospin and hypercharge,
and hence would not participate to any of the interactions of the SM (sterile neutrinos [42,

D

By analogy with the Lagrangians of QED (Eq. ) and QCD (Eq. ), the La-
grangian for the electroweak interaction can be expressed as:
g . 1 1
Lewk = (i@, DyyL) + (iPryuDyYr) — ZWZUWgV _ ZBS,UBS‘V, (1.17)

where the index a runs from 0 to 2.
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The covariant derivatives (for left-handed and right-handed fermions) and field
strength tensor are [10]:

DY = 3, — igT"Wj + ¢/By,

R .
D, = 9, +ig'By,

(1.18)
Wi, = 9, Wi — 9, Wit + g f" W)W,
B), = 9,B) —9,B).
As in the case of the gluon field strength tensor G, (see Eq. ), the penultimate term

of the electroweak Lagrangian leads to the trilinear coupling of the Wy fields.

As for QED and QCD, the gauge bosons of the electroweak interaction must be mass-
less to preserve local gauge invariance. However, contrary to the photon and the gluon,
the W and Z bosons, discovered at CERN [44-47] in 1983, were found to be massive".
Their masses are currently estimated to be [24]:

my = 91.1876 4+ 0.0021GeV /2,

) (1.19)
my = 80.379 + 0.012GeV /2.

The fact that the weak interaction is mediated by heavy bosons is the reason why it is
both weak and short-ranged. In order to generate these masses in a gauge-invariant way,
it is necessary to introduce a mechanism breaking the symmetry of the electroweak in-
teraction (described in Section 1.5). One consequence of this phenomenon is that the W*
and BY bosons of the SU(2); and U(1)y symmetry groups do not correspond to physical
particles, but mix to form mass eigenstates. The physical W bosons can be identified as
the linear combinations:

1
WE = — (WL Fiw?), (1.20)

V2

while the Z boson and the photon are admixtures of W° and B:

Zy cos(By) —sin(By)\ (WO
= (“ o) (1.21)
0% sin(fy) cos(fw) B
where 0y is the weak mixing angle. This angle is a free parameter of the SM which

can be measured in many different ways (e.g. from v-e scattering). It is more frequently
expressed in the form [24]:

sin?(Oy) = 0.23122 + 0.00004 . (1.22)

6The masses of the W and Z bosons had been predicted before their observation, as explained in the
references
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1.4.2 GIM mechanism and FCNC

Until the beginning of the 1970s, the only three light quarks u, d and s known at this
time could explain the observed hadron spectrum. The observed weak decays of pions
and kaons were mostly in good agreement with the predictions of the Cabibbo mechanism.
This mechanism was introduced to accomodate the empirical observation that, contrary
to leptons, quarks do not couple universally to the weak force. It postulates a mismatch
between the weak eigenstates d” and s’ (taking part in the weak interaction) and mass
eigenstates d ans s (freely propagating), which are related via:

N\ [ cos(@)  sin(0.)Y (
<S/) B (—sin(ec) cos(8:.)) \s )’ (1.23)
where 6, ~ 13° is the Cabibbo angle.

An interaction between a neutral boson and a fermion in which the flavour of the
fermion changes, but not its electric charge, is called flavour-changing neutral current
(FCNC). In the three-quarks picture, and according to the Cabibbo mechanism alone,
s — d transitions via FCNC processes would be possible at all orders of the perturba-
tion expansion. For example, the K — p+pu~ FCNC decay could be mediated by a Z
boson at leading order, as illustrated in Fig. 1.5 (a). It could also take place at higher or-
ders, for example via the "box-diagram" of Fig. 1.5 (b), where an up quark is exchanged.
However, this was in contradiction with several searches targeting kaon decays, which
placed stringent upper limits on such FCNC processes, implying cross sections much
smaller than predicted.

d wo d W~ o
—— MN——
____%(i___ u,Cy AVu
—e—
% ,lﬁ S w+ M

Figure 1.5: Examples of (a) leading-order and (b) higher-order Feynman diagrams for the K; — putpu~
FCNC decay. The GIM mechanism forbids the first process, and strongly suppresses the second.

These experimental results could be explained by the introduction of the GIM” mecha-
nism, which postulated the existence of a fourth quark flavour labelled "charm", making
it possible to group quarks into the doublets (u, d’) and (c, s’). In addition to this major

“Named after S. Glashow, J. lliopoulos and L. Maiani.
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prediction, the GIM mechanism led to the prediction that FCNC processes are forbid-
den at leading order (cancellation of terms in the amplitudes). Another consequence is
that higher-order processes such as the one represented in Fig. (b), could also pro-
ceed via the exchange of a virtual charm quark. The two diagrams involving either
an up or charm quark share the same final state, hence their amplitudes interfer and
must be summed. Their opposite contributions essentially cancel out, and only a very
tiny contribution remains due to the mass difference between the up and charm quarks
(< m? — m2). The branching ratios of several FCNC decays of the top quark in the SM
are given in Table

Table 1.2: Branching ratios for top quark FCNC interactions in the SM. Adapted from Ref. [45].

t—uzZ t—uy ‘ t— ug ‘t%uH H t%cZ‘ t—cy ‘ t—cg t— cH

37 x 10714 46 x 10712 ‘ 3x10°1

BR H 8x 10717 ‘ 3.7 x 10716 2x 107V H 1x10° 14 ‘ 46 x 10714

Therefore the study of FCNC processes directly contributed to the construction of the
SM, and is still motivated nowadays by their many interests [49] (sensitivity to particles
in the loop, probing the precise cancellation of diagrams, etc.). Their production is also
sensitive to numerous new physics models, as is mentioned in more details in Chapter 5.

1.4.3 CKM matrix

The charged weak interaction, mediated by W bosons, is the only type of interaction
which can change the flavour of fermions (let aside the extremely rare FCNC interac-
tions). For example, it is responsible for the reaction of B decay in neutron-rich nuclei,
which transforms a neutron into a proton by turning one of its down quark into an up
quark. The probabilities of the transitions within and in-between the 3 generations of
quarks are encoded in the Cabibbo-Kobayashi-Maskawa (CKM) 3 x 3 matrix [50, 51]. It
is an extension of the Cabibbo mechanism to the 3 generations of quarks, which relates
the weak eigenstates of the down-type quarks to their mass eigenstates via:

d/ d Vud Vus Vub d
s/ = VCKM S = Vcd Vcs Vcb S . (1.24)
b’ b Via Vis V/ \b

It is therefore the weak eigenstates d’, s” and b’ which are the partners of the up-type
quarks within the weak isospin doublets. By convention, the up-type quarks are taken to
be pure states (no mismatch of their eigenstates).

The CKM matrix is fully defined by 4 independent parameters, which must be deter-
mined experimentally. It is often parameterised with 3 mixing angles and 1 CP-mixing
phase, which violates the CP" symmetry in the SM [52, 53]. Currently the values of the

8Charge transformation followed by a parity transformation.
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CKM matrix elements are estimated to be [24]:

Vid Vs Vi 0.97446 &£ 0.00010 0.22452 4 0.00044  0.00365 =+ 0.00012

Vi Ves Vg | = |022438£0.00044 0.97359700001  0.04214 = 0.00076

Vie Vis Vi 0.00896 1000022 0.04133 £ 0.00074 0.999105 = 0.000032
(1.25)

The probability of a transition is proportional to the corresponding matrix element
squared. The diagonal elements of the CKM matrix are close to 1, reflecting the fact that
transitions are favoured between quarks of the same generation. The CKM matrix is
believed to be unitary, i.e. the sum of the transition probabilities for any quark flavour
is equal to 1. If this assumption was to be disproved, it could imply the existence of a
fourth quark generation.

1.5 Electroweak symmetry breaking

1.5.1 The Higgs mechanism

In Section , we mentioned that the gauge theory of the electroweak interaction
requires its bosons to be massless to preserve gauge invariance. A similar problem
arises if one tries to add a mass term for a fermion field, which could be written as
—m(Pripr + PR ). Since fermions of left-handed and right-handed chiralities have dif-
ferent representations under the SU(2);, symmetry group, such a term would also spoil
the local gauge invariance. This contradicts the experimental evidence that fermions and
the W* and Z bosons are actually massive.

This major issue is solved by the introduction of the Brout-Englert-Higgs mechanism
(hereinafter abbreviated as Higgs mechanism), which generates masses for bosons and
fermions in a gauge-invariant way [54-56].

The Higgs mechanism introduces two complex scalar fields grouped in a weak

isospin doublet:
+ 1 1_|_' 2
1= () =z (i) 429

and a potential of the form V(¢) = u?¢'¢ + A(¢p'¢)?, where u and A are constants. The
corresponding contribution to the Lagrangian of the electroweak interaction is:

Liges = (D) (Dyug) — V(¢), (1.27)

where D, is the covariant derivative defined in Eq. .

The shape of the Higgs potential energy density V(¢) depends on the sign of y; A
must be positive for the potential to be bounded from below. The case > > 0 cor-
responds to a potential well around a trivial minimum state ¢9 = 0 (ground state or
vacuum). The Lagrangian of Eq. would then represent a scalar particle with mass y

9 Articles describing this mechanism were published in 1964 by three independent groups: Peter Higgs;
R. Brout and F. Englert; G. Guralnik, C.R. Hagen and T. Kibble [54-56].
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and a four-point self-interaction with coupling A. On the other hand, requiring #?> < 0
produces the so-called "Mexican-hat" potential illustrated in Fig. 1.6.

Figure 1.6: Shape of the potential of the Higgs field. Taken from Ref. [57].

In this configuration, there exists an infinity of degenerated minima, and the Higgs
field has a non-zero vacuum expectation value v:

2
-~ v
Podo = % 5 (1.28)

This makes the system unstable and forces it to choose one particular value for its ground
state among all possibilities, which is what is called spontaneous symmetry breaking (SSB).
The ensemble of all the possible solutions shares the symmetry of the Lagrangian, but
the unique solution which is eventually chosen does not: we say that the true symmetry
of the system is hidden by the choice of a specific ground state. This ground state can be

expressed as:
1 /0
=— . 1.29
="r (v) (1:29)

The Goldstone theorem states that whenever a continuous symmetry undergoes SSB,
each broken generator gives rise to a massless scalar boson (Goldstone bosons). When ex-
panding about the minimum for small fluctuations, it is possible to perform a gauge
transformation such that the 3 Goldstone bosons associated with SU(2); are elimi-
nated from the Lagrangian, and to conveniently express the field in the simpler unitary

gauge [58, 59]:
_ 1 0 1.30
0= 75 (o+h00) 10

where the Higgs field /(x) is the only remaining physical field. The 3 degrees of freedom
represented by the Goldstone bosons are absorbed into different terms, and turned into
the 3 longitudinal degrees of freedom of the mass eigenstates W* and Z° which become
massive. In other words, expanding the kinetic and potential terms of Eq. 1.27 in the uni-
tary gauge generates mass terms for the W= and Z° bosons, as well as for the excitation
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of the Higgs field, the Higgs boson H. The masses of the bosons are predicted to be [13]:
-
mW - 2 ’
_vV/g*+g”? (1.31)
2 4

my = V2Av0,

mz

and all depend on v, which has an approximate value of v = ZmTW ~ 246 GeV. The

parameter A was not known before the measurement of mpy.

