ties used in the limits calculation are presented and the results of the limits on W R and N R masses are then discussed, comparing them with the previous iteration of the analysis performed with 2015 data.

Chapter 5 shows other searches on heavy neutrinos performed by CMS. Future prospects for heavy neutrinos analyses performed at colliders are then described, putting the analysis of this thesis in a wider context.

Theory overview and previous studies

Table 1.2: Mass of gauge bosons and coupling constant of their corresponding interaction. Interaction Electromagnetic Weak Strong Quantum mediator photon (γ) W ± Z gluons (g) Mass ( GeV) 0 80.363 ± 0.020 91.1876 ± 0.0021 0 Coupling constant

• mesons are made of quark-antiquark pairs, e.g. π 0 is a combination of uū-d d √ 2

;

• baryons are made of 3 quarks, e.g. uud compose a proton and udd a neutron.

, are candidate examples.

Some hadrons have small lifetimes, e.g. ≈ 10 -17 s for π 0 , and can be assumed to decay immediately from an experimental point of view, while others have bigger lifetimes, e.g.

≈ 10 -8 s for K 0 L , and decay with a displaced vertex. The proton, with a lifetime greater than 2.1 × 10 29 years, and the neutron, with a lifetime of ≈ 15 minutes, are considered stable from the experimental point of view.

The Standard Model formalism

, and the CP-violating phase of strong interactions.

The CKM matrix is a unitary matrix that determines the strength of quark mixing in weak decays. The mass eigenstates of the quarks are not the same as the weak eigenstates, leading to the only avor changing interactions in the SM. Initially conceived as a 2 × 2 matrix with a single Cabibbo angle θ C [25] to explain mixing with the strange and later with the charm quarks, it was further generalized to a 3 × 3 matrix to include the third generation when evidence for CP violation made the introduction of an additional phase necessary.

To describe the neutrino mixing between avor and mass eigenstates, Pontecorvo, Maki, Nakagawa, and Sakata proposed a similar matrix, the PMNS matrix [26], which introduces three mixing angles (θ 12 , θ 23 , and θ 13 ) and a CP-violating phase (δ CP ).

.1, and can

Résumé

Le Modèle Standard de la physique des particules est la théorie actuellement utilisée comme description de référence du monde subatomique. Décrivant les interactions entre les constituants fondamentaux de la matière à travers les forces électromagnétique, faible et forte, il a expliqué avec succès plusieurs résultats expérimentaux et prédit avec précision une grande variété de phénomènes. En particulier, il prédit l'existence d'un boson scalaire de Higgs unique associé à la brisure spontanée de la symétrie électrofaible, considéré comme responsable des masses de toutes les particules élémentaires connues. Cette particule a été découverte par les expériences ATLAS et CMS en 2012, avec une masse de ≈ 125 GeV.

Après la découverte du boson de Higgs, les objectifs principaux du collisionneur LHC au laboratoire du CERN à Genève sont les mesures de ses propriétés et les tests de cohérence avec le Modèle Standard.

Malgré ses nombreuses prédictions réussies, le Modèle Standard n'incorpore pas la force de gravité et ne donne pas un explication aux énigmes de longue date de la physique des particules, comme la présence de matière noire, l'asymétrie entre la matière et l'antimatière et le fait que seulement les neutrinos gauchers peuvent être observés. Ces phénomènes non résolus motivent des extensions de la physique du Modèle Standard. En particulier, des modèles avec neutrinos massifs sont supportés par l'observation expérimentale des oscillations de saveur de neutrinos, suggérant le fait que les neutrinos devraient avoir une masse, même si très petite. Au sein de ces modèles, les modèles symétriques Gauche-Droite sont particulièrement intéressants. Introduisant nouveaux bosons de jauge (W R and Z') et neutrinos droitiers (N R ), ils visent à expliquer la violation de parité dans les interactions faibles par une brisure spontanée de symétrie à une échelle de quelques TeV et les petites masses de neutrinos grâce à un mécanisme de "See-Saw". Dans le deuxième chapitre, après une introduction du LHC, de ses opérations et de ses performances futures, le détecteur CMS avec ses diérents sous-détecteurs est décrit, avec le système de déclenchement, l'acquisition de données et la reconstruction d'événement utilisée par la collaboration CMS. Une description plus détaillée est fournie pour le calorimètre électromagnétique, le sous-détecteur objet des études de mise à niveau présenté dans le troisième chapitre. Au nal, les diérents projets de mise à niveau du détecteur CMS pour le LHC à haute luminosité (HL-LHC) sont mentionnés.

Le calorimètre électromagnétique (ECAL) de CMS est crucial pour de nombreuses analyses de physique grâce à sa mesure précise des énergies des électrons et des photons. Une mise à niveau du détecteur sera nécessaire pour maintenir les mêmes excellentes performances obtenues dans le Run 2 du LHC aussi pendant le LHC à haute luminosité, dans un environnement avec des niveaux de pileup (interactions se produisant en même temps) et de rayonnement sans précédent. En particulier, l'électronique actuelle du tonneau de ECAL sera remplacée. Les nouvelles cartes 'Very-Front-End' auront une mise en forme d'impulsion plus courte (20 ns), un taux d'échantillonnage plus rapide (160 MHz) Les données analysées ont été recueillies dans des collisions proton-proton à une énergie de centre de masse de √ s = 13 TeV au LHC, enregistré avec le détecteur CMS en 2016 et correspondant à une luminosité totale intégrée de 35.9 fb -1 . Considérant la masse de boson W R supérieure à la masse du N R , la masse invariante des quatre objets de l'état nal peut être utilisée comme variable discriminante dans la stratégie de l'analyse. Une recherche de sommet est donc eectuée dans la distribution de masse à quatre objets, à la recherche d'une large résonance.

Après avoir répertorié les échantillons et les déclencheurs utilisés dans l'analyse, les algorithmes de reconstruction des leptons et des jets sont décrits avec les facteurs de correction utilisés pour tenir compte des diérences connues entre les données et les simulations. Les sélections d'événements utilisées pour dénir la région du signal et les diérentes régions de contrôle utilisées dans l'analyse sont ensuite montrés et les détails concernant l'estimation des bruits de fond non réductibles sont rapportés. Les procédures pour les incertitudes statistiques et systématiques utilisées dans le calcul des limites sont présentées et les résultats des limites sur les masses de W R et N R sont ensuite discutés, en les comparant avec l'itération précédente de l'analyse réalisée avec les données de 2015. Pas de dépassement signicatif par rapport aux attentes de bruits de fond du Modèle Standard, estimées avec une combinaison de techniques basées sur les données ainsi que pris directement de la simulation, a été observé. L'excès à 2.8σ déjà vu par l'expérience CMS en données à 8 TeV à m jj 2.1 TeV dans le canal de désintégration électronique n'est donc pas conrmé par les données actuelles. Les résultats de cette analyse, limites supérieures de la section ecace de production du W R en fonction de la masse du W R et de la masse du neutrino lourd, sont publiés dans un article récent de CMS [START_REF] Albert M Sirunyan | Search for a heavy right-handed W boson and a heavy neutrino in events with two same-avor leptons and two jets at √ s = 13 TeV[END_REF] et fournissent les limites les plus strictes à ce jour. Un boson W R se décomposant en neutrino lourd droitier avec une masse m N R = 1 2 m W R est exclu au niveau de conance (CL) de 95% jusqu'à une masse de 4.4 TeV. En particulier, la limite inférieure observée à 95% CL sur la masse du boson W R est 4.4 TeV pour les canaux de désintégration des électrons et des muons, alors que la limite d'exclusion attendue est de 4.4 TeV pour le canal électronique et de 4.5 TeV pour le canal de muons. Ces résultats donnent une amélioration de ≈ 1.4 TeV par rapport aux résultats de l'analyse précédente à 8 TeV [START_REF] Vardan Khachatryan | Search for heavy neutrinos and W bosons with righthanded couplings in proton-proton collisions at √ s = 8 TeV[END_REF].

Le cinquième chapitre montre d'autres recherches sur les neutrinos lourds eectuées par CMS. Les perspectives futures pour les analyses de neutrinos lourds eectuées à des collisionneurs sont ensuite décrites, en mettant l'analyse de cette thèse dans un contexte plus large. viii Résumé Expériences avec des luminosités et/ou des énergies plus élevées, nouveaux canaux de désintégration à explorer et nouvelles techniques de déplacement augmenteront la sensibilité des recherches de neutrinos lourds. Les recherches futures au LHC et à d'autres expériences permettront donc d'étendre de manière signicative l'espace des paramètres pour les neutrinos lourds sondés jusqu'à présent.

Introduction

The Standard Model of particle physics is the theory currently used as reference description of the subatomic world. Describing the interactions between the fundamental constituents of the matter through the electromagnetic, weak and strong forces, it has successfully explained several experimental results and precisely predicted a wide variety of phenomena. In particular, it predicts the existence of a unique Higgs scalar boson associated to the spontaneous electroweak symmetry breaking, considered as the responsible for the masses of all known elementary particles. This particle was discovered by the AT-LAS and CMS experiments in 2012, with a mass of ≈ 125 GeV. After the Higgs boson discovery, the main goals of the LHC collider at the CERN laboratory in Geneva are the measurements of its properties and the tests of consistency with the Standard Model.

Despite its many successful predictions, the Standard Model does not incorporate the gravity force and it does not give an explanation to long-standing puzzles of particle physics, like the presence of dark matter, the asymmetry between matter and antimatter, and the fact that only left-handed neutrinos can be observed. These unresolved phenomena motivate extensions to the physics of the Standard Model. In particular, models with massive neutrinos are supported by the experimental observation of neutrino avor oscillations, suggesting the fact that the neutrinos should have a mass, even if very small. Within these models, the Left-Right symmetric models are particularly interesting. Introducing new gauge bosons (W R and Z') and right-handed neutrinos (N R ), they aim to explain parity violation in weak interactions through a spontaneous symmetry breaking at a scale of few TeV, and small neutrino masses through a See-Saw mechanism.

One of the most sensitive channels to look for a heavy right-handed neutrino is the decay of a W R boson into two leptons and two jets. Despite its small rate, this decay channel benets from the complete reconstruction of the nal state, allowing a mass measurement of the W R boson and of the N R . The search for a heavy right-handed W boson and a heavy neutrino presented in this thesis can thus shed light on the presence of right-handed neutrinos.

This thesis is structured as follows.

In Chapter 1, a theoretical introduction of the Standard Model and of the Higgs boson xi physics is given, along with a description of the phenomena still unexplained in particle physics, motivating theories beyond the Standard Model. In particular, the Left-Right symmetric model predicting the existence of new heavy bosons and right-handed neutrinos is introduced. Its formalism and its phenomenology are presented together with the previous searches for heavy right-handed neutrinos performed at the LHC.

In Chapter 2, after an introduction of the LHC and of its operations and future performance, the CMS detector with its dierent sub-detectors is described, together with the trigger system, the data acquisition, and the event reconstruction used by the CMS Collaboration. A more detailed description is provided for the electromagnetic calorimeter, the sub-detector object of the upgrade studies presented in Chapter 3. In the end, the dierent projects for the upgrade of the CMS detector to the High-Luminosity LHC (HL-LHC) are mentioned.

The upgrade of the CMS electromagnetic calorimeter (ECAL) for the HL-LHC is detailed in Chapter 3, with the description of the current and new electronics of the ECAL barrel and of the test beams necessary to study its future performance. The data analysis for the 2018 test beam is detailed together with its results, focusing on the timing resolution of the crystals, useful to remove overlapping proton-proton interactions.

In Chapter 4, the analysis on the search for a heavy neutrino through the decay of a heavy right-handed W boson into two leptons and two jets is presented in details. The data analysed were collected in proton-proton collisions at a center-of-mass energy of √ s = 13 TeV at the LHC, recorded with the CMS detector in 2016, and corresponding to a total integrated luminosity of 35.9 fb -1 . Considering a W R mass bigger than the mass of the N R , the invariant mass of the four nal-state objects can be used as discriminating variable in the analysis strategy. After listing the samples and the triggers used in the analysis, the leptons and jets reconstruction algorithms are described together with the correction factors used to account for known dierences between data and simulations. The online and oine event selections, used to dene the signal region and the several control regions used in the analysis, are then shown and the details about the estimation of non reducible backgrounds are reported. The procedures for the statistical and systematics uncertain-xiv Chapter 1 Theory overview and previous studies 1. [START_REF] Albert M Sirunyan | Search for a heavy right-handed W boson and a heavy neutrino in events with two same-avor leptons and two jets at √ s = 13 TeV[END_REF] The Standard Model of particle physics

The Standard Model (SM) of particle physics [START_REF] Weinberg | A Model of Leptons[END_REF][START_REF] Glashow | Partial Symmetries of Weak Interactions[END_REF] is a quantum eld theory developed in the early 1970s that describes the fundamental constituents of matter and the interactions between them. So far it has been extremely successful at explaining the experimental data collected over the years and at predicting a wide variety of phenomena. One of the fundamental predictions of the SM was the existence of a new scalar eld with an associated particle, the Higgs boson, considered responsible for the masses of all known elementary particles. This particle was observed at a mass of about 125 GeV by the ATLAS and CMS experiments in 2012, during the Run 1 of the CERN Large Hadron Collider (LHC) at a center-of-mass energy √ s = 78 TeV [START_REF] Adamson | Combined analysis of ν µ disappearance and ν µ → ν e appearance in MINOS using accelerator and atmospheric neutrinos[END_REF].

Particles and their interactions

The subatomic elementary particles are described by the SM [START_REF] Halzen | QUARKS AND LEPTONS: AN INTRODUCTORY COURSE IN MODERN PARTICLE PHYSICS[END_REF] along with their interactions: the electromagnetic, weak and strong forces. The gravitational interaction, whose strength at the typical energy scale of particle physics is much smaller with respect to the other fundamental interactions, is not included in the SM.

Fermions

Fermions are twelve particles with spin 1/2 that describe the matter. According to their interactions, they are classied into two categories, leptons and quarks, and divided into three generations, each made of two leptons with electric charge -1 and 0 and two quarks with electric charge +2/3 and -1/3, as shown in Table 1.1. All fermions can interact via weak forces, while only the charged fermions can interact via the electromagnetic force, and only the quarks can interact via the strong force. 1 Each fermion has two additional quantum numbers associated with the weak interaction: the hypercharge (Y ) and the isospin (I 3). Quarks have also the color charge (C ), associated with the strong interaction.

Each fermion has an associated antiparticle with opposite quantum numbers.

Bosons

The gauge bosons, integer-spin particles, are the mediators of the three interactions described in the SM:

• the photon (γ) is massless and neutral and carries the electromagnetic interaction, responsible for the cohesion of atoms with an innite range of action;

• the W ± , charged, and the Z 0 , neutral, bosons are massive and carry the weak interaction, responsible for nuclear decays with a range of action of ≈ 10 -18 m;

• the gluons (g) are 8 massless and colored mediators carrying the strong interaction, responsible for the cohesion of nucleus and hadrons inside the atoms with a range of action of ≈ 10 -15 m.

The main characteristics of the gauge bosons are summarized in Table 1.2.

The quantum eld model of electromagnetic and weak (electroweak) interactions predicted the existence of massive gauge bosons: the neutral Z boson, conrmed by observations of neutral current scattering between neutrinos in 1973 [START_REF] Hasert | Observation of Neutrino Like Interactions Without Muon Or Electron in the Gargamelle Neutrino Experiment[END_REF] and by the UA1 and UA2 collaborations at CERN in 1983 [START_REF] Arnison | Experimental Observation of Lepton Pairs of Invariant Mass Around 95-GeV/c**2 at the CERN SPS Collider[END_REF][START_REF] Bagnaia | Evidence for Z0 > e+ e-at the CERN anti-p p Collider[END_REF], and the charged W bosons, also conrmed by the UA1 and UA2 collaborations in 1983 [1214]. Precise measurements of electroweak coupling strengths and of W and Z gauge boson masses, performed at LEP [1518] and Tevatron [1921], set indirect limits on the Higgs boson mass, conrmed by its observation [START_REF] Aad | Observation of a new particle in the search for the Standard Model Higgs boson with the ATLAS detector at the LHC[END_REF][START_REF] Chatrchyan | A New Boson with a Mass of 125 GeV Observed with the CMS Experiment at the Large Hadron Collider[END_REF].

Since in nature it is not possible to observe single, isolated and colored quarks, when two quarks move away and reach a separation distance of ≈ 10 -15 m (diameter of a hadron) their strong interaction is so great that quark-antiquark pairs are produced. These pairs are combined in dierent ways through hadronization forming colorless composite particles made of quarks, called hadrons : be measured as a further test of the SM.

The SM is a perturbatively renormalizable quantum eld theory (QFT) which describes each particle with a eld ψ(x, t), dependent on position and time, and each gauge boson with a vector eld. Relativistic fermions elds are described by four component spinors ψ:

ψ = ψ R ψ L
where ψ L and ψ R are the left and right chirality components, according to:

ψ L,R = (1 ∓ γ 5 ) 2 ψ
where γ 5 is a Dirac matrix.

The QFT is based on the local gauge symmetries associated with the electroweak and strong interactions, corresponding to invariances under the weak isospin and hypercharge symmetry groups SU (2) L × U (1) Y for the unied weak and electromagnetic forces and under the color symmetry group SU (3) C for the strong force. The U (1) symmetry group acts only on elds with non-zero hypercharge Y and is therefore noted U (1) Y , while, as described below, only the left-handed elds are doublets and therefore the SU (2) group is noted as SU (2) L . This leads to a SU (3) C × SU (2) L × U (1) Y symmetry group for the SM. The generators of these symmetry groups correspond to eight gluons elds G µ A (A = 1, 2, ...8) for SU (3) C , three boson elds W µ α (α = 1, 2, 3) for SU (2) L , and a single boson eld B µ for U (1) Y . The γ, W and Z bosons are obtained by linear combinations of W µ α and B µ , as detailed later in the text.

The SM describes the strong interaction through the Quantum Chromo-Dynamics (QCD), based on the SU (3) C gauge group, while the theory of electromagnetic (EM) interaction, the Quantum Electro-Dynamics (QED), is based on the gauge group U (1) EM , associated with the conserved quantum number Q (electric charge). In this case, the condition of local invariance under the U (1) EM group leads to the existence of a massless vector boson, the photon. The gauge theory for weak interactions is conceived as an extension of QED. The unication of the electromagnetic and the weak interaction is then described by the Glashow-Weinberg-Salam (GWS) model, extending the gauge symmetry of QED to the electroweak gauge group SU (2) I × U (1) Y .

The quantum numbers corresponding to the third component (I 3 ) of the weak isospin operator, generator of SU (2) I , and to the weak hypercharge operator (Y ), generator of U (1) Y , satisfy the Gell-Mann-Nishijima formula:

Q = I 3 + Y 2 .
The values of I 3 , Y and Q for all fermions are reported in Table 1.3.

In the SM, the left and right chirality fermions have dierent interactions due to the parity violation in weak interactions, thus they can be divided in doublets of left-handed particles and singlets of right-handed quarks and charged leptons:

L L = ν ,L L , R , Q L = u L d L , u R , d R , (1.1) 
where = e, µ, τ , u = u, c, t, and d = d, s, b. The right-handed neutrinos are not needed in the SM, since due to the chiral structure of the electroweak force there are no right-handed neutral leptons singlets.

The most general Lagrangian of the SM to describe matter particles and their interactions is given by:

L = L Y ang-M ills + L Dirac + L Higgs + L Y ukawa ,
where L Y ang-M ills represents the kinematics of the gauge elds, L Dirac describes the Table 1.3: Isospin (I 3 ), hypercharge (Y ) and electric charge (Q) of all fermions.

Fermions

I 3 Y Q ν ,L L 1 2 -1 2 -1 -1 0 -1 R 0 -2 -1 u L d L 1 2 -1 2 1 3 -1 3 2 3 -1 3 u R 0 + 4 3 + 2 3 d R 0 -2 3 -1 3
fermions and their interactions with the gauge bosons, L Higgs introduces the Higgs eld allowing to describe the electroweak spontaneous symmetry breaking, and L Y ukawa represents the interaction between the Higgs eld and the fermion elds.

Yang-Mills Lagrangian

The Yang-Mills Lagrangian is described by:

L Y ang-M ills = - 1 4g 2 B µν B µν - 1 4g 2 W a µν W aµν - 1 4g 2 G A µν G Aµν
where • g, g , and g are the couplings associated with I, Y , and C respectively;

• B µν = ∂ µ B ν -∂ ν B µ is the hypercharge tensor;

• W a µν = ∂ µ W a ν -∂ ν W a µ -abc W b µ W c
ν is the isospin tensor, with abc the asymmetric structure constants of SU (2) L ;

• G A µν = ∂ µ G A ν -∂ ν G A µ -f ABC G B µ G C
ν is the color tensor, with f ABC the asymmetric structure constants of SU (3) C .

Dirac Lagrangian

The term in the Dirac free Lagrangian described by: L = ψiγ µ ∂ µ ψ, is not invariant under local gauge transformations ψ(x) → e iα(x) ψ(x), where α is a scalar, and then the ∂ µ ψ term is not invariant under U (1) transformations. The invariance is achieved by adding a compensating eld B µ in a way that the covariant derivative is written as:

∂ µ → D µ = ∂ µ -ig Y 2 B µ .
The requirement of local gauge invariance under the SU (2) I × U (1) Y group introduces then four massless vector elds, W α µ and B µ , which couple to fermions with two dierent coupling constants, g and g , representing the weak interaction and the hypercharge coupling strengths. The gauge-invariant Lagrangian for fermion elds coupling to gauge elds can then be written as:

L = ψL γ µ i∂ µ + g τ α 2 W α µ + 1 2 g Y B µ ψ L + ψR γ µ i∂ µ + 1 2 g Y B µ ψ R , (1.2) 
where τ α are the Pauli SU (2) matrices and

ψ L = ψ 1 L ψ 2 L ,
with ψ L and ψ R summed over all the possibilities of 1.1.

For the invariance under the SU (3) C group, eight massless vector elds, G A µ , coupling to fermions with the g constant, are introduced. The term:

-ig λ A 2 G A µ
where λ A are the Gell-Mann SU (3) matrices, is then added to the covariant derivative D µ for the quarks terms.

The physical elds are not represented by the gauge elds W α µ and B µ , but by linear combinations of them. The charged bosons W + and W -correspond to:

W ± µ = 1 √ 2 (W 1 µ ∓ iW 2 µ ),
while the neutral bosons γ and Z correspond, respectively, to:

A µ = B µ cos θ W + W 3 µ sin θ W , Z µ = -B µ sin θ W + W 3 µ cos θ W ,
obtained by mixing the neutral elds W 3 µ and B µ with a rotation angle θ W , named Weinberg angle. Using these elds, the interaction term between gauge elds and fermions of the Lagrangian in Equation 1.2 becomes:

L int = 1 2 √ 2 g J + α W (+)α + J - α W (-)α + 1 2 g 2 + g 2 J Z α Z α + eJ EM α A α ,
where J EM is the electromagnetic current connected to the photon eld, while J + , J -and J Z are the three weak isospin currents. Since A α is identied with the photon eld, we get g sin θ W = g cos θ W = e.

The GWS model thus predicts the existence of two charged gauge elds, which only couple to left-handed fermions, and two neutral gauge elds, which interact with both left-and right-handed components, with the Z boson interacting dierently with right and left part. To preserve the gauge invariance of SU (2) L × U (1) Y , the W and Z bosons have to be massless.

In fact, within the SM formalism all the particles have to be massless, since a mass term for the gauge bosons in the electroweak Lagrangian would violate gauge invariance, needed to ensure the renormalizability of the theory. The W and Z bosons have however a mass, as described in Section 1.1.1, then the electroweak symmetry must be broken, leading to a

SU (3) C × SU (2) L × U (1) Y → SU (3) C × U (1) EM symmetry group.
Accidental symmetries, like the lepton and baryon number in any SM process, come from the renormalizable terms of the Lagrangian and are broken by non-renormalizable terms at higher order. Decays that could violate lepton avor conservation, such as µ + → e + e -e + , are looked for by experiments [START_REF] Bravar | The Mu3e Experiment at PSI[END_REF], together with searches [START_REF] Winslow | Discovering the majorana neutrino: The next generation of experiments[END_REF] for the Majorana nature of neutrinos that could lead to physics beyond the SM.

The Higgs mechanism

The spontaneous electroweak symmetry breaking [START_REF] Dawson | Introduction to Electroweak Symmetry Breaking[END_REF] is associated with the Brout-Englert-Higgs (BEH) mechanism [3133], that explains the origin of the mass of the gauge bosons, and of the fermions through their Yukawa couplings. The Higgs eld originates from this mechanism, and its quantum excitation, the Higgs boson, is a scalar particle that interacts with other particles. This occurs without explicitly breaking the gauge invariance, thus preserving the renormalizability of the theory, in which the mass of the Higgs boson, m H , is a free parameter.

The Higgs mechanism was developed to explain the masses of the W ± and Z bosons, while the photons, not coupling to the Higgs boson at tree level, remain massless. This mechanism introduces an SU (2) doublet of complex scalar elds with four scalar bosons:

φ = φ + φ 0 = 1 2 
φ 1 + iφ 2 φ 3 + iφ 4 .
The Higgs eld φ is characterised by the quantum numbers presented in Table 1.4.

Table 1.4: Isospin (I 3 ), hypercharge (Y ) and electric charge (Q) of φ.

I 3 Y Q φ + φ 0 1 2 -1 2 1 1 1 0
According to the Goldstone theorem [START_REF] Goldstone | Field Theories with Superconductor Solutions[END_REF][START_REF] Goldstone | Broken Symmetries[END_REF], there is a massless Goldstone boson for every spontaneously broken symmetry. Four degrees of freedom are postulated for φ: three are Goldstone bosons consumed to give mass to the W ± and Z bosons, and the fourth predicts the existence of a massive spin-zero particle, the Higgs boson.

The Lagrangian for the masses of the gauge bosons can be written as: (1.3) where D µ = ∂ µ -ig τα 2 W α µ -i 2 g Y B µ is the covariant derivative, representing the propagation of the Higgs doublet φ, its couplings to the SU (2) L and U (1) generators τ α and Y , and the massless vector elds W α µ and B µ . Since the kinetic part is written in terms of covariant derivatives and the Higgs potential V only depends on the product φ † φ, this Lagrangian is invariant under SU (2) L × U (1) Y transformations. The φ eld transforms as φ → e iα a τ a φ under SU (2) L transformations, and as φ → e iY β φ for U (1) Y transformations.

L Higgs = (D µ φ) † D µ φ -V (φ † φ),
As shown in Figure 1.2, the eective potential of the Higgs eld has a local maximum at φ = 0, but at |φ| > 0 there is an innite number of global minima representing the vacuum.

The gauge symmetry is spontaneously broken when a specic minimum of the potential is choosen. Considering the electroweak phase transition in cosmology, where a quantum eld theory at a nite temperature applies due to the high density of the primordial plasma, the Higgs potential depends on temperature. At a temperature T > 100 GeV, φ = 0 is the absolute minimum of the potential, while at T < 100 GeV the potential takes a mexican hat shape. The potential term can be written as:

V (φ † φ) = +µ 2 φ † φ + λ(φ † φ) 2 .
With µ 2 < 0 and λ > 0, the spontaneous symmetry breaking appears with a minimum vacuum expectation value given by:

φ † φ = 1 2 φ 2 1 + φ 2 2 + φ 2 3 + φ 2 4 = - µ 2 2λ = v 2 2 , v 2 = - µ 2 λ .
The choice of (φ + , φ 0 ) corresponding to the ground state is arbitrary, and the chosen point is not invariant under rotations in the (φ + , φ 0 ) plane. In general:

φ = 1 √ 2 v 1 v 2 , v i ∈ C
but using the SU (2) invariance of the Lagrangian to transform φ → φ = U φ the vacuum expectation value of φ is given by:

φ = 1 √ 2 0 v , v ∈ R + .
(1.4)

The φ eld can thus be rewritten, in terms of its vacuum expectation value, in a generic gauge:

φ = 1 √ 2 e i v φ α τα 0 H + v ,
where the three elds φ α (α = 1, 2, 3) are called Goldstone elds and H is the Higgs boson scalar eld. These three Goldstone elds, corresponding to three massless bosons, can be eliminated by choosing the unitary gauge given by the transformation:

φ → φ = e -i v φ α τα φ = 1 √ 2 0 H + v .
(1.5)

The remaining eld, the Higgs eld, has now a zero expectation value. With the φ eld in the unitary gauge, the Lagrangian in Equation 1.3 can be written as:

L Higgs = 1 2 ∂ µ H∂ µ H - 1 2 m 2 H - λ 2 m H H 3 - λ 4 H 4 + m 2 W W +µ W - µ + m 2 Z 2 Z µ Z µ 1 + H v 2 ,
where:

m H = -2µ 2 = √ 2λv.
This Lagrangian now contains mass terms for the W ± and Z elds: each of the three gauge bosons has acquired mass and an additional degree of freedom, corresponding to the longitudinal polarization. The total number of degrees of freedom is still preserved, since the three Goldstone bosons have disappeared from the Lagrangian L Higgs : the degrees related to the missing Goldstone bosons have become the longitudinal degrees of the vector bosons. Only the H scalar eld, the Higgs boson, is still present, acquiring mass itself.

The Higgs boson is neutral since the Higgs eld does not interact with the electromagnetic eld.

Vector boson masses and couplings

The masses of the W ± and Z vector bosons are related to the vacuum expectation value v and to the electroweak coupling constants:

m W = 1 2 vg m Z = 1 2 v g 2 + g 2 → m W m Z = g g 2 + g 2 = cos θ W .
The vector bosons couplings to the Higgs boson depend on the square of m W and m Z :

g H-W = 1 2 vg 2 = 2 v m 2 W g H-Z = 1 2 v(g 2 + g 2 ) = 2 v m 2 Z .
A relation between the decay ratios of the Higgs boson to a pair of W bosons and to a pair of Z bosons can be derived from the above equations:

BR(H → W + W -) BR(H → ZZ) = g H-W 1 2 g H-Z 2 = 4 m 2 W m 2 Z 2 ≈ 2.4.
The Fermi constant G F allows to directly determine the energy scale of the electroweak symmetry breaking through the vacuum expectation value [START_REF] Weinberg | A Model of Leptons[END_REF][START_REF] Beringer | Review of Particle Physics (RPP)[END_REF][START_REF] Pich | The Standard Model of Electroweak Interactions[END_REF]:

v = ( √ 2G F ) -1 2 ≈ 246 GeV.

Yukawa Lagrangian

As shown in 1.1, quarks and charged leptons exist in left-and right-handed states that are degenerate in mass, so a Dirac mass term like:

m ψψ = mψ † L ψ R + mψ † R ψ L , (1.6) 
which contains the product of left-and right-handed elds, should be used to give mass to the fermions in the SM. However, since it is clear that ψ L and ψ R behave dierently under SU (2) transformations, a Dirac mass term is not gauge invariant and thus it is not possible to introduce it explicitly in the fermion Lagrangian.

The electromagnetic gauge invariance allows the coupling between fermions and scalars, then the Higgs doublet introduced in the GWS model allows a gauge invariant interaction that looks like a fermion mass term when the Higgs gets its vacuum expectation value, called Yukawa coupling. Thus the Higgs eld generates masses also for fermions through their Yukawa couplings.

The Lagrangian for the Yukawa interaction with the Higgs eld can be written as: The mass terms appear with the development of the Yukawa Lagrangian around its minimum:

L Y ukawa = h u ij Qi L u j R φ + h d ij Qi L d j R φ + h ij Li L j R φ where Q L , L L , u R , d R ,
L mass = m u ij ūi L u j R + m d ij di L d j R + m l ij ¯ i L j R + h.c.
where h.c. is the hermitian conjugate.

Using the unitary gauge of Equation 1.5, the terms proportional to v lead to:

λ ψ v √ 2 ( ψL ψ R + ψR ψ L ) = λ ψ v √ 2 ψψ → m ψ = λ ψ v √ 2 .
From this equation it is visible that the fermions acquire a mass proportional to v.

Fermions can get their mass from spontaneous symmetry breaking, like the W and Z vector bosons: the mass is proportional to λ ψ , which is the strength of the coupling of the fermion ψ to the Higgs boson. In the electroweak sector of the SM, this mechanism is the only known source of CP violation.

Neutrinos, neutral and massless fermions that only interact through the weak interaction, play a special role in the SM. Due to parity violation in the weak interaction, only left-handed neutrinos can be observed. In the SM, the mass of a fermion can only be assigned through a Dirac mass term like the one in Equation 1.6, which depends on the product of left-and right-handed elds, then the Dirac mass term for a neutrino yields a mass of zero if there are no right-handed neutrinos. To account for the experimental observation of massive neutrinos an extension of the SM is thus required.

Beyond the Standard Model

Despite the many successful predictions of the SM, there are indications that the SM is not a complete theory [START_REF] Langacker | The standard model and beyond[END_REF].

Gravitational interaction

The SM is a low-energy eective theory, thought to derive from a Grand Unied Theory (GUT), valid up to some energy scale Λ but it does not include gravity. In fact, the eect of gravity at small scales is extremely weak. The strength of the gravitational attraction at the quantum level is expected to be comparable to the other forces at the Planck scale, m Planck ≈ 10 19 GeV, which is well beyond the one that can be probed in the current experiments. Therefore, theories that incorporate gravity are not easily testable.

Dark Matter

The total energy content of the entire universe is made of the matter described by the SM only for ≈ 5% [START_REF] Persic | Dark and visible matter in spiral galaxies[END_REF]. Approximately 20% of the remaining 95% consists of dark matter and the rest is dark energy, an unknown form of energy, not very dense and known to interact only through gravity, which tends to accelerate the expansion of the universe.

Dark matter is not only dark to electromagnetic interactions, but it also does not interact strongly with any of the forces described by the SM. Its presence is inferred from its gravitational interaction with baryonic matter. From a particle physics point of view, this new type of matter should come from a new particle. A candidate for dark matter is proposed by many models, including supersymmetry (SUSY) [START_REF] Martin | A Supersymmetry primer[END_REF], as a weakly interactive massive particle (WIMP). This is a very active area of research at collider experiments as well as at direct [START_REF] Akerib | First results from the LUX dark matter experiment at the Sanford Underground Research Facility[END_REF] and indirect [START_REF] Wu | The Silicon-Tungsten Tracker of the DAMPE Mission[END_REF] detection experiments.

Theory overview and previous studies

Baryon Asymmetry

In the observable universe, there is an imbalance between baryonic matter and antibaryonic matter. After the Big Bang, equal amounts of matter and antimatter have been produced but now there is a prevalence of matter, thus a break of symmetry due to some unknown mechanism must have taken place in the early universe. The SM does not predict the baryon-antibaryon asymmetry experimentally observed, then an extension of the SM is required to take this into account.

Right-handed neutrinos

The weak force only couples particles of a specic chirality and only left-handed particles couple with right-handed antiparticles. In the SM, only left-handed neutrinos are present, then some other theory beyond the standard model should come into play to add right-handed neutrinos, which are a way to make the SM neutrinos massive.

One proposed theory, known as the Left-Right symmetry model and described in Section 1.3, introduces an additional symmetry in the SM that mirrors the one of the weak force. This theory predicts the existence of additional heavy particles similar to the W and Z bosons, as well as a new kind of neutrinos.

Moreover, within the electroweak sector, the SM does not describe the neutrino avor oscillations, suggested in 1967 by Pontecorvo [START_REF] Pontecorvo | Neutrino Experiments and the Problem of Conservation of Leptonic Charge[END_REF] and experimentally conrmed from the 1990s [4449]. These evidences motivate extensions to the SM and support models with massive neutrinos, described in Section 1.2.2.

Neutrino masses

Neutrinos were rst proposed in 1929 to preserve energy conservation in beta decays and were rst conrmed by experimental evidence with the observation of a neutrino in 1953 [START_REF] Reines | Detection of the free neutrino[END_REF], later identied as the electron neutrino. After the discovery of a second neutrino in 1962 [START_REF] Danby | Observation of High-Energy Neutrino Reactions and the Existence of Two Kinds of Neutrinos[END_REF], later identied as the muon neutrino, the initial theory that only one neutrino existed was rejected. Theories that predicted that each charged lepton had a corresponding neutrino were then formulated and later conrmed by experimental evidence. The tau neutrino was nally observed in 2001 [START_REF] Kodama | Observation of tau neutrino interactions[END_REF].

Advances in the understanding of neutrino physics and weak interactions often coincided, since neutrinos were predicted to interact only through weak interactions.

A theoretical model of the weak interaction was proposed in 1932 to explain beta decay, including a massless neutral lepton later identied as the electron neutrino. Experimental measurements of hadron decay rates through weak interaction, like K + → 2π, 3π, performed in the 1950s motivated new parity violating models of the weak interaction, experimentally observed in 1957 [START_REF] Wu | Experimental Test of Parity Conservation in Beta Decay[END_REF].

Experimental measurements of neutrinos performed in the 1970s and earlier, like ν en-ergy spectra in beta decays and ν-nucleon interaction cross sections, were consistent with massless neutrinos within experimental uncertainties. The SM was then developed with massless neutrinos and with the weak interaction modeled as a parity violating quantum eld theory.

However, in the last 20 years it has been conrmed that neutrinos have a very small mass.

In particular, the neutrino avor oscillations, observed in experiments such as SNO (Sudbury Neutrino Observatory) [START_REF] Ahmad | Direct evidence for neutrino avor transformation from neutral current interactions in the Sudbury Neutrino Observatory[END_REF] and Super-Kamiokande [START_REF] Fukuda | Evidence for oscillation of atmospheric neutrinos[END_REF], implied that neutrinos have mass, motivating extensions to the SM.

These experiments measured an oscillation between electron neutrinos and muon neutrinos, coming from the sun and from the atmosphere of the earth. Since this oscillation is possible only if there is a dierence in mass between the neutrino mass eigenstates, they proved that neutrinos have mass.

In particular, the squared mass dierences between the neutrinos are estimated as [START_REF] Ivan Esteban | Updated t to three neutrino mixing: exploring the acceleratorreactor complementarity[END_REF]:

∆m 2 21 7.5 × 10 -5 eV 2 , |∆m 2 32 | 2.5 × 10 -3 eV 2 ,
with m i the mass of the ith neutrino mass eigenstate. The ∆m For the mass spectrum there are two possibilities:

• the normal hierarchy , with m 1 < m 2 < m 3 and ∆m 2 32 > 0;

• the inverted hierarchy , with m 3 < m 1 < m 2 and ∆m 2 32 < 0.

The experiments studying neutrino oscillations provide also a measurement of the mixing angles:

• θ 12 ≈ 33.6 [START_REF] Adamson | Combined analysis of ν µ disappearance and ν µ → ν e appearance in MINOS using accelerator and atmospheric neutrinos[END_REF], OPERA (Oscillation Project with Emulsion-tRacking Apparatus) [START_REF] Agafonova | Discovery of τ Neutrino Appearance in the CNGS Neutrino Beam with the OPERA Experiment[END_REF], T2K (Tokai-to-Kamioka) [START_REF] Abe | Measurements of neutrino oscillation in appearance and disappearance channels by the T2K experiment with 6.6 × 10 20 protons on target[END_REF], and NOvA (NuMI O-Axis ν e Appearance) [START_REF] Adamson | Measurement of the neutrino mixing angle θ 23 in NOvA[END_REF];

• θ 13 ≈ 8.5 [START_REF] Ahn | Observation of Reactor Electron Antineutrino Disappearance in the RENO Experiment[END_REF] and Double Chooz [START_REF] Abe | Reactor electron antineutrino disappearance in the Double Chooz experiment[END_REF].

Theory overview and previous studies

An upper limit on the absolute mass scale of neutrinos was also placed from cosmological observations [6365], which provide Σm ν i < 0.12 eV. These masses are very small compared to any other mass scale in the SM.

As already said in Section 1.2, neutrinos are only produced in left-handed states in the SM, so for a Lorentz invariant theory an extension with massive neutrinos, like the Left-Right symmetry model described in Section 1.3, is needed.

Heavy neutrinos

The SM can accommodate massive, fermionic neutrinos in several ways. In one of the simplest extensions, neutrinos are Majorana fermions, which are their own anti-particles, and two Majorana masses m L and m R , generated through an extended Higgs model, are dened in the Lagrangian. Majorana neutrinos allow neutrinoless double beta decay, a process violating the lepton number by two units. This has not been observed yet [START_REF] Aalseth | The IGEX Ge-76 neutrinoless double beta decay experiment: Prospects for next generation experiments[END_REF][START_REF] Agostini | Results on Neutrinoless Double-β Decay of 76 Ge from Phase I of the GERDA Experiment[END_REF].

The Left-Right symmetric model, which predicts massive fermionic neutrinos that have not yet been observed in experiments, is one of these alternatives, as described in Section 1.3.

Massive neutrinos could also be introduced with the neutrino Minimal Standard Model (νM SM ), proposed by T. Asaka and M. Shaposhnikov in 2005 [START_REF] Asaka | The nuMSM, dark matter and baryon asymmetry of the universe[END_REF][START_REF] Asaka | The nuMSM, dark matter and neutrino masses[END_REF]. The νM SM introduces three sterile heavy neutrinos that interact only with the light active SM neutrinos through their mixing, where the mixing angle is given by the ratio of the active and sterile neutrino masses: θ 2 ≈ m ν /m N . This model could explain some of the unresolved phenomena in particle physics while remaining consistent with the observation of neutrino oscillations and with the cosmological data on neutrino masses and mixing. In fact, it could provide a dark matter candidate with the rst lightest heavy neutrino, N 1 (m N 1 ≈ 1 keV), explain the matter-antimatter asymmetry of the universe with the other two neutrinos, N 2 and N 3 (1 < m N 2 ,N 3 < 100 GeV), massive enough to be searched for at the LHC, and explain the origin of the SM neutrino masses through the see-saw mechanism [START_REF] Gell-Mann | Complex Spinors and Unied Theories[END_REF][START_REF] Rabindra | Neutrino mass and spontaneous parity violation[END_REF].

Production modes

Heavy neutrinos can be produced through meson decays (π, K, D, B) if their mass is small enough, or, if they have higher mass, through the decay of a W (or W R ) boson into a lepton and its associated heavy neutrino. This is the case considered in the analysis described in Chapter 4. Additionally, heavy neutrinos can be produced through the decay of a Z or Higgs boson into a light neutrino and a heavy neutrino, which is very challenging from the experimental point of view.

Decay modes

Heavy neutrinos can decay into a W (or W R ) boson and a lepton, with the W boson decaying into a lepton and a light neutrino or into a pair of quarks as shown in Figure 1 

L L,R = ν L,R , Q L,R = u d L,R
.

The electromagnetic charge is now dened as:

Q EM = I 3L + I 3R + B -L 2 ,
since there is a gauge symmetry of B -L rather than individual baryon and lepton number conservation as in the SM.

The SM electroweak sector, described by the SU (2) L × U (1) Y group, is extended by the LRS model adding the SU (2) R gauge group and three heavy right-handed neutrinos N R . This group introduces three massless vector elds W j Rµ , which become massive bosons through an extended BEH mechanism in two stages. This mechanism ultimately yields one massless and six massive gauge bosons mediating the electroweak interactions.

The rst stage [START_REF] Senjanovic | Exact Left-Right Symmetry and Spontaneous Violation of Parity[END_REF] introduces two chiral, complex Higgs triplets ∆ L , ∆ R through the multiplet:

∆ = ∆ + / √ 2 ∆ 0 ∆ ++ -∆ + / √ 2 (1.7)
with bosonic elds that couple independently to the left-and right-handed gauge bosons.

The propagation and interaction of these new elds with other massless bosons is described by the Lagrangian:

L H,LRS = 1 2 (D µ ∆ L ) † D µ ∆ L + 1 2 (D µ ∆ R ) † D µ ∆ R -V (∆ L,R ) (1.8)
where the covariant derivative

D µ = ∂ µ -ig L τ j 2 W j Lµ -ig R τ j 2 W j Rµ -i g 2 Y B µ contains the massless boson elds W j
Lµ , W j Rµ , and B µ multiplied respectively by the generators of the SU (2) L , SU (2) R , and U (1) B-L groups. The coupling strengths g R and g L are assumed to be equal in the simplied LRS model considered here, and are denoted as g. The potential V (∆ L,R ) depends on a constant v R , respecting the LRS model symmetries. The SU (2) R × U (1) B-L symmetry is broken down to the SM hypercharge U (1) Y by choosing:

∆ 0 R = v R , ∆ L = 0.
Subsequently the new charged and neutral gauge bosons:

W ± Rµ = 1 √ 2 (W 1 Rµ ∓ iW 2 Rµ ), Z µ = 1 g 2 + g 2 (-g B µ + gW 3 Rµ )
are created with masses:

m W R = 1 2 gv R , m Z = m W R cosθ √ cos2θ ,
with:

sin 2 θ = g 2 g 2 + 2g 2 ,
while all the other bosons remain massless. The new charged weak boson W R couples to N R and all right-handed SM fermions.

The second stage [START_REF] Senjanovic | Exact Left-Right Symmetry and Spontaneous Violation of Parity[END_REF][START_REF] Senjanovic | Spontaneous Breakdown of Parity in a Class of Gauge Theories[END_REF] introduces in the Higgs sector two complex Higgs doublets φ 1 and φ 2 through the multiplet:

Φ = φ 0 1 φ - 1 φ + 2 φ 0 2
that interacts with the left-and right-handed SU (2) boson elds. These interactions are described by a Lagrangian L H 2 ,LRS that is similar to the one in Equation 1.8 but has additional terms for the second Higgs doublet and a potential V (φ 1 , φ 2 ). The breaking of the SM symmetry is achieved adopting the following non-zero vacuum expectation values:

Φ = v 1 0 0 v 2 , (1.9) 
where v 1,2 are real positive numbers, that minimize V (φ 1 , φ 2 ). This gives mass to the SM W and Z bosons, having:

m W = 1 2 gv, m Z = m W cosθ ,
where

v 2 = v 2 1 + v 2 2 .
Assuming v R v 1 , v 2 and a negligible mixing between the left and right-handed leptons, the LRS model predicts the correct masses for the SM weak bosons, and ensures that the three new bosons are much heavier than the SM bosons.

It also ensures that the LR symmetry is broken down to the SM SU (2) L × U (1) group, then the electroweak spontaneous symmetry breaking proceeds as before and the SM is recovered at low energies.

In the SM, the parity violation does not have a clear theoretical motivation, but in the LRS model it is indicated by the mass dierence between the left-handed W ± , Z bosons and the right-handed W R , Z' bosons.

In the fermionic sector, with the addition of the SU (2) R group, the LRS model predicts new neutrinos which provide masses consistent with neutrino avor oscillations to SM neutrinos. Three new right-handed neutrinos N R arise naturally to form doublets of SU (2) R with right-handed charged leptons. An explanation for how three generations of heavy N R mix with the SM light neutrinos, and how the light neutrinos acquire masses that are inversely proportional to the mass of the N R , is given by the see-saw mechanism [START_REF] Gell-Mann | Complex Spinors and Unied Theories[END_REF][START_REF] Rabindra | Neutrino mass and spontaneous parity violation[END_REF].

Using a mixture of left-handed and right-handed mass terms [START_REF] Gell-Mann | Complex Spinors and Unied Theories[END_REF][START_REF] Rabindra | Neutrino mass and spontaneous parity nonconservation[END_REF], the Lagrangian:

L = 1 2 (ν L i νC R i ) M L M T D M D M R ν C L i ν R i , (1.10) 
where i is the lepton generation, ν L and ν R are massive, pure left-and right-handed

M D M R → m ν R m ν L .
The LRS model leads thus to a Majorana nature of the neutrinos, predicting that the left-handed neutrinos are light and the right-handed neutrinos are heavy.

Very light left-handed neutrinos, very heavy right-handed neutrinos, and negligible mixing between left-and right-handed states (suppressed by ≈ M D M R 1), consistent with the experimental evidence [START_REF] Maiezza | Left-Right Symmetry at LHC[END_REF][START_REF] Mukhamedovich | Evidence for an anomalous like-sign dimuon charge asymmetry[END_REF], are obtained with appropriate choices for M D and M R .

After the spontaneous symmetry breaking, the Yukawa interaction between quarks and the Higgs multiplet generates mass matrices that can be diagonalized such that:

m u = U uL m u U † uR , m d = U dL m d U † dR .
The CKM matrix V CKM = U † uL U dL has then been recovered and the right-handed analogue V R = U † uR U dR , matrix that controls the branching ratios of the right-handed W into SM quarks and leptons, has been constructed. No constraints on the values of the matrix are put from the theory, thus it is convenient to assume that they are similar to those of the CKM matrix.

Phenomenology of LRS model

The LRS model discussed here predicts massive Majorana neutrinos, provides an explanation for the parity violation in the weak interaction, and explains the baryon-antibaryon asymmetry of the universe while preserving all the aspects of the SM. Through interactions mediated by the W R and Z' boson, the LRS model predicts in fact more processes violating CP than the ones in the SM [START_REF] Nir | CP violation in and beyond the standard model[END_REF], predicting thus an asymmetry between the number of baryons and antibaryons that is closer to observations. These features are maintained by specic realizations of the LRS model and distinguished by unique values of the free parameters of the model: the weak coupling constant g R , the left-right symmetric energy scale U R that sets the W R mass, the masses M i and D i that set the N R and SM ν masses, the three mixing angles θ i , and the CP violating phase δ R that dene the W R analogue of the CKM quark mixing matrix.

As stated before, the coupling g R is assumed to be the same for all lepton avors and equal to the SM weak coupling g L in the simplied LRS model considered.

Unitarity constrains both the W R and N R masses to be 3000 TeV [START_REF] Chakrabortty | Theoretical constraints on masses of heavy particles in Left-Right Symmetric Models[END_REF] and the measured neutral kaon K L -K S mass dierence [START_REF] Zhang | General CP Violation in Minimal Left-Right Symmetric Model and Constraints on the Right-Handed Scale[END_REF] excludes W R bosons with m W R < 2.5 TeV at 95% condence level (CL).

The mass of N R can be above or below m W R , but as m N R decreases both the rate of mixing between the N R and SM ν, and the left-

handed component of N R increases. The larger left-handed component of N R thus increases the rate of N R → W ± ∓ .
If the mass of N R is close to the Z boson mass, energetic SM neutrinos from Z → νν decays could mix into N R states, producing a charged lepton through pp → Z → νν → νN R → νW ± ∓ . So far, measurements sensitive to the Z → νν rate [START_REF]Measurement of the production cross section for pp to Z(nu nu) gamma at sqrt(s) = 13 TeV at CMS[END_REF][START_REF] Vardan Khachatryan | Searches for invisible decays of the Higgs boson in pp collisions at √ s = 7, 8, and 13 TeV[END_REF] have not seen any deviations from SM predictions, so it is expected that m N R 90 GeV.

At the LHC energies, only some specic realizations of the LRS model can be tested, given the following assumptions:

• the SM quarks and all right-handed leptons couple to the W R and Z' bosons with the same strength as to the SM weak bosons. The W R analogue of the CKM matrix is thus constrained to match the SM CKM matrix;

• the right-handed neutrinos N R are lighter than the W R boson, hence the W R decays to the N R ;

• the decay of the N R preserves the avor, hence only the processes

W R → eN e → eeW * R and W R → µN µ → µµW * R are allowed.
The W R and Z' bosons can be searched for using data from proton-proton collisions produced at the LHC. The Z' boson has been searched for at LEP [START_REF] Contino | Z * and all that: Current bounds and theoretical prejudices on heavy neutral vector bosons[END_REF], which excluded masses below ≈ 1.65 TeV, as well as at LHC [START_REF] Albert M Sirunyan | Search for high-mass resonances in dilepton nal states in proton-proton collisions at √ s = 13 TeV[END_REF][START_REF] Aaboud | Search for new high-mass phenomena in the dilepton nal state using 36 fb -1 of proton-proton collision data at √ s = 13 TeV with the ATLAS detector[END_REF], which excludes masses below ≈ 4.5 TeV, but since the W R boson is lighter than the Z' boson, it is more likely to have a mass within 1. Theory overview and previous studies the energy reach of LHC. The LRS model realizations are then tested by searching for evidence of the W R boson, where the W R decays to a pair of quarks or to a charged lepton and a heavy neutrino N R . The W R decay to a quark pair has the highest branching fraction, B(W R → qq) ≈ 60%, but does not allow a measurement of the neutrino mass m N R , while the W R decay to a charged lepton and a heavy neutrino N R , with a branching ratio B(W R → N R ) ≈ 6 -8%, allows a N R mass measurement.

The search for the W R boson in the W R → 1 N R decay is the main subject of this thesis, as described in Chapter 4. In this decay, the N R can decay to a Z boson and a light ν, or to a second charged lepton 2 and a virtual W * R .

The decay of the N R to a charged lepton and two quarks through a virtual

W * R , N R → 2 W * R → 2 q 1 q 2 ,
is the one considered in this analysis since it has the highest branching fraction, with B(N R → qq) ≈ 50% and B(W R → N R → qq) ≈ 3 -4%. Furthermore, it is possible to reconstruct the W R invariant mass since, as a result of the absence of neutrinos in the nal state, there is no energy loss. This decay also provides good m N R resolution because the energies of 2 , q 1 , and q 2 can be measured directly. The production and decay of a W R boson, pp → W R → 1 N R → 1 2 q 1 q 2 , with 1 2 = ee, µµ, is expected to produce events with two same avor leptons and two quarks that hadronize into two jets, as shown in Figure 1.3 on the right.

Based on prior searches [START_REF] Vardan Khachatryan | Search for heavy neutrinos and W bosons with righthanded couplings in proton-proton collisions at √ s = 8 TeV[END_REF][START_REF] Chatrchyan | Search for heavy neutrinos and W[R] bosons with righthanded couplings in a left-right symmetric model in pp collisions at sqrt(s) = 7 TeV[END_REF], the W R is also expected to be heavier than 2 TeV, so it decays to high energy leptons and jets. The mass of the W R can be extracted from the dilepton-dijet invariant mass (m jj ), found by measuring the energies and trajectories of the leptons and jets.

Previous studies

The CMS Collaboration has performed Run 1 searches for W R bosons at a center-ofmass energy of √ s = 7 TeV [START_REF] Chatrchyan | Search for heavy neutrinos and W[R] bosons with righthanded couplings in a left-right symmetric model in pp collisions at sqrt(s) = 7 TeV[END_REF] and 8 TeV [START_REF] Vardan Khachatryan | Search for heavy neutrinos and W bosons with righthanded couplings in proton-proton collisions at √ s = 8 TeV[END_REF]. The 8 TeV analysis has excluded W R masses up to approximately 3 TeV at 95% CL, as shown in Figures 1.4 and 1.5. An excess of events in the data with respect to the prediction of only SM processes with a local signicance of 2.8σ was observed in the W R → eejj decay mode at m eejj ≈ 2.1 TeV, as shown in Figure 1.6. The excess did not appear to be consistent with signal events from the LR symmetric theory, shown by the red line for m W R = 2.5 TeV.

In the Run 2 search performed with data collected in 2015 [START_REF]Search for heavy neutrinos and W bosons with right handed couplings in protonproton collisions at √ s = 13 TeV[END_REF], this excess was not conrmed and the observed number of events appeared to be consistent with the SM prediction, as shown in Figure 1.7. The analysis has excluded W R bosons up to 3.3 TeV (3.5 TeV) in the electron (muon) channel with a N R mass between 10% and 90% of the W R mass at a 95% CL, as shown in Figures 1.8 and 1.9.

The ATLAS Collaboration has also carried out similar searches with similar results at √ s = 7 TeV [START_REF] Aad | Search for heavy neutrinos and right-handed W bosons in events with two leptons and jets in pp collisions at √ s = 7 TeV with the ATLAS detector[END_REF] and 8 TeV [START_REF] Aad | Search for heavy Majorana neutrinos with the ATLAS detector in pp collisions at √ s = 8 TeV[END_REF]. GeV wide bins from 600 to 1800 GeV, then one bin spans 1800 to 2200 GeV, and nally the last bin includes all events above 2200 GeV. In addition, the bin contents are divided by the bin widths. Neutrino masses greater than m WR (yellow region) are not considered in this search.

Chapter 2

The Compact Muon Solenoid Experiment at LHC

The Large Hadron Collider

The Large Hadron Collider (LHC) [START_REF] Oliver | LHC Design Report. 1. The LHC Main Ring[END_REF][START_REF] Evans | LHC Machine[END_REF] is the most powerful particle accelerator ever built, designed to collide opposing particle beams of protons or heavy ions. Proposed and realized by the European Organization for Nuclear Research (CERN) from 1998 to 2008, it was built in order to look for an answer to the most fundamental questions of particle physics. It is an unprecedented machine in terms of energy, luminosity, size, complexity of experiments, cost, and involvement of human resources.

The primary goal of the LHC was to search for the Higgs boson, discovered in 2012 by the CMS and ATLAS Collaborations [START_REF] Chatrchyan | The CMS Experiment at the CERN LHC[END_REF][START_REF] Aad | The ATLAS Experiment at the CERN Large Hadron Collider[END_REF]. Now it is to perform precision measurements of the Higgs properties in order to study the electroweak symmetry breaking. Furthermore, searches for new physics are possible at the energies of few TeV reached by the collisions at LHC, since interactions not described by the SM could be observed in various production and decay processes.

LHC design and detectors

The LHC was designed to study proton-proton collisions at a center-of-mass energy of 14 TeV with an instantaneous luminosity (L) up to 10 The use of two separate beams and the collisions between particles of the same charge require opposite magnet dipole elds in the two acceleration cavities. In total, over 1600 superconducting magnets are installed: 1232 dipole magnets 15 meters long and made of copper-clad niobium-titanium keep the beams on their circular path, while additional 392 quadrupole magnets 57 meters long are used to keep the beams focused, in order to maximize the chances of interaction in the four points where the two beams cross. Approximately 96 tonnes of liquid helium is needed to keep the superconducting magnets at their operating temperature of 1.9 K. The eld in the magnets increases from 0.53 T to 8.3 T while the protons are accelerated from 450 GeV to 6.5 TeV.