This procedure also introduces interaction terms representing the coupling of the
Higgs boson to the weak gauge bosons, and its self-coupling. The field associated with
the photon remains massless in the process, and the photon does not interact at leading
order with the electrically-neutral Higgs boson. From Eq. 1.27, it is possible to determine
the couplings of the Higgs with other bosons, and all the Feynman diagrams describing
its possible interaction vertices.

1.5.2 Yukawa couplings

So far we have seen that the SSB of the electroweak interaction generates the necessary
mass terms for the W* and Z bosons through their interactions with the Higgs field. The
same field can be exploited in order to give masses to fermions in a gauge-invariant way,
through what are known as Yukawa interactions [60]. Such interactions couple a Dirac
field i to a scalar field ¢, as illustrated in Fig. 1.7.

Figure 1.7: Feynman diagram representing a Yukawa interaction vertex of strength y between a Dirac
field ¢ and a scalar field ¢.

As the Higgs field acquires a non-zero VEV through spontaneous symmetry breaking,
the coupling of the left-handed doublets f; and right-handed singlets fr of fermionic
fields to the Higgs scalar field ¢ contribute to the Lagrangian as:

Lyukawa = —Yf (f:L(PfR + f_R(PfL) ’ (1.32)
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where the constants y; represents the Yukawa couplings of fermions to the Higgs field.
The values of these couplings are not predicted by the theory, but they are directly pro-
portional to the masses of the fermions via the relation:

\/Emf

yp=-—-, (1.33)

and so they can be inferred from mass measurements. It is considered in the SM that
neutrinos are massless and do not exist as right-handed particles, thus they do not have
a Yukawa coupling.

To summarise, the Higgs mechanism introduces a scalar Higgs field which permeates
the entire universe and has a non-zero vacuum expectation value. This VEV is involved
in the couplings of the field, and can be used to generate mass terms in a gauge-invariant
way for both the fermions interacting with it, and the bosons of the weak interaction
(while the photon remains massless). Thus this mechanism proposes an elegant solu-
tion to an important shortcoming of the theory, and leads to new verifiable predictions.
Within this framework, it is possible to relate many different quantities (masses, cou-
plings, etc.) through just a small number of free parameters which are left to the experi-
ments to determine.

The physical existence of the Higgs field was successfully established in 2012 both by
the ATLAS and CMS experiments at the Large Hadron Collider (LHC), which observed a
Higgs boson at a mass of approximately 125 GeV whose properties conform with the SM
predictions up to now [24, 61, 62]. The main properties of the Higgs boson are described
in Sec.

1.6 Top quark physics

The discoveries of the T lepton [63] and bottom quark (b) [64] in the mid-1970s, which
formed a third generation of fermions, led to the prediction of the existence of the top
quark (t) in order to restore the symmetry between quark and lepton doublets. Therefore
its quantum numbers were inferred from the existing patterns, e.g. Q; = +% and If’ =
+3. Based on the mass ratios of the other quarks, physicists suggested that its mass
would be about 3 times that of its down-type counterpart, of the order of 10 GeV. This
started a twenty-years international hunt for the observation of this missing piece of the
SM, and gave rise to a very fertile research field. Over time the top quark properties have
been studied by several experiments from two accelerators, at many different energies
and with two beam particle configurations.

1.6.1 Properties

The top quark was discovered in 1995 at the Tevatron collider [65-67], independently
by both the CDF [68] and D@ [69] collaborations. A recent combination of Tevatron and
LHC measurements [24] estimates its mass to be m; = 173.0 £ 0.4 GeV, slightly less than
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that of a gold nucleus, making it the heaviest known elementary particle. Its mass is of
the same order than the Higgs vacuum expectation value, and its Yukawa coupling is
close to unity (Eq. 1.33). This results in a strong interplay between the top quark and the
Higgs boson.

Since the discovery of the top quark, the measurement of its mass has been an impor-
tant focus. It is a key free parameter of the SM, which makes a significant impact on
several electroweak observables. For example, it contributes quadratically to quantum
loop corrections to the masses of the W and Z bosons, while the Higgs boson does so
logarithmically (Fig. 1.5 (a)). This made it possible to constrain the possible values for
the mass of the Higgs boson through electroweak measurements, even before the LHC
was built [70]. The top quark mass also makes the largest contribution to the Higgs bo-
son self-interaction (Fig. 1.8 (b)). From the combination of precision measurements of the
masses of these bosons and of the top quark, the magnitudes of these quantum correc-
tions and their consistency with the SM predictions can be probed [24].

Another unique property of the top quark is encoded in the CKM matrix (Eq. 1.25). As
a consequence of | V|2 ~ 1> |Vis|2,|V;4]?, the top quark almost does not mix with first-
and second-generation quarks. This means that it will decay to an on-shell ' W boson
and a bottom quark with a probability close to 100%, as its large mass kinematically
allows it. This lone decay mode t — W™ + b gives the top quark a distinctive signature,
as discussed in Section 1.6.3.

. o I
2 H 4 .
oo Gymd, H i

w/z 4 w/Z w/z W)z w/z

(a) (b)

Figure 1.8: Examples of tree-level loop corrections (a) to the masses of the W and Z bosons from the

top quark (quadratic) and Higgs boson (logarithmic), and (b) to the Higgs boson self-interaction from

virtual fermions, at one-loop level. Due to its large mass, the top quark contributes the most to these
corrections.

The top quark has a resonance width I'y = 1.41J_r8:%g GeV [24]. This implies a very
short lifetime 7; = %/T ~ 5 x 1072 s, much shorter than the typical timescale for the
formation of hadronic bound states (Tocp ~ 3 X 10~2* s). Thus the top quark decays
before it hadronizes, and as a result is the only quark which exists as a free particle.
Another consequence is that the fundamental properties of the top quark are not hid-
den by hadronization, and the study of its decay products provides access to important
information (e.g. about the V-A structure of the charged weak interaction).

10Particles "on the mass shell" (or simply on-shell) satisfy the energy-momentum relation E? = (pc)? +
(mc?)2. On the contrary, "virtual” (off-shell) particles do not, and are labelled with a star (X*).
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Due to these peculiar properties, the top quark stands out among the other quarks,
and has physicists wondering whether it plays a special role in the theory, for instance
related to the mechanism of electroweak symmetry breaking.

1.6.2 Production

At hadron colliders, top quarks can either be produced as tf pairs via the strong inter-
action, or as a single top quark via the electroweak interaction.

The pair production mode is dominant at the LHC. Its cross section at /s = 13 TeV
is currently measured by CMS [71] to be oy = 888 & 2 (stat) 135 (syst) & 20 (lumi) pb.
At the Tevatron, it mostly proceeded via g4 annihilation due to the presence of valence
antiquarks within the antiprotons. On the other hand, at the LHC the only antiquarks
come from the sea, and the centre-of-mass energy is such that their probability densities
are exceeded by that of gluons (Fig. 1.4). Thus the dominant process is gluon fusion
(~ 80% at /s = 7 TeV and ~ 90% at /s = 14 TeV [24]). Both processes are illustrated
in Fig. 1.9. Consequently, the pair production is sensitive to the gluon PDF in the large x
region, which is currently affected by large uncertainties.

(b)

Figure 1.9: Tree-level Feynman diagrams for top quark pair production via (a) gluon fusion and (b)
quark-antiquark annihilation.

On the other hand, the top quark can be produced alone via the charged weak inter-
action as a single top. This can proceed through 3 distinct channels at LO, illustrated in
Fig. 1.10 (a) : the t-channel, the s-channel and the tW-channel. The predicted NLO cross
sections at 13 TeV for each channel are [72]:

Ot—channel = 217 tg Pb,
OtW—channel = 60 £ 6 pb, (1.34)
Os—channel = 10.3 £0.2 pb.

The dominant t-channel corresponds to the exchange of a W boson between a light
(first- or second-generation) quark and a bottom quark. One interesting signature of this
channel is that the light quark in the final state, which "recoils" against the much heavier
top quark, is expected to be emitted in the forward region of the detector (i.e. it tends to
be collimated with the beams). This feature is used extensively in experimental searches
targeting this production mode, such as the ones presented in Chapters 4 and 5.
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W+ W+ ¢

(a) (b)

Figure 1.10: (a) LO Feynman diagrams for the production of a single top quark through the t-channel
in the 5-flavour scheme (left), s-channel (middle) and tW-channel (right). (b) t-channel production in
the 4-flavour scheme.

The parton-level theoretical description of the t-channel production mode suffers from
an ambiguity regarding the origin of the incoming b quark. One can either assume that it
comes from the sea of quarks within the proton, using a so-called "5-flavour scheme" [73-
75] PDF (not 6, because sea top quarks are neglected), or instead that b quarks must
originate from gluon splitting (using a "4-flavour scheme" PDF, which also ignores sea
bottom quarks). The associated Feynman diagrams are represented in Fig. 1.10 (a) and
(b) respectively.

While both valid and properly defined, these two approaches can lead to different
predictions for the cross section when computed at finite order (although the agree-
ment is rather good already at the NLO level for single top production [76]), and for
the kinematic properties of the spectator b quark from ¢ — bb. Precise measurements
of t-channel production could provide useful information about the properties of the
incoming partons, and favour one scheme over the other. Additionally, since the pro-
ductions of single top and antitop quarks are initiated by different initial state partons,
the ratio of their production cross sections can help to constrain the PDFs in the large x
region.

Another interesting property of the single top production modes is their sensitivity to
the tWb vertex, which is involved both in the production and the decay. The strength
of this interaction depends on the magnitude of the CKM matrix element V};,, hence the
single top production cross section is approximately proportional to |Vy,|? [77].