In order to probe new physics up to the TeV energy scale, the following design features are needed:

• hadron collider: high energy collisions require massive particles with low synchrotron radiation (e.g. a proton loses about 7 keV per turn). In a √ s = 14 TeV pp collision each parton carries a fraction x ≈ 0.150.2 of the proton momentum, so the energy range which can be explored is

√ ŝ = √ x 1 x 2 s 12 
TeV. With respect to lepton colliders, hadron colliders have the advantage that proton acceleration to great energies is easier and that proton collisions, being quarks or gluons collisions, can scan a wide range of collision energies;

• proton-proton collisions: processes like Higgs production are dominated by gluon fusion, therefore the cross section is approximately the same for pp and pp collisions, but high intensity beams of protons are easier to accumulate with respect to proton- antiproton beams;

• high luminosity: the cross section σ of a given process is determined by the formula σ = R/L, where R is the event rate of the process which represents the number of collisions per unit of time and per cross-sectional area of the beams. The luminosity is specic to the collider parameters and it can be written as:

L = f rev • n b • N 1 N 2 • γ r A • F
where f rev = 11 kHz is the revolution frequency of the n b proton bunches per beam, N 1 and N 2 are the number of protons in the colliding bunches, A = 4π n β * is the transverse area of the proton beams, with n the normalized transverse beam emittance and β * = O(0.5) m the beta function at the collision point which measures the beam focalization, γ r is the relativistic gamma factor which correct β * , and F is the geometric luminosity reduction factor (≈ 0.80.9). This reduction factor is due to the crossing angle between the two beams at the interaction point, needed to reduce the long-range interactions between the beams through electromagnetic elds to an acceptable level. To compensate for the low cross section of the interesting processes, the LHC must have a very high luminosity, reached through a high number of bunches per beam (n b = 2808) and a high number of protons per bunch (N 1 = N 2 = 1.15 × 10 11 ) colliding with a very short bunch crossing interval of 25 ns (bunch crossing rate of 40 MHz).

The main parameters of the LHC are summarized in Table 2.1 and the cross sections for dierent known SM processes in proton-proton collisions at the LHC are shown in 
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.2: Expected production cross section for signal and background processes at hadron colliders as a function of the center-of-mass energy [START_REF] Stirling | Parton luminosity and cross section plots[END_REF].

The record-breaking collision parameters of the LHC have important consequences on the design of the detectors. Under nominal conditions, the number of inelastic collision events is of the order of 10 9 per second, with approximately 20 collisions per bunch crossing. The occurrence of such overlapping proton-proton interactions is called in-time pileup and to distinguish particles coming from dierent interactions a high granularity is required in the detectors. Fast response and good time resolution are also needed in order to distinguish events from consecutive crossings happening every 25 ns, i.e. avoiding the phenomena of consecutive signals overlap called out-of-time pileup.

The LHC is the nal stage of a succession of accelerators, as shown in Figure 2.3. Each accelerator boosts the speed of a beam of particles, before injecting it into the next one in the sequence.

Considering proton-proton collisions, the protons are obtained removing the electrons from hydrogen atoms. They are rst accelerated to an energy of 50 MeV in the linear accelerator (LINAC2) and to 1.4 GeV in the Proton Synchrotron Booster (PSB). They then reach 26 GeV in the Proton Synchrotron (PS) and 450 GeV in the Super Proton Synchrotron (SPS), before nally reaching the LHC. Protons are accelerated by 16 radio-frequency cavities in the LHC, where the electromagnetic eld oscillates at 400 MHz for about 20 minutes before reaching the maximum energy.

Considering lead-lead collisions, lead ions for the LHC start from a source of vaporised lead and enter LINAC3 before being collected and accelerated in the Low Energy Ion Ring (LEIR). Then they follow the same route to maximum acceleration as the protons.

At the CERN complex there are beam extraction lines that provide dedicated beams to various experiments, and the proton or ion beam from the PS and the SPS can be sent to a xed target providing secondary beams of electrons, muons and pions to several areas dedicated to xed target experiments or detector testing, e.g. for LHC upgrade project or for R&D.

The LHC hosts four main experiments. Each one has a dierent subdetector composition and geometry, specialized to study an area of particle physics:

• ATLAS (A large Toroidal LHC ApparatuS ) is a general-purpose detector designed to cover a wide physics program with optimized sensitivity for Higg boson searches and possible physics BSM at the TeV scale. It is built with a cylindrical geometry surrounding the beam pipe and it uses a toroidal magnetic eld of 24 T produced by three sets of air-core toroids complemented by a small solenoid in the inner region;

• CMS (Compact Muon Solenoid ) is a general-purpose detector and has a cylindrical geometry, like ATLAS. Their subdetectors are optimized for the reconstruction of high energy objects with great eciency and accuracy. It diers from ATLAS because it bends the charged particle trajectories using a solenoidal eld of 3.8 T generated by the world's largest superconducting solenoid; • LHCb (Large Hadron Collider beauty experiment ) studies the heavy quark and heavy meson physics with a particular attention to the b quark and its mesons, and aims to perform precision measurements on CP violation. It does not surround the entire collision point, but it stretches for 20 m along the beam pipe covering the forward region;

• ALICE (A Large Ion Collider Experiment ) is a heavy-ion dedicated detector. It has been conceived to study the physics of strongly interacting matter at extreme energy densities and high temperature, where the formation of a new phase of matter, the quark-gluon plasma, is expected. The existence of such a phase and its properties are key issues in QCD for the understanding of quarks and gluons connement.

Two of these main experiments, ATLAS and CMS, are designed for a high luminosity regime, in order to catch the rare events of their physics programs. Furthermore, at ≈ 100 m from the interaction points of CMS and ATLAS, two forward detectors are placed: TOTEM (TOTal cross section, Elastic scattering and diraction dissociation Measurement ) and LHCf (LHC forward experiment ). They are conceived to study the physics processes in the region very close to the particles beam, at extremely low angles. This forward physics is useful in particular to study the underlying events, energy and particle ow distributions, and photon-induced processes.

LHC operations for pp collisions

The rst proton-proton collisions were produced by the accelerator in 2009 and the rst collisions at a center-of-mass energy of 7 TeV, the highest ever reached at a particle A two years upgrade period called Long Shutdown 1 (LS1) was used to technically prepare LHC for running at √ s = 13 TeV, upgrading the subdetectors system of the various detectors installed at LHC to improve their performance in view of the higher energy and luminosity runs.

The rst Run 2 beams at 13 TeV were obtained in 2015, started with 50 ns collisions before moving to the nominal bunch spacing of 25 ns. In total, a data sample corresponding to 4.2 fb -1 was delivered in 2015, as shown in Figure 2.4, with ≈ 10-20 pileup interactions.

In 2016 the LHC, at √ s = 13 TeV and with a bunch spacing of 25 ns, was able to reach even more than its nominal luminosity of 1.4 × 10 34 cm -2 s -1 . The proton-proton data taking ended with a total delivered integrated luminosity of 41.1 fb -1 , as shown in ≈ 90% of the one delivered by the LHC but not all data are used for physics analyses.

The data certied as good for physics, taken when all subdetectors, triggers and physics objects (tracks, electrons, muons, photons, jets, and missing energy) show the expected performance, are ≈ 85% of the delivered ones.

The LHC Run 2 is scheduled till 2018 and it will be followed by the Long Shutdown 2 (LS2), period during which the machines will be upgraded to deliver designed center-ofmass energy ( √ s = 14 TeV) and instantaneous luminosity of 2 × 10 34 cm -2 s -1 .

The LHC Run 3, which will end the LHC Phase I delivering a total integrated luminosity of about 300 fb -1 to the experiments, will last from 2021 till 2023, then from 2024 there will be the Long Shutdown 3 (LS3), after which the LHC Phase II in preparation of the High Luminosity LHC (HL-LHC) will start, as shown in Figure 2.8. In this second phase of the LHC physics program, the accelerator will provide the experiments an additional integrated luminosity of about 3000 fb -1 over 10 years of operations, allowing to enlarge the search region for new particles and to extend the properties studies of the Higgs boson. 

HL-LHC

The LHC program foresees a high-luminosity phase (HL-LHC) [START_REF] Apollinari | High-Luminosity Large Hadron Collider (HL-LHC): Preliminary Design Report[END_REF] starting from 2026.

The proposed operating scenario for the upgrade of the LHC accelerator complex is to provide collisions with an instantaneous luminosity of at least 5 × 10 34 cm -2 s -1 and to accumulate a total dataset of about 3000 fb -1 . The integrated luminosity, needed for new physics searches and for precise measurements of the Higgs boson couplings and other rare SM processes, will then be about ten times the expected luminosity of the rst twelve years of the LHC.

The peak luminosity of 7.5 × 10 34 cm -2 s -1 , which is roughly four times the current value, will be achieved by increasing the beams intensities and by squeezing the two beams more at the interaction points. This will lead to a higher number of collisions occurring within the same bunch crossing, increasing the average number of collisions (pileup) to 140200 at HL-LHC, a factor of four larger than the current Run 2 values of 4060.

The main parameters of the LHC for the current state and the upgrade are summarized in Table 2.2.

The HL-LHC will be an highly challenging environment also for the unprecedented levels of radiation, up to six times higher than for LHC. The detectors will then need an upgrade for the HL-LHC to maintain performance comparable to Run 2 in an environment with high levels of pileup and radiation, improving the event reconstruction and the radiation resistance of the detectors components.

The CMS experiment

The Compact Muon Solenoid experiment [START_REF] Chatrchyan | The CMS Experiment at the CERN LHC[END_REF][START_REF]the Compact Muon Solenoid[END_REF] is designed to investigate a wide range of particle physics processes and thus it requires excellent reconstruction and identication for leptons, photons, jets, and missing energy, together with excellent momentum and energy resolution. Moreover, the high ux of particles coming from proton-proton collisions can damage some detector components, especially in the inner tracker and forward calorimeters, thus the detector has to be radiation resistant. In order to handle the LHC bunch spacing of 25 ns, it has to provide good timing resolution requiring high-performance readout electronics, and, in order to distinguish particles coming from the main protonproton interaction from particles coming from pileup interactions, it requires a high number of channels.

The CMS detector consists of a series of subdetectors which allow an excellent reconstruction of the charged particle tracks and measurement of their momentum resolution thanks to a high quality tracking system, a precise measurement of photons and electrons energy with a high resolution scintillating crystals-based electromagnetic calorimeter (ECAL), a good measurement of charged and neutral hadrons energy with a sampling hadronic calorimeter (HCAL), and a reliable identication of the muons by a combination of inner tracking and information from muon chambers. The inner tracking system also allows a precise localization of the vertex of the primary interaction, which is an essential feature in the scenario of high luminosity collisions causing high pileup of events.

A schematic view of the detector is shown in Figure 2.9. The detector structure of CMS is made of several cylindrical layers coaxial to the beam axis (the barrel layers ) closed at both ends by detector disks orthogonal to the beam direction (the endcaps ) to ensure optimal hermeticity, in order to capture every particle emerging from the collisions.

The main feature of the CMS detector is the 12.5 m long superconducting solenoid. It is the central device around which the experiment is organized, leading to a very compact design of the total apparatus which has overall length of 21.6 m, diameter of 14.6 m and total weight of about 14000 tons. The purpose of the magnet is to bend the trajectories of the particles emerging from the vertex where the high-energy collisions take place. In order to achieve a good momentum resolution for momenta up to 1 TeV, a strong solenoidal magnetic eld, combined with high-precision position measurement in the tracker and in the muon system, is needed. The superconducting magnet has been designed to reach a 4 T magnetic eld in the inner region, storing about 2.5 GJ of energy (Figure 2.10), and operates at a temperature of 4 K, ensured by the liquid helium cooling system. At such temperatures, the niobium-titanium cable becomes superconducting, allowing a 20 kA current to ow without appreciable loss over time. The magnet coil, with a diameter of 5.9 m, is large enough to accommodate the tracking system and the calorimeters within its volume and is contained in a vacuum cylinder that isolates it from the external environment.

The steel return yoke, placed outside the cylinder and consisting of ve barrel layers and three disks for each endcap, is necessary to contain and to guide the return magnetic eld of 1.8 T present outside the solenoid volume, which otherwise would get lost. It contains the muon detectors, composed by 4 stations of drift tube detectors in the barrel region, 4 stations of cathode strip chambers in the endcaps, and 9 layers of resistive plate chambers, 6 in the barrel and 3 in the endcaps.

Coordinate conventions

The CMS experiment uses a cylindrical coordinate system whose origin is at the nominal interaction point inside the detector, as shown in Figure 2.11. The direction of the z axis is chosen along the beam and it is referred to as longitudinal. The x axis is horizontal and points towards the center of the LHC ring while the y axis is vertical and points upwards. The xy plane, orthogonal to the beam line, is called transverse plane and the radial coordinate is denoted by r. According to these denitions, the momentum of a particle can be divided in two components: the longitudinal momentum p z and the transverse momentum p T , which can be written as p T = p 2 x + p 2 y , with p T = (p x , p y ). The rapidity of a particle of energy E is dened as:

y = 1 2 ln E + p z E -p z
and it is used for describing angular distribution of particle momentum. For ultrarelativistic particles (p m) it can be approximated by the pseudorapidity :

η = -ln(tan θ 2 )
which only depends on the polar angle θ of the particle momentum, measured with respect to the z axis with values in [0, π]. The angular distance between two particles can be dened as:

∆R = ∆φ 2 + ∆η 2
where φ is the azimuthal angle, measured in the xy plane from the x axis, with values [-π, π].

In proton-proton collisions, the interacting partons carry an unknown fraction of the proton momentum. Experimentally, it is thus not possible to dene the total energy of an event and its missing energy (the imbalance of the total energy measurement in the collision).

All the interesting physics observables are then measured in the plane transverse to the beamline. The transverse energy is dened as E T = E sin θ and the missing transverse energy is denoted with E miss T . Likewise, the transverse momentum p T = p•sin θ is measured instead of the longitudinal momentum p z = p•cos θ. The transverse momentum of a particle of charge Q = z • e going through a magnetic eld B with an helicoidal trajectory of radius R can be expressed by the relation:

p T [GeV ] = 0.3 • z • B[T ] • R[m] .

The tracker

The inner tracking system [START_REF][END_REF] is the CMS innermost subdetector and the closest to the interaction point. It extends in the region of |η| < 2.5, with 4.3 < r < 120 cm and |z| < 270 cm, and it is based on several layers of silicon semiconductor detectors that cover a total surface of 210 m 2 . It has a concentric layout, as shown in Figure 2.12: silicon pixel detectors are placed closest to the interaction point (r ≤ 10 cm) in order to provide the most precise 3D position measurement in a region with a high particle density, silicon microstrips are used in the region 20 < r < 55 cm where the particle ux decreases, and larger pitch microstrips are placed in the outermost region of the tracker (r > 55 cm).

The main purpose of the CMS tracker is an ecient reconstruction of trajectories of charged particles and interaction vertices together with the measurement of charged particles momentum, important tools for identifying signal events and rejecting background. Its major requirements are:

• robustness of its components to the radiation exposure, since the large number of particles created in the collisions exposes the tracking system to a large radiation damage. In order to limit this damage, both pixel and microstrip detectors are kept at a working temperature of -10 • C;

• fast response of the detectors, given the high track population during the LHC collisions with one event every 25 ns;

• minimization of the crossed material, with the aim of reducing photons conversion, electrons energy loss via bremsstrahlung, and the multiple Coulomb scattering of charged particles crossing the detector, that adversely aect the position resolution of the tracker;

• perfect alignment, internal of its components and with the muon system, in order to provide a reliable measurement of the particle momentum;

• ne spatial granularity, requested by the need to achieve a high precision in the measurements of the tracks. The tracker detector was designed in order to fulll these requirements, allowing:

• high tracking eciency, of at least 95% for charged tracks with p T > 10 GeV, and low rate of fake tracks (i.e. reconstructed tracks that do not correspond to any real track) in the region |η| < 2.5;

• high momentum resolution for isolated tracks:

δp T p T = (1.5 • p T [T eV ] ⊕ 0.5)% for |η| < 1.6 , δp T p T = (6.0 • p T [T eV ] ⊕ 0.5)% for |η| < 2.5 ,
as measured in data [START_REF] Chatrchyan | Performance of CMS muon reconstruction in pp collision events at √ s = 7 TeV[END_REF];

• high spatial resolution, from 10 µm to 20 µm;

• fast (below 10 ns) collection of the charge deposited by the particles on the sensitive elements;

• high resolution for both transverse and longitudinal impact parameter: σ(d xy ) = 35 µm and σ(d z ) = 75 µm.

A scheme of the tracking system is shown in Figure 2.13.

A relatively large amount of material in the detector results from the large amount of silicon in the inner tracker combined with the required electronics, which lead to a substantial 

The pixel detector

The pixel tracker consists of three 53.3 cm long barrel layers and two endcap disks on each side of the barrel section, as shown in Figure 2.15.

The innermost barrel layer has a radius of 4.4 cm, while for the second and third layer the radii are 7. The Barrel Pixel (BPIX) region is composed of 672 full modules and 96 half modules, each including 16 and 8 ROCs, respectively. The number of pixels per module is 66560 (full modules) or 33280 (half modules) and the total number in the barrel section is 47923200. The Forward Pixel (FPIX) endcap disks, extending from 6 cm to 15 cm in radius, are placed at z = ±34.5 cm and z = ±46.5 cm. Disks are split into half-disks, each including 12 trapezoidal blades arranged in a turbine-like geometry. Each blade is a sandwich of two back-to-back panels. Rectangular sensors of ve sizes are bump-bonded to arrays of ROCs, forming the so-called plaquettes. Three (four) plaquettes are arranged on the front (back) panels with overlap to provide full coverage for charged particles originating from the interaction point. The endcap disks include 672 plaquettes (270 µm thick), for a total of 17971200 pixels. The minimal pixel cell area is dictated by the readout circuit surface required for each pixel.

The pixel tracker is composed of approximately 66 million pixel cells with a size of 150 µm ×100 µm and spread across 1440 modules, allowing a ne 3D vertex reconstruction.

Both transverse (rφ) and longitudinal (z) coordinates are important in localizing secondary decay vertices, and this is why a nearly square pixel shape is adopted.

The deposited charge of a charged particle crossing the module is often shared among several pixels, with the amount of charge deposited in each pixel inversely related to the distance between the particle position and the pixel. A measurement of the charge shar- ing between adjacent pixels enables the interpolation between pixels and then improves the spatial resolution, allowing the single hit position resolution to be smaller than the dimension of a single pixel.

The strip detector

Outside the pixel detector, the strip tracker is made of 10 layers of silicon microstrip sensors, as shown in Figure 2.16. The full tracker consist of about 9.3 million strips across 15148 modules and provides precise measurements in only two-dimensions, with most strips oriented perpendicular to the φ direction.

The barrel region (|η| < 1.6) is divided into two parts: the Tracker Inner Barrel (TIB), covering 20 < r < 55 cm, and the Tracker Outer Barrel (TOB), covering 55 < r < 120 cm. The TIB is composed of 4 layers of silicon sensors with a thickness of 320 µm and a inter-strip distance (strip pitch) which varies from 81 to 118 µm. The rst two layers are made with double sided modules, composed by two detectors mounted back to back with the strips tilted by 100 mrad. This kind of sensors provides a measurement in both rφ and rz coordinates with a single point resolution between 2334 µm and 230 µm respectively. The TOB is made of 6 layers of thick (550 µm) silicon sensors with a strip pitch which varies from 120 to 180 µm. In this region the radiation levels are smaller and thicker silicon sensors (500 µm) can be used to maintain a good signal-to-noise ratio for longer strip length. Also, the rst two layers of the TOB provide a measurement with a single point resolution which varies from 35 µm to 52 µm in the rφ plane and is 530 µm in the z direction.

The endcap region (|η| > 1.6) is covered by the Tracker Inner Disks (TID) and by two Tracker End Caps (TEC+ and TEC-). Each TEC is made of 9 disks that extend into the region 120 < |z| < 280 cm, carrying up to 7 rings of silicon microstrip detectors: the three innermost rings are made of sensors 320 µm thick, while in the remaining disks they are 500 µm thick. The TID comprises 3 disks and the thickness of the sensors is 320 µm. The three disks of the TID ll the gap between the TIB and the TEC in the region 80 < |z| < 90 cm.

In both trackers the modules are arranged in rings, centered on the beam line, their strips point towards the beam line (radial topology) and their pitch is variable. Various types of sensor geometries are used: rectangular sensor types for TIB and TOB, and wedge-shaped sensor types for TEC and TID. These sensors can be made quite large, so in the innermost barrel their dimension is 6×12 cm 2 , while in the outmost barrel is 10×9 cm 2 .

The electromagnetic calorimeter

The primary aim of the Electromagnetic Calorimeter (ECAL) [START_REF]The electromagnetic calorimeter[END_REF] is the identication and the accurate measurement of energy and position of photons and electrons created in the collisions, through their interaction with the material and the collection of the energy released. The strictest requirements on its performance are imposed by the Higgs decay into two photons H → γγ, which needs excellent energy and position resolution. In order to achieve a 1% resolution on the diphoton invariant mass, an homogeneous design which optimizes energy resolution is chosen for ECAL.

It is made of 75848 lead tungstate (PbWO 4 ) scintillating crystals arranged in a cylindrical structure around the beampipe: 61200 crystals are mounted in the central barrel part, closed by 7324 crystals in each of the two endcaps. The lead tungstate crystals are chosen because of their excellent energy resolution, essential to reconstruct the decay into two photons of a Higgs boson. Lead tungstate is a fast, radiation-hard scintillator: it is a transparent material characterized by a high density (ρ = 8.28 g/cm 3 ), a short radiation length (X 0 = 0.89 cm) and a small Molière radius (R M = 2.2 cm), that allows good shower containment in the limited space available for the detector. These features allow a very compact shape and a ne granularity, necessary because of the high particle density produced at the LHC. Moreover, these crystals have a trapezoidal shape and are characterized by a very short scintillation decay time, that allows the electronics to collect about 80% of the light within 25 ns, so that they can be used at the crossing rate of 40 MHz. The length of the crystals is 23 cm (25.8 X 0 ) in the barrel and 22 cm (24.7 X 0 ) in the endcaps, with a front face area of 2.2 × 2.2 cm 2 and 2.9 × 2.9 cm 2 respectively.

The longitudinal view of one quarter of the ECAL is shown in Figure 2.17. The ECAL barrel (EB) covers the central rapidity region 0 < |η| < 1.479, while the pseudorapidity range 1.479 < |η| < 3 is covered by the two endcaps (EE). The EB, located at r = 1.3 m from the interaction point, is composed of 36 supermodules that cover half of the barrel length and 20 • in φ, with each supermodule made of four modules and containing 400 or 500 crystals in an alveolar structure, while each EE, installed at |z| = 3.1 m, is made The scintillation light is collected by fast, radiation-tolerant photodetectors which amplify the small light yield of the particles traversing them. Dierent photodetectors are used in EB and EE due to dierent magnetic eld congurations and expected radiation levels: silicon avalanche photodiodes (APDs) in the barrel and vacuum phototriodes (VPTs) in the endcaps. In order to preserve the energy resolution, a cooling system has to stabilize the temperature of both crystals and photodetectors to 18 • C, since the crystal response is temperature-dependent.

APDs are fast (≈ 2 ns of rise time), highly insensitive to magnetic eld and radiation resistant detectors with very good quantum eciency (70%80% at λ = 420 nm). Two APDs, each with 5 × 5 mm 2 active area, are glued to the back of each crystal. Their structure is shown in Figure 2.19.

In the endcaps, where the radiation is higher, VPT detectors, one for each crystal, are used instead of APDs because the latter are insuciently radiation hard. The VPT structure is shown in Figure 2.20. The photocathode is semitransparent and made of radiation-hard glass. They have a large eective area of ≈ 280 mm 2 , making the total detector response almost the same for barrel and endcap.

A preshower device (ES), consisting of two disks of lead absorber at 2 X 0 and 3 X 0 and of two planes of silicon strip detectors, is installed in front of the endcaps and covers the 1.653 < η < 2.6 region with about 140000 read-out channels. Electromagnetic show- The energy resolution of a calorimeter is a function of the energy E of the incident particle and it is usually parametrized as:

σ E E = S √ E ⊕ N E ⊕ C
where S is the stochastic term that includes statistical eects, N is the noise due to electronics and pileup, and C is a constant term related to the calibration of the calorimeter.

To measure the ECAL performance, test beams with ideal conditions (no magnetic eld and material in front of the calorimeter) were performed using electrons with energy ranging from 20 to 250 GeV. The EB energy resolution was found to be:

σ E E = 2.8% E(GeV ) ⊕ 12.8% E(GeV ) ⊕ 0.3%
where the stochastic term is due to shower development, statistical uctuations in the number of photo-electrons produced in the APDs, and statistical uctuations of the containment losses, the electronic noise term is measured by applying the amplitude reconstruction procedure to data taken with a random trigger and no electron signal (pedestal runs), and the constant term dominating the energy resolution for high-energy electrons and photons is due to stability, longitudinal non-uniformity eects of the crystal response, monitoring and calibration eects.

Electrons and photons produce electromagnetic showers depositing energy over several crystals surrounding the one hit by the particle. For a uniform impact on the crystal front face, 70% of the energy is deposited in one crystal, 94% in a 3 × 3 array, and 97% in a 5 × 5

array. Photon conversions and electron bremsstrahlung processes take place in the tracker and, due to the intense magnetic eld, spread the radiated energy along φ. The energy of an electron or a photon is then collected by clustering algorithms that at rst form basic clusters, corresponding to a local maximum of the energy deposits, and then merge them together into a supercluster, which is extended in φ to recover the radiated energy.

Dierent clustering algorithms are used for the barrel and endcaps, due to the dierent geometric arrangement of the crystals in these two regions, and achieve a rather complete (≈ 95%) reconstruction of the energy of photons and electrons, even for those undergoing conversion and bremsstrahlung in the material in front of the ECAL. The energy in an electromagnetic cluster is obtained by summing the single energy deposits of each crystal belonging to the supercluster:

E e,γ = F e,γ • G • i S i (t) • c i • A i + E ES .
The F e,γ are corrections to the supercluster energy that take into account several energy containment eects, like the electromagnetic shower leakage and the clustering of energy emitted by bremsstrahlung or photon conversions in the tracker, biases in the energy reconstruction related to the geometry of the detector, and dierent developments of the electron and photon showers. G is a scale coecient that convert the digital scale measured in ADC counts to the energy scale expressed in GeV, S i (t) are time dependent corrections that account for the changes in response of the crystals, explained in Section 2.2.2.2, c i are intercalibrations constants that take into account dierences in the crystals response, A i are pulse amplitudes in ADC counts estimated as described in Section 2.2.2.1, and E ES is the preshower energy, summed to that of the ECAL supercluster only for electrons or photons in the acceptance region of the ECAL preshower.

The current period of data taking, LHC Run 2, is characterized by an instantaneous luminosity of up to 1.5×10 34 cm -2 s -1 and by an average number of concurrent interactions per bunch crossing (pileup) of up to 50, with an average of 23 and a root mean square of ≈ 6 in 2016. These values are approximately a factor of two larger than those experienced in Run 1 and exceed the original design parameters of the LHC, so the performance of the ECAL have to deal with the LHC luminosity and pileup increases.

ECAL pulse shape reconstruction

New techniques have been developed to maintain the ECAL energy resolution and trigger performance at higher pileup, like a more ecient electromagnetic trigger algorithm and a new method for pulse shape reconstruction.

The scintillation light measured by the photodetectors is read out as an analog signal by the front-end electronics. The signal is pre-amplied, shaped and processed by a multi-gain amplier. The output is digitized by a 12 bit ADC running at 40 MHz, which records 10

consecutive samples, then used to reconstruct the signal amplitude.

A multit pulse shape reconstruction, a template t with multiple components, mitigates the eect of out-of-time (OOT) pileup events under the high luminosity conditions of Run 2. The pulse shape is modeled as the sum of the in-time signal amplitude and up to 9

OOT amplitudes (one per bunch crossing), estimated minimizing the χ 2 distribution:

χ 2 = 10 i=1 ( M j=1 A j × p ij -S i ) 2 σ 2 S i
, using a non-negative-least-squares technique for a better description of the in-time shape.

The A j are the amplitudes from the pulse at bunch cross j, the p ij are the pulse templates, corresponding to energy deposits within a range of -5 to +4 bunch crossings around the time of the in-time signal, the S i are the digitized amplitudes of the total electronic noise and the σ S i are the noise covariance matrix. Examples of a tted pulse shape for signals 

ECAL laser monitoring system

A stable and precise laser monitoring system plays an important role in the ECAL calibration, allowing the computation of the intercalibration correction coecients needed to stabilize the response of the detector after the radiation-induced crystal transparency variation. The ionizing electromagnetic radiation produces color centers in the crystals which aect the optical transmission within crystals, reducing their transparency and therefore their measured response to the deposited energy. This transparency loss process is not permanent, since the color centers partially anneal with thermal energy, leading to a recovery which is evident in absence of irradiation, during machine inter-lls and shut-downs. The loss in transparency depends then on the dose rate, which varies with η.

The laser light pulses are injected into each ECAL crystal via a multi-level optical- A stable energy scale is achieved throughout 2015 run after applying laser corrections: the average signal loss is ≈ 6%, and the RMS stability after corrections is ≈ 0.14%. 

ECAL calibration

The energy response of the detector is precisely calibrated and monitored at regular intervals. To equalize the response of each crystal to the deposited energy, relative and absolute calibrations are performed. The relative crystal-by-crystal intercalibrations use three dierent methods:

• the φ-symmetry method equalizes the average energy in channels located at a constant value of η, based on the expectation that the total deposited transverse energy (ΣE t ) should be the same in all crystals at the same pseudorapidity (η-ring). The intercalibration in φ is performed by comparing the ΣE t deposited in one crystal with the total transverse energy collected by crystals at the same value of η (ΣE t (ring));

• the π 0 /η mass method exploits the invariant mass of unconverted photons arising from π 0 and η decays to intercalibrate the channel response. The π 0 /η invariant mass distribution, shown in Figure 2.25, is tted with a Gaussian function for the signal, and a fourth-order polynomial for the background. The intercalibration constants are updated iteratively to correct the tted mass value in each channel;

• the E/p method compares the energy measured in ECAL to the momentum measured in tracker for isolated electrons from W and Z boson decays. The crystals belonging to each electron supercluster are intercalibrated iteratively minimizing the dierence

E/p -1.
The intercalibration constants from each method are then combined to provide a weighted average intercalibration constant for each channel.

The precision of the inter-calibration constants in the ECAL barrel after the combination of the three methods is shown in Figure 2.26, as a function of pseudorapidity, for the 2017 dataset. For central EB crystals (|η| < 1), the combined intercalibrations precision is ≈ 0.3% and it goes up to 1% for the rest of the EB, up to |η| = 1.48. The variation of the precision with pseudorapidity arises partly from the size of the data sample, and partly from the amount of material in front of the ECAL.

The Z → e + e -events are exploited to correct the relative scale between dierent η-rings, tting the dielectron invariant mass distribution around the Z peak selecting electrons pairs belonging to dierent η-rings.

The global energy scale is also given by the Z → e + e -invariant mass, used to x the overall absolute calibration matching data to a detailed simulation of the detector for EB and EE separately.

The supercluster energy is corrected using a multivariate approach that maximally exploits η, φ, and cluster shapes variables of electrons and photons. These energy corrections are with one photon in one xed crystal of the ECAL barrel at η = 0.03 (left plot), and of the ECAL endcap at η = 1.8 (right plot). Data collected in 2017 and corresponding to an integrated luminosity of approximately 9.8 fb -1 are used. These events are collected by CMS with a dedicated trigger at a rate of 7 (2) kHz in the barrel (endcap). The high trigger rate is made possible by a special stream at HLT that saves only a minimal amount of information of the events, in particular energy deposits in the ECAL crystals surrounding a possible π 0 candidate. For the candidates in the endcaps in the region covered by the preshower (1.7 < η < 2.6), the position of the ES is used. These π 0 invariant mass plot are built with uncalibrated energy scale. These events are used as prompt feedback to monitor the eectiveness of the laser monitoring, as shown in Section 2.2.2.2, and to intercalibrate the energy of ECAL crystals. The energy resolution achieved with the fully calibrated and corrected clusters has been compared between collision data and Monte Carlo simulation. The ECAL response in the simulation is tuned to match test beam results. The electron energy resolution is estimated from the Z → e + e -peak width using an unbinned maximum likelihood t to the invariant mass distribution of e + e -pairs, with a Breit-Wigner function convoluted with a Gaussian as the signal model.

The energy resolution obtained using 2017 data samples corresponding to an integrated luminosity of 25 fb -1 is shown in Figure 2.27, for low bremsstrahlung electrons (R 9 > 0.94) on the left and for high bremsstrahlung electrons (R 9 < 0.94) on the right, with R 9 = E 3×3 /E SC . For low bremsstrahlung electrons, the energy resolution is around 1.5% 1.8% in the central barrel (|η| < 1) and it varies between 3% and 5% in the endcaps, while for high bremsstrahlung electrons, the energy resolution is around 2%2.8% in the central The relative resolution σ E /E is extracted from an unbinned likelihood t to Z → e + e -events, using a Voigtian (a Landau convoluted with a Gaussian) as the signal model. The ECAL conditions used in the simulation (red points) reect the status of the detector as predicted after 25fb -1 of data-taking in 2017. The resolution is aected by the amount of material in front of the ECAL and is degraded in the vicinity of the ECAL modules boundaries, indicated by the vertical dashed lines in the plot. Also, the resolution improves signicantly after a dedicated calibration using the full 2017 dataset (blue points) with respect to the end-of-year (EOY) 2017 calibration (gray points) for which only time dependent eects were corrected for. The grey band at |η| ≈ 1.5 marks the barrel-endcap transition region excluded from the photon ducial region used in the H → γγ analysis. barrel and it varies between 4% and 5.5% in the endcaps.

The hadronic calorimeter

The Hadronic Calorimeter (HCAL) [START_REF]The hadron calorimeter technical design report[END_REF] surrounds the electromagnetic calorimeter and its design is strongly inuenced by the following aims: the identication and measurement of charged and neutral hadrons by estimating the energy and the direction of hadronic jets, the accurate determination of total transverse energy and the neutrino detection by measuring the missing transverse energy of the event. In order to be able to capture as many particles as possible to achieve these goals, one of the main design requirements is a high hermeticity, which means that the detector must cover a portion of the solid angle as big as possible. In particular, since the identication of forward jets is very important for the rejection of many backgrounds and for the evidence of BSM signatures, the HCAL angular coverage must include the very forward region. In the forward region beyond the coverage of the ECAL, the HCAL system is also responsible for the measurement of electromagnetic energy.

As shown in Figure 2.28, the HCAL is divided in four parts, allowing a good seg- To satisfy the hermeticity requirements and to reduce the mis-identication of hadronic jets as muons, the barrel and endcap parts installed inside the solenoid magnet are complemented by a very forward calorimeter (HF) which is placed outside the magnet return yokes 11 m far from the interaction point, extending the pseudorapidity coverage up to |η| = 5.3. Finally, an array of scintillators, referred to as the outer hadronic calorimeter (HO) and located outside the magnet in the region covered by the HB, is used to improve the central shower containment. In the barrel a full shower containment is not possible within the magnet volume, but HO increases the material thickness in the barrel region such that the hadronic showers are fully absorbed before reaching the muon system.

The HCAL is a sampling calorimeter, nding particles position, energy, and arrival time using alternating layers of absorber and scintillator materials. The active part is made of plastic scintillator tiles interleaved with brass absorber plates and coupled with wavelength shifting bers and clear bers carrying the light to the readout system. In particular, brass (70% Cu and 30% Zn) has been chosen as absorber material thanks to its non magnetic behavior and its quite short interaction length (λ I ≈ 151 mm). To maximize the amount of absorber before the magnet, the space devoted to the active medium is minimized. In the Cherenkov-based HF calorimeter, the absorber is made of steel while the active elements are quartz bers parallel to the beam and the signal originated from them is Cherenkov light. The photodetection readout is based on multi-channel hybrid photodiodes (HPDs) that can operate in a high magnetic eld and give an amplied response, proportional to the original signal, for a large range of particle energies. The HPDs are housed within the calorimeter volume. Both barrel and endcap are read out in towers with a size of ∆η × ∆φ = 0.087 × 0.087 up to η < 1.6 and ∆η × ∆φ = 0.17 × 0.17 for η > 1.6.

The HCAL energy resolution measured in data is:

• σ E E 65% √ E ⊕ 5% in the barrel; • σ E E 85% √ E ⊕ 5% in the endcap; • σ E E 100% √ E ⊕ 5% in the very forward calorimeter.
The energy resolution of the ECAL-HCAL system was evaluated with a combined test beam with high energy pions [START_REF] Daniel | Measurement of the Pion Energy Response and Resolution in the CMS HCAL Test Beam[END_REF] and is given by

σ E E 84.7% E ⊕ 7.4%.

The muon system

The aim of the muon system is the identication of muons and the measurement of their transverse momentum, in combination with the inner tracker. The ecient detection of muons is of primary importance as they represent a clear signature for a large number of physics processes. For this reason the muon spectrometer [START_REF]The CMS muon project[END_REF] must provide a robust trigger and an accurate measurement of the muons momentum and charge, even without the contribution of the tracker. The muons can penetrate several meters of iron without being stopped, so they have to be detected by muon chambers placed in the outermost part of the experiment. The muon detection system, shown in Figure 2.29, is therefore set outside the magnetic coil, embedded in the iron return yoke which shields the detectors from charged particles dierent from muons.

The redundancy of the muon detection, performed rst in the inner tracker and then in the muon system, allows a sensible improvement in the resolution of high-momentum particles, for which spatial resolution dominates, while for lower momenta (up to p T values of 200 GeV) the resolution is dominated by multiple scattering in the material before the chambers and the inner silicon tracker is sucient to obtain the best resolution. An overall muon momentum resolution of 58% at 10 GeV and of 2040% at 1 TeV can be obtained using only the muon system, where the measurement of the momentum of muons varies with pseudorapidity. This measurement is performed through the determination of the muon bending angle at the exit of the coil, taking the interaction point (known with a precision of 20 µm) as the origin of muons. When the combination of the inner tracker and outer muon system is used, the values improve signicantly to 11.5% at 10 GeV and to 617% at 1 TeV. The trajectory beyond the return yoke can be extrapolated back to the beam-line, thanks to the compensation of the bend before and after the coil. The minimum value of the muon transverse momentum required to reach the system is 3 GeV.

The muon spectrometer is composed by three dierent types of gas-ionization chambers for a total of 25000 m 2 of detection planes:

• Drift Tube (DT) chambers in the barrel, covering the region |η| < 1.2;

• Cathode Strip Chambers (CSC) in the endcaps, used in the region 0.9 < |η| < 2.4;

• Resistive Plate Chambers (RPC) in both the barrel and the endcaps, covering the range of |η| < 1.6.

The reason for these dierent technologies lies in the dierent particle rates and expected occupancies, both higher in the endcaps, and in the intensity of the stray magnetic eld, which is lower in the barrel. of the yoke. The chamber segmentation follows that of the iron yoke, consisting of ve wheels along the z axis, each one divided into 12 azimuthal sectors. There are 12 chambers in each of the 3 inner layers, while in the fourth layer the top and bottom sectors host 2 chambers each, leading to a total of 14 chambers per wheel.

Drift Tubes chambers

The basic detector element is a drift tube cell, whose section is shown in Figure 2.30.

A layer of cells is made of parallel aluminum plates, with cells obtained with perpendicular I-shaped aluminum cathodes and anodes of 50 µm diameter steel wires placed between the cathodes. The internal volume is lled with a gas mixture of Ar (85%) and CO 2 (15%) at atmospheric pressure, which provides good quenching properties and a saturated drift velocity of about 5.6 cm/µs. A muon passing through a cell ionizes the gas mixture that lls the cell volume and the drift time of the resulting electrons is then used to measure the distance between the muon track and the wire.

The DTs provide a precise track measurement in the bending plane; their maximum drift time is about 400 ns with a time resolution of about 1 ns. A single cell has a resolution of about 180 µm and an eciency close to 100%, since in order to eliminate any dead spot the drift cells of each chamber are oset by a half-cell width with respect to their neighbor.

Cathode Strips Chambers

In the two endcaps (0.9 < |η| < 2.4), where the muon rate and the residual magnetic eld are higher, four stations of cathode strip chambers (ME1-ME4, shown in Figure 2.29) are used, being the detector technology more indicated in a region suering high particle rates and large residual magnetic eld between the plates of the yoke. In each of the endcaps, the cathode strip chambers are arranged in 4 disks perpendicular to the beam and in concentric rings formed by 18 or 36 trapezoidal chambers: 3 rings in the innermost station and 2 in the others. Each CSC, multiwire proportional chamber with a good spatial and time resolution, is made of 6 gas gaps with planes of cathode strips in the radial directions and anode wires almost perpendicular to the strips.

The ionization of a charged particle passing through the planes causes an avalanche developing near the wire, that induces a distributed charge on the cathode plane. The orthogonal orientation of the cathode strips with respect to the wires allows the determi- Most CSCs are overlapped in φ in order to avoid gaps in acceptance and have a spatial resolution of about 200 µm (100 µm for the chambers belonging to the rst station) and an angular resolution in rφ of about 10 mrad. The wires resolution is of the order of about 0.5 cm, while for the strips is about 50 µm.

Resistive Plate Chamber

A system of resistive plate chambers is installed in both the barrel and the endcaps (|η| < 1.6) to assure redundancy to the muon trigger. RPC detectors are composed of 4 bakelite planes forming 2 coupled gaps 2 mm thick, as shown in Figure 2.32. The gaps are lled with a mixture of 90% C 2 H 2 F 4 (freon) and 5% i-C 4 H 10 (isobutane). They operate in avalanche mode, obtained with a lower electric eld across the gap which allows the detectors to sustain high rates. An improved electronic amplication is required, since the gas multiplication is reduced. In the barrel, the RPC chambers follow the segmentation of DT chambers. Each DT chamber has 1 or 2 RPCs coupled to it before installation, depending on the station. A total of six layers of RPCs are present in the barrel, while there are three layers in the endcap.

The robustness of the muon spectrometer is guaranteed by the dierent sensitivity of DTs, RPCs and CSCs to the background. The main sources of background particles in the LHC environment are represented by secondary muons produced in pion and kaon decays, CSC and DT chambers, in contrast with RPC detectors, are characterized by a layer layout which helps in reducing the eect of background hits: the request of correlation between consecutive layers is particularly eective against them. Both DTs and CSCs can then trigger muons independently with good eciency and background rejection, while RPCs provide a complementary trigger system with a limited spatial resolution, but an excellent time resolution of few ns, allowing unambiguous bunch crossing identication even at the largest LHC luminosities.

Trigger system and Data Acquisition

At the instantaneous luminosity reached by proton-proton collisions at LHC, the interaction rate produces 10 9 interactions/s but only a small part of them can be stored, since no storage system presently available is capable of recording this large amount of data. Moreover, the LHC high luminosity causes several interactions overlap in the same bunch crossing (pileup), as well as overlap of signals from dierent bunch crossings, due to the limited speed of detector response and read-out. There are therefore several technical diculties in handling, storing and processing this huge amount of data and a selection of events has to be applied by the trigger and the data acquisition systems. As a consequence, a good triggering system with a large rejection of the less interesting particles maintaining at the same time a high eciency on the (potential) interesting events is necessary.

The typical data size of a raw event is ≈ 1 MB and just a rate of ≈ 1 kHz can be stored for oine analysis. In order to fulll this data reduction, the CMS trigger system performs an online event selection via two successive layers described in the following sections: the Level-1 trigger (L1), implemented on custom designed hardware, and the High-Level Trigger (HLT), implemented at software level. The data are then transmitted to the CMS Tier-0 computing center for storage and oine processing.

The Level-1 trigger

The hardware-based Level-1 trigger [START_REF] Dasu | The trigger systems[END_REF], implemented in the readout electronics of each subsystem except for the tracker, has to take an accept-reject decision for each bunch crossing (every 25 ns) reducing the rate of selected events down to 100 kHz, limit imposed by the CMS readout electronics. The high bunch crossing rate does not allow the full readout of the detector, mainly because of the slowness of the tracker algorithms, so only segmented data from calorimeters and muon detectors are used. The full high-resolution data are stored in pipelines of processing elements, waiting for the trigger decision to keep or discard the data from a certain event.

The L1 trigger electronics is placed partly on the sub-detectors and partly in the underground control room located at a distance of about 20 m from the CMS detector site. The L1 selection relies on a programmable menu made of 128 algorithms (seeds ), each of which selects a particular type of objects. A prescale value p is assigned to each seed, making it accept only 1/p events passing its specic selection criteria. The prescales are adjusted to the LHC instantaneous luminosity during data taking, in order to restrict the output rate to the 100 kHz upper limit. The maximum latency allowed is 4 µs: this time is used to decide if accept or reject an event and includes also the transit of data from the detector front-end electronics to Level-1 trigger processors and back.

As shown in Figure 2.33, the information is processed using two separate ows. The Calorimeter Trigger identies the best four candidates (called trigger primitives ) of electrons, photons, taus, central jets, forward jets and so on from the shape of the energy deposited in the ECAL and HCAL trigger towers, ve strips of ve crystals along the azimuthal direction forming a 5 × 5 array of crystals in ECAL and ∆η × ∆φ = 0.087 × 0.087 towers in HCAL. Moreover, it determines the total transverse energy E T , the missing energy and the scalar transverse energy sum of all jets (H T ) above a programmable threshold.

For the Muon Trigger, all the three trigger systems RPCs, CSCs, and DTs take part in computing the muon trigger primitives from track segments and hit patterns: the CSC and DT track nders join the segments to complete the tracks and to assign physical values to them, while the RPC trigger chambers, thanks to their high timing resolution, deliver their own track candidates. The informations from the various muon sub-detectors are then combined to improve the momentum resolution and the eciency of the muon candidates with respect to the individual systems.

All the information about these objects are then sent to the Global L1 Trigger, which nally takes the decision to reject or to accept the event, based on the algorithm calculations and on the readiness of the sub-detectors and the DAQ. If the L1 accepts the event, the data are moved to be processed by the HLT for further evaluation.

For the high instantaneous luminosities and pileup levels of the LHC Run 2, the L1 trigger system was not able to keep low trigger thresholds staying within the 100 kHz bandwidth. To maintain the good performance also during the LHC luminosity increase, several updates were then introduced [START_REF] Kreis | Run 2 Upgrades to the CMS Level-1 Calorimeter Trigger[END_REF]. For the Calorimeter Trigger, a previous subsystem called Global Calorimeter Trigger was replaced by a new data processing card with better data throughput and computational power, allowing the execution of improved algorithms and the inclusion of event-by-event pileup subtraction; new optical links were used to improve the data communication from ECAL, and two new layers of data processors, with a new time-multiplexed architecture, were used to read the events. The position and energy resolution of jets, photons, electrons and tau candidates were improved, providing the additional background rejection required by the increased instantaneous luminosity and pileup. The Muon Trigger was also upgraded combining all the three muon systems to perform an integrated track nding and to allow for a more precise p T measurement.

The High Level Trigger (HLT)

The High Level Trigger [START_REF] Sphicas | CMS: The TriDAS project[END_REF] is based on the raw data events accepted by the L1 trigger and performs a full readout of the CMS detector, reconstructing all main classes of physics objects, such as electrons, muons, photons, taus, missing transverse energy and jets, and including also some more advanced techniques like b-tagging or jet substructure study.

The reconstruction is done with the same software used for oine processing, but with a optimized conguration two orders of magnitude faster. The maximum processing time per event is of ≈ 200 ms per event for a L1 input rate of 100 kHz. In order to keep the rate under control and retain the subset of events more relevant to subsequent data analysis, specic selection criteria are applied to the reconstructed objects, exploiting the full precision of the CMS detector data with oine-quality algorithms. The HLT software system reduces the output rate from about 100 to about 1 kHz.

The HLT runs on a single dedicated farm of commercial computers, with approximately 16000 CPU cores. This event lter farm has builder units that collect and assemble individual event fragments from the detector, and lter units that unpack the raw data into detector-specic data structures, performing event reconstruction and trigger ltering.

Its computing power has been increased by about 50% since Run 1 to cope with pileup and code complexity. Data processing at the HLT is structured around a predened sequence of algorithms, called path, that processes steps of increasing complexity, reconstructing and applying selections to a certain type of physics objects, such that the events are classied accordingly to their topology (i.e. events with a muon pair, electron pair, large E miss T , ...).

These paths can be prescaled as the L1 seeds and the set of all paths used at a given time is called menu. All paths are run in parallel and independently of each other, but common modules and sequences are shared among dierent paths. The successive reconstruction modules and selection lters are organized so that the fastest selections, such as those relying on information from the calorimeters and muon detectors, are run rst, reducing the event rate before considering CPU-expensive steps such as track reconstruction. All events selected by at least one path are then directed to one of various data streams, illustrated in Figure 2.34. The main physics data stream transmits events as full raw detector data, for prompt oine event reconstruction and permanent mass storage. Its maximum average rate has been increased from 400 Hz in Run 1 to about 1 kHz in Run 2.

Other physics streams include data parking, the storage of full event content from special loose HLT paths for a delayed oine reconstruction during LHC long shutdowns, and data scouting, the storage of reduced, non-reprocessable event content from very loose HLT paths. Some special streams are dedicated to data quality monitoring (online and oine) and to detector alignment and calibration workows, and some to physics.

The Data Acquisition System (DAQ)

Like the HLT, the crucial function of the Data Acquisition System is to read the CMS detector information for the events selected by the Level-1 Trigger and to select the most interesting ones for output to mass storage. Therefore it must sustain a data ow of ≈ 100 GB/s (≈ 1 MB/evt) coming from ≈ 650 data sources (each with an average event fragment size of ≈ 2 kB for pp collisions at the design luminosity of 10 34 cm -2 s -1 ) and must provide enough computing power for the HLT to reduce the rate of stored events from 100 kHz to 1 kHz. All events that pass the Level-1 Trigger are sent to the Event Filter that performs physics selections to lter events and achieve the required output rate. Each sub-detector has a front-end system (FES) that stores data in pipelined buers. There are approximately 700 FESs in the CMS readout. When a L1 trigger arrives, the Timing-Trigger-Control (TTC) system pulls out the corresponding data from the front-end buers and pushes them into the DAQ system via the Front-End Drivers (FEDs), which are located in the underground counting room at a distance of 70 m from the detector. Here the Front-end Read-out Links (FRLs) read the data. The event builder assembles the event fragments belonging to the same L1 from all FEDs into a complete event and transmits it to one Filter Unit (FU) in the Event Filter for further processing. The collection of networks that provide the interconnections between the Read-out and the Filter Systems is known as Builder Network. The DAQ system can be deployed in up to 8 nearly autonomous systems, each capable of handling event rate up to 12.5 kHz. The total rate of data produced by the online trigger system, which needs to be stored for further processing and analysis, is about 230 MB/s. The scheme of the CMS DAQ system is shown in Figure 2.35.

Event reconstruction

The CMS event reconstruction relies on the so called Particle-Flow (PF) algorithm [START_REF] Sirunyan | Particle-ow reconstruction and global event description with the CMS detector[END_REF][START_REF]LHC collisions recorded in the CMS detector[END_REF], whose aim is to reconstruct and identify each stable particle in the event (leptons, An iterative tracking reconstruction [START_REF] Chatrchyan | Description and performance of track and primary-vertex reconstruction with the CMS tracker[END_REF] is used to achieve a high tracking eciency.

At rst, tracks are seeded and reconstructed with very tight criteria. The hits are reconstructed from zero-suppressed signals from the pixel and the strip tracker: in the pixel detector, adjacent pixels form clusters whose position is calculated by a weighted average of the charge collected in each pixel; in the strip detector, hit seeds from a strip combined with the charge of neighbor strips form clusters whose position is determined as the chargeweighted strip position. The next steps are performed iteratively using the Combinatorial Track Finder (CTF) software [START_REF] Chatrchyan | Description and performance of track and primary-vertex reconstruction with the CMS tracker[END_REF], where the hits assigned to the reconstructed tracks in each iteration are removed in subsequent iterations, and the track seeding criteria are progressively loosened. The prompt tracks coming from the interaction point and with high p T are reconstructed in the rst iteration, while the low p T ones are reconstructed in the second iteration. The displaced tracks, usually coming from a secondary vertex, are reconstructed in the remaining iterations.

To determine the trajectory of a charged particle, a rst set of parameters can be estimated from a track seed that, given the high granularity and resolution of the pixel sensors, is usually made from three pixel hits, or from two pixel hits together with the beamspot as constraint. This seed is accepted and used for track nding, based on the Kalman Filter method [111113] in the CTF algorithm, if the parameters estimated from the seed are consistent with those of a good track. These parameters are then updated by adding hits consistent with the predicted trajectory, taking into account multiple scattering eects and energy loss. At each layer there can be multiple compatible hits, thus a single seed can produce multiple track candidates. To prevent too many candidates, only 5 candidates are considered at each step.

After collecting all hits compatible with a track, a nal ret using a Kalman Filter method is performed to calculate the track parameters, starting with a four-hit seed and updating as new hits are added. A Runge-Kutta propagator [114] is used to optimize the precision, taking into account the detector material and the inhomogeneous magnetic eld.

Many of the fake tracks produced in the track nding step are then removed with a nal selection, that can considerably reduce them with requirements on the number of hits, the quality of the t, and the parameter signicance.

Tracks determine also the position of the interaction vertices in collision events, reconstructed by tting clustered tracks and using the z coordinate to distinguish particles coming from the hard interaction vertex from those of additional pileup interactions. An interaction vertex is required to have at least two reconstructed tracks originating within 2 mm of the vertex position.

A clustering algorithm of calorimeter energy deposits is designed to reconstruct neutral particles such as photons or neutral hadrons and to measure their energy and the one of electrons, recovering energy loss by bremsstrahlung or photon conversion.

Several elements (charged-particle tracks, calorimeter clusters, muon tracks) are expected from a single particle in the event, so they need to be connected by a link algorithm which reconstructs each particle avoiding possible double counting from dierent detectors and denes a distance between pairs of elements in the event, quantifying the quality of their link. This algorithm, following a set of criteria depending on the element types, decides whether these elements are linked or not, creating blocks made of several elements.

For each block, the algorithm proceeds through the following sequence:

• a global muon, dened in Section 4.4.3, is reconstructed when its momentum is compatible with that determined from the inner tracker within 3 standard deviations.

Muon tracks, as well as calorimetric energy deposits of muons, are then removed from the considered block;

• an electron, primarily reconstructed as energy cluster in the ECAL, is reconstructed if it passes identication criteria dened by an algorithm that exploits tracking and calorimetric variables. Electron tracks and ECAL clusters are then removed from the block;

• the energy deposits in ECAL and HCAL clusters undergo a calibration procedure, correcting for zero-suppression eects and for the non-linear response function of the calorimeters to hadronic showers;

• when there is absence of signal in the muon detectors and the ECAL and HCAL clusters are linked together with a track, if their calibrated combined energy is compatible with the momentum measurement in the tracker a charged hadron is reconstructed, otherwise a neutral hadron or a photon is created from the excess of calorimeter energy. The associated tracks and clusters are then removed from the block;

• the remaining ECAL clusters are associated to photons, and the HCAL energy clusters not matched to charged particle trajectories are associated to neutral hadrons.

For each event, a nal collection of individual particles of ve possible types is obtained.

Charged and neutral hadrons are clustered into jets using various algorithms specic to dierent analyses. The energies of charged hadrons are determined combining the momentum measurement of the tracker with the energy measurement of the ECAL and HCAL, improving the overall energy resolution on hadronic jets. The energies of neutral hadrons are obtained from the corresponding ECAL and HCAL corrected energies.

Leptons and photons are distinguished from jets by requiring isolation criteria.

The PF reconstruction gives also the best estimate for global event quantities, such as the missing transverse energy calculated as -Σ E miss T , where the sum runs over all the objects reconstructed by combining all the system information using the PF algorithm.

CMS upgrade for HL-LHC

In order to fully exploit the operation environment of the HL-LHC providing the same high quality data as in Run 1 and Run 2, the CMS detectors will be upgraded.

The CMS upgrade for the Phase II [START_REF] Contardo | Technical Proposal for the Phase-II Upgrade of the CMS Detector[END_REF] foresees:

• the complete replacement of the current tracker [START_REF] Silvestris | The Phase-2 Upgrade of the CMS Tracker[END_REF]. The silicon tracker will be severely damaged by radiation by the time of the LS3 of the LHC in 2023, thus it will be replaced by a new, light and radiation tolerant detector. A fourth pixel layer increasing the outer radius covered by the pixel detector has already been added during the 2016/2017 end-of-year shutdown. With four silicon pixel layers for a precise vertex reconstruction surrounded by silicon strips for a measurement of the charged particle momentum, the tracker has a ner granularity, which will mitigate the increased tracks overlap, and a pixel coverage extended from the current |η| = 2.5 to |η| = 3.8, which will provide a larger acceptance for the analyses in the context of HL-LHC. At variance with the current system, the new tracker will introduce the tracking at the Level-1 trigger level, providing to the L1 system information that will be exploited to compute isolation quantities and to improve the energy resolution on jets and E miss T . Improving the event selection already at the L1 trigger, with energy thresholds lower than the ones currently in use, will allow to control the trigger rate and to provide a larger acceptance especially for precision measurements of rare SM processes;

• a completely new dedicated electronics for the Level-1 trigger system [START_REF]The Phase-2 Upgrade of the CMS L1 Trigger Interim Technical Design Report[END_REF]. In order to keep only the events where interesting physics could be happening and discard the rest, a highly selective trigger system is necessary, thus it will be redesigned to cope with the much higher instantaneous luminosity. The trigger rate will increase from the current 100 kHz to 750 kHz, with a 40 MHz selective readout for hardware trigger and an HLT output of 7.5 kHz events registered. This higher rate will be matched by the upgraded electronics of the other subdetectors;

• a replacement of the electronics in the barrel calorimeters [START_REF]The Phase-2 Upgrade of the CMS Barrel Calorimeters Technical Design Report[END_REF]. For the ECAL barrel, the details are reported in Section 3.1. For the HCAL barrel, the replacement of scintillators and bers will not be necessary since their expected radiation damage will be negligible for the full HL-LHC. The HPDs will be replaced during Long Shutdown 2 with silicon photomultipliers (SiPMs) that will continue to be used for the HL-LHC period thanks to their higher photo-detection eciency. The current back-end electronics will not be able to sustain the 750 kHz L1 trigger rate planned for Phase II, thus new electronics based on the design developed for the ECAL barrel will be installed;

• the complete replacement of the endcap calorimeter system [START_REF]The Phase-2 Upgrade of the CMS Endcap Calorimeter[END_REF]. The current endcaps of the ECAL and HCAL will not be able to survive the high radiation levels of the HL-LHC, since the radiation damage will be more than 1.5 × 10 15 n eq /cm 2 in the parts closer to the beam line and will aect too much the active components of ECAL (PbWO 4 crystals) and HCAL (scintillating tiles and photo-detectors). The endcaps of the calorimeters will then be replaced with a silicon based high granularity sampling calorimeter (HGCAL) with tungsten absorbers in the electromagnetic part and lead absorbers in the hadronic one. It will be radiation tolerant with an excellent timing resolution for the silicon sensors: ≈ 50 ps resolution per layer in electromagnetic showers, where multiple layers can be combined for a better resolution.