Presently this value is much constrained via the measurements of the other elements,
assuming matrix unitarity and the existence of 3 quark generations. If one does not want
to make these assumptions, single top production is a privileged way for estimating
it [24, 77]. For example, if a fourth family of quark were to mix with the third one'', V};
could considerably deviate from 1, resulting in a coherent decrease of the cross sections
of the 3 single top production channels [52].

1Gyuch models have interesting features, but are already much constrained from several measurements,
as discussed in Refs. [78-81].
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1.6.3 Decay channels

The fact that the top quark only decays through + — W™ + b (to a good approximation)
leads to a limited number of possible final states. Moreover, the b quark can be tagged by
a dedicated algorithm due to its particularly long lifetime (see Sec. ), and thus the
top quark decay possesses a distinctive signature.

The different types of decays of a top quark pair can be grouped into 3 categories:
"dileptonic”, "semi-leptonic" or "hadronic". Figure represents the probability, or
branching ratio, associated with each channel. In the dominant hadronic mode the two W
bosons both decay to quark-antiquark pairs, making this channel hard to detect among
the large QCD backgrounds at hadron colliders. In the semi-leptonic channel only one
W boson decays hadronically, while the other decays into a lepton and neutrino (with a
probability of about 15 % for each generation).

Top quarks decaying leptonically are much easier to identify in the presence of large
QCD backgrounds, as they produce an isolated lepton with high momentum as well as a
neutrino which escapes the detector. For this reason, the leptonic decay of the top quark
was targeted in the analyses presented in Chapters 4 and 5.

Top Pair Branching Fractions
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Figure 1.11: Branching ratios for the different decay channels of a top quark pair. Taken from Ref. [53].

1.7 Higgs boson physics

1.7.1 Properties

Since the Higgs boson was discovered at the LHC in 2012 at a mass of 125 GeV [1, 2], its
properties have been the subject of an ever-increasing number of experimental searches.
The reason is twofold: firstly the Higgs mechanism is at the core of the SM, and the study
of its associated particle could reveal a lot about our universe: nature and interactions of
fundamental particles, relationship with new physics, role of the Higgs field in the early
universe, etc.
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Secondly, it is important to ensure that the discovered particle indeed conforms in
all respects with the SM Higgs boson. Up to now, all the measurements of its quan-
tum numbers and couplings to other particles agree with the SM predictions. The CMS
measurements [54] of several such couplings as a function of the particle’s mass are rep-
resented in Fig. 1.12. The Higgs boson is expected to have a narrow resonance width of
approximately I'y ~ 4 MeV, three orders of magnitude smaller than the current mass
resolution reached at the LHC. The corresponding lifetime is 7y = 1.56 x 10722 s.
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Figure 1.12: CMS measurements of the Higgs boson couplings to several bosons and fermions as a
function of their masses. Taken from Ref. [84].

1.7.2 Production

At the LHC, the Higgs boson can be produced in many different ways. Leading-order
diagrams for the main processes are represented in Fig. 1.13, and Fig. 1.14 (a) represents
their theoretical cross sections as a function of the centre-of-mass energy.

As for top quark pairs, the dominant production mode for the Higgs boson is gluon
fusion (ggH). Its cross section of about 50 pb is more than one order of magnitude above
that of other modes. Since the Higgs field does not couple to massless particles, this
mechanism proceeds through an intermediate loop involving virtual quarks. Due to its
very large mass, the top quark contributes the most to this process (~ 90%), followed
by bottom quarks. Because the Higgs boson is produced alone, and depending on its
subsequent decay, gluon fusion can lead to rather clean final states containing only few
particles.

The second production mode in terms of cross section is vector boson fusion (VBF),
wherein the scattering of 2 quarks is mediated by 2 weak bosons which interact (or "fuse")
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Figure 1.13: LO Feynman diagrams for the main production modes of the Higgs boson. Taken from
Ref. [85].

and emit a Higgs boson. The quarks are emitted in the forward region, and the absence
of QCD radiation in the central region of the detector give this process a distinctive sig-
nature. In the Higgs-Strahlung mechanism (VH), a weak boson originating from quark-
antiquark annihilation with sufficient energy radiates a Higgs boson.

The associated production of a top quark pair and a Higgs boson (tfH) represents
about 1% of the total Higgs production rate. This mechanism was recently observed
for the first time both by the ATLAS and CMS collaborations [86, 87], thus confirming
that the two particles interact strongly with each other. This observation results from
the combination of analyses targeting different decay channels, and the use of advanced
techniques. This process is particularly interesting to study because it directly probes the
magnitude of the Yukawa coupling of the top quark. The similar process involving a pair
of bottom quarks (bbH) has a comparable cross section but leads to final states harder to
distinguish from backgrounds [88].

In comparison, the associated production of a single top quark and a Higgs boson
(tH) has a cross section smaller by one order of magnitude. The study of this very rare
process is part of the work presented in this thesis, and an extensive introduction will be
given in Chapter 5.

1.7.3 Decay channels

Due to its short lifetime, the Higgs boson can not reach the detector and must be stud-
ied through its decay products. The SM predictions for the branching ratios of the differ-
ent decay channels depend directly on its mass, as shown in Fig. 1.14 (b). It is fortunate
that many of them are sizeable at the observed value mpy = 125 GeV. This yields a very
rich phenomenology and a wealth of possible final states, allowing to probe many differ-
ent SM parameters.
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Figure 1.14: (a) Cross sections of the SM Higgs boson production modes as a function of the centre-
of-mass energy /s and (b) main branching ratios ofhe SM Higgs boson for proton-proton collisions.
The VBF process is labelled qqH. The theoretical uncertainties are indicated as bands. Figures taken

from Ref. [24].

The coupling of the Higgs field to fermions scales with their masses. Since a pair of
b quarks is the heaviest possible final state of a Higgs boson decay, the H — bb decay
channel is dominant. It is followed by the decays to WW*, gg, T, c¢, ZZ* and y7y. The
mass difference between the Higgs and weak bosons implies that one boson must be off-
shell in the WW* and ZZ* channels. The decay to a pair of top quarks (with one quark
off-shell) is heavily suppressed kinematically and is not expected to be observable. As
the Higgs field does not couple to gluons nor photons, such decays are loop-induced,
with the top quark and W boson contributing the most to these loops.

Interestingly, even though the ¢y and ZZ* channels have the tiniest branching ratios
(compared to the other decays studied at the LHC), they contributed the most to the
discovery of the Higgs boson in 2012. Indeed they both have very clean and distinctive
signatures, compensating for their small cross sections. Other channels such as H —
ee, uji would also have clean signatures, but are inaccessible at the LHC due to their
small branching ratios. This is one of the many motivations for the upgrade to the High-
Luminosity LHC [89-91] (HL-LHC), or the development of new colliders focused on
precision measurements, such as the International Linear Collider [92] (ILC).
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1.8 Beyond the standard model

1.8.1 Shortcomings of the standard model

We have described the core components of the standard model and mentioned a few
of its major successes. In particular it provides a coherent picture for all the elementary
particles known up to now, and for their interactions via the 3 fundamental forces rele-
vant at the considered scales. Its predictive power makes it one of the most stringently
tested models in physics, and was again remarkably exemplified by the discovery of the
Higgs boson.

But in spite of its important achievements, the SM falls short of explaining several im-
portant observations. First of all, it considers neutrinos as massless particles. This is in
direct contradiction with the results of a multitude of experiments, which have estab-
lished the existence of neutrino oscillations. This phenomenon whereby the flavour of a
propagating neutrino can evolve with a given propability implies a mismatch between
its flavour and mass eigenstate, thus requiring a non-zero mass.

Furthermore, a major insufficiency of the theory is its lack of description of dark mat-
ter and dark energy. The first evidence for dark matter came in 1933 [93] from the study
of the rotational speed of galaxies, which suggests that they contain a large amount of
undetected mass. It could not be related to any SM particle, and the fact that dark matter
was never observed directly implies that it must interact only weakly with ordinary mat-
ter and radiations. Many experiments are aiming at the direct detection of such Weakly
Interacting Massive Particles [94, 95] (WIMP), yet without success.

Likewise, dark energy was hypothesised to have a repulsive action and to permeate
the universe, in the first place to explain its accelerated expansion. Since then, the exis-
tence of these new forms of matter and energy have been supported by cosmology ex-
periments of various kinds. Notably, they could explain the data collected by the Planck
spacecraft regarding the cosmic microwave background (CMB). This relic radiation dating to
an early stage of the universe indicates that the spacetime curvature is close to flat, which
presupposes a mass-energy density much higher than what we would expect. Along
with other peculiar features of the CMB (such as the pattern of its anisotropies), this can
most conveniently be explained by models including dark energy and dark matter. From
Planck’s data it is estimated [96] that they represent about 68% and 27% respectively of
the mass-energy content of the universe, implying that the SM describes no more than
5% of it.

Thirdly, the SM does not provide a satisfactory explanation for the asymmetry be-
tween matter and antimatter. Indeed it would be expected that after the Big Bang, the
constant production and annihilation of particle-antiparticle pairs would yield similar
amounts of both, resulting in a universe dominated by radiations. Instead, the fact that
all the large cosmological structures are constituted of matter, rather than antimatter,
suggests that some mechanism made their production asymmetric already at the early
ages of the universe. An example of such a mechanism within the SM is the violation of
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the CP symmetry by the weak interaction [53]. However, the magnitude of this effect has
been measured to be tiny, and can not alone account for the observed disproportion.

In addition to these insufficiencies related to experimental observations, the SM also
contains some arbitrariness in its construction and a few surprising features. Although
they do not invalidate the model, they are strong indications that it is not yet complete,
and that new physics is required to understand these features.

The SM possesses 19 free parameters (when neglecting neutrino masses) whose val-
ues must be determined experimentally. Moreover the gravitational force could not yet
be included in the SM as a gauge theory. Indeed, general relativity, which describes it
so accurately, is not perturbatively renormalizable in its quantized version. The associ-
ated boson (graviton) would introduce ultraviolet divergences in the theory that can not
be eliminated, and which make its predictions unphysical. It is also difficult to acco-
modate the different paradigms wherein gravity is either caused by the deformation of
spacetime, or is mediated by the exchange of gauge bosons.

Besides, one could question why the weak force is 10?* times stronger than gravity,
or why the masses of fermions range across so many orders of magnitude without an
obvious pattern. On a related note, the so-called "naturalness" problem [97] arises from
the fact that the mass of the Higgs boson is highly sensitive to loop corrections (mainly
involving the top quark, the W boson and itself according to the SM). If the theory was to
be considered valid up to very high energies such as the Planck scale T'p = 10! GeV, the
magnitude of these corrections would blow up (e I'2). Since the Higgs boson’s mass was
measured to have the comparatively tiny value of 125 GeV, it would mean that its bare
mass parameter must be fine-tuned extremely precisely to cancel out the divergences, in
a way considered artificial by many theorists.