Overlapping energy deposits will be discriminated by the longitudinal segmentation;

• new detectors in the muon system [120]. New RPC forward chambers (1.6 < η < 2.4) and the GEM based detectors already inserted in the magnet return yoke will extend the muon system acceptance up to |η| = 2.8. Precision measurement of the Higgs boson properties through its decay in four muons (H → ZZ → 4µ) will benet from this extended coverage. The electronics of the DT and CSC detectors will also be upgraded;

• a new minimum ionizing particles (MIP) timing detector [START_REF]TECHNICAL PROPOSAL FOR A MIP TIMING DETECTOR IN THE CMS EXPERIMENT PHASE 2 UPGRADE[END_REF]. A new detector with crystals and silicon photomultipliers (SiPMs) in the barrel and low gain avalanche diodes in the endcap will be able to measure the time of ight of charged particles.

It has been proposed in order to reconstruct the time of the interaction vertex and the time of energy deposits in the calorimeters. The inclusion of this information will improve the event reconstruction since the collisions overlapping in space within the luminous region can be separated in time with a resolution of the order of 10 ps. Moreover, exploiting the information of the production time at the interaction point, the energy deposits in the calorimeters coming from neutral particles can be assigned to the correct collision.

With these upgrades, the maintenance and improvement of the CMS performance will be possible even in the harsh environment of the HL-LHC.

Chapter 3

Upgrade studies of ECAL

The excellent energy resolution of the CMS electromagnetic calorimeter (ECAL) played a key role in the discovery of the Higgs boson in LHC Run 1 through the H → γγ decay channel and in the measurement of its couplings to other particles [122]. A high performance electromagnetic calorimetry is crucial also for many analyses involving physics beyond the SM, such as high-mass resonances or detection of nal states with energetic photons or electrons [START_REF] Vardan Khachatryan | Search for narrow resonances in dilepton mass spectra in proton-proton collisions at √ s = 13 TeV and combination with 8 TeV data[END_REF], and for SM precision measurements [START_REF] Vardan Khachatryan | Measurement of the ZZ production cross section and Z → + -+branching fraction in pp collisions at √ s=13 TeV[END_REF]. The ECAL must thus provide a high energy resolution, a high position resolution for reconstructed deposits, a good timing resolution, and a fast and ecient readout for online selection.

ECAL upgrade strategy

The High Luminosity LHC (HL-LHC) will enable to reach about 3000 fb -1 of integrated luminosity during 10 years of operation, ten times the luminosity reached by the end of Run 3, as shown in Figure 3.1. The expected pileup is a factor four larger than the current Run 2 values, and unprecedented levels of radiation, up to six times higher than for LHC, will be experienced. The HL-LHC will then be a highly challenging environment.

To retain a performance comparable to Run 2, the trigger rate will need to be increased up to 750 kHz and the detectors need to be upgraded. The components that are necessary to upgrade the LHC to HL-LHC will be installed during the long shutdown 3 (LS3).

The ECAL needs an upgrade strategy dierent for barrel (EB) and endcaps (EE), since the radiation dose will be 100 times bigger in the EE. The radiation-induced loss of crystal response in the forward regions of CMS will require a complete replacement of the ECAL endcaps, prior to the start of HL-LHC. The EE will then be fully replaced by a highgranularity silicon calorimeter (HGCAL) [START_REF] Magnan | HGCAL: a High-Granularity Calorimeter for the endcaps of CMS at HL-LHC[END_REF], as described in Section 2.2.7.

The luminosity increase poses signicant challenges to the operation of the barrel photodetectors. The EB crystals and APDs [START_REF] Antunovic | Radiation hard avalanche photodiodes for the cms detector[END_REF] will remain operational, but there will be a substantial upgrade of the electronics, that will necessitate the removal, re-installation 

Current and new EB electronics

The current EB electronics is composed of readout units, very-front-end (VFE), and front-end (FE) boards, shown in Figure 3.2.

The basic readout unit, the motherboard, is linked to a 5 × 5 crystal matrix and is the building block for the on-detector electronics. It distributes the LV to the VFE and hosts

VFE cards.

Each VFE board readouts 5 channels with a multi gain pre-amplier (MGPA) ASIC with about 43 ns shaping time, and a 12 bits analog-to-digital converter (ADC) with sampling rate of 40 MHz.

The FE electronics takes care of data pipeline and transmission, generates trigger information with 5 × 5 crystals granularity, and separates the readout for data and trigger. As shown in Figure 3.3, the FE cards are equipped with a FENIX chip that sums the energy of 5 crystals within a strip, analyzes the digitized signal, and performs trigger and readout functions.

The access to the motherboards is very complex since they are mounted under the water cooling block for the electronics boards, thus replacing them would be a long and risky operation. Since their replacement is not necessary, as conrmed by accelerated ageing and irradiation tests, the motherboard, the APDs, and the crystals will be kept in place, while the VFE and FE boards will be replaced. • a data transfer unit (LiTE-DTU) that will send data to the FE, implementing a data compression from 2.08 Gb/s to 1.28 Gb/s with a gain selection logic and a lossless data compression algorithm;

• two 12 bits ADCs with 160 MHz sampling frequency, integrated in the LiTE-DTU, that will receive the two analog signals from the two gains of the preamplier output and convert them to a digital representation of the pulse.

The FE boards design will provide fast and radiation tolerant optical links to transmit data o-detector through CERN lpGBT and Versatile+ links, as shown in Figure 3.5.

At variance with respect to the Phase 1 electronics, providing trigger information with a granularity of 5 × 5 crystals, the new electronics will provide trigger information based on single crystal data to the L1 calorimeter trigger. Therefore the FE card will not compute trigger primitives anymore but will only act as pass-through for data and as distributor of the clock.

The low voltage regulator cards (LVR), one every 5 × 5 crystals, are based on the radiation and magnetic eld tolerant DC-DC converters developed by CERN [START_REF] Michelis | Dc-dc converters in 0.35µm cmos technology[END_REF]. These highly ecient and compact devices provide very low noise output and 1.2 and 2.5 voltages.

For the o-detector electronics, one board will combine all functions: DAQ, trigger, and control of FE boards.

Requirements for EB upgrade

In order to maintain the Run 2 performance at the higher luminosity and pileup of the HL-LHC, the EB electronics must comply with the CMS Level-1 (L1) trigger requirements, provide more precise timing resolution, and mitigate the increasing noise from the photodetectors.

The main motivation for the EB upgrade is the trigger requirement necessary to achieve a L1 trigger accept rate of about 750 kHz, about 7.5 times higher than the current one, as described in Section 2.2.7. The new on-detector and o-detector electronics will then be replaced to satisfy a trigger latency of 12.5 µs, with an increase of about a factor three with respect to the current one of 4 µs.

The new on-detector ASICs is being designed to perform pulse amplication, shaping, and digitization of the signal at a sampling rate of 160 MHz, and will allow to maintain the best possible energy resolution for the HL-LHC. The new design of the VFE boards involves also a shortening of the signal shaping time (t) from 43 ns to about 20 ns. These characteristics will enable better timing resolution, reduced APD noise, which goes like √ t, and improved pileup mitigation at L1.

In the most irradiated regions of the ECAL barrel, the predicted neutron uence at the HL-LHC is about 2 × 10 14 n/cm -2 . Recent studies [START_REF] Baccaro | Radiation damage eect on avalanche photodiodes[END_REF] have shown that the APDs will remain operational under such conditions, however the dark current increases linearly with the neutron uence, and the readout noise will have an increase of about a factor 10 after 3000 fb -1 , corresponding to ≈ 400 MeV/channel.

To mitigate the APD radiation-induced increase of the leakage current, a reduction of the operating temperature from the current 18 • C to 8 -10 • C is foreseen, which will reduce the induced noise by about 35%, as shown in Figure 3.6. The temperature reduction will not require an upgrade of the ECAL cooling system, but the ECAL cooling plant, currently supplied with water at 14 • C, will be required to have chilled water at 6 • C for operations at 9 • C. Recent developments in radiation hard optical links (lpGBT) will permit the amplication, digitization, and transmission of data from all ECAL readout channels to new o-detector electronics, capable of processing these data with more complex and betterperforming algorithms than are currently possible. For instance, a more granular clustering, a better spatial resolution, and a new tracks-cluster association with approximated tracks available at L1 thanks to the new tracker system, explained in Section 2.2.7, will be used.

The o-detector electronics will have to accommodate higher transfer rates and to generate trigger primitives. This will allow the exploitation of the full ECAL granularity at the Level-1 trigger. The on-detector readout chain is being designed also with the aim of exploiting the excellent intrinsic timing resolution of the crystals, in order to discriminate between energy deposits arising from dierent overlapping events in the same bunch crossing based on their time-of-ight. The short shaping time (20 ns) and the fast sampling rate (160 MHz) will allow to approach the intrinsic timing capacity of the detector of ≈ 20 -30 ps, as given from test beam measurements and shown in Figure 3.8. This will enable to mitigate the impact of the high pileup at the HL-LHC.

In particular, timing of high energy photons with 30 ps precision can be exploited to keep the same H → γγ vertex assignment eciency as in Run 2. In the H → γγ analysis, the primary vertex is identied through a MVA exploiting the kinematic properties of the tracks associated with the H → γγ vertex and their correlation with the diphoton system. The identication eciency of this method is ≈ 80% at a pileup of 30 events, while it drops below 40% at 140 pileup events and is ≈ 30% at 200 pileup events. A precise time measurement of both photons would enable to determine the vertex position along the beam direction via triangulation, and thus mitigate this eciency loss.

Furthermore, many BSM analyses in exotic channels would benet from a precise ECAL time resolution. For example, long-lived particles predicted by several BSM theories are searched with experimental signatures with delayed photons. The time of arrival of the photon can be exploited to identify the signal, thus an ECAL precision timing would increase the sensitivity to particles with short lifetime and high mass. More information about the ECAL HL-LHC upgrade can be found in [START_REF]The Phase-2 Upgrade of the CMS Barrel Calorimeters Technical Design Report[END_REF].

Test beam

To test the new prototypes of the HL-LHC readout electronics and evaluate the energy and time resolution of the calorimeter, some beam test campaigns were performed at the H4 beam line in the SPS North Area of CERN during 2015, 2016, 2017 and 2018.

In the 2015 campaign, the impact of the shaping time was studied, comparing the performance of the current (43 ns) and the reduced (20 ns) shaping time.

In 2016, the performance of a TIA prototype were tested. The prototype, used to readout a matrix of crystals with APDs and linked to a digitizer with a 5 GHz sampling frequency, was constructed using discrete components and its sampling frequencies were emulated at analysis level.

In 2017, a VFE prototype with discrete components and a commercial ADC was studied, while in 2018 the rst prototype of CATIA, with 160 and 120 MHz readouts and a commercial ADC, was tested. The 2018 test beam campaign is described in details in the following sections, together with its data analysis.

The beam is made of high energy electrons with energies between 20 and 250 GeV, with a beam purity of 99% and a relative momentum spread (∆p/p) that can be as low as 0.5%

while keeping an acceptable event rate for measurements. The beam line can also provide Created from the primary SPS proton beam, which hits a metallic target producing a variety of particles selected through a system of magnets, collimators, and additional targets, as shown in Figures 3.9 and 3.10, this secondary electron beam is composed of several bunches extracted with a converter in an interval of 4 -5 s every 14 -48 s, depending on the SPS cycle conguration. In order to provide a uniform and less intense beam to the test area, the bunch scheme of the SPS beam is destroyed by the extraction line.

More details about the test beam can be found in [START_REF] Adzic | Energy resolution of the barrel of the CMS electromagnetic calorimeter[END_REF].

Test beam setup

The experimental setup of the 2018 test beam campaign consists of:

• a matrix of 5 × 5 crystals, similar to those installed in the ECAL barrel, shown in Figure 3.11;

• 5 VFE boards, shown in Figure 3.12, equipped with a Calorimeter Trans Impedance Amplier (CATIA) chip, VFE adapters to custom-made FE boards, and a commercial 12-bit ADC operated at 120 and 160 MHz;

• an external digitizer CAEN V1742 VME board, shown in Figure 3.13, with a sampling frequency of 5 GHz;

• two micro-channel plate (MCP) detectors placed in front of the matrix and serving as reference for timing measurements, given their typical resolution of ≈ 20 -30 ps;

• two planes of scintillating bers hodoscopes placed ≈ 3 m upstream of the crystals and the MCP, each composed of 64 bers and with a spatial resolution of 0.5 mm, Since the beam divergence is negligible, the particle transverse position measured by the hodoscopes corresponds to the impact point on the crystals face, as shown in Figure 3.15.

The incoming particles are detected by three plastic scintillators of 6 × 6 cm 2 , 3 × 3 cm 2 , and 1 × 1 cm 2 , placed few meters upstream of the crystals position. The trigger for the acquisition system is build as a coincidence of these three scintillation signals.

The goals of these test beam (TB) were to test the new CATIA chip with the 160

MHz ADC and to check the performance of the new electronics with timing resolution measurements. These can be performed comparing the time measured by the crystal hit by the electron to the one measured by an external reference, provided by the MCP, when the beam is centered in the middle of the crystal, as shown in Figure 3.16 on the left.

Alternatively, the beam can be centered between two crystals, as shown in Figure 3.16 on the right, and the timing resolution can be derived from the time dierence of the two crystals. 

Test beam analysis

The analysis of the June 2018 campaign is described here. The scheme of the crystals matrix used in this test beam is represented in Figure 3.17.

Amplitude and time reconstruction

The CAEN digitizer with a sampling frequency of 5 GHz acquires 1024 samples, one every 200 ps, for each event and for each of its channels. After passing through a VME bus and an optical interface, the samples arrive to a computer used for the acquisition, where a specic software synchronizes the events between the digitizer and the hodoscopes.

The MCP signal is very fast, ≈ 4 ns, and its amplitude is estimated as the value of the maximum sample. The amplitude of the MCP, A M CP , shown in Figure 3.18 on the left, is required to be > 150 ADC counts to ensure a good time measurement. The time of the MCP, t M CP , shown in Figure 3.18 on the right, is extracted with a t to the MCP shape using a sigmoid function:

f (t) = A • [1 + tanh((t -t 0 )/B)]/2 + C.
For the APD signal, the amplitude and time, shown in Figure 3.19 on the left and on the right respectively, are estimated through a template t to the signal shape. The pulse shapes are estimated with a Fourier-transform technique and a dierent template is generated for each crystal and for each energy. The template t to data is performed on the samples around the maximum sample minimizing the following distribution:

χ 2 = Σ i [A i -A 0 • F tmpl (t i -t 0 )] 2 σ 2 n ,
where A 0 e t 0 are the amplitude and time values corresponding to the maximum sample.

The templates generated for dierent energies are very similar in the same crystal, as shown in Figure 3.20. However, performing the ratio between each template and the template corresponding to the 150 GeV energy, small disagreements are visible in the tails of the t range, as shown in Figure 3.21. For each energy run, the corresponding template is thus used.

To compare the crystal timing with the MCP one, the VFE clock needs to be synchronized with the CAEN digitizer. Each rising edge of the clock distribution, shown in Figure 3.22, is tted to measure the period and the phase of the clock, visible in Figure 3.23 on the left and on the right, respectively.

Time resolution

The time resolution of the crystals plus APDs system can be extracted from the time dierence between the most energetic crystal and the MCP, or between the two most energetic crystals of the same electromagnetic shower, where shower uctuation eects cancels out.

For the rst case, the time resolution is given by:

σ(t crystal -t M CP ) = N A/σ n ⊕ C ⊕ C M CP , (3.1) 
where t crystal and t M CP are the times measured by the crystal and by the MCP, respectively, A is the average amplitude of the crystal signal at a given energy, σ n is the RMS of the noise, N represents the noise term, C the constant term, and C M CP the time resolution of the MCP.

For the second case, the time resolution is given by:

σ(t 1 -t 2 ) = N A ef f /σ n ⊕ √ 2 • C, (3.2) 
where t 1,2 refers to the times measured by the two crystals, and A ef f is the eective amplitude given by:

A ef f = √ 2A 1 A 2 A 2 1 + A 2 2 ,
with A 1,2 the amplitudes of the two crystals. This operation is performed at dierent energies: 25, 50, 100, 150, 200, and 250 GeV.

To select good events around the beam impact point, only events in which the electron hitting the crystal is within a region of 3 × 3 mm 2 around the center of the front face were considered.

Two MCPs were used as external reference in the timing resolution measurement. In order to get the resolution of the VFE, the resolution of the MCPs has thus to be removed from σ(t crystal -t M CP ). To get the MCPs resolution, the 2D plot of the time dierence between the two MCPs as a function of their eective amplitude:

A ef f = √ 2A M CP 1 A M CP 2 A 2 M CP 1 + A 2 M CP 2 ,
shown in Figure 3.27, is considered. The σ(t M CP 1 -t M CP 2 ) is taken from Gaussian ts performed in each vertical bin of that plot, and is then tted as a function of A ef f with the following function:

σ(t M CP 1 -t M CP 2 ) = √ 2N M CP A ef f ⊕ √ 2 • C M CP . (3.3)
From the t, shown in Figure 3.28, the resolution of the two MCPs is estimated from the constant term C M CP ≈ 20 ps.

The MCPs resolution is estimated event-by-event for each energy run using the parametrized function of Equation 3.3.

The timing resolution between a crystal and a single MCP is thus given by:

σ(t crystal -t M CP 1/2 ) = σ 2 crystal-M CP -σ 2 M CP 1/2 .
For the time dierence between a crystal and a MCP, the timing resolution is then tted as a function of A/σ n by the function: 

σ(t crystal -t M CP 1/2 ) = N A/σ n ⊕ C,

Test beam results

The results of the June 2018 test beam campaign are reported here for dierent congurations of temperature, following the same procedure described in the previous Section: 

σ 2018 = σ 2 crystal-MCP -jitter 2 ≈ 21ps.
The 2018 results are thus compatible within the uncertainties with the 2016 ones.

The values of maximum amplitude for the C3 crystal are listed in Table 3.2 for the different congurations of temperature and sampling rate, while the values of time resolution between C3 crystal and MCP1 (MCP2) are reported in Table 3.3 ( 3.4).

The amplitude values at 9 

Conclusions

The CMS electromagnetic calorimeter, crucial for many physics analyses thanks to its precise measurements of electrons and photons energies, has been giving excellent performance throughout LHC Run 2 data taking.

To maintain performance comparable to Run 2 also during the High Luminosity LHC, in an environment with unprecedented levels of pileup and radiation, an upgrade of the detector is needed.

The main changes for the ECAL EB will be the replacement of VFE, FE and o-detector electronics, an upgrade of the cooling system with an operating temperature of 8 -10 [136, 137]. The existence of these heavy neutrinos can explain the very small masses of the SM neutrinos as a consequence of the see-saw mechanism [START_REF] Gell-Mann | Complex Spinors and Unied Theories[END_REF][START_REF] Rabindra | Neutrino mass and spontaneous parity violation[END_REF][START_REF] Das | Same sign versus opposite sign dileptons as a probe of low scale seesaw mechanisms[END_REF].

As explained in Section 1.3, the W R is produced through an interaction between two quarks and can decay in many ways, e.g. into a pair of quarks or into a charged lepton and a heavy N R . As described in Section 1.2.2, heavy neutrinos can be produced through the decay of a W R boson into a lepton and a heavy neutrino or through the decay of a Z or Higgs boson into a light neutrino and a heavy neutrino. They can subsequently decay into a Z or Higgs boson and a light neutrino or into a W * R boson and a lepton, with the W * R boson decaying into a lepton and a light neutrino or into a pair of quarks, which is experimentally the most accessible.

The W R decay considered in this analysis is the one into a heavy N R and a SM charged lepton. Subsequently, the N R decays to a second SM charged lepton and an o-shell W R 4. Search for a heavy right-handed W boson and a heavy neutrino at 13 TeV which decays hadronically, producing the decay chain

W R → N R → W * R → qq , = e or µ.
The quarks hadronize into jets that can be observed by the CMS detector. Only rst and second generation leptons (electrons and muons) are considered in the nal state. The Feynman diagram for this process is shown in Figure 4.1. 

q q W ± R l N R l W R jet jet

Signal and background denition

The signal signature considered in this analysis is given by events with two leptons (electrons or muons) with the same avor and two jets in the nal state.

The main backgrounds for this analysis are represented by SM processes that produce events with the same nal-state particles of the signal model. They include DrellYan (DY) production of lepton pairs with additional jets in the nal state, and t t and diboson (W Z, ZZ, W W ) production. Backgrounds where object misidentication leads to events with two leptons and two jets in the nal state, like W boson production with additional jets, t-channel single top quark production, and QCD multijet events, are also considered. The DY+jets and t t production are irreducible background processes making up the bulk of the background events in the signal region. W +jets, W W , W Z, ZZ, single top quark, and QCD events are instead reducible backgrounds, because the diboson contribution can be suppressed by a dilepton mass requirement (m > 200 GeV) and the contribution of the remaining processes is suppressed by the low lepton fake rates.

Strategy

This analysis uses the data collected in 2016 by the CMS detector in proton-proton collisions at √ s = 13 TeV, and corresponding to an integrated luminosity of 35.9 fb -1 .

The W R is assumed to have a mass (m W R m W ) between 800 and 6000 GeV, and the N R to have a mass between 100 GeV and the W R mass. In addition, as explained in Section 1.3, the couplings in the right-handed sector are assumed to be the same as those in the left chiral SM SU (2) L group, so the W R interacts with the SM particles with a coupling constant g R which is the same as the SM one, g L , and the right-handed quark mixing matrix is assumed to be the same as the CabibboKobayashiMaskawa matrix. No avor changing is assumed in the process and consequently the avor of the two nal state leptons is the same. Also, to preserve acceptance to a wider class of models, no charge requirement is imposed on the leptons, although the Majorana nature of the right-handed neutrinos in the LR model implies that the charged leptons in the nal-state can have the same sign.

While the W R production and decay model represent the benchmark signal, the search for evidence of the W R model is not the sole focus of this analysis. This search is designed to be sensitive to any heavy resonance which can be produced through proton proton interactions and decay to two muons or electrons and two jets. To make this analysis as model independent as possible, specic details of the W R decay chain and correlations between nal state particles are not exploited.

The discriminating variable is the invariant mass m jj constructed from the two leptons and two jets with the largest transverse momenta. We search for an excess of events above the SM prediction for dierent W R mass hypotheses in windows of m jj .

The analysis presented in this chapter is conducted in the electron (eejj) and muon (µµjj) channels, analyzed independently using the same strategy as in the 2015 iteration of the search, described in Section 1.3.2.

Dierent regions of phase-space, signal and control regions (CR) described in Section 4.5, are dened to look for the W R signal and to estimate the contributions from the dierent SM backgrounds: the avour-sideband is used to estimate the t t contribution, the low-m CR to check the agreement between data and simulation on the DY+jets contribution, and the low-m jj CR to check the agreement between data and simulation in events with high dilepton mass.

Datasets and triggers

Data samples

The 2016 data considered in this analysis include seven data-taking eras, corresponding to Runs B, C, D, E, F, G, and H. These eras are divided into two sets certied separately 

Simulated samples

Samples for both the W R signal nal states (eejj and µµjj) and the background processes were produced with Monte Carlo (MC) simulation during an ocial production campaign 2 with the pileup conditions expected for Run 2 (PU= 2030). In this simulation, the response of the CMS detector is modeled using the GEANT4 package [START_REF] Agostinelli | GEANT4a simulation toolkit[END_REF].

The simulated samples are weighted with a factor that makes the simulated distribution of the number of pileup events match the one observed in the data. The distributions for number of vertices in data and simulation are shown for both the electron and the muon channel in Figure 4.2, after the pileup reweighting procedure.

Signal samples

Two sets of W R signal samples were generated with the PYTHIA 8.212 program [START_REF] Sjöstrand | An introduction to PYTHIA 8.2[END_REF] with the NNPDF2.3 [START_REF] Ball | Parton distributions with LHC data[END_REF] parton distribution functions (PDFs), each with the eejj and µµjj nal states generated separately. A left-right symmetry model is included in the PYTHIA package with the W R mass, N R mass, and couplings as input parameters. The assumptions for this search are those described in Section 4.2.

A rst set of samples was generated with the W R mass ranging from 800 GeV to 6 TeV in steps of 200 GeV, the N R mass was set to half of the W R mass, and the couplings between W R and N R were set to be the same as the couplings between SM W boson and SM neutrinos. The complete list of these signal samples, that were fully reconstructed, is given in Table 4.2.

A second set of signal samples was generated ad-hoc for this work to extend the analysis 1 In CMS jargon, the SeptReReco json and the Prompt json les are used, respectively.

2 In CMS jargon, the Moriond17 campaign. to a wider range of W R and N R mass combinations, needed to estimate the 2D limits described in Section 4.8. This set was produced at the generation (GEN) level only, with the W R mass ranging from 800 GeV to 6 TeV in steps of 100 GeV and the N R ranging from 100 GeV to m W R in steps of 100 GeV, and it was used to evaluate the changes in acceptance for other possible W R and N R mass combinations. The results obtained with the fully simulated (RECO) samples at m N R = 1 2 m W R were scaled by the relative GEN eciency between m N R = 1 2 m W R and the other m W R and m N R combinations, assuming the ratio between RECO and GEN eciencies constant as a function of m N R , as described in Section 4.8.

Generation and validation of signal samples

In order to start comparison studies between data and MC samples while waiting for the ocial signal samples not yet produced at that time, a production of fully reconstructed signal MC samples with m N R = 1 2 m W R was done for few mass points (m W R = 800, 1600, 2400, 3200, 4000, 4600, 5400, and 6000 GeV) for both the electron and muon channels, with 50000 events for each sample. The validation of these samples was initially done comparing them with the ocial 2015 signal samples already produced, and then, once available, with the ocial 2016 ones.

The comparison with the ocial 2015 samples is shown for both the electron and the muon channels using 15000 events for three mass points: m W R = 2400 GeV in Figure 4.3, Table 4.2: MINIAOD datasets, cross-sections, and number of events for fully reconstructed signal samples. Given the good agreement between these signal samples produced with m N R = 1 2 m W R and the ocial ones, the ad-hoc signal samples produced with m N R = 1 2 m W R were considered consistent. Moreover, since the ocial production was not done for three mass points in the electron channel (m W R = 2400 GeV, 4600 GeV, and 5400 GeV), the corresponding fully reconstructed signal samples privately produced were used in the analysis.

Background samples

The backgrounds samples are simulated with several MC event generators. The DY+jets and the t t samples are generated with aMC@NLO 2.3.3 [START_REF] Alwall | The automated computation of tree-level and next-to-leading order dierential cross sections, and their matching to parton shower simulations[END_REF] at next-to-leading order (NLO) using the NLO NNPDF3.0 [START_REF] Ball | Parton distributions for the LHC run II[END_REF] PDF set. Diboson (W Z, ZZ, and W W )

samples are generated at leading order (LO) using PYTHIA 8.212 along with the LO NNPDF2.3 [START_REF] Ball | Parton distributions with LHC data[END_REF] PDFs, while W +jets events are generated with aMC@NLO 2.3.3 [START_REF] Alwall | The automated computation of tree-level and next-to-leading order dierential cross sections, and their matching to parton shower simulations[END_REF] at leading order (LO) and single top quark events are produced in the tW channel with For all samples, PYTHIA 8.212 is used for parton showering, fragmentation and hadronization with the underlying event tune cuetp8m1 [START_REF] Vardan Khachatryan | Event generator tunes obtained from underlying event and multiparton scattering measurements[END_REF].

The DY+jets samples have one parton at the matrix element level, and the additional parton showering is modeled in PYTHIA. The potential double counting of partons generated using PYTHIA with those using aMC@NLO is minimized using the MLM [START_REF] Alwall | Comparative study of various algorithms for the merging of parton showers and matrix elements in hadronic collisions[END_REF] (FXFX [START_REF] Frederix | Merging meets matching in MC@NLO[END_REF]) matching scheme in the LO (NLO) samples.

The complete list of simulated samples used to estimate the background processes is given in Table 4.3. The QCD multijet samples, generated with PYTHIA 8.212, have also been taken into account, but they were not used in the analysis because their contribution was negligible, as described in Section 4.6.

Triggers

The benchmark W R signal has high p T leptons and jets in the nal state, therefore events are selected with the following triggers: muon channel: HLT_Mu50 OR HLT_TkMu50, non-isolated and unprescaled single-muon triggers without ID requirements and with a minimum p T requirement of 50 GeV applied to the muon, are used for the W R search in the µµjj channel; since the subleading lepton p T cut, dened in Section 4.5, is above the p T requirement of the single muon trigger, no bias is introduced by using this trigger for the avoursideband .

The HLT_DoubleEle33_CaloIdL_MW path, which requires an ECAL energy deposit with an associated track which must include at least one pixel hit, had to be prescaled in certain runs to maintain acceptable rates, therefore for the runs aected the HLT_DoubleEle33_Calo IdL_GsfTrkIdVL path had to be used in its place.

The triggers used for this search re in more than 98% of simulated W R events passing the oine selections described in Section 4.5. This eciency is shown in The decline in the muon trigger eciency with increasing W R mass is caused by the L1 triggers which seed the HLT_Mu50 trigger. As the W R mass increases, the energies of muons produced by the W R decay increase and as muon p T increases, the probability that a muon will lose energy before the muon detectors due to the muon showering increases, reducing the L1 muon trigger eciency. As the L1 muon trigger eciency falls with increasing m W R and muon p T , the HLT_Mu50 eciency falls. This high energy muons ineciency is conrmed by measurements made by the Z → µµ analysis performed by the CMS experiment [START_REF] Albert M Sirunyan | Search for high-mass resonances in dilepton nal states in proton-proton collisions at √ s = 13 TeV[END_REF], and shown in Figure 4.8. In this gure, representing the eciency as a function of muon p T for the OR of the HLT_Mu50 and HLT_TkMu50 triggers with respect to the oine reconstructed muons passing identication and isolation requirements, the sharp turn-on is visible, together with an eciency of ≈ 90% for p T > 60 GeV, and the slight eciency decrease at high p T . This ineciency is partially recovered by choosing a single-muon trigger for the muon channel instead of a double muon trigger. Due to changing conditions during the 2016 data collection period, the ocial scale factors derived to correct the MC simulation are divided into two sets corresponding to Runs B-F and Runs G-H.

The high p T electrons passing oine ID requirements pass the L1 and HLT_DoubleEle33 triggers with lower eciency in the endcap than in the barrel, as conrmed by the CMS Z → ee analysis [START_REF] Albert M Sirunyan | Search for high-mass resonances in dilepton nal states in proton-proton collisions at √ s = 13 TeV[END_REF]. Figure 4.9 shows the eciency of the E T > 33 GeV requirement, where it is visible that the trigger is almost fully ecient by 35 GeV in the barrel and by 37 GeV in the endcap. These curves are used to weight simulated events to take into account the small eciency loss at low E T . The eciency of the CaloIdL and MW (or GsfTrkIdVL) matching identication requirements are shown in Figure 4.10. As this eciency is at versus E T , there is no need to weight the simulated events with this factor as it will be automatically included in the Z peak normalization, described in Section 4.6.

Object denition, identication and corrections

The reconstruction, identication and corrections for eciencies and energies of the three possible objects in the nal state are described in this section.

The recommendations for the reconstruction and identication of high p T objects given by the CMS Collaboration and described in the subsequent paragraphs were followed, together with the general prescriptions of the CMS Physics Object Groups for the specic data/MC corrections used for leptons and jets.

The global event reconstruction is performed using the particle-ow (PF) algorithm [START_REF] Sirunyan | Particle-ow reconstruction and global event description with the CMS detector[END_REF],

which reconstructs and identies each individual particle with an optimized combination of all the subdetectors information, as described in Section 2.2.6.

At least one reconstructed vertex is required to be found in the event. For events with multiple collision vertices from additional collisions in the same or adjacent bunch crossings (pileup interactions), the reconstructed vertex with the largest value of summed p 2 T in the event, where the sum extends over all charged tracks associated with the vertex, is taken to be the primary pp interaction vertex (PV). A good oine-reconstructed PV, located within |r| < 2 cm and |z| < 24 cm from the nominal interaction point and with at least four tracks associated to it, is required.

Jets

Quarks and gluons, which are not directly detectable due to their color connement, can be detected from the hadronic showers they produce, seen as tracks and energy clusters in the calorimeters. A collection of charged and neutral hadrons is called jet and there are multiple algorithms to reconstruct them [START_REF] Bentvelsen | The Cambridge jet algorithm: Features and applications[END_REF][START_REF] Cacciari | The anti-k t jet clustering algorithm[END_REF].

Reconstruction

Jet reconstruction is performed as part of the PF event reconstruction [START_REF] Taus | Particle-Flow Event Reconstruction in CMS and Performance for Jets[END_REF]154]. The tracker information, crucial to the energy measurement since charged hadrons make up approximately two thirds of the energy in a jet, is taken from an iterative track reconstruction as described in Section 2.2.6. Calorimeter clusters are independently formed in each subdetector from high energy seeds, corresponding to single cells in the subdetectors, which are grown by adding neighboring cells with energy above a threshold. The PF tracks and calorimeter deposits are then linked into blocks of candidates by extrapolating tracks from their outermost position to the calorimeters and looking for nearby clusters, or by projecting an ECAL cluster to the less granular HCAL to nd matching deposits. Jets are clustered from candidates by iteratively adding those that are within a certain distance from a seed, where the distance can be dened to take into account the energy of the candidate. In this analysis, jets were clustered using the anti-k T clustering algorithm [152],

which starts from the highest p T particle and adds other particles to the jet based on their p T and distance from the jet axis, with a jet cone size of R = 0.4. The energy of a jet is then taken as the sum of the energies of its constituents. Charged particles originating from pileup vertices were not included in the jet reconstruction, being removed from the list of reconstructed particles using the charged-hadron pileup subtraction algorithm [START_REF] Sirunyan | Particle-ow reconstruction and global event description with the CMS detector[END_REF],

and neutral contributions to the jet energy from pileup vertices were removed by applying a residual average area-based correction [START_REF] Cacciari | Pileup subtraction using jet areas[END_REF].

Identication

In order to avoid selecting low quality jets or leptons that are misreconstructed as jets, a dedicated identication algorithm is used. Reconstructed jets passing the tightJet ID requirements with a lepton veto [156] are selected. The tightJet ID criteria are:

• the jets must have at least one constituent;

• the neutral and charged EM energy fractions must be less than 90%;

• the neutral hadronic energy fraction must be less than 90%;

• there must be at least one charged hadron in the jet and the charged hadronic fraction must be greater than zero;

• the muon energy fraction must be less than 80%.

These criteria showed an eciency to identify jets of over 99% in the beginning of Run 1 [157], and the same level of performance was seen in the data collected in 2015 and 2016 [156].

Other jet identication algorithms [START_REF] Vardan Khachatryan | Jet energy scale and resolution in the CMS experiment in pp collisions at 8 TeV[END_REF] also remove contributions from calorimeter noise and beam halo to jets.

Corrections

The jet energy measured in the detector is typically inaccurate because of non-uniform and non-linear response of the CMS calorimeters, then jet energy corrections (JEC) are needed to get a better estimate of the true energy of the particle. A factorized multistep procedure with three subsequent corrections has been developed. The rst one, the oset correction, removes the excess energy coming from calorimeter electronic noise and multiple proton-proton collisions in the same and adjacent bunch crossings (pileup). The second one, the relative correction, removes variations in the detector response to hadrons as a function of jet |η|, while the third one, the absolute correction, removes variations in jet response as a function of jet p T . The ocial L1, L2 and L3 jet energy corrections 3 , applied to both data and simulation, are derived from a detailed simulation of the detector, and are conrmed with in-situ measurements of the energy balance in dijet, multijet, γ+jet, and leptonically decaying Z+jet events [START_REF] Vardan Khachatryan | Jet energy scale and resolution in the CMS experiment in pp collisions at 8 TeV[END_REF]. An additional correction is also applied to data to correct for the small, remaining dierences with the simulation.

Measurements show that the jet energy resolution (JER) in data is worse than in the simulation, then the reconstructed jets in MC need to be smeared with the JER corrections 4 [START_REF] Vardan Khachatryan | Jet energy scale and resolution in the CMS experiment in pp collisions at 8 TeV[END_REF] so that their p T resolution matches the one observed in data.

Electrons

Reconstruction

Electrons are reconstructed by associating a charged-particle track from the PV reconstructed in the silicon detector with a so called cluster (a group of adjacent crystals hit at the same time) in the ECAL, described in Section 2.2.2.

To measure the initial energy of the electron accurately, it is essential to collect the energy 3 In CMS jargon, the Spring16_V2 JEC is used.

4 In CMS jargon, the Spring16_25nsV10 JER is used. of the radiated photons that mainly spreads along the φ direction because of the bending of the electron trajectory in the magnetic eld. Dedicated algorithms are used to reconstruct the tracks matched to these highly-radiating electrons [START_REF] Vardan Khachatryan | Performance of Electron Reconstruction and Selection with the CMS Detector in Proton-Proton Collisions at √ s = 8 TeV[END_REF]. Electron tracks can be reconstructed in the tracker using the standard Kalman lter [111113] track reconstruction used for all charged particles. However, this procedure is compromised by the large radiative losses of electrons due to bremsstrahlung in the tracker material, that results in a loss of signal in the tracker. A dedicated track reconstruction is then used to recover these hits and provide a better estimate of the track parameters.

Two complementary seeding algorithms, nding and selecting the two or three rst hits in the tracker from which the track can be initiated, are used.

The ECAL-based seeding starts from a supercluster (SC) of energy deposits. Clusters are reconstructed by aggregating all crystals with at least one side in common with a seed crystal with an energy above a given threshold, which represents about two standard deviations of the electronic noise in the ECAL (80 MeV in the barrel and up to 300 MeV in the endcaps). Clusters lying in the area between two p T -η dependent parabolas, centered around the most energetic cluster, are dynamically merged into superclusters, giving them a mustache-like shape as shown in Figure 4.11. This mustache clustering is important especially when moving to higher |η| regions and for low energy clusters, as the shape of the shower starts to extend not only in φ but also in η. The SC energy is the sum of the energy measured in the clusters and its position is calculated as an energy-weighted mean corrected by the depth of the shower produced by the electron. The SCs are used to estimate the trajectory of the electron in the rst layers of the tracker. The electron seeds are then selected from all the reconstructed seeds.

The tracker-based seeding starts from tracks reconstructed using the general Kalman lter reconstruction for charged particles and complements the seeding eciency, especially for low-p T or non isolated electrons, as well as for electrons in the barrel-endcap transition region. When bremsstrahlung is negligible, the Kalman lter algorithm extrapolates the tracks towards the ECAL and matches them to an SC, measuring their momentum with good precision. Each track with direction compatible with the position of the SC has its seed selected for electron track reconstruction. If instead the bremsstrahlung is signicant, the Kalman lter (KF) algorithm produces low quality tracks because it cannot follow the change of curvature of the electron trajectory due to the bremsstrahlung. A dedicated Gaussian sum lter (GSF) [START_REF] Adam | Reconstruction of Electrons with the Gaussian-Sum Filter in the CMS Tracker at the LHC[END_REF] algorithm, a nonlinear generalization of the KF algorithm that utilizes multiple weighted Gaussian distributions to model the energy loss, is used to ret these tracks. This algorithm includes the information about energy loss at each layer into the track reconstruction, providing signicant improvements to both momentum and angular resolution compared to the KF algorithm. The number of hits, the quality of the tracks, and the geometrical and energy matching of the ECAL and tracker information are used in a multivariate (MVA) analysis [161] to select the tracker seeds to be considered as electron seeds.

The electron seeds found using the two algorithms are combined, and are used to initiate the electron-track building, based on the combinatorial Kalman lter method that for each electron seed proceeds iteratively from the track parameters provided in each layer. Once the hits are collected, a GSF t is performed to estimate the electron track parameters.

The electron candidates are then reconstructed from the association of a GSF track with an ECAL cluster by a geometrical matching or an MVA technique. The electron momentum is estimated by combining the energy measurement in the ECAL with the momentum measurement in the tracker.

Discrepancies in reconstruction eciency between data and simulation are corrected with RECO SFs dependent on electron p T and η, provided for the full 2016 dataset with a Tag-and-probe method [START_REF] Vardan Khachatryan | Performance of Electron Reconstruction and Selection with the CMS Detector in Proton-Proton Collisions at √ s = 8 TeV[END_REF].

Identication

Several electron identication algorithms are optimized for particular event topologies.

In this analysis, an algorithm designed to select high momentum electrons, known as High Energy Electron Pairs (HEEP) identication [START_REF] Vardan Khachatryan | Performance of Electron Reconstruction and Selection with the CMS Detector in Proton-Proton Collisions at √ s = 8 TeV[END_REF], is used. Reconstructed electrons passing the HEEP ID (v7.0) criteria were selected. This identication requires a reconstructed electron to contain a high quality, isolated track spatially linked to an isolated ECAL energy deposit. Electrons must have p T > 35 GeV and the pseudorapidity of the SC must be within the acceptance of the ECAL. The energy fraction in the hadronic calorimeter must be much smaller than the ECAL measurement. The electrons must be isolated from other tracks and calorimeter deposits, then the sum of the p T of all tracks inside a cone of R < 0.3 centered on the electron candidate, not associated with the electron, and originating from the PV must be below 5 GeV. In addition, the shape of the ECAL energy deposit shower must be consistent with a true electromagnetic shower. The HEEP ID requirements are summarized in 0.972 ± 0.000(stat.) ± 0.006(syst.) 0.983 ± 0.001(stat.) ± 0.007(syst.)

Dierences in electron ID eciency between data and simulation were taken into account by applying a SF, shown in Table 4.5, estimated with a Tag-and-probe method [START_REF] Albert M Sirunyan | Search for high-mass resonances in dilepton nal states in proton-proton collisions at √ s = 13 TeV[END_REF].

The main sources of systematic uncertainties on the SF originate from non-DY processes.

Energy corrections

Discrepancies in energy scale and resolution between data and simulation were corrected following the ocial prescriptions for scales and smearings [START_REF] Vardan Khachatryan | Performance of Electron Reconstruction and Selection with the CMS Detector in Proton-Proton Collisions at √ s = 8 TeV[END_REF].

The energy measurement of electrons in data is not perfect and must be corrected with the Z → e + e -events. The electron energy scale in data is corrected by a multiplicative factor dependent on η and R 9

6 of the electron. To take into account the dierences in resolution between data and simulation, the electron energy in simulated events was smeared by 13% using a Gaussian expression that varies as a function of η and R 9 . Smearing and scaling 5 ρ is the amount of transverse energy from pileup interactions in the event; |dxy| is the transverse impact parameter with respect to the primay vertex. 6 R9 is dened as the ratio of the energy in a 3 × 3 matrix of crystals centered around the most energetic one and the full energy collected by the SC: R9= E 3x3 E SC .

factors were provided for the full 2016 dataset.

In Figure 4.12 the agreement between data and simulation for Z → e + e -events is shown after energy corrections and trigger, ID, and RECO SFs are applied. In this and in the following plots, all the expected SM backgrounds, except for DY+jets and t t, are labelled as Other backgrounds .

Events / 1 GeV For the muon reconstruction, at rst tracks are reconstructed independently in the inner tracker (tracker track ) and in the muon system (standalone-muon track ), then two complementary methods are used.

In the Tracker Muon reconstruction (inside-out approach), all the tracker tracks with p T > 0.5 GeV and total momentum p > 2.5 GeV are considered as possible muon candidates and are extrapolated to the muon system. If at least one muon segment, either in the DTs or in the CSCs, matches the extrapolated track, the corresponding tracker track is considered a tracker muon.

The Global Muon reconstruction (outside-in approach) starts from a standalone-muon track and looks for a matching tracker track. If a compatible track is found, a global muon is reconstructed with the combined set of hits from the tracker and the muon system, using the Kalman Filter method to estimate the track parameters.

More information on muon reconstruction algorithms can be found in [START_REF] Chatrchyan | Performance of CMS muon reconstruction in pp collision events at √ s = 7 TeV[END_REF].

Each algorithm is best suited for a unique range of muon η and p T values: the Tracker Muon reconstruction is more ecient for muons with low momentum (p T < 5 GeV) because it requires only a single muon segment in the muon system, while the Global Muon reconstruction is more ecient for high-momentum muons penetrating through more than one muon station because it requires segments in at least two muon stations. At large transverse momenta, p T > 200 GeV, the global-muon t can improve the momentum resolution compared to the tracker-only t. However, also the Global Muon reconstruction is not always the best for the high p T muons studied in this analysis.

Dedicated reconstruction algorithms for high momentum muons were developed [START_REF] Chatrchyan | Performance of CMS muon reconstruction in pp collision events at √ s = 7 TeV[END_REF] to take into account the showering from interactions in the muon chambers. The Tracker-Plus-First-Muon-Station (TPFMS) algorithm starts from a global muon using only the information from the innermost station containing hits in the muon system. Then the Picky t algorithm performs a t using all the hits from the global muon, and discards those that are not consistent with the muon track based on the χ 2 t. More muon stations are then included in the t, as long as they are still compatible with a muon track, by the Dynamic Truncation t (DYT), developed as an extension of the TPFMS algorithm. A momentum estimate for the muon is provided by each of the algorithms presented above.

The best estimate for the p T of each reconstructed muon is then determined between the tracker-only, the global, the TPFMS, the Picky, and the DYT ts by the TuneP algorithm. This algorithm chooses the momentum from the tracker-only t for muons with p T < 200 GeV, while for muons with p T > 200 GeV it takes the momentum from the Picky t comparing the goodness of this t with the other ts, and then chooses the momentum from the t with the most signicant improvement.

The p T of the high energy muons used in this analysis is then assigned by the TuneP algorithm.

Identication

An optimized identication algorithm to select high momentum muons, called isHighPtID, was developed without relying on information from the calorimeters. Muons passing these high-p T muon ID requirements were selected. The high-p T muon criteria are:

• the muon is reconstructed as a global muon ;

• at least one muon-chamber hit must be included in the global-muon track t;

• there are muon segments in at least two muon stations;

• the p T relative error, σ p T /p T , of the muon best track is less than 0.3;

• to reject muons from cosmic rays and from decays in ight, the vertex position must be close to the interaction point: the transverse impact parameter must be less than 2 mm with respect to the primary vertex, and the longitudinal distance of the track must be less than 5 mm;

• the muon track has at least one pixel hit;

• at least 6 tracker layer hits are required in the reconstruction.

To reject muons originating from hadron decays or pion punch-through in jets, each muon must be isolated from other tracks. The energy of all tracks that originate from the PV and that are inside a cone of R < 0.3 around the muon, excluding the muon track, must be less than 10% of the muon p T .

After muon ID and isolation requirements, simulated events were re-weighted according to the ocial prescriptions to account for dierences in the ID and isolation eciencies between data and simulations, using η-dependent SFs of 0.950.99 obtained with a Tagand-probe method [START_REF] Chatrchyan | Performance of CMS muon reconstruction in pp collision events at √ s = 7 TeV[END_REF]. These SFs are run dependent, due to changing conditions during the 2016 data collection period. They are divided into two sets corresponding to Runs B-F and Runs G-H, and are applied weighted by the luminosity relative to the corresponding period.

To check possible dependences of the SFs from the muon momentum, to be considered with further systematic uncertainties, p-dependent scaling factors were also taken into account.

Their impact on the nal results is negligible since the eect of the muon trigger, ID and isolation uncertainties on the nal signal and background yields considering these new SFs varies less than 1.4%, then no systematic uncertainties related to p-dependent SFs were considered.

Momentum corrections

The p T of selected muons in data and simulated events were corrected with the Rochester corrections [START_REF] Bodek | Extracting Muon Momentum Scale Corrections for Hadron Collider Experiments[END_REF], developed to remove a bias of the muon momentum from any detector misalignment or any possible error of the magnetic eld. These corrections bring the position and width of the Z → µ + µ -mass peak in simulations and data into better agreement, but their impact on the events studied in this analysis is very small because they are not relevant for high p T muons. The muon p T scale still shows a clear bias coming from the tracker in the endcaps. To compensate for these residual dierences in the muon momentum scale, q/p T corrections of the generalized endpoint method [START_REF] Albert M Sirunyan | Search for high-mass resonances in dilepton nal states in proton-proton collisions at √ s = 13 TeV[END_REF] were used. The generalized endpoint method determines the values of the p T bias found for high p T muons as a function of both η and φ, comparing data and simulation. In order to describe the q/p T distribution found in data, a constant bias minimizing the dierences between the muon curvature distributions in bins of η and φ is injected in simulated events. The values of this bias, obtained for TuneP p T assignment and for muons above 200 GeV in the region |η| < 2.1 and above 100 GeV in the forward region |η| > 2.1, are displayed in Figure 4.13. The correction is applied to each muon as a function of its charge, η, and φ according to the values reported in Table 4.6. In simulated events, the shift is done according to a Gaussian distribution that takes the correction as central value and the un-Table 4.6: q/p T corrections of the generalized endpoint method [START_REF] Albert M Sirunyan | Search for high-mass resonances in dilepton nal states in proton-proton collisions at √ s = 13 TeV[END_REF], as a function of η and φ of the muon.

-180 certainty assigned on the measured bias as width. To correct data, the shift considers only the central correction without a Gaussian smearing. In the barrel, the p T bias is consistent with zero with an uncertainty of 3%, while in the endcaps the p T scale uncertainty is up to 9%.
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For the muon momentum resolution in the high-p T range (p T > 100 GeV), studies using simulated samples and cosmic-ray muons, which allow testing the barrel region, or boosted dimuon events, for the endcaps, are performed. The p T resolution in the barrel is better than 10% for muons with p T up to 1 TeV [START_REF] Chatrchyan | Performance of CMS muon reconstruction in pp collision events at √ s = 7 TeV[END_REF]. As shown in Figure 4.14, the simulated samples reproduce quite well the resolution observed in data, so no corrections are applied.

The uncertainty on the muon p T resolution is given by a smearing of the muon p T in simulated events of 1% in the barrel and 2% in the endcaps. In Figure 4.15 the agreement between data and simulation for Z → µ + µ -events is shown after momentum corrections and trigger, ID, and isolation SFs are applied.

Event selection

Events are divided into signal region (one for each nal state) and control regions (CR), as described in Section 4.2, according to the following criteria:

Events / 1 GeV • re HLT_Mu50 OR HLT_TkMu50 trigger if µµjj channel, as described in Section 4.3.3;

• leading lepton with p T > 60 GeV;

• subleading lepton with p T > 53 GeV;

• at least two jets with p T > 40 GeV, if more than two only the leading and subleading are considered in the following (event rejected if at least two jets with p T > 40 GeV but leading and subleading leptons do not pass the selections);

• all leptons and jets with |η| < 2.4;

• m > 200 GeV, to avoid contamination from resonant Z boson production;

• R > 0.4 between all objects in the nal state (leptons and jets); • m < 200 GeV;

• no m jj requirement.

low-m jj CR: CR used to check agreement between data and simulation in events with high dilepton mass

• same as signal region jj;

• m jj < 600 GeV.

Lowering the p T thresholds with respect to the ones used in this analysis would introduce more background without an equivalent increase in signal, as shown in Table 4.7.

The m > 200 GeV requirement applied in the W R search performed in Run 1 to reduce the DY+jets and ZZ background, was adopted also by the 13 TeV W R search. Its eect on the W R signal eciency varies with the W R and N R masses, as shown in Figure 4.16, but for W R masses > 800 GeV and m

N R = m W R 2 
the eciency is at least 81%. All events are subjected to the R > 0.4 separation requirement between leptons and jets to make sure that the leptons are not in the cone size of the antik T algorithm used to reconstruct the jets. The R cut is applied to all the combinations between the two leading leptons and the two leading jets which pass p T , η, and identication criteria. The two leptons are also required to be separated by at least R > 0.4 to suppress background from boosted Z. Events not satisfying this selection requirements are discarded. The kinematic selections placed on leptons and jets have an eect on the m jj background distribution. As shown in Figure 4.17, in the signal region the kinematic cuts result in a slowly increasing shape that spans m jj from 300 to 550 GeV. A selection of m jj > 600 GeV is then applied. The eect of this requirement on W R signal is negligible, as 99% of events from the lowest mass W R sample (m W R = 800 GeV) pass the m jj > 600 GeV selection.

The eciency of our selections on signal samples with m

N R = m W R 2
is presented in Figure 4.18. At low W R masses, it is less likely to produce two high-p T leptons that would pass the selections. As the masses of the W R and the N R increase, the product of the acceptance and eciency for W R decays to the jj nal state increases from 30% at m W R = 1000 GeV to 57% for m W R > 3000 GeV in the electron channel, and similarly from 40 to 75% in the muon channel. For both channels, the signal eciency reaches a plateau at m W R = 3000 GeV. The electron channel has a 10% lower acceptance due to the exclusion of the gap region between the barrel and the endcap. When both leptons are in the barrel, there is a 10% dierence in the eciency. This residual dierence is due to the lower eciency of the electron identication, which is tighter with respect to the muon one. This leads to a total eciency dierence of approximately 20% for electrons and muons.

Events / bin 

Background estimation

As t t and DY+jets have the same nal state of the signal, they are the main sources of background in this analysis, representing respectively the 75% and 20% of the total background. The reducible backgrounds (W +jets, W W , W Z, ZZ, single top quark events, and QCD multijet events) do not signicantly contaminate the signal region, dened in Section 4.5: the diboson backgrounds constitute ≈ 1.5% of the total background in the signal region, the W +jets ≈ 0.5%, the single top quark events ≈ 5%, and the QCD events ≈ 0.1%.

The QCD events are estimated with a data-driven method in the electron channel, following the procedure of the Z dielectron analysis [START_REF] Albert M Sirunyan | Search for high-mass resonances in dilepton nal states in proton-proton collisions at √ s = 13 TeV[END_REF] where the electrons are required to fail the HEEP ID requirements and the data events are weighted with the fake rate as a function of the electron p T and |η| shown in Table 4.8, while they are taken directly from the simulation in the muon channel. The contribution from the QCD events is considered negligible, then these samples are not used in this analysis.

The contributions from the other reducible processes (W +jets, W W , W Z, ZZ, and single top quark events) are almost negligible and have been estimated with simulated samples by counting the number of events in the signal region.

Top background estimation

The t t background contribution was estimated directly from data in the avour-sideband CR which has the same kinematic characteristics as the t t events in the signal region, as dened in Section 4.5. In To estimate this background in the signal region, the events in the avour-sideband CR are used. The assumption made on the conservation of the lepton avour in the decay ensures that there is no contamination from signal events. This assumption is valid since, at leading order, the decay of a W R boson cannot yield events with an eµjj nal state.

To calculate the number of events from t t in the eejj and the µµjj signal regions, simulated t t events are used to determine the transfer factor R /eµ ( = ee or µµ) between the eµjj control region and the signal region. These factors were evaluated from the ratio of the number of simulated t t events in the distributions of m eejj or m µµjj in the signal region over the number of simulated t t events in the distribution of m eµjj in the avour-sideband CR. The m eejj and m µµjj distributions in the signal region are presented, together with the m eµjj distribution in the avour-sideband CR, in Figure 4.21.

The number of events in the signal region is thus given by:

N t t(signal region) = N t t(avor control region) R /eµ .
The dependency of the t t extrapolation SF as a function of m jj is checked with a bin-by-bin ratio, but no dependency has been found. As shown in Figure 4.22 for the electron and muon channels, the ratio of events as a function of the m jj distribution is t to a constant line from where the SF value is taken.

In order to evaluate a systematic uncertainty on the t t SF more conservative than the error on the tted parameter, the ratio of the SFs as a function of m jj was tted with several functional forms: a constant line, a polynomial of rst and second order, a logarithmic function and an exponential function, as shown in Figure 4.23 and in Figure 4.24. Since the t with a polynomial of rst order indicates there is no statistically signicant slope and the rest of the functions have no physics motivation, we consider the rst order polynomial to get the systematic uncertainty.

The dierence between the values of the tted line at high (4 TeV) and low (200 GeV) mass, shown in Figure 4.25, is used as systematic uncertainty on the t t SF since it is bigger than the error on the tted parameter for every functional form studied. The values and the errors of the tted parameters for the dierent functions are given in Table 4.9.

The values of the scale factors obtained with their statistical and systematic uncertainties are given in Table 4.10. Using these transfer factors we can account for the dierence in eciency and acceptance between electrons and muons in the nal states. A dierence related to the trigger is not explicitly taken into account, since selected events, with the triggers selection included, are used to calculate the ratio. 

DY+jets background estimation

No high purity CR having the same kinematics as the signal region exists for the DY+jets background, so the contribution from high mass DY lepton pairs produced in association with additional jets is estimated using simulated events. The DY+jets sample was normalized to the measured integrated luminosity and the SFs for lepton eciencies discussed in Section 4.4 were applied.

DY+jets samples produced with MADGRAPH and aMC@NLO generators were considered for this analysis and the aMC@NLO one was chosen for the estimate, since it describes better the data. This is due to the better simulation of the additional jets coming from the hard interactions. Unfortunately, the aMC@NLO samples used in this analysis have low statistics at high m jj . On the other hand, the HT-binned MADGRAPH samples have more statistics in this same region, but they do not capture all the features seen in the data. The event selection of this analysis requires that the additional jets produced as initial state radiation have p T greater than 40 GeV. This region of phase space is not well modeled by MADGRAPH, as seen in Figure A.1 in Appendix A for both the electron and the muon channel, thus the aMC@NLO generator is used. More details about the MADGRAPH and aMC@NLO DY+jets samples are presented in Appendix A.