This non-exhaustive list of shortcomings of the SM suggests that it only corresponds
to a low-energy approximation to a more fundamental theory beyond the standard model
(BSM). Various BSM models propose explanations to some of the aforementioned issues
or questions, by postulating the existence of new particles or mechanisms.

Among BSM models, supersymmetry [95, 99] (SUSY) is regarded as one of the most
promising. It exists in different versions which all share a common underlying principle,
namely the introduction of a new symmetry beween bosons and fermions. Each fermion
would be associated with a supersymmetric boson, and vice-versa. SUSY extensions
could for instance solve the naturalness problem, or predict the unification of the gauge
interactions at higher energy. They could also provide a stable particle candidate for dark
matter. But despite an important research effort led by the ATLAS and CMS experiments
at the LHC, no evidence for supersymmetry was found yet.

1.8.2 Effective field theory and indirect search for new physics

Even in the absence of any direct observation, new particles could still manifest them-
selves indirectly, e.g. through their decay products or via loop corrections. To interpret
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deviations in measurements in terms of new physics, one of the main approaches is that
of effective field theory (EFT) [100]. An EFT corresponds to a low-energy approximation to
a more fundamental underlying theory, characterized by an energy scale A (e.g. the mass
of new particles) well above what can currently be probed experimentally. The validity
of an EFT is restricted to a limited energy range, and may not hold in different regimes.

EFTs provide a well-defined framework to interpret deviations from predictions in a
model-independent way. They consistently correlate the effects that new physics could
potentially have on different observables, and thus allow to distinguish between com-
peting BSM models. There is a wealth of historical examples in which the use of effective
theories made it possible to precisely describe phenomenons, before the fundamental
mechanisms involved could be unveiled. For example, Classical Mechanics can be con-
sidered as an effective theory of special relativity, and the Fermi model of the weak inter-
action (Sec. 1.4.1) is an EFT which provided precise predictions before the SM was built
or the W boson discovered.

Figure 1.15: Illustration of the basic concept of an EFT. An interaction mediated by a new, yet undis-
covered particle (left) is considered as a contact interaction (right) for simplification.

Within the context of EFT, one assumes that a hypothetical new particle is much more
massive than the SM particles, and hence its interactions are short-ranged. Consequently,
they can be approximated as contact (point-like) interactions, as illustrated in Fig 1.15,
much simpler to describe.

In the SM Lagrangian, products of fields (operators) are of mass dimension 4. One
can introduce new physics effects in the theory by constructing an effective Lagrangian,
adding to the SM Lagrangian an infinite sum of higher-order operators:

cd
Lofp = Lsm+Y. Y. 7707, (135)
i d

where (9? are the effective operators of dimension d, whose coupling strengths are en-
coded in the Wilson coefficients Cfl . In this way, the contribution of an operator of dimen-
sion 1 to the effective Lagrangian is proportional to 1/A". This suppresses the contri-
butions from operators of increasingly high orders, and implies that the effects of new
physics can be approximated with a finite set of low-order operators. Moreover, the only
valid dimension-five operator violates the conservation of lepton number [101, 102], and
is only relevant to test specific BSM models. To probe the existence of new physics in
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interactions involving the top quark or the Higgs boson, it is therefore common to only
consider the list of dimension-six operators.
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CHAPTER 2

The CMS experiment at the LHC

The CERN (European Organization for Nuclear Research, formerly known as Conseil Eu-
ropéen pour la Recherche Nucléaire) is a European research organisation founded in 1954,
dedicated to the advancement of knowledge primarily in the fields of nuclear and parti-
cle physics. It is located near Geneva, at the Franco-Swiss border. Besides the numerous
scientific breakthroughs that took place at CERN, its constant need for the development
of new technologies have had an important impact on the world. Most notably, it is the
birthplace of the World Wide Web [103].

The major facility hosted at CERN is the Large Hadron Collider. The Section 2.1 gives
an overview of the design, goals and characteristics of this accelerator. In Section 2.2 the
CMS detector is presented, which collected the data used in this thesis. The character-
istics and performance of its different subsystems are discussed. Finally, physics objects
and event reconstruction are introduced in Sections 2.3-

2.1 The Large Hadron Collider

2.1.1 Overview of the LHC

CERN'’s Large Hadron Collider [3, 4] (LHC) is the world’s largest and most powerful
accelerator, conceived to cover a broad physics programme. First of all, it was designed
as a discovery machine for the Higgs boson, which was observed by the ATLAS and CMS
collaborations [1, 2] in 2012. It also aims at revealing new physics, and at favouring or



Chapter 2. The CMS experiment at the LHC

ruling out BSM scenarios which propose explanations to several shortcomings of the SM
(see Sec. ). To fulfil these goals, the LHC produces proton and heavy-ion collisions
(events) at unprecedented energy, notably in order to abundantly produce heavy particles
and directly probe the existence of new particles at the TeV scale. Moreover, it provides

a high instantaneous luminosity, as discussed in Sec. , allowing to collect data faster
than its predecessors. Thus the LHC can be used to perform precision measurements of
key parameters of the SM.

Built between 1998 and 2008, its design was largely driven by the desire to take ad-
vantage of pre-existing CERN infrastructures. It is installed in the 26.7 km ring tunnel
previously used by the Large Electron-Positron (LEP) collider [104]. The LEP was op-
erated from 1989 to 2000, and produced electron-positron collisions at energies ranging
from 90 GeV to 209 GeV. Its 4 collaborations published more than a thousand scientific
articles, and performed important tests of the SM [105-107]. Notably, a combination of
searches for the Higgs boson set a lower bound on its mass and reported a mild excess
of data at 115 GeV [108].

The LHC tunnel is located between 45 m and 170 m below ground level and has a di-
ameter of 3.7 m. It now contains 2 adjacent beam pipes, inside which 2 counter-rotating
beams travel around the ring. The LHC principally produces proton-proton (p-p) colli-
sions, with a design maximum centre-of-mass energy +/s = 14 TeV. It can also accelerate
heavy-ions, such as lead (Pb) nuclei, both in Pb-Pb or p-Pb configuration. Throughout
the year, data-taking periods are interspersed with maintenance breaks. During winter,
the LHC is stopped for the year-end technical stop (YETS), in order to spare energy (the
peak consumption of the LHC and the detectors alone amounts to as much as 1/5 of that
of the city of Geneva) and perform the necessary maintenance and upgrade works.

LHC operations started in September 2008. Only a week later, an incident caused by
a faulty electrical connection resulted in an additional 14 months delay and the lowering
of the beam energy [109, ]. During the Run 1 data-taking period, from 2009 to 2013,
the LHC produced p-p collisions at the record-breaking centre-of-mass energies /s = 7
TeV (2010, 2011) and later /s = 8 TeV (2012). The previous record of /s = 1.96 TeV
was held by Fermilab’s Tevatron [65, 66], which was decommissioned in 2011. The LHC
was then shut down for 2 years, to upgrade its detectors and allow for an increase of the
beam energy. It was restarted in 2015, and produced p-p collisions at /s = 13 TeV until
the end of the Run 2, in late 2018. The ongoing long shutdown (LS2) period aims at the
repair and upgrade of the LHC infrastructures and detectors.

In general, accelerators use charged, stable particles. Electrons, being fundamental
particles, are much better suited to perform extremely precise measurements at con-
trolled energies. However, the main rationale for colliding instead composite protons
at the LHC is that they undergo much smaller synchrotron radiation losses due to their
larger mass (by a factor of about 1836, since the synchrotron radiation power is propor-
tional to 1/m?*, and my/m, ~ 1836).
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Synchrotron radiations are emitted whenever a charged particle is accelerated radi-
ally or moves in a magnetic field on a circular orbit, as is for instance the case in circular
accelerators, where particles are forced to travel along a curved path by a magnetic field.
Although this is a useful feature used by many experiments to produce radiations at spe-
cific energies, in the case of particle physics this represents a loss limiting the maximum
beam energy in a circular accelerator. Therefore, a proton collider can reach much higher
energies than an electron collider. While the centre-of-mass energy of the LEP was lim-
ited by the large synchotron radiation of its electrons, that of LHC is determined by the
capacity of its magnets to maintain the massive protons on their circular trajectory.

Furthermore, the energy reached at the LHC is such that an important fraction of the
proton’s momentum is carried by the sea quarks and gluons. Therefore it is possible
to generate interesting physics (e.g. the production of Higgs bosons via gluon fusion)
without colliding protons with their antiparticles, which are less affordable and much
more difficult to produce in sufficient quantities.

The CERN accelerator complex
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Figure 2.1: [llustration of the accelerator complex at CERN. Taken from Ref. [111].
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2.1.2 The accelerator complex

The LHC is the final and major part of a wider accelerator complex illustrated in
Fig. 2.1. Before protons enter the LHC ring and get accelerated to their maximum en-
ergy, they first pass through a chain of pre-accelerators. These were built well before the
LHC, and upgraded to meet its stringent needs. They also provide particles to smaller
CERN experiments with different aims.

The very first step of the chain consists in the extraction of protons from a bottle of
hydrogen gas. The gas is injected into a metal cylinder called duoplasmatron [112], where
protons are separated from electrons using an electric field. The protons are then sent
to a Radio Frequency Quadrupole (RFQ), a type of cavity which allows at the same time
to group the protons into bunches, accelerate the bunches, and focus them. After being
accelerated to 750 keV, the protons are fed into the Linear Accelerator (Linac 2, currently
being replaced by the newer Linac 4) and brought to an energy of 50 MeV.

Following a 80-m-long transfer line, the particles then arrive into the Proton Syn-
chrotron Booster (PSB, 150 m circumference) where they reach an energy of 1.4 GeV.
Next, they enter the Proton Synchrotron (PS, 628 m circumference) and later the Super
Proton Synchrotron (SPS, 6912 m circumference) which bring them to energies of 26 GeV
and 450 GeV respectively. Finally, the proton bunches are provided to the LHC using
fast kicker magnets. It takes about 5 minutes to fill the ring with the 2 counter-rotating
beams, and they get accelerated for about 20 minutes before they reach their final energy.

Similarly, lead atoms are obtained from a lead sample heated to high temperature.
This generates lead ions which are selected depending on their charges, and sent through
a carbon foil to turn them into Pb>* ions. Once accumulated, they get accelerated in the
Low Energy Ion Ring (LEIR) and sent to the PS. After being fully stripped of their elec-
trons, the resulting Pb%2" ions are sent to the SPS, and finally the LHC which accelerates
them at an energy of up to 2.76 TeV per nucleon.

2.1.3 The LHC machine
Design

The two rings hosted in the 3.7-m-diameter tunnel of the LHC share the same me-
chanical structure and cryostat system. A ultra-high vacuum is achieved around the
magnets and the cooling system to insulate them, and in the beam pipes to minimize
the contamination from gas molecules. About 2 weeks of pumping are required to bring
the pressure down to 107!3 atm in the beam pipes. With the current optimized filling
scheme, the LHC can accelerate and collide as many as 2556 proton bunches per beam,
each bunch containing about 115 billion protons. They are spaced at intervals of 25 ns
each (50 ns during Run 1), and circle around the ring about 11000 times per second, only
3.1 m/s slower than the speed of light. This corresponds to a bunch collision rate of 40
MHz when the LHC is full.
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Each beam is accelerated by its own radio frequency (RF) system comprising 8 cavi-
ties. The cavities are operated in a superconducting state, in order to greatly reduce the
amount of heat generated by the large electrical power currents. They are cooled with
superfluid helium down to a temperature of 4.5 K. Each cavity provides a 2 MV acceler-
ating voltage at a frequency of 400 MHz. The oscillating field is synchronized with the
arrival of proton bunches, in order to provide optimal acceleration throughout the cavity
length. Asynchronous protons, which are early or late with respect to the bunch average,
are subjected to fields of different intensities. The resulting acceleration or deceleration
forces them back into the bunches.

The LHC comprises a total of 9593 magnets based on niobium-titanium (NbTi) tech-
nology, which represent an important fraction of the machine’s total cost. Among them,
1232 dipole magnets bend the path of the proton bunches to keep them on a circular
trajectory. They are almost 15-m-long and weigh 35 tons each. They generate a mag-
netic field of 8.3 T, about 10° times more than the Earth’s magnetic field. 392 quadrupole
magnets focus the beams. Their 4 symmetric poles squeeze the beams both horizontally
and vertically. Stronger magnets are placed close to the collision points to maximise the
luminosity. Additionally, magnets of higher multipole orders (sextupoles, octupoles, de-
capoles) are used to fine-tune the geometry of the fields at the extremities of the dipoles.

The LHC magnets are cooled down to 1.9 K, colder than outer space. This requires
about 120 tons of superfluid Helium-4 with null viscosity, which has excellent heat dis-
sipation properties, making the LHC the largest cryogenic system in the world. This
extremely low temperature keeps the wires of the magnets in a stable supraconducting
state wherein their electrical resistance vanishes, allowing them to sustain higher elec-
trical currents and generate more intense magnetic fields. As an example, operating the
magnets at the slightly higher temperature of 4.22 K (the boiling point of helium) would
translate into a decrease of about 3 T of the dipole magnets” magnetic field, correspond-
ing to a decrease of the beam energy by several TeV [113, 114].

As illustrated in Fig. 2.2, the LHC is not perfectly circular. It is composed of 8 indepen-
dent sectors of 2.45 km each which contain the bending magnets, linked by 545-m-long
straight sections. The exact layout of a given straigth section depends on its purpose:
namely beam injection, beam dumping, beam cleaning or physics experiment. The beam
dump system allows the safe redirection of the beams into a 8-m-long graphite block
embedded in concrete, using fast kicker magnets. As the total energy stored in each
beam can reach 350 M] (comparable to the energy of a train of 400 tons moving at 150
km/h), such a system is necessary to protect the infrastructures and the detectors in case
of a technical failure. It is also used whenever the proton density in the bunches has de-
creased below a given threshold, and the beams need to be removed from the machine
prior to re-injection.
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Figure 2.2: Schematic layout of the LHC ring. Taken from Ref. [115].

Experiments

The LHC hosts 4 major experiments, located at the 4 interaction points (IP) where par-
ticles collide. ATLAS [116] (A Toroidal LHC ApparatuS) and CMS [117] (Compact Muon
Solenoid) are multi-purposes detectors which can study both protons and heavy-ions
collisions. They cover a broad physics programme, from precision tests of the SM to
searches for new physics. Their subdetectors use different technologies, making these
experiments complementary to each other. Major findings, such as the discovery of the
Higgs boson, or the recent observation of the tfH process, can thus be verified indepen-
dently by the 2 collaborations, which increases the credibility of the results. Moreover,
analyses performed both by ATLAS and CMS can later be combined to reach better sta-
tistical precision.

ALICE [118, ] (A Large Ion Collider Experiment) is a detector optimized to study
heavy-ion collisions. One of its primary aims is to explore the quark-gluon plasma [120]
forming at extreme energy densities, a phase of matter in which quarks and gluons are
no longer bound into hadrons. Its study may provide insights on the early state of the
universe, as it is speculated that matter existed in this phase up to a few microseconds
after the Big Bang (temperature of ~ 100 MeV, or 102 K). It also helps understanding
better key QCD mechanisms such as confinement. The ALICE detector comprises a to-
tal of 19 subdetectors, and was designed to efficiently cope with the very high particle
multiplicities generated by heavy-ions collisions.
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LHCb [121] (Large Hadron Collider beauty) is a specialized b-physics experiment, focus-
ing on hadrons containing a bottom quark. Among its main goals are the measurement
of parameters of the CKM matrix and the search for CP violation [122] and flavour vio-
lation [123]. Contrary to the 3 other detectors, which enclose the interaction point, LHCb
is an asymmetric single-arm detector. Its layout exploits the fact that at high energies, bb
pairs are predominantly produced via strongly asymmetric gluon fusion, and are thus
boosted together in the same forward (or backward) region.

In addition, smaller experiments are connected to the LHC and use its beams: TO-
TEM [124-126] (TOTal cross section, Elastic scattering and diffraction dissociation Measure-
ment at the LHC) is located in the CMS cavern and notably performs precision mea-
surements of the p-p interaction cross section, as well as in-depth studies of the pro-
ton structure; its ATLAS counterpart is called ALFA [127] (Absolute Luminosity For AT-
LAS); MoEDAL [128, 129] (Monopole and Exotics Detector at the LHC) searches for magnetic
monopoles and shares the same cavern as LHCb; LHCf [130] (Large Hadron Collider for-
ward) produces particle cascades akin to those generated in cosmics rays, to understand
better this phenomenon.

214 Luminosity and pileup

Luminosity

Luminosity [24, 131] is a crucial quantity for any particle collider. The number of
events dN/dt produced for a given process with cross section ¢, per unit of time, is
directly related to the instantaneous luminosity L as:

oN

5 = L xo. (2.1)

By integrating £ over time, one obtains the integrated luminosity L = [ L dt, which char-
acterizes the volume of data which has been produced or collected. The instantaneous
luminosity is usually expressed in cm 2571 and the integrated luminosity in inverse
picobarns (pbfl) or femtobarns (fb—1) '.

Alongside the beam energy, the instantaneous luminosity is one of the most impor-
tant parameters of a collider, and a direct indicator of its performance. This rings par-
ticularly true for the LHC, whose physics programme heavily relies both on the highest
achievable centre-of-mass energy and luminosity, to study very rare processes and per-
form the most precise measurements to date of several SM parameters.

In order to achieve a high collision rate, it is necessary to maximise the instantaneous
luminosity. In the case of two relativistic beams sharing the same characteristics at a

N barn=10"2 m?, thus 1 fb~1 =103 cm2.
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circular collider, it is defined as:

re fNyn3

=-——F, 2.2
47t oy 0y (2.2)

where Nj, is the number of bunches per beam, 7, is the number of particles per bunch,
f is the revolution frequency of the bunches, 0y, are the transverse beam sizes along
the x and y axes, and F is the geometric luminosity reduction factor due to the crossing
angle at the interaction point (F < 1). Although the LHC specifications foresaw that the
machine could accelerate up to 2808 bunches in each direction, this number was limited
to 2556 during Run 2 to allow for an important reduction of the transverse size of the
beam to about 2.5 ym, resulting in a greater beam density and hence luminosity. This
optimized filling scheme (called BCMS [132-135]) used during Run 2 made it possible to
reach a peak luminosity of 2.1 x 103 cm~2s~!, more than twice the design value (and
almost two orders of magnitude larger than that of the Tevatron [136]).

Figure 2.3 shows the cumulative evolution of the integrated luminosity delivered
to the CMS detector during p-p collisions at nominal /s, for each year of data-taking.
The observed trend illustrates how the continuous improvement of the LHC machine
allowed collecting data at an ever-faster rate over the years. The total integrated lumi-
nosities collected by CMS during Run 1 and Run 2 amount to 27.4 fb~! and 150.3 fb~!
respectively [137].
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Figure 2.3: Evolution of the cumulative luminosity delivered to CMS over time, during stable beams
for p-p collisions at nominal centre-of-mass-energy, for each year of data-taking. Taken from Ref. [137].
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Pileup

The pileup (PU) represents an important limitation for any collider with high instan-
taneous luminosity. At the LHC, pileup corresponds to the fact that multiple p-p inter-
actions take place at each bunch crossing, resulting in a higher detector occupancy. As
the typical cross sections of the processes of interest at the LHC are many orders of mag-
nitude lower than the p-p interaction cross section, it is unlikely that 2 distinct "hard"
(highly energetic) collisions between partons happen in the same bunch crossing and
produce physics of interest simultaneously. However, the products of the different in-
teractions must still be disentangled, and this degrades the efficiency and resolution of
particle reconstruction.

The PU directly affects the precision of measurements, and can represent an impor-
tant source of systematic uncertainty for some analyses. Figure 2.4 (a) shows the distri-
butions of the mean number of proton-proton interactions per bunch crossing, for each
year of data-taking. It illustrates the increase of the average pileup since the beginning
of LHC operations, due to the increase in instantaneous luminosity. In 2018, the average
pileup in the CMS detector was measured to be 37 in average. Figure 2.4 (b) shows a
CMS event display in which 78 different interaction vertices were reconstructed in the
tracker, illustrating the challenges posed by a large pileup.
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Figure 2.4: (a) Mean number of interactions per bunch crossing (pileup), for each year of pp data-

taking. The mean pileup values are indicated. Taken from Ref. [137]. (b) Event display showing 78

different reconstructed vertices (yellow dots) in the CMS Tracker. This event was recorded during a
high-pileup run in 2012. Taken from Ref. [135].
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A distinction is made between in-time PU, corresponding to multiple collisions taking
place in the same bunch crossing as the collision of interest, and out-of-time PU, corre-
sponding to interactions happenning in the bunch crossings before and after it (other
minor sources of PU are listed in [139]). Their effects must be simulated and mitigated
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as efficiently as possible [140, 141]. In-time PU interactions may be distinguished by the
positions of their respective vertices, which are spread along the beam axis (cf. Fig. 2.4
(b)). As they are also less energetic, the sum of the momenta of the tracks associated with
each vertex can be used to identify the primary vertex. As the response times of most
detectors exceed 25 ns, out-of-time PU may bias the measurement. In order to reduce
the impact of pileup, a detector close to the interaction point with high granularity and
satisfying time resolution is thus essential for any LHC experiment.