A comparison of the m jj distribution in the signal region between the two generators is shown in Figure 4.26 for the electron and the muon channels. These distributions, scaled to 35.9 fb -1 of data, show that the two samples provide similar overall estimates for the DY+jets background with comparable statistical uncertainty, thus the statistics of the aMC@NLO MC sample is sucient for a meaningful comparison with data. More details about the statistics of the aMC@NLO MC sample are presented in Appendix B.

The DY+jets sample was weighted applying the electroweak NLO corrections used in the CMS monojet analysis [START_REF] Albert M Sirunyan | Search for new physics in nal states with an energetic jet or a hadronically decaying W or Z boson and transverse momentum imbalance at √ s = 13 TeV[END_REF]. They have been derived in an inclusive way for Z events with one jet in the nal state following what is described in [START_REF] Lindert | Precise predictions for V+jets dark matter backgrounds[END_REF], where it is shown that changes versus jets multiplicity are small so they can be applied also to Z events with two jet in the nal state. These electroweak eects tend to reduce the cross section estimate with increasing transverse momentum of the Z boson and are of the order of ≈ 1% at 150 GeV and of ≈ 1520% at 1 TeV.

The DY+jets contribution normalization in the simulation was then corrected to match the events in data by means of a SF measured in the low-m CR. The SF was calculated as the ratio of data and simulated events under the Z peak resonance in the range 80 < m < 100 GeV in the dilepton invariant mass distribution, shown in Figures 4.12 and 4.15 for the electron and the muon channel, respectively, with the SF already applied. This SF takes into account residual mis-modeling between data and simulation including the signal region requirements on the jets. Table 4.11 shows the SFs that were applied in the estimate of the DY+jets contribution in this analysis. The systematic uncertainties on the SF are not taken into account because they are negligible with respect to the systematic uncertainties on the DY+jets estimation taken from the PDF, and factorization and renormalization factors, described in Section 4. In order to verify that the SF measured for the DY+jets background around the Z peak in the low-m CR is valid also at higher masses, the low-m jj CR is used. Figure 4.29

shows a comparison between data and MC of the m jj distribution in events with high dilepton mass in the low-m jj CR. The agreement in this sideband is of great interest as the low-m jj CR resembles the signal region in describing the lepton kinematic characteristics without the constraint of the Z peak, since it is dened by the signal region selections, except for an inverted m jj < 600 GeV requirement.

As a further cross-check between data and simulation, the ratio between electron and muon distributions were studied. The eciency to select muon events is higher, in part due to the trigger as well as the identication algorithm, but this overall dierence should be approximately constant across m jj . This is conrmed by the two ratios for data and simulated events, shown in Figure 4.30. These ratios are compatible between data and the MC simulation as can be seen in Figure 4.31. 

Studies on high m jj region

Basic quantities for leptons in the low-m CR with m jj > 2.5 TeV were checked in order to rule out a decit of events at high dilepton mass as the one seen by the CMS Z to muons analysis [START_REF] Albert M Sirunyan | Search for high-mass resonances in dilepton nal states in proton-proton collisions at √ s = 13 TeV[END_REF], using high-p T leptons as this analysis. The kinematic variables for electrons and muons events with m jj above 2.5 TeV are shown in Figures 4.34 and 4.35, respectively. The agreement between data and MC is reasonable given the low statistics, then the decit of events seen by the Z analysis is not conrmed by this analysis. This is due to the fact that this region does not represent the same exact kinematic space as the one studied by the Z analysis. For muons events there is a decit in the φ distribution, but this is not localized to any particular η region as can be seen in Figures 4. [START_REF] Beringer | Review of Particle Physics (RPP)[END_REF] 

Statistical analysis and systematic uncertainties

The strategy followed in this analysis is to search for deviations from the shape of the m jj distribution expected in the standard model, that extends over a range of several TeV. While the LR symmetric models provide a motivation for the jj nal state, we do not impose requirements on the signal shape specic to these scenarios, in order to maintain sensitivity to other models. The strategy to search for an excess of events in a wide mass range (cut&count approach) is eective in analyzing the data without making further assumptions about the characteristics of the benchmark signal model and, with respect to a shape analysis, it reduces the eect of the uncertainties in the shapes of the backgrounds, especially in the high-m jj region.

For each W R mass hypothesis (m W R ), the upper and lower limits of the mass window (min < m jj < max) are chosen as a function of m W R in order to obtain the most stringent expected cross section upper limits, calculated using the standard signicance as was done in the previous iteration of the analysis [START_REF]Search for heavy neutrinos and W bosons with right handed couplings in protonproton collisions at √ s = 13 TeV[END_REF]. Since the mass ranges are very wide and overlapping, additional studies, reported in Appendix C, were performed in order to estimate the ranges of mass windows by optimizing the signal Punzi signicance [START_REF] Punzi | Sensitivity of searches for new signals and its optimization[END_REF].

No real improvement was observed, resulting in comparable mass windows, thus the 2015 approach was followed.

The boundaries of the windows are tted as function of m W R with third degree polynomials These are shown in Table 4.12. The width of the mass window for the electron nal state varies from 130 GeV at low masses (m W R 800 GeV) to ≈ 3100 GeV at high masses (m W R 6000 GeV). For muons, the mass window varies more, becoming as large as ≈ 3800 GeV, as expected by the fact that at high energies electrons have better mass resolution than muons. The expected number of signal and background events is then estimated by counting the events falling in a particular m jj range.

The probability of observing a given number of events being produced by a combination of background and signal with a cross section σ is calculated using a Bayesian approach with a at signal prior distribution and a t model with nuisance parameters, introduced as log-normal prior distributions to address the systematic uncertainties.

Each limit for a specic m W R signal is calculated using the number of measured events (G) and predicted signal (S) and background (B) events in a specic m jj window, together with their uncertainties δS and δB, described in Section 4.7.1. Expected limits were calculated at 95% CL using a Poisson model of the signal and background events, P oisson(µ, S(θ), B(θ)), where µ is the dimensionless W R signal strength, and θ represents the uncertainties δS and δB. Using Bayesian statistics, the probability distribution for µ given G measured events, p(µ|G), is obtained by evaluating the integral: p(µ|G) = p(µ|θ, G) p(θ|G) dθ, where p(µ|θ, G) is the probability distribution for µ given the uncertainties and the measurement G (conditional posterior distributions), and p(θ|G) is the probability distribution for the uncertainties given the measurement G (marginal posterior distributions).

Functional forms of the conditional posterior distributions are derived from uniform prior distributions, while log-normal distributions are used for the functional forms of the marginal posterior distributions. The integrals of the conditional and marginal posterior distributions were evaluated numerically using MC methods to derive p(µ|G), generating many MC toys and computing the limit for each of them integrating p(µ|G) from µ = 0 to µ = µ max such that the normalized integral equaled 0.95. The 95% CL upper limit on σ(W R ) × BR(W R → jj) is then dened as the value of σ(W R ) × BR(W R → jj) obtained from simulations multiplied by µ max . This procedure is repeated for each mass hypothesis.

In order to take into account the statistical and systematic uncertainties, pseudoexperiments are performed varying the expected number of events from signal and background according to the uncertainties as described in the following Section. The median of the distribution of the excluded cross section produced by pseudo-experiments and the intervals containing 68% and 95% of the pseudo-experiments are then quoted in the expected limits and their uncertainties.

Systematic uncertainties

There are two types of systematic uncertainties, one aecting the shape of the m jj distribution and one aecting the normalization of the m jj distribution, but since we use a cut&count approach all the uncertainties that aect the m jj shape also aect the number of events in specic mass ranges and eectively become normalization uncertainties.

The systematic sources considered in this analysis are:

• Jet energy scale and resolution.

The jet energy correction uncertainties, taken from the ocial recommendations [START_REF] Vardan Khachatryan | Jet energy scale and resolution in the CMS experiment in pp collisions at 8 TeV[END_REF] as described in Section 4.4.1, are provided as systematics sources that include correlations in p T and η. Each of the corrections applied to data and simulation have certain systematic uncertainties, such as uncertainty in the initial and nal state radiation corrections, the non-Gaussian tails of the energy measurements, and the pileup conditions. For the PF jets, JEC uncertainties < 5% are used, with an additional 2% uncertainty per rapidity unit. For the evaluation of the systematic errors due to jet resolutions eects, 10% uncertainties are used.

• Lepton energy scale and resolution. Table 4.12: Upper and lower limits of the mass windows that optimize the chance of discovery of a bump in the mass distribution for the electron and muon channels.

m W R (GeV)
m jj window (GeV)

Electron scale and resolution uncertainties were taken from the ocial recommendations [START_REF] Vardan Khachatryan | Performance of Electron Reconstruction and Selection with the CMS Detector in Proton-Proton Collisions at √ s = 8 TeV[END_REF][START_REF] Vardan Khachatryan | Performance of Photon Reconstruction and Identication with the CMS Detector in Proton-Proton Collisions at sqrt(s) = 8 TeV[END_REF], as described in Section 4.4.2. The residual dierences between data and simulation in the electron energy scale are taken as systematic uncertainties.

The uncertainties and correlations from the Gaussian t used to smear the energy resolution in simulation to match the data are taken as systematic uncertainties.

Muon scale and resolution uncertainties were taken from the ocial recommendations [START_REF] Chatrchyan | Performance of CMS muon reconstruction in pp collision events at √ s = 7 TeV[END_REF], as described is Section 4.4.3. For the small Rochester corrections, applied to data and simulation to correct for the remaining detector misalignment using the Z → µ + µ -events, the residual dierences between the data and simulation are taken as the systematic uncertainty. For the muon momentum scale, uncertainties related to the corrections of the generalized endpoint method were also taken into account, as described in Section 4.4.3. For the muon resolution, an uncertainty of 1% in the barrel and of 2% in the endcaps is given by an additional smearing to the MC applied on the p T of the single muon to account for the dierence in resolution.

• Electron reconstruction, identication and trigger SF.

SF and related uncertainties for electrons were discussed in Section 4.4.2. A Tag-andprobe procedure is used to measure the reconstruction and identication eciency for electrons in Z → e + e -events. The uncertainties in the Tag-and-probe are taken as systematic uncertainties. For the high-p T electrons, the prescriptions presented by the CMS Z search [START_REF] Albert M Sirunyan | Search for high-mass resonances in dilepton nal states in proton-proton collisions at √ s = 13 TeV[END_REF] were followed for the trigger uncertainties, as described in Section 4.3.3.

• Muon identication, isolation and trigger SF.

For muon identication and isolation, η dependent uncertainties were taken according to the ocial recipes, as described in Section 4.4.3. Uncertainties in muon reconstruction and identication are derived using a Tag-and-probe method in Z → µ + µ - events. One of the muons (the tag) is required to pass tight selection requirements, while the second muon (the probe) has looser requirements. The uncertainty in the eciency to reconstruct and identify these muons is taken as systematic. For the trigger uncertainties, the systematic uncertainties are taken from the ocial SFs, described in Section 4.3.3.

• t t background normalization.

The uncertainty on the t t ee/eµ and µµ/eµ extrapolation SFs is given by the sum in quadrature of the statistical and systematics uncertainties, evaluated as described in Section 4.6, of the transfer factors and aects only the normalization of m jj .

An uncertainty on the DY+jets normalization scale factor is not considered, since it would be negligible with respect to the PDF, renormalization and factorization uncertainties used. The overall integrated luminosity, the uncertainty in the t t extrapolation SFs and the uncertainties in the estimation of the DY+jets background are also included in the evaluation of the limits as nuisance parameters with log-normal priors. For example, for the integrated luminosity we have lnN = 1.025. The range of values of these uncertainties are shown in Table 4.14. Concerning the uncertainties in the signal arising from the PDF and scale uncertainties, only the eect on the W R signal acceptance is considered in the expected limit calculation.

In Table 4.15, the expected number of events (weighted in simulation), the statistical uncertainty and the propagated systematic uncertainty for the W R signal, the DY+jets and t t background events, the other smaller backgrounds and the total of all the backgrounds are reported, together with the observed number of events.

The values of the systematic uncertainties for a sample W R mass point are also presented in Table 4.16 and Table 4.17.

Implementation of the uncertainties in the limit evaluation

To include the statistical uncertainties for each signal and background process in the evaluation of the limits, Gamma distributions, continuous version of the Poisson distribution with parameters N (≥ 0) and α (> 0), are used [START_REF]Procedure for the LHC Higgs boson search combination in summer 2011[END_REF]. In the limit estimation, pseudo-experiments are generated based on the expected number of events, sampled according to a Gamma distribution and multiplied by the log-normal distributions of the systematics uncertainties. Given the two parameters of the Gamma distribution, N and α, the rate of each process (number of expected events in the signal region) is given by N • α.

For the t t background estimated from data in a specic CR, the parameter N corresponds to the number of data events in this CR and α is the scale factor from the CR to the signal region. For the DY+jets and the others backgrounds estimated with simulation, the parameter N corresponds to the number of MC events passing the selections in the signal region and α is the overall scaling factor, equal to the integrated luminosity multiplied by the cross section of the process and divided by the number of total events of the process.

For example, for m jj = 1000 GeV in the electron channel, for the t t background we have N = 810 and α = 0.423, while for the DY+jets background N = 836 and α = 0.14435.

In the aMC@NLO DY+jets sample there are negative event weights at high m jj , leading to a negative value for the N parameter. In this case, we set N = 0 and replace the rate of the process with a very small positive value (0.0001). 

Results

The observed m jj distributions in the signal region including the expected backgrounds and the signal shape for m W R = 4 TeV are shown in Expected and observed exclusion limits on the signal cross section at 95% CL are set as described in Section 4.7, using only the signal and background predictions for the expected upper limits, while for the observed ones also the data are used. They are shown in Figure 4.41 for both the electron and muon channel, taking into account all the systematic and statistical uncertainties described in Section 4.7.1. For the W R model with m N R = 1 2 m W R , the observed lower limit at 95% CL on the mass of the right-handed W boson is 4.4 TeV for both channels, while the expected exclusion limit is 4.4 TeV for the electron channel and 4.5 TeV for the muon channel. The most signicant excess, of ≈ 1.5σ, is observed at m jj 3.4 TeV in the electron channel. The lower edge of the 95% CL band disappears at high masses because of the small number of events in that region.

To extend these expected exclusion limits to a two-dimensional (m W R , m N R ) mass plane covering a large range of neutrino masses below the W R boson mass, the following procedure is used.

The cross section limit at a xed W R mass is calculated for m N R = 1 2 m W R using fully reconstructed events. GEN-only W R samples, produced as discussed in Section 4.3.2.1, are independently generated at the same xed W R mass, with 800 GeV < m W R < 6000 GeV in steps of 100 GeV, for 100 GeV < m N R < m W R in steps of 100 GeV, including m N R = 1 2 m W R . For each sample with m N R = 1 2 m W R the cross section is calculated with PYTHIA. The full oine signal region selection (including the mass window selection) presented in Section 4.5 is applied to these W R events at the generator level in order to get the GEN oine selection eciencies shown in Figure 4.42, representing the fraction of events passing all the signal selections at each mass point. These eciencies are used to calculate the ratio r of the kinematic oine selections eciencies between the m N R = 1 2 m W R sample and the samples with

m N R = 1 2 m W R : r = e(m W R , m N R ) e(m W R , m W R /2) . (4.1)
This m W R -and m N R -dependent factor, that accounts for the change in the W R acceptance and eciency as m N R changes for a xed m W R , is applied to the cross section limit obtained for m N R = 1 2 m W R to rescale it to the other m N R hypotheses for one specic m W R . This can be done because the cross section limit for a specic m N R is linearly proportional to the signal selection eciency at that m N R multiplied by the W R cross section. At a given m W R , since the background prediction is the same for all m N R , the cross section limit for a certain m N R is then related to the limit for m N R = 1 2 m W R by the ratio of their signal eciencies. The limit obtained for a particular m N R is then compared to the cross section calculated for that m N R . This process is repeated for all W R mass values to create the expected exclusion limits for neutrino mass hypotheses dierent from 1 2 m W R presented in Figure 4.43, for both the electron and the muon channel.

The ocial fully reconstructed W R signal samples only have W R masses which are integer multiples of 200 GeV. The cross section limit for W R masses which are non-integer multiples of 200 GeV are then obtained using linear interpolation between the two nearest, fully reconstructed W R mass points. The limits for m W R = 2400 GeV, 4600 GeV and 5400 GeV in the electron channel are calculated using privately generated, fully reconstructed W R signal events.

For the eciency scaling factor, GEN particles can be used in place of reconstructed objects because, as shown in Figure 4.44, taken from the 2015 iteration of the search [START_REF]Search for heavy neutrinos and W bosons with right handed couplings in protonproton collisions at √ s = 13 TeV[END_REF], the scaling factors obtained using generator level events are consistent with the scaling factors obtained using fully reconstructed events.

The ratio between RECO and GEN eciencies is constant versus the neutrino mass, then the generator level events can be used to rescale the limits. In the m N R 1 8 m W R region, the selection eciency is higher in fully reconstructed W R events than in generator level events, because jets produced by pileup interactions in RECO events can pass the jet oine selection at low m N R , whereas this is not possible in the GEN selection of GEN samples. At low m N R , the 2D exclusion limits obtained using GEN W R events are then less stringent than the limit obtained using RECO W R events.

Comparison with 2015 results

The 35.9 fb -1 of data collected in 2016 are more than 10 times what was collected in 2015 and thus the 2016 exclusion upper limits on the W R mass are expected to extend the exclusion from approximately 3.2 TeV of the 2015 data to 4.5 TeV. Given that the analysis strategy did not change between the two iterations of the analysis, the improvement is expected to be proportional to the increase in luminosity, given by a square root factor.

The ratio of the 2016 and 2015 limits is shown in Figure 4.45. The 2015 limits have been scaled by square root of luminosity, so the expected value is 1. The ratio shows that at high mass, for m W R > 2 TeV, the 2016 expected limits are better than the 2015 limits even after scaling by the luminosity increase.

For the 2015 iteration of the analysis, a MADGRAPH sample was used for the Drell Yan background estimation instead of the aMC@NLO one used in this analysis. The background estimates as well as the signal eciencies were compared for the 2015 and When systematics are included in the calculation, the improvement at high m jj is particularly important since this is the region of interest in this iteration of the W R search.

The 2016 expected limits are better than the 2015 ones even at lower masses if the systematic uncertainties are not included in the calculation of the limits. This is shown in Figure 4.47. Note that the window sizes were optimized separately for the best limit, including the eect of systematics, for both 2015 and 2016. The residual dierence at low mass, m W R < 1 TeV, is then presumably due to the optimization which includes the systematics.

If we do not apply the scaling, the limits ratio calculated without systematics, shown in 

Conclusions

The search for a heavy W R boson and a heavy neutrino with the 2016 data at 13 TeV has been presented in this chapter. The results of this analysis have been published in a recent CMS paper [START_REF] Albert M Sirunyan | Search for a heavy right-handed W boson and a heavy neutrino in events with two same-avor leptons and two jets at √ s = 13 TeV[END_REF].

As explained in Section 4.8, the observed lower limit at 95% CL on the mass of the W R boson, for a model with m N R = 1 2 m W R , is 4.4 TeV for both the electron and the muon channels. The expected exclusion limit is 4.4 TeV for the electron channel and 4.5 TeV for the muon channel. These results provide the most stringent limits to date, giving an improvement of ≈ 1.4 TeV with respect to the results of the previous analysis at 8 TeV [START_REF] Vardan Khachatryan | Search for heavy neutrinos and W bosons with righthanded couplings in proton-proton collisions at √ s = 8 TeV[END_REF].

No signicant excess over the standard model background expectations has been observed in the invariant mass distribution of the dilepton plus dijet system. The biggest deviation is in the electron channel at m jj 3.4 TeV, with a local signicance of ≈ 1.5σ. which uses dierent mass bins. The number of observed and expected events are presented in Table 4.18 for the mass bins used in the m jj distribution, and in Table 4.19 for the W R mass search windows used for the limits calculation and for the p-value plot.

The events within the W R mass search windows for the electron and muon channels are shown in Figure 4.50.

In the muon channel, one event is observed in the last m jj bin where there are zero predicted events but the statistical uncertainties are very large, as shown in Figure 4.40. In fact, in Figure 4.41 it is visible that the muon events in the tail of W R mass are consistent with the expected limit at +1σ. Besides the event in the last bin of the m jj plot, at m W R = 5815.35 GeV, there is also an event in the over-ow bin, at m W R = 7074.14 GeV.

The event displays of these events can be seen in Figures 4. [START_REF] Danby | Observation of High-Energy Neutrino Reactions and the Existence of Two Kinds of Neutrinos[END_REF] Chapter 5

Outlook and perspectives

An overview of the heavy neutrino physics at the LHC and future experiments is presented in this chapter.

Other searches at CMS

Besides the search for a heavy right-handed W boson and a heavy neutrino presented in the previous chapter, other searches for heavy neutrinos [170172] have been carried out by the CMS experiment using the 2016 data at 13 TeV with a luminosity of 35.9 fb -1 .

Search for heavy neutral leptons in trilepton channel

The search for heavy neutral leptons (HNL) in the trilepton channel [START_REF] Albert M Sirunyan | Search for heavy neutral leptons in events with three charged leptons in proton-proton collisions at √ s = 13 TeV[END_REF] considers the decay of a W boson into three leptons (only electrons and muons) and a light neutrino, shown in Figure 1.3 on the left. This analysis looks for three leptons with p T > 5 GeV and for missing E T in the nal state. Due to the presence of the neutrino, the reconstruction of the full HNL mass, and thus the hunt for a mass peak, is impossible but the trilepton nal state helps in probing very low HNL masses, since a reconstruction of very soft leptons is possible.

The main backgrounds, estimated through data-driven methods, are events with nonprompt leptons coming from DY+jets and t t, events with three prompt leptons coming from W Z → 3 ν and ZZ → 4 , and conversions Xγ (i.e. Zγ * with γ * going into two leptons).

This analysis refers to the neutrino Minimal Standard Model (νM SM ) described in Section 1.2.2. Since in this model the HNL is a Majorana particle, its decay can violate lepton number allowing events without a pair of leptons with opposite sign and same avor (OSSF). These events are analyzed separately with respect to the events with an OSSF pair. The analysis considers two orthogonal categories: the low-mass region for m N < m W , and the high-mass region for m N > m W . These two regions are divided into multiple bins of the minimum mass out of all lepton pairs of opposite charge, M min 2 OS , which is strongly correlated to m N in signal events. In the high-mass region, each of the M min 2 OS bins is fur- ther subdivided into bins of the transverse mass (M T ) of the lepton not present in the pair forming M min 2 OS , since M T tends to be much larger in signal events than in SM processes.

The observed and expected yields in these categories are shown in Figure 5.1, from where it is visible that no statistically signicant excess above the SM expectation is observed.

Upper limits at 95% CL are then set on the mixing parameters between the HNL and electrons or muons. As shown in Figure 5.2, they vary between 1.5 × 10 -5 and 1.8 for HNL with masses between 1 GeV and 1.2 TeV.

Search for heavy neutral leptons in dilepton-dijet channel

The same-sign (SS) dilepton search of HNL [START_REF]Search for heavy Majorana neutrinos in the same-sign dilepton channel in protonproton collisions at sqrt(s) = 13 TeV[END_REF] considers the decay of a W boson into two SS leptons (only electrons and muons) and a pair of jets, shown in Figure 1.3 on the right, which is possible if the HNL is a Majorana particle as considered in the context of a Type I seesaw model. This analysis looks for two leptons with p T > 8 GeV and two jets.

The main backgrounds are events with prompt leptons coming from W Z and ZZ decays, estimated from simulation, events with misidentied leptons coming from DY+jets, t t, and W +jets, estimated through a data-driven method, and events with a mismeasured charge from DY, estimated from simulation.

The strategy used in this analysis is to search for an excess of events in the dilepton-dijet invariant mass distribution, using a cut&count approach and considering two dierent regions: the low-mass region for m N < m W and the high-mass region for m N > m W . As shown in Figure 5.3, no signicant excess is observed in these distributions.

Upper limits at 95% CL are then set on the mixing parameters between HNL and electrons or muons, varying between 2.3 × 10 -5 and 1 for HNL with masses between 20 GeV and 1600 GeV, as shown in Figure 5.4.

Comparing these results with the ones of the analysis in the trilepton channel, it can be noted that the trilepton channel has more stringent limits for low masses of HNL, while the SS dilepton channel has higher sensitivity at high masses, giving the most restrictive direct limits for m N > 100 GeV and the rst limits for Majorana neutrinos with m N > 1.2 TeV.

Search for heavy neutrinos in diτ-dijet channel

The search for heavy neutrinos in the diτ -dijet channel [START_REF]Search for heavy neutrinos and third-generation leptoquarks in nal states with two hadronically decaying τ leptons and two jets in proton-proton collisions at √ s[END_REF] considers the decay of a W R boson into two high-p T τ leptons decaying hadronically, two high-p T jets, and missing transverse momentum (p miss T

) from the τ lepton decays. This analysis looks for two τ leptons with p T > 32 GeV, two jets with p T > 50 GeV, and p miss T > 50 GeV. The main backgrounds are t t, Z+jets, and QCD multijets processes, estimated with data-driven techniques.

This search refers to a Left-Right symmetric model which considers the heavy right-handed neutrinos N e and N µ too heavy to be detected at the LHC, and assumes that only the N τ avor contributes signicantly to the W R decay.

The W R resonance mass cannot be fully reconstructed in the τ τ jj channel because of the presence of neutrinos from the τ lepton decays. The search strategy is thus to look for a broad enhancement of events above the expected background in the distribution of the partial mass reconstructed from the τ decay products, the two highest p T jets and the p miss T .

The observed data yield, of 117 events, is consistent with the SM background expectation, of 126.2 ± 11.8 events, therefore upper limits at 95% CL are set on the signal production cross-section, as shown in Figure 5.5 (top).

Considering dierent scenarios for the mass ratio between N τ and W R , the 95% CL upper limits on the product of the production cross section and the branching fraction as a function of m W R and m Nτ /m W R are presented in Figure 5.5 (bottom). Assuming that the N τ mass is 0.8 (0.2) times the mass of the W R boson, W R masses below 3.45 (2.75) TeV are excluded at 95% CL, giving the most stringent limits to date in τ τ jj nal states.

Direct searches at future experiments

As said in Section 1.2.2, the lifetime of heavy neutrinos can vary from very small values, leading to prompt decays that are the ones explored so far at the LHC, to very large ones, leading to displaced decays that are possible for lower couplings at low masses.

In Figure 5.6, the existing constraints from dierent experiments and the projections for future experiments on the mixing angle between a heavy neutral lepton (HNL) and a muon as a function of the HNL mass are represented. The LHC has probed a large portion of the parameter space for prompt decays of HNLs in the mass range between ≈ 1 GeV and few TeV, corresponding to the right top region of the plot, but it has just started to probe the region not excluded by the EW precision data.

So far no evidence for BSM physics has been found at the LHC, whose searches are limited by the available integrated luminosity and by the diculties to probe short lifetimes in hadronic environments. The focus should thus be on displaced decay signatures. Heavy neutrinos with masses below the W boson mass and with very small active-sterile mixings behave as long-lived neutral particles with a measurable decay length that leads to a displacement of the decay products from the interaction point. This gives an opportunity to probe their signatures by taking advantage of the displaced vertex techniques.

The available parameter space is limited theoretically by the observations of baryon asym- The heavy neutrinos can be looked for at xed target experiments like SHiP [START_REF] Di Crescenzoon | The SHiP experiment at CERN SPS[END_REF], described in Section 5.2.1, or NA62, a CERN experiment already taking data [START_REF] Cortina | Search for heavy neutral lepton production in K + decays[END_REF][START_REF] Drewes | NA62 sensitivity to heavy neutral leptons in the low scale seesaw model[END_REF], or at some new proposed detectors at the LHC like MATHUSLA or FASER [START_REF] Carlos Helo | Heavy neutral fermions at the high-luminosity LHC[END_REF][START_REF] Kling | Heavy Neutral Leptons at FASER[END_REF], described in Section 5.2.2. The HNLs can also be searched at electron-positron circular colliders like FCC-ee [START_REF] Salim Ogur | Preliminary design of FCC-ee pre-injector complex[END_REF], described in Section 5.2.3, or the Circular Electron Positron Collider (CEPC) [START_REF] Antusch | Probing Leptogenesis at Future Colliders[END_REF], and at linear colliders like the International Linear Collider (ILC) [START_REF] Antusch | Probing the Seesaw Mechanism and Leptogenesis with the International Linear Collider[END_REF], described in Section 5.2.4. Moreover, also indirect signatures can be sensitive to HNLs, such as neutrinoless double beta decay [START_REF] Drewes | Neutrinoless double β decay and low scale leptogenesis[END_REF].

SHiP

The Search for Hidden Particles (SHiP) experiment is a proposed xed-target experiment at the CERN SPS using a 400 GeV proton beam and 2 × 10 20 proton-target expected interactions in 5 years [START_REF] Di Crescenzoon | The SHiP experiment at CERN SPS[END_REF]. The beamline and the detector will be installed starting from 2021 and the data-taking will not start earlier than 2026. By then, LHC should have delivered 300 fb -1 to CMS and ATLAS, so SHiP will provide complementary sensitivity to searches for new physics. The SHiP experiment, shown in Figure 5.8, is composed of:

• a heavy target to maximize the heavy avour production and minimize the production of neutrinos in π/K → µν decays, that are sources of background;

• a hadron absorber after the target to stop most SM particles, except µ and ν;

• an active muon shield with a magnetic deection away from the detectors to reduce µ-induced backgrounds;

• an emulsion spectrometer to detect tau neutrinos and search for dark matter;

• a long decay volume (≈ 50 m) under vacuum to prevent neutrino interactions within the ducial volume;

• a spectrometer with standard detectors to detect the Hidden-Particles (HP detectors): a tracking system, a magnet, a timing detector, calorimeters, and a muon system.