2.2 The CMS detector

CMS DETECTOR STEEL RETURN YOKE

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

Overall diameter :15.0 m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

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

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

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

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels

Figure 2.5: Sectional view of the CMS detector, with its main subdectors indicated. Taken from
Ref. [142].

CMS [117] (Compact Muon Solenoid) is a cylindrical detector, which has a length of 21.6
m, a diameter of 14.6 m, and weighs 14500 tons”. It is located in a cavern at the LHC
Point 5, near the village of Cessy in France, about 100 m below ground level. The CMS
collaboration is one of the largest in the world, with almost 3000 physicists and 1000 engi-
neers, representing 229 institutes from 51 countries and regions [143]. As it was already

2The fact that it is labelled as "compact" can be understood when comparing it to the ATLAS detector,
which is 46-m-long and 25-m-wide, but weighs 7000 tons.
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mentioned, CMS is a general-purpose detector covering a broad physics programme,
with a focus on the investigation of the mechanism of electroweak symmetry breaking.

The layout of the detector and its main components is illustrated in Fig. 2.5. One
of the distinctive features of CMS is its high field (3.8 T) solenoidal magnet, which in
combination with the silicon tracker allows for the precise measurement of the momenta
of charged particles. Its also comprises a homogeneous electromagnetic calorimeter with
excellent energy and spatial resolutions, a hadronic calorimeter, and a highly-efficient
muon detection system. These features allow for the measurement of the momenta of
muons, electrons and photons with a precision of about 1% at 100 GeV, and better than
3% for jets above 30 GeV. More details on the design and performance of each subdetector
are given in the sections 2.2.3-2.2.5.

Moreover, CMS covers a very wide solid angle (close to 47t for the muon system),
and has radiation-hard detectors and electronics which can sustain the extreme radiation
levels close to the interaction point. The trigger system, is described in Sec. 2.2.6. It uses
simple criteria to quickly decide if an event is to be recorded or not, and is rendered
necessary by the limitations in computing power, data storage rate and capacity. The
algorithm used to reconstruct and identify particles from the detector-level information
is introduced in Sec. 2.3.1.

2.2.1 Coordinate system and conventions

The coordinate system used by CMS is sketched in Fig. 2.6 (a). The axis of the CMS
detector corresponds to the beam axis, labelled z, and collisions take place in its centre
(IP5). The y-axis points vertically upward, while the x-axis points radially toward the
centre of the LHC ring.
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Figure 2.6: (a) Illustration of the coordinates conventions used at CMS. (b) Examples of corresponding
values between the polar angle 6 and the pseudorapidity 1. As 6 approaches zero, 1 approaches
infinity.
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The x-y plane is called the transverse plane, and is of particular importance for LHC
experiments (as explained in Sec. ). Within this plane, one can compute transverse
quantities such as the transverse momentum, defined as pr = , /p% + pj, and the azimuthal
angle ¢ starting from the x-axis. In the y-z plane, the polar angle 0 is measured from the
y-axis. To describe the angle of a particle relative to the beam axis, a very useful spatial
coordinate is the pseudorapidity #:

= —ln(tang). (2.3)

The difference in pseudorapidity Ay between 2 particles is Lorentz-invariant, i.e. it does
not depend on the longitudinal boost of the event. This is important because colliding
partons have different energies, implying that the longitudinal boost of the event’s rest
frame differs from one collision to another. As illustrated of Fig. 7.6 (b), a pseudorapidity
|7| — oo corresponds to a trajectory parallel to the beam line.

Another important quantity is the angular distance, defined as:

AR = \/Ag? + Ay?, 2.4)

where A¢ = |p1 — ¢2| and Ay = |1 — 12|. This quantity is particularly useful to charac-
terize the solid angle around a particle, and how isolated it is. The isolation of electrons
and muons is measured relatively to their transverse momentum p’. as [144]:

Il _ ( p;harged + max [0’ Z p1%eutral + Z p’% o pl;ll]> /plT , (25)
where EpCThargEd, Y preutral and Y pl are the scalar sums of the transverse momenta of
charged hadrons originating from the primary vertex, neutral hadrons and photons re-
spectively, found within a cone of fixed size. The contribution from pileup pLY is es-
timated differently for electrons and muons [144, ]. It must be substracted because
isolation-related quantities are among the most sensitive to the presence of PU. The iso-
lation is a most useful quantity to identify prompt leptons produced in electroweak inter-
actions, as will be explained in Chapter 4.

2.2.2 The solenoidal magnet

The superconducting solenoid magnet of CMS constitutes one of its key components,
and is the central apparatus around which the experiment was designed. With its 220
tons and large dimensions (6-m-wide, 12.5-m-long), this device is the largest of its kind
ever built. It generates an axial magnetic field of 3.8 T, mostly uniform within its volume,
bending the paths of charged particles in the transverse plane through the Lorentz force
ﬁL =q (Z_f AB )
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The magnet encompasses the tracker and the calorimeters, which prevents that the
measurements of these detectors be affected by the particles” interactions with the mate-
rial of the magnet. Combined with the precise spatial resolution of the tracker, the intense
magnetic field aims at providing an unambiguous determination of a particle’s charge,
as well as a precise measurement of its momentum, based on its reconstructed trajectory.
It also enables the use of sharper momenta thresholds for triggering on muon, which
directly impacts the muon detection efficiency. For example, for a muon pt threshold set
at 20 GeV, a decrease of the magnetic field from 4 T to 3 T almost results in the doubling
of the muon trigger rate [146].

Like for the dipole magnets, the cabling of the solenoid is made of niobium-titanium
alloy. It is cooled by a cryostat system using liquid helium, and is operated at a tempera-
ture of 4.7 K. Apart from the superconducting coil, the two other main components of the
magnet are the vacuum tank, which houses and insulates the coil, and the return yoke.

The return yoke is responsible for the return of the magnetic flux, to reduce the stray
tield. It makes up most of the mass of the entire experiment, about 10000 tons. It is
composed of 5 three-layered dodecagonal wheels, plus 3 endcap disks at each end. Since
the iron of the yoke gets magnetized by the field, it increases its strength and improves
its homogeneity outside of the solenoid. Furthermore, the yoke serves as the main me-
chanical structure supporting all the barrel detector components, and provides housing
for the muon tracking system. The thick, dense material of the yoke effectively acts as a
filter. It stops all the remaining particles which were not absorbed by the calorimeters,
with the exception of muons and neutrinos.

The magnetic field must be accurately characterized over the entire volume of the
experiment. Dedicated tests were performed to parameterise the magnetic flux density
inside the superconducting coil, with a precision of the order of 0.1% [147].

2.2.3 The silicon tracker

The CMS tracker [117, —150] is the device closest to the interaction point. It is 5.6-
m-long and 2.2-m-wide, and is composed of 2 main parts: the inner pixel tracker, and the
outer strip tracker. They both comprise cylindrical barrel layers in the central region of
the detector, and end-cap disks perpendicular to the beam in the forward region, which
extend the geometrical acceptance of the tracker up to |77| < 2.5.

The design requirements regarding its high granularity, quick response time and ra-
diation hardness led to the choice of silicon sensor technologies for the entire tracker.
Charged particles deposit energy via ionisation in the silicon semiconductors and create
electron-hole pairs, which then drift towards the electrodes and induce a signal. The re-
construction of such hits in several consecutive layers determines the particle’s trajectory.
The physics related to the silicon strip sensors is introduced in more details in Chapter

With an active silicon area of ~ 200 m?, the silicon tracker is the largest device of its
kind ever built, and its challenging construction involved the collaboration of 51 insti-
tutes over more than a decade. The general layout of the tracker is shown in Fig. 2.7,
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Figure 2.7: Schematic view of a cross section through the CMS tracker. The positions of the pixel

tracker and the different parts of the strip tracker are indicated. The lines represent detector modules.

The pixel detector was replaced in 2017 and now features one additional layer both in the barrel and
endcaps, as explained in the text. Adapted from Ref. [117].

where lines represent detector modules. Double lines indicate stereo modules consisting
of two strip modules mounted back-to-back and rotated at an angle of 100 mrad, in order
to provide 3-D measurements.

A compromise had to be found between providing the best possible services to the
detector (high power for electronics, efficient cooling system, precise alignment of the
mechanical structure, etc.), and keeping the amount of inactive material as low as pos-
sible. Indeed, the passive material generates multiple scattering which degrades the po-
sition resolution of the detector modules, and nuclear interactions with hadrons which
reduce the tracking efficiency for these particles. Additionally, it causes bremsstrahlung
and photon conversions which affect the subsequent energy measurement in the electro-
magnetic calorimeter. Figure 2.8 shows the simulated material budget of the tracker, in
number of hadronic interaction length A, as a function of pseudorapidity.

The primary task of the tracker is the reconstruction of the trajectories of charged par-
ticles. As they get bent by the strong magnetic field, this subdetector is able to measure
both the electric charge and momentum associated with each reconstructed track. More-
over, its high granularity gives it an excellent spatial resolution, allowing it to precisely
reconstruct the primary and secondary vertices. This is essential to the overall perfor-
mance of the detector, as it is necessary to identify an interaction of interest in the midst
of a high-pileup environment.

The tracker also enables the identification of heavy-flavour quarks or tau leptons pro-
duced in many processes of interest. Indeed, their production is characterized by a vertex
displaced away from the primary vertex, due to their relatively long lifetimes (i.e. longer
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Figure 2.8: Material budget of the CMS tracker in number of hadronic interaction length Ay as a
function of pseudorapidity 7, for the different subdetectors. It is estimated from the simulation with
an accuracy better than 10% [151]. Taken from Ref. [152].

flight times before decaying). The information provided by the tracker is used exten-
sively by the trigger system (at HLT level, see Sec. 2.2.6), in order to reduce the rate of
potentially interesting events down to reasonable levels.

The pixel inner tracker

The pixel tracker directly surrounds the interaction point, and is subjected to a very
high particle flux. This motivated the choice of a silicon pixel technology, which achieves
excellent spatial and time resolutions even in such an extreme environment.

The pixel detector plays a very important role, especially regarding the reconstruc-
tions of vertices. Its measurements also provide most of the seeds for the tracking algo-
rithm, i.e. the starting points from which the full tracks are reconstructed.

Prior to 2017, the pixel barrel (BPIX) contained 3 layers covering the radius range 4.4 <
r < 10.2 cm from the IP, while the pixel endcaps (FPIX) closing both sides each contained
2 disks located at the distances |z| = 34.5 cm and |z| = 46.5 cm.

As the pixel detector receives high doses of irradiation, and in order to maintain its
excellent performance at an even higher instantaneous luminosity, it was replaced dur-
ing the extended 2016-2017 winter shutdown. The Phase-1 Upgrade pixel detector [153,
154] features an improved, faster readout chip, as well as an additional tracking layer
both in the barrel and forward regions. With the new design, the material budget could
be reduced, the innermost layer was moved closer to the interaction point, while the
outermost layer was moved further away from it.
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The new BPIX now contains 4 layers covering the radius range 3 < r < 16 cm, while
both sides of the new FPIX contain 3 disks located at distances ranging from |z| = 29.1
cm to |z| = 51.6 cm. In total this represents 125 million silicon pixels over 1856 mod-
ules, with a size 100 x 150]/tm2 designed for optimal charge sharing between cells. The
thickness of the sensitive volume is 285 ym. Beam tests realized with electrons under op-
timal conditions found that the upgraded pixel detector could reach a tracking efficiency
of 99.95+0.05 %, with intrinsic spatial resolutions of (4.80+0.25ym) and (7.99+0.21um)
along the 100 ym and 150 ym directions, respectively [155].

The strip tracker

The strip tracker [117, 156] surrounds the pixel detector and is made of 15148 modules,
amounting to a total of 24244 silicon sensors and 9.3 million individual strips. Each
module carries either one "thin" 320 ym-thick sensor, or two 500 ym-thick ones. The
thicker sensors have correspondingly higher signal, and are used in the outer tracker
region to maintain a signal-to-noise ratio well above 10. The sensors come in 15 different
geometries, and possess either 512 or 768 strips. The distance between the strips (pitch)
and the strip length range respectively from 80 ym and 8.5 cm, to 205 ym and 20 cm
in the outer regions where the particle flux and occupancy is reduced [117]. A constant
ratio w/p = 0.25 between the pitch and strip width is used for all sensors.

The strips are wired by groups of 128 to a read-out chip (APV25[117, 157], for Analog
Pipeline Voltage), which samples, shapes and amplifies their signals. Upon a positive
decision of the trigger system for a given event, the signal is then propagated via optical
fibres to the Front End Driver (FED) boards where it is digitized. A TIB module is shown
in Fig.

Figure 2.9: Single-sided TIB module. The 512 strips are read-out by 4 APV chips on the right-hand
side. Taken from Ref. [158].

The strip tracker has a rather complex design, which reflects the great deal of tradeoffs
among resolution, material budget, compactness, cost, etc. It is partitioned into 4 distinct
parts. Its innermost barrel detector is the TIB (Tracker Inner Barrel) which consists of
4 concentric layers located at radii 25.5 cm, 33.9 cm, 41.85 cm and 49.8 cm respectively,
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ranging from -70 cm to +70 cm along the beampipe. The 2 layers closest to the interaction
point host stereo modules, while the 2 others are made of mono modules.

Further from the interaction point in the barrel region is the TOB (Tracker Outer Barrel),
containing 2 first layers of stereo modules, and 4 additional layers of mono modules.
Perpendicularly to the beam, the TID (Tracker Inner Disks) close each end of the TIB,
providing an hermetical coverage up to || ~ 2.5. Both TID=+ sides (referring to +z or
-z) contain 3 parallel disks, each of which is made of 3 concentric rings. The 2 innermost
rings host stereo modules, while the outer one hosts single-sided modules. Similarly, the
2 endcaps TEC+ and TEC- (Tracker EndCaps) consist of 9 disks each, made of 4 to 7 rings
(equipped with either mono or stereo modules).

2.2.4 The calorimeters

The main purpose of the calorimeters is to measure precisely the energy of the par-
ticles. The electromagnetic calorimeter targets electrons and photons, which generate
electromagnetic showers, while the hadronic one is primarily aimed at measuring the
energy deposited by hadronic jets. They both fit inside the volume of the magnet, and
their designs were directly influenced by the need for compactness. They both have high
granularities, to avoid that the stacking of multiple particles in a single sensor degrades
their measurements. The electromagnetic calorimeter has a much better resolution than
its hadronic counterpart.

The electromagnetic calorimeter

Crystals in a Preshower
supermodule _

Supercrystals

AL T _
El \ \
é \

End-cap crystals

Figure 2.10: Schematic layout of the CMS electromagnetic calorimeter, showing the arrangement
of crystal modules, supermodules and endcaps (EE), with the preshower (ES) in front. Taken from
Ref. [117].
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The homogeneous electromagnetic calorimeter [159] (ECAL) is made of 61200 lead
tungstate (PbWO;) crystals in the barrel part (EB, |i7| < 1.479), plus 7324 crystals in both
endcaps (EE) which ensure good hermeticity up to |57| < 3. This high-density material
was chosen for its radiation-hardness, fast light emission (80% of the light is emitted
within 25 ns) and good sensitivity. Its small radiation length (0.89 cm) and Moliére ra-
dius ” (2.2 cm) permitted the design of a finely-segmented and compact detector.

The layout of the ECAL is represented in Fig. . The barrel is divided into two EB+
and EB- halves, which comprise 18 supermodules each. The preshower (ES) detector
is located in front of the endcaps, and provides an improved spatial resolution in the
region 1.65 < || < 2.6. It contains 2 mm-long silicon strips, to be compared with
the 2.2 x 2.2 x 23 cm? of the EB crystals. In particular it helps differentiating between
single high-energy photons and pairs of collimated, low-energy photons resulting from
70 — v decays.

Electromagnetic showers are initiated in the crystals, or the layer of lead radiators
in the ES, and use up almost all the energy of electrons and photons. This excites the
atoms of the crystals, which relax by emitting an amount of blue light proportional to the
deposited energy. This light then reaches photodetectors, namely avalanche photodiodes
(APDs) in the EB, and vacuum phototriodes (VPTs) which can sustain a higher particle
flux in the EE.

One of the main performance requirements for the ECAL was the precise measurement
of diphoton invariant masses, as H — <y is one of the most sensitive discovery channels
of the Higgs boson, and of the energies of energetic electrons and photons in general. Its
typical energy resolution og as a function of the electron energy E was initially measured

tobe [117]:
2 o/ 2
0'E>2 (2.8%> <12 /o) 2
—) =—F=) @ 0.3%)". 2.6
The first term represents stochastic fluctuations in the event-by-event measurements, and
is small due to the calorimeter being homogeneous. The second one represents noise
contributions (from electronics, digitization and pileup), and the third constant term is
due to non-uniformities, miscalibrations and energy leakage. The resolution slightly de-
graded over time, as radiation damages increase the noise from the leakage current and
decrease the transparency of the crystals.

One drawback of this detector is its constant need for calibration. As the response of
the numerous channels evolves with radiation, even during a single fill of the LHC ring,
it is monitored with a laser system every 40 minutes in order to apply corrections. Light
is injected in each ECAL crystal and then read by the standard readout channels. The
resulting difference between input and output amplitudes is used to derive correction
factors [160, 161].

3The radiation length Xy and Moliére radius Ry, are constant properties of a material. They represent
the distances characterizing the energy loss of a particle interacting electromagnetically, respectively in the
longitudinal and transverse directions.
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The hadronic calorimeter

Figure 2.11: Representation of a quarter of the hadronic calorimeter in the longitudinal plane, indicat-
ing the locations of the Hadron Barrel (HB), Endcap (HE), Outer (HO) and Forward (HF) subdetectors.
Taken from Ref. [117].

The hadronic calorimeter (HCAL) measures the energies of particles interacting mostly
via the strong force, after they have passed through the tracker and ECAL. It provides
the only measurement for neutral hadrons, and complements the pr measurement of
the tracker for charged hadrons. The HCAL is divided in 4 heterogeneous sampling
calorimeters, in which passive layers alternate with active ones. As particles interact in
the passive layers, they produce secondary particles which lose energy in cascade. The
emitted light reaches the active layer, where it is detected by fibres smaller than 1 mm.

The Hadron Barrel (HB, |7| < 1.4) and Endcaps (HE, 1.4 < || < 3) are located within
the volume of the solenoid, and consist of brass absorbers interspersed with plastic scin-
tillators. As the barrels of the electromagnetic and hadronic calorimeters may not provide
enough stopping power for highly energetic particles in the central region (|| < 1.3), the
magnet acts as an absorber for the Outer (HO) scintillators placed immediately after it.
The HO extends the depth of the calorimeter system to at least 11.8 interaction lengths®,
except in the barrel-endcap transition region [117]. Finally, the Forward (HF) calorimeter
has its front layer located at |z| = 11.2 m, and covers the region 2.9 < |57| < 5.2. It is thus
exposed to the highest particle fluxes, including neutrons which activate the absorber
material, making its design particularly challenging. It uses a radiation-hard Cerenkov
technology of quartz fibres as active elements, placed behind plates of steel and borated
polyethilene neutron shielding. The layout of the HCAL is represented in Fig. 2.11.

4The interaction length A; is the mean distance travelled by a hadronic particle before it undergoes an
inelastic nuclear interaction.

51



Chapter 2. The CMS experiment at the LHC

Its wide pseudorapity coverage makes the HCAL sensitive to most of the particle ac-
tivity in collisions, and its measurements are thus essential to indicate the production of
undetected particles such as neutrinos (as explained in Sec. ). During the 2017 winter
shutdown, parts of the HCAL were upgraded to improve its segmentation and overall
performance. Hybrid photodiodes were replaced with silicon photomultipliers in the
HB and HE, single-channel phototubes were replaced with multi-anode phototubes in
the HF, and the readout electronics were substantially upgraded. Details on the changes
and gains in performance can be found in Ref. [162].

2.2.5 The muon chambers

As the name of CMS suggests, the precise and robust measurement of muons was
a core specification already at the early design stage of the experiment. Muons are pro-
duced by many interesting physics processes, and their clean distinctive signature makes
them well-suited to inform the trigger decision. Furthermore, they undergo smaller en-
ergy loss in the tracker material compared to electrons, and their energies can be mea-
sured with high accuracy.

The muon system shares most of its mechanical structure with the flux-return yoke.
The solenoidal magnet and the yoke serve as hadron absorbers, as their dense material
exceeds 16 interaction lengths and prevents hadrons punchthroughs. A dedicated align-
ment system measures the positions of the muon detectors relatively to each other and
to the inner tracker, in order to optimize the muon pr resolution. Figure shows a
cross section quadrant of the CMS experiment in the r-¢p plane, where the positions of
the different muon subsystems are indicated.

In the barrel region, the muon system [117, 164] has a radius ranging from 4 m to 7.5 m.
The endcap region is located in the range 5.5 < |z| < 11 m along the beam line. Since the
muon system is located far away from the IP and provides a pseudorapidity coverage up
to 57| < 2.4, its detector components must cover a very wide surface area. This led to the
choice of gas ionisation chambers, which are reliable and possess satisfying properties
for a reduced cost. The muon system is divided into 3 main gaseous detectors, made of a
total of 1400 chambers, arranged in layers interspersed with the steel flux-return plates.
This "sandwich" design causes a traversing muon to be detected at several points, so that
its trajectory can be reconstructed and its momentum determined.

The barrel drift tube (DT) chambers cover the central region with |#| < 1.2. They con-
sist of 4 cylindric stations concentric around the beam line, which contain about 172000
sensitive wires. This central region is characterized by a rather low particle rate and lo-
cal magnetic field. The tubes have a cross section of 1.3 x 4.2 cm?, and a length of 2.4 m.
They are filled with a mixture of argon and carbon dioxyde. The smallest unit composing
the DT is the drift cell. When a muon ionises the gas, it knocks off electrons which drift
toward the positively-charged wire at the centre of the cell, generating a signal which is
then amplified and collected.
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Figure 2.12: Cross section quadrant of the CMS detector in the y-z plane, with the radius R of the

barrels increasing upward. The interaction point is located at the origin. The drift tube stations are

labelled "MB", the cathode strip chambers "ME", and the resistive plate chambers "RB" (barrel) or "RE"

(endcaps). The GEM detector added in 2017 is highlighted in red. The steel flux-return plates are
shown as dark areas. Taken from Ref. [163].

Cathode strip chambers (CSCs) are multiwire proportional chambers, in which one
of the cathodes is segmented into strips. They represent a sensitive surface area of about
5000 m?, and a gas volume larger than 50 m3. They identify muons in the region 0.9 <
l7| < 2.4, where the muon and background rates are higher than in the barrel, and
the magnetic field becomes large and non-uniform. Among the advantages of CSCs
are their fast response time, fine segmentation, reliability and radiation-hardness. The
strips provide a precision measurement in the r-¢p plane in which the muon’s track is
bended, while the anode provides a pseudorapidity measurement. Four CSC stations
are positioned orthogonally to the beam line in each endcap, in alternate layers with the
flux-return plates.

Additionally, resistive plate chambers (RPCs) operated in avalanche mode are ar-
ranged in the barrel (6 layers) and endcaps (3 layers in each). These parallel-plate de-
tectors are faster than DTs and CSCs, and can detect an ionising event in much less than
25 ns, but have a coarser spatial resolution. They are thus particularly useful to unam-
biguously identify the exact bunch crossing with whom a track is associated, even in the
presence of a high background rate. They provide a fast, independent and granular in-
formation to the trigger system, associated with a good estimation of the pr. The DT,
CSC and RPC subsystems can each trigger on the muon pr independently from the rest
of the detector.
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During the 2017 winter shutdown, additional detector chambers were included in the
region 1.6 < |y| < 2.2 to increase the redundancy of the muon system in the endcaps.
They use the gas electron multiplier (GEM) technology [163, ], which is well-suited
due to its excellent rate capability and radiation hardness. This so-called "slice test" com-
prises 10 single prototype chambers, and preludes the full installation of 144 detectors
during the ongoing LS2 [166].

2.2.6 The trigger system and computing grid

Trigger system

The use of a trigger system [117, 167] is rendered necessary by the high collision rate
of 40 MHz at the LHC. It is designed to rapidly select events which exhibit a potential
physics interest, in order to cope with real-world limitations such as the electronics’ time
response or the available computing ressources. It consists of a first hardware-based
level, followed by a second software-based level.

The first level (L1) trigger takes decisions based on the presence of detector signals
consistent with objects such as leptons, photons, jets, etc. It has a fixed latency of 4 us,
during which all the information collected for the event is buffered before they are either
discarded or forwarded to the next stage. The L1 uses information from the calorimeters
and the muon system. It is controlled via a trigger menu containing many different algo-
rithms aimed at spotting the distinctive features of interesting signals. Its composition
can be adapted to suit the needs of the physics programme of CMS. Moreover, the trigger
thresholds can be adjusted to the instantaneous luminosity delivered by the LHC during
data-taking, in order to limit the output rate below the upper limit of ~ 100 kHz imposed
by the readout electronics. During the first long shutdown (LS1), the content of the L1
menu was extended from 128 to 256 algorithms, and they were optimized to function at
higher pileup and luminosity conditions [168, 169].

Upon positive decision of the L1 trigger, the full information collected in the event is
forwarded (but not yet fully reconstructed) to the high-level (HLT) trigger. It consists of
a processor farm whose goal is to filter events using offline-quality reconstruction algo-
rithms. This processing is controlled via HLT paths, which are algorithms implemented
in a series of steps of increasing complexity. Events which successfully pass the trigger
decision are then stored on disk locally, before being transferred to an offline computing
centre for permanent storage and for distribution.

Computing grid

The LHC experiments require considerable computing ressources for several tasks,
such as the processing and reconstruction of the data, the production of Monte Carlo
simulations (see Sec. ), and their subsequent analysis. Furthermore, a spacious and
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reliable storing system is necessary to ensure the safe storage of the data, associated with
a high-speed network for worldwide distribution.

The CMS computing system is based on the Worldwide LHC Computing Grid [170]
(WLCG), which interconnects computing centres around the world in a tiered distributed
architecture. First, the Tier-0 centres located at CERN and in Budapest are responsible
for the storage and distribution of the raw data obtained directly from the CMS Online
Data Acquisition and Trigger system (TriDAS). Together, the Tier-0 centres represent a
computing power of ~ 230K processor cores and a total storage capacity of about 800
PB (8 - 108 GB). They transfer both raw and reprocessed data to 13 Tier-1 sites. These
centres with large storage capacity also ensure the storage of both raw and reconstructed
datasets, and perform larger-scale data reprocessing. 160 smaller Tier-2 centres are hosted
by universities and scientific institutes around the globe, offering storage space and com-
puting power directly available to users. The WLCG infrastructures provide authorized
users around the globe with sufficient computing power to perform demanding tasks re-
lated to their physics analyses, independently from their location. More details regarding
the WLCG and CMS computing operations can be found in Ref. [171, 172].

2.3 Object and event reconstruction at CMS

2.3.1 The particle flow algorithm
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Figure 2.13: Schematic view of a transverse slice of the CMS detector, illustrating the specific signa-
tures left by different kinds of particles. Taken from Ref. [173].

55



Chapter 2. The CMS experiment at the LHC

The CMS experiment reconstructs events using the Particle Flow (PF) algorithm [173],
designed to optimally combine information from all the subsystems. As can be under-
stood from Fig. representing a slice of the CMS detector, different types of particles
leave distinctive signatures in the complementary subdetectors.

The PF algorithm starts with low-level information such as tracker hits and calorime-
ter clusters, and performs iterative steps of increasing complexity to reconstruct final
state physics objects. These objects provide a complete and unique description of an event,
and are the ones used by most physics analyses. The PF algorithm reconstructs objects
in the following order : muons, electrons (including photons found to originate from
bremsstrahlung), photons (converted to eTe™ or not), and finally hadrons. More infor-
mation about their reconstruction is given in the following sections.

In a second step, all these objects may be used to reconstruct composite objects such
as hadronic taus and jets. At CMS, the use of a reconstruction algorithm based on the PF
concept was rendered possible notably by the highly-segmented tracking system allow-
ing for precise vertexing and pr measurements, and by the high-granularity calorime-
ters.

Tracking

The tracks of charged particles are reconstructed from the hits detected in tracker lay-
ers, using a software called the Combinatorial Track Finder (CTF) [174] based on Kalman
filtering” [175, ]. The seed initiating the track reconstruction can be provided by al-
gorithms using different information. In the first iterations, high-pr tracks clearly orig-
inating from the PV are reconstructed. In the successive iterations, the hits which were
already used are not considered anymore. This reduction of the combinatorial complex-
ity allows the progressive loosening of the quality criterions that are applied, and to
search for less evident tracks originating from radiating electrons, b-hadrons, etc. The
tracking algorithm is able to reconstruct tracks with a pr as low as 0.1 GeV or produced
as far as 60 cm from the PV [150]. The muon tracking is not specific to the PF algorithm,
and is presented in Sec.

Clustering

The other building block used by the PF algorithm is the cluster, reconstructed from
the calorimetry information. The clustering aims to achieve a high detection efficiency
even at low pr, and to distinguish among closeby energy deposits. It is performed in-
dependently in the ECAL and HCAL subsystems. Again, the cluster reconstruction is

5The Kalman filter uses a 2-steps recursive procedure. First, it predicts the evolution of a system
from a state £ to £4,1, and then accounts for the measurement performed at the step k + 1 to update
its parameters, using Bayesian inference to form a joint probability distribution. Its low CPU-time and
memory-consumption, and its ability to provide informed predictions make this algorithm well-suited for
a wide variety of applications, including particle tracking.
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initiated from seeds corresponding to a local maximum of deposited energy. Neighbor-
ing sensor cells with signals larger than twice the noise level are aggregated with the
seed into topological clusters.

Once reconstructed, the PF elements are connected together to form PF objects, based
mostly on topological considerations. The information associated with a reconstructed
object, such as the track and the ECAL energy deposit for an electron, is not considered
further by the algorithm.

2.3.2 Leptons

Electrons

The material budget in the tracker causes an electron to lose a sizeable fraction of
its energy, mostly via the highly non gaussian phenomenon of bremsstrahlung. This
motivated the development of the Gaussian-sum filter (GSF) algorithm [177], instead of
using the same Kalman filter procedure (which relies on single Gaussian PDFs) as for
other charged particles. The GSF algorithm models this energy loss with a weighted
sum of Gaussians to better capture these effects, resulting in an improved momentum
resolution for electrons.

However, this algorithm is quite CPU-intensive and can only be run on seeds which
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