The beam extraction is slow (≈ 1 s) and uniform to reduce occupancy in the detector, which has a total length of about 115 m with a 5 m diameter.

The experiment aims to search for very weakly interacting long-lived particles with masses 

± π ∓ , ± K ∓ , ± ρ ∓ , ρ ± → π ± π 0
Vector, scalar, axion portals, SUSY sgoldstino The high intensity of the SPS, and in particular the large production of charm mesons and photons with the 400 GeV beam, enables a wide variety of light long-lived exotic particles of dierent models. The hidden sector models share a number of unique and common physics phenomenologies [START_REF] Buonaura | The SHiP experiment and its detector for neutrino physics[END_REF], shown in Table 5.1.

± ∓ , π ± π ∓ , K ± K ∓ HNL,
The hidden particles can be detected inside SHiP through their decay in SM particles. The detector must be sensitive to as many decay modes as possible, so a full reconstruction and particle identication are essential to minimize the model dependencies.

Having a production branching ratio of O(10 -10 ), hidden particles production is strongly suppressed with respect to ordinary SM processes. Moreover, these objects are long-lived, since they can travel unperturbated through the ordinary matter with a lifetime of O(µs), leading to a challenging background suppression.

To reject the background sources, mainly νand µ-induced backgrounds, random combination of tracks, and cosmic muons from deep inelastic scattering on the cavern and vessel walls, the following strategies are used: the reconstructed momentum must point back to the proton target, the reconstructed vertex must be in the decay volume, there must be a veto upstream the decay volume and a timing veto with a precision of O(100 ps).

The backgrounds are investigated with extensive MC studies. As shown in Table 5.2, less than 0.1 background events are expected in 5 years.

Regarding the HNLs, SHIP could scan most of the experimentally unexplored and cosmologically allowed region below the charm mass, as shown in Figure 5.9. For the two heavier HNLs with m N 2/3 ≈ 1 GeV, which typically have lifetimes > 10 µs and decay distances of O(km), 120 events are expected.

Thanks to a signicant contribution from B meson decays, SHiP can improve the sensitivity to HNLs with masses up to ≈ 3 GeV by several orders of magnitude. This region, above the charm kinematic limit, is unique and complementary to the region that could be probed at the future circular collider (FCC) in e + e -mode.

The sensitivity to HNLs will allow for the rst time to probe, in the mass range above the kaon mass, a coupling range for which baryogenesis and active neutrino masses could also be explained.

HL-LHC

The HL-LHC, described in Section 2.1.3, is expected to deliver up to 3000 fb -1 of data.

Searches for sterile neutrinos in dedicated experiments like FASER or MATHUSLA [START_REF] Carlos Helo | Heavy neutral fermions at the high-luminosity LHC[END_REF][START_REF] Kling | Heavy Neutral Leptons at FASER[END_REF] could thus probe the parameter space of heavy neutrino models with unprecedented sensitivity.

MATHUSLA (MAssive Timing Hodoscope for Ultra Stable neutraL pArticles) [186] is a proposed surface detector above the ATLAS interaction point, with a distance of 140 -320 m from it. This distance from the LHC beams will allow to test for rather long life-times of the neutrinos, up to cτ 10 7 -10 8 m, but requires a huge detection volume, with Figure 5.9: Experimental and cosmological bounds on the search for heavy neutral leptons. The exclusion limit at 90% CL SHiP could set in the case of no signal, assuming a model [START_REF] Lellis | Search for hidden particles: a new experiment proposal[END_REF] with inverted hierarchy and a dominant electron coupling, U2 e : U 2 µ : U 2 τ = 48 : 1 : 1, is represented by the blue line. dimensions of ≈ 200 × 200 × 20 m 3 . Since this detector will be on the ground, the cosmic rays background is a serious concern but it can be kept under control surrounding the decay volume with veto detectors such as scintillators and resistive plate chambers. This background can be reduced to negligible levels thanks to the excellent timing resolution of these anti-coincidence detectors. FASER (ForwArd Search ExpeRiment) [START_REF] Feng | ForwArd Search ExpeRiment at the LHC[END_REF] is a proposed cylindrical detector situated in the very forward direction, few hundred meters downstream of the ATLAS or CMS interaction point (IP). There are several options for the position and size of the detector: FASER r , the small FASER with radius 0.2 m, FASER R with radius of 1 m, and FASER n (near) with small radius 0.04 m and at a shorter distance.

The sensitivity to sterile neutrinos can be estimated considering all possible production channels: D-mesons, B-mesons, W and Z bosons, as well as Higgs boson. The sensitivity measured in the branching ratio versus cτ plane is shown in Figure 5.10 for D-mesons (on the left) and B-mesons (on the right), in Figure 5.11 for W (on the left) and Z (on the right) bosons, and in Figure 5.12 for the Higgs boson.

As visible in Figure 5.10, despite being at similar distances from the IP, FASER R and MATHUSLA are sensitive to dierent regions in cτ . Mesons ying in the forward direction receive typically much larger boosts than mesons produced at mid-rapidity, thus FASER is less sensitive at large cτ . At the LHC, charm quark production is strongly peaked in the forward direction, thus the FASER experiment performs particularly well for D-mesons, while MATHUSLA does signicantly better than FASER for B-mesons. For the W and Z boson production, shown in Figure 5.11, the sensitivity is ≈ 5 orders of magnitude lower, reecting the larger number of D-mesons produced at the LHC with respect to gauge bosons. For gauge bosons there is much less boost into the forward direction than for D-mesons, therefore MATHUSLA is again the most sensitive detector.

As expected, the production from Higgs decays gives only a negligible contribution to the sensitivity, shown in Figure 5.12.

The sensitivity measured in the plane of the mixing angle |V αN | 2 between the sterile neutrino N and a lepton α (electron or muon) versus m N is shown in Figure 5.13 for different experiments. As visible from the plot on the left, FASER R always performs better than the other FASER variants, is competitive with NA62 for m N 2 GeV, and has even better sensitivity than NA62 for m N 2 GeV, while the xed target experiment SHiP is more sensitive than FASER R in the whole mass range.

From the plot on the right it is visible that FASER R and CODEX-b 1 have similar sensi- tivities for m N 3.2 GeV, while MATHUSLA performs better than both in most parts of the parameter space. For m N 0.5 GeV, LBNE 2 has the best expected sensitivity, while for m N 0.5 GeV SHiP is the most sensitive experiment, except for the 2 m N 4 GeV Regarding the already existing CMS and ATLAS experiments, sensitivity projections for new physics searches with 3000 fb -1 of data at the HL-LHC are being estimated [190 192]. In particular, a search for heavy composite Majorana neutrinos at the HL-LHC, in a nal state with two leptons and at least one large-radius jet, is being carried out by the CMS experiment [START_REF]Search for heavy composite Majorana neutrinos at the High-Luminosity LHC[END_REF].

In a composite scenario, the heavy composite Majorana neutrino, N , is a particular case of excited states with masses lower than or equal to the compositeness scale Λ, interacting via contact interactions or gauge couplings with the ordinary SM fermions [START_REF] Leonardi | Hunting for heavy composite Majorana neutrinos at the LHC[END_REF]. This study considers a heavy composite Majorana neutrino produced in association with a lepton and decaying into a same-avour lepton plus two quarks, requiring two leptons and at least one large-radius jet in the signal region. The production cross section of the heavy composite Majorana neutrino for gauge and contact interaction at Λ = 12 TeV is presented in Figure 5.14. The heavy composite Majorana neutrino can decay through both gauge and contact interactions in:

N → q q, N → + -ν(ν), N → ν(ν)q q.

In this work, the nal state considered is q q ( = e, µ), which has the highest sensitivity An upper limit at 95% CL on the cross section of the heavy composite Majorana neutrino produced in association with a lepton times its branching fraction to a same avour lepton and two quarks, σ(pp → N ) × B(N → qq), is then set and shown in Figure 5.16.

The HL-LHC, with a centre of mass energy of 14 TeV and with an integrated luminosity of 3000 fb -1 , will allow to extend signicantly the region of the parameter space which can be probed, improving the sensitivity to cross-sections of order of 10 -6 pb for heavy neutrino masses M N ranging from 3 to 9 TeV for the qq channel, where is an electron or a muon. For the compositeness scale Λ = M N , the existence of a heavy Majorana neutrino could then be excluded for masses up to 8 TeV at 95% CL.

FCC-ee

The Future Circular Collider (FCC) is a proposed 100 km circular collider at CERN [START_REF] Salim Ogur | Preliminary design of FCC-ee pre-injector complex[END_REF], shown in Figure 5.17. It can explore the 10 -100 TeV energy scale with precision measurements of W , Z, H, and top properties and can discover very weakly coupled particles There is a strong scientic case for an electron positron collider, complementary to the LHC, that can study the properties of the Higgs boson and other particles with unprecedented precision and whose energy can be upgraded. By the end of 2019 there will be a full proposal giving priority to a pp collider, with a timeline constrained by the evolution of magnet technology and by the HL-LHC timeline. The focus is thus on an initial 90 -400 GeV e + e -machine, and the aim is to achieve a 100 TeV hadron-hadron (hh) collider.

FCC-ee is a clean experimental environment that can probe complicated signatures such as displaced vertices and disappearing tracks, and scenarios with small masses, lifetimes, or couplings. The foreseen luminosity will enable to cover almost all the parameter space at any energy and the highest sensitivity is expected for m N < m W (low-mass regime) which allows to test model predictions.

Long-lived particles (LLPs) searches at FCC-ee take advantage from full event reconstruction, much less (QCD) background, and no triggering issues but suer from low center of mass energy (E CM ) and production rates. The searches for LLPs with very short lifetimes (≈ mm) are thus advantaged but they are severely limited by E CM .

The electron-proton collider FCC-eh has a good sensitivity for softly decaying, shortlived (≈ µm) LLPs because of very low PU, good tracking resolution, and boosted nal states with larger center of mass energy than most lepton colliders. With respect to FC-hh it has a clean environment with smaller background, forward objects, and detection of BSM signal which looks like hadronic noise at hh colliders, but also small production due to smaller √ s. The production and decay channels for sterile neutrinos are summarized in Figure 5.18: the nal states visible on the right constitute the dierent signatures for direct searches of sterile neutrinos at the FCC colliders [START_REF] Antusch | Sterile neutrino searches at future ee + , pp, and ep colliders[END_REF]. The most promising search strategies at the dierent colliders are the following:

• for FCC-ee: displaced vertices, electroweak precision measurements (mostly at the Z-pole), and H production and decay modes;

• for FCC-hh: displaced vertices, LNV and LFV dileptons-dijets ( α β jj), and LNV dileptons ( α β νν);

• for FCC-eh: LFV lepton-trijet ( - α jjj), and LNV antilepton-trijets ( + α jjj).

The combination of ee with hh and eh colliders provides complementary tests for the sterile neutrino mass mechanism. The combination of direct and indirect signatures at all FCCs will pin down the parameters and test model specic predictions, testing in this way the origin of neutrino masses. Preliminary studies show a good potential for these searches, but a conrmation based on an accurate detector simulation is needed.

Searches for sterile neutrinos in Z decays look for Z → N ν, with N → W * or Z * ν and very displaced secondary vertex. The number of events depends on the mixing between heavy N and light ν and on the mass of N . At the Z pole there will be very high luminosity for FCC-ee, as shown in Figure 5.19, allowing a total of 10 12 Z bosons to be produced in a few years.

The direct searches appear very promising since, as shown in Figure 5.20, a sensitivity down to a heavy-light mixing of |θ| 2 ≈ 10 -12 is obtained for heavy neutrino masses between 10 and 80 GeV, and a sensitivity down to |θ| 2 ≈ 10 -14 is obtained for heavy neutrino masses up to 200 GeV [START_REF] Antusch | Heavy neutrino-antineutrino oscillations at colliders[END_REF].

For the sensitivity of the displaced vertex searches, the projections on the mixing angle between one HNL and a lepton as a function of the HNL mass are shown in Figures 5.21 

ILC

The International Linear Collider (ILC) [START_REF] Barish | The International Linear Collider[END_REF] The observation capability will decrease with the decrease of m N , but since the integrated luminosity expected with √ s = 500 GeV at ILC is of 3500 fb -1 , Majorana neutrinos may be easily detected in future linear colliders.

For the seesaw mechanism at the TeV scale or lower, the Dirac Yukawa coupling is too small (Y D ≈ 10 -6 -10 -5 ) to produce an observable amount of heavy neutrinos at the colliders. These can be produced at high energy colliders considering the inverse seesaw scenario [START_REF] Das | Inverse seesaw neutrino signatures at the LHC and ILC[END_REF], through sizable mixing with the SM neutrinos. The ILC can produce heavy neutrinos in the process e + e -→ νl N l exchanging W or Z bosons. The nal state considered is a single isolated lepton plus dijet with large missing energy:

e + e -→ νl N l is followed by the decays N → lW and W → q q , through which the heavy neutrino production cross sections and the heavy neutrino mass can be reconstructed. The main backgrounds are eνW → eνq q and W W → lνq q, which can be reduced by kinematic selections. The production cross sections for these processes are shown as a function of the heavy neutrino mass in Figure 5.28.

Conclusions

LHC is still a developing area of research with new techniques, new specic triggers and more data to collect. Moreover, a lot of channels have still to be explored, like other production modes and displaced decays which will increase the sensitivity to HNLs with low mass and low couplings. Future searches at LHC will then allow to signicantly extend the parameter space probed so far.

The synergy between experiments like SHiP and FCC-ee will allow the exploration of a large parameter space for sterile neutrinos, providing great prospects for right-handed neutrino searches also at future experiments.

A comparison of the estimated sensitivities for the dierent colliders is shown in Figure 5.29 [START_REF] Antusch | Sterile neutrino searches at future ee + , pp, and ep colliders[END_REF]. For masses below m W , the best sensitivity of |θ| 2 ≈ 10 -11 can be reached 2016, corresponding to an integrated luminosity of 35.9 fb -1 . The W R boson decays to two high p T jets and two same avor leptons, so its invariant mass can be reconstructed from these four objects and used as discriminating variable of the analysis. A bump-hunt is thus performed in the four-object mass distribution, looking for a wide resonance. No signicant excess over the Standard Model background expectations, estimated with a combination of data-driven techniques as well as taken directly from simulation, has been observed.

The 2.8σ excess previously seen by the CMS experiment in data recorded at 8 TeV at m jj 2.1 TeV in the electron decay channel is thus not conrmed by the present data.

The results of this analysis, upper limits on the W R production cross section as a function of the W R mass and the heavy neutrino mass, are published in a recent CMS paper [START_REF] Albert M Sirunyan | Search for a heavy right-handed W boson and a heavy neutrino in events with two same-avor leptons and two jets at √ s = 13 TeV[END_REF] and provide the most stringent limits to date. A W R boson decaying into a right-handed heavy neutrino with a mass m N R = 1 2 m W R is excluded at 95% condence level (CL) up to a mass of 4.4 TeV. In particular, the observed lower limit at 95% CL on the mass of the W R boson is 4.4 TeV for both the electron and the muon decay channels, while the expected exclusion limit is 4.4 TeV for the electron channel and 4.5 TeV for the muon channel. These results give an improvement of ≈ 1.4 TeV with respect to the results of the previous analysis at 8 TeV [START_REF] Vardan Khachatryan | Search for heavy neutrinos and W bosons with righthanded couplings in proton-proton collisions at √ s = 8 TeV[END_REF].

Experiments with higher luminosities and/or energies, new decay channels yet to be explored, and new (displaced) techniques will increase the sensitivity of heavy neutrinos searches. Future searches at LHC and at other experiments will thus allow to signicantly extend the parameter space for heavy neutrinos probed so far. procedure are consistent with those obtained when the mass windows are optimized for the cross section upper limit as was done in the previous iteration of this analysis.
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  Un des canaux les plus sensibles à la recherche d'un neutrino droitier lourd est la désintégration d'un boson W R en deux leptons et deux jets. Malgré son faible taux, ce canal de désintégration bénécie de la reconstruction complète de l'état nal, permettant une mesure en masse du boson W R et du N R . La recherche d'un boson W droitier et d'un neutrino lourd présentée dans cette thèse peut ainsi faire la lumière sur la présence de neutrinos droitiers. v vi Résumé Le travail présenté dans cette thèse a été réalisé dans le cadre de l'expérience CMS, se concentrant principalement sur la recherche de neutrinos lourds à travers la désintégration d'un boson W droitier en deux leptons et deux jets et sur études de mise à niveau du calorimètre électromagnétique de CMS pour le LHC à haute luminosité. Dans le premier chapitre, une introduction théorique du Modèle Standard et de la physique du boson de Higgs est donnée, avec une description des phénomènes encore inexpliqués en physique des particules, motivant théories au-delà du Modèle Standard. En particulier, le modèle symétrique Gauche-Droite qui prédit l'existence de nouveaux bosons lourds et de neutrinos droitiers est introduit. Son formalisme et sa phénoménologie sont présentés avec les recherches précédentes pour neutrinos droitiers lourds réalisés au LHC.

  et ADCs avec 12 bits et deux gains, alors que les nouvelles cartes 'Front-End' auront des liaisons optiques résistant aux radiations (lpGBT). Pour étudier les performances futures de la nouvelle électronique du tonneau de ECAL, des campagnes de test de faisceau ont été eectuées au cours des dernières années. La mise à niveau du calorimètre électromagnétique de CMS pour le HL-LHC est détaillé dans le troisième chapitre avec la description de l'électronique actuelle et nouvelle du tonneau de ECAL et des tests de faisceau nécessaires pour étudier sa performance dans le futur. L'analyse des données du test de faisceau de Juin 2018, qui a testé la nouvelle puce CATIA avec un ADC commercial exploité à 160 et 120 MHz et à 18 • C et 9 • C, est présenté avec ses résultats, en se concentrant sur la résolution temporelle des cristaux utile pour supprimer le chevauchement des interactions proton-proton. Cette resolution est calculé par rapport à une référence externe (un détecteur Micro Channel Plate). Pour un ADC exploité à 160 MHz et une température de 18 • C ou 9 • C, la résolution temporelle aux hautes énergies est prévue d'atteindre ≈ 21 ps. Ce résultat est compatible, dans les incertitudes, Résumé vii avec celui obtenu dans la campagne de test de faisceau en 2016 et il permettra de réaliser une reconstruction ecace du vertex primaire de la désintégration du boson de Higgs en deux photons dans un environnement de haut pileup. Dans le quatrième chapitre, l'analyse sur la recherche d'un neutrino lourd résultant de la désintégration d'un boson W droitier en deux leptons et deux jets est présentée en détail.
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 11 Figure 1.1: Couplings of the Higgs boson to dierent particles as function of their mass, computed using data from ATLAS and CMS experiments collected during LHC Run 1 [27].

Figure 1 . 2 :

 12 Figure 1.2: Mexican hat shape of the Higgs potential.

  and R are the doublets and singlets of left-handed and right-handed particles described in 1.1, φ is the charge-conjugate Higgs eld dened as: λ ψ ) are the Yukawa couplings proportional to the mass of the fermions interacting with the Higgs eld and to the average value of the vacuum expectation value, and i, j = 1, 2, 3 are avor indices. The down quarks (d, s, b) have the same Yukawa coupling term of the leptons. The up quarks (u, c, t) need instead to use the charge-conjugate of the Higgs eld, since for them the vacuum expectation value of the Higgs eld is placed in the down part of the doublet, as shown in Equation 1.4.
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 313 Figure 1.3: The Feynmann diagram for the heavy neutrino decay into a W boson and a lepton, with the W decaying into a lepton and a light neutrino (on the left) or into a pair of quarks (on the right).
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 14 Figure 1.4: The 95% CL exclusion limit for W R boson production cross section times branching fraction, computed as a function of m WR assuming the right-handed neutrino has half the mass of the W R boson, for the 8 TeV analysis. The signal cross section PDF uncertainties (red band surrounding the theoretical W R boson production cross section curve) are included for illustration purposes only.
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 1516 Figure 1.5: The 95% CL exclusion region (hatched) in the (m WR ,m NR ) plane for the 8 TeV analysis. Neutrino masses greater than m WR (yellow shaded region) are not considered in this search.
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 17 Figure 1.7: The m jj distribution in the signal region for the 2015 analysis. For the W R signal shown, m NR = 1 2 m WR is assumed. The plot uses[START_REF] Yue | Majorana neutrino signals at Belle-II and ILC[END_REF] GeV wide bins from 600 to 1800 GeV, then one bin spans 1800 to 2200 GeV, and nally the last bin includes all events above 2200 GeV. In addition, the bin contents are divided by the bin widths.
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 18 Figure 1.8: The 95% CL exclusion limit for W R boson production cross section times branching fraction, computed as a function of m WR assuming m NR = 1 2 m WR , for the 2015 analysis.
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 19 Figure 1.9: The 95% CL exclusion region in the (m WR ,m NR ) plane for the 2015 analysis.
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 21 Figure 2.1: View of the CERN site: the LHC tunnel with the four experiments located at each interaction point.
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 2 Figure 2.2 as a function of the center-of-mass energy.
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 23 Figure 2.3: CERN accelerator complex.
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 24 Figure 2.4: Integrated luminosity delivered by the LHC (in blue) and recorded by CMS (in yellow) in 2015 proton-proton collisions.
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 255012526 Figure 2.5: Online integrated luminosity (values published by CMS at the time of data taking, not including any later improvements in the calibration) delivered by the LHC (in blue) and recorded by CMS (in yellow) in 2016 proton-proton collisions.
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 27 Figure 2.7: Cumulative integrated luminosity delivered by LHC to CMS during stable beams for proton-proton collisions in dierent years of data taking.
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 2 Figure 2.7 shows the cumulative integrated luminosity delivered to the CMS experiment in every year of data taking. The luminosity recorded by the CMS experiment is
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 28 Figure 2.8: Timeline for LHC and HL-LHC.
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 29 Figure 2.9: Schematic picture of the CMS experiment at the LHC: the beams travel in opposite directions along the central axis of the CMS cylinder colliding in the middle of the CMS detector.
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 210 Figure 2.10: The superconducting magnet and the generated magnetic eld.
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 211 Figure 2.11: Coordinate system of the CMS detector.

Figure 2 . 12 :

 212 Figure 2.12: View of the silicon tracker.
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 213 Figure 2.13: Overview of the CMS tracker, where each line represents a detector module.
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 2142 Figure 2.14: Total thickness t of the material of each of the subsystems of the CMS tracker, together with contributions from the beam pipe and from the support tube that surrounds the tracker, expressed in units of radiation length X 0 as a function of pseudorapidity η. The conguration shown in the picture reects the one prior the 2017 upgrade of the pixel detector, that signicantly reduces the material budget in the forward region.
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 215 Figure 2.15: The pixel detector: the barrel section and the two disks of the endcaps.
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 216 Figure 2.16: Schematic view of the strip tracker.
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 217 Figure 2.17: Schematic view of the ECAL.
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 218 Figure 2.18: Layout of the ECAL with the barrel supermodules, the two endcaps and the preshower subdetectors.

Figure 2 .

 2 Figure 2.19: Left: APD layout. Right: Photo of APDs.
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 2 Figure 2.20: Left: VPT layout. Right: Photo of a VPT detector.
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 221 Figure 2.21: Example of tted pulses for simulated events with 20 average pileup interactions and 25 ns bunch spacing, for a signal in the barrel (left) and in the endcaps (right). Dots represent the 10 digitized samples, the red distributions (other light colors) represent the tted in-time (out-of time) pulses with positive amplitude. The dark blue histograms represent the sum of all the tted contributions.

  bre distribution system every 40 minutes, either during the CMS data-taking or during periods between LHC lls. The laser wavelengths available are three: the blue one (447 nm) to follow the crystals radiation damages, the green one (527 nm) to perform systematic studies of the evolution of the calorimeter, and the infrared one (796 nm) to disentangle the electronics instability from the radiation-induced uctuations. The signal received on the associated photo-detector, APD in the barrel and VPT in the endcaps, is compared with the signal given by a photo-detector (PN diode) that sees directly the light sent to the crystals. The transparency of each crystal can be measured through the ratio between the APDs or VPTs amplitude and the one measured with the PN diode.The variation of the relative crystal response to laser light injected in the ECAL crystals, shown in Figure2.22, has been measured during 2011-2012 (LHC Run 1) and 2015-2016-2017-2018 (LHC Run 2) and it is averaged over all crystals in bins of pseudorapidity. The response variation observed in the ECAL channels is up to 10% in the barrel, it reaches up to 50% at η ≈ 2.5, the limit of the tracker acceptance, and it is up to 90% in the region closest to the beam pipe. The recovery of the crystal response during the periods without collisions (e.g. Long Shutdown 1) is visible, even if the response was not fully recovered, particularly in the region closest to the beam pipe.The monitoring corrections are obtained and applied promptly within ≈ 48 hours, in time for the CMS prompt reconstruction of the events. The stability of the response after applying the monitoring corrections is assessed with collisions data comparing the energy measured in ECAL to the track momentum measured in the silicon tracker (E/p) for isolated electrons from W → eν and Z → e + e -decays and examining the stability of the reconstructed invariant mass of γγ pairs in π 0 → γγ decays. The stability plot obtained with the E/p method using 2015 dataset is shown in Figure2.23, where the E/p relative scale versus time is shown before and after applying the laser corrections. The stability plot obtained with the π 0 method using 2017 dataset is shown in Figure2.24.

Figure 2 . 22 :

 222 Figure 2.22: Relative response to laser light injected (440 nm in 2011 and 447 nm from 2012 onwards) in the ECAL crystals, measured by the ECAL laser monitoring system, averaged over all crystals in bins of pseudorapidity, for the 2011, 2012, 2015, 2016, 2017 and 2018 data taking periods with magnetic eld at 3.8 T. This plot includes measurements, performed every 40 minutes and used to correct the physics data, taken up to May 2018. The bottom plot shows the instantaneous LHC luminosity delivered during this time period.

Figure 2 . 23 :

 223 Figure 2.23: History plot for 2015 data of the ratio of electron energy E, measured in the ECAL barrel, to the electron momentum p, measured in the tracker. The dataset corresponds to the prompt-reconstruction with the 2015 startup calibrations. Each point in the plot is computed from 5000 selected events with the reconstructed electron located in the ECAL barrel. The E/p distribution for each point is tted to a template E/p distribution measured from data (using the entire 2015 dataset) in order to provide a relative scale for the E/p measurement versus time. The history plots are shown before (red points) and after (green points) corrections to ECAL crystal response variations due to transparency loss are applied.

Figure 2 . 24 :

 224 Figure 2.24: Stability of the relative energy scale measured from the invariant mass distribution of π 0 → γγ decays in the ECAL barrel. The energy scale is measured by tting the invariant mass distribution of approximately 500000 photon pairs in the mass range of the π 0 meson. Each point is obtained from a t to approximately 5 minutes of data taking. The error bars represent the statistical errors on the tted peak position. The energy scale is plotted as a function of time over the 2017 data taking period. The plot shows the data with (green points) and without (red points) light monitoring (LM) corrections applied. The right-hand panel shows the projected relative energy scales.
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 225 Figure 2.25: Examples of the invariant mass of photon pairs in the mass range of the π 0

Figure 2 . 26 :

 226 Figure 2.26: The precision for measuring the channel inter-calibration constants from Z → e + e -, π → γγ decays, and electrons arising from W and Z boson decays compared to the tracker response (E/p), is shown as a function of |η| in the ECAL barrel detectors using the data collected in 2017. The precision of the Z → e + e -inter-calibrations, in red, is at the level of the systematic errors. The precision of the E/p inter-calibrations, in blue, is still dominated by the statistical errors for |η| > 1. The green points represent the precision of the intercalibration constants obtained using photons from π 0 → γγ decays. The black points represent the precision of the combination of the three methods (weighted average).

Figure 2 . 27 :

 227 Figure 2.27: Relative electron energy resolution in bins of pseudorapidity for the barrel and the endcaps, using electrons from Z → e + e -decays. The resolution is shown for very low bremsstrahlung electrons (named golden, with R 9 > 0.94) on the left, and for high bremsstrahlung electrons (R 9 < 0.94) on the right, plotted separately for data and MC events.
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 228 Figure 2.28: Schematic view of the detector showing the dierent η coverage of the various parts of the HCAL.
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 229 Figure 2.29: Layout of a quarter of the muon system, showing the four DT stations in the barrel (MB1-MB4, in green), the four CSC stations in the endcap (ME1-ME4, in blue), and the RPC stations in the barrel and in the endcap (in red).

  In the barrel region (|η| < 1.2), where the track density and the residual magnetic eld are low, four layers of drift tube chambers (MB1-MB4, shown in Figure2.29) are chosen as detection elements. In this region the detector stations are interleaved with the iron plates
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 230 Figure 2.30: Section of a drift tube cell.
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 231 Figure 2.31: Orthogonal section of a cathode strip chamber.

Figure 2 . 32 :

 232 Figure 2.32: Section of a double gap resistive plate chamber.
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 2 Figure 2.33: Scheme of the L1 trigger system.

Figure 2 . 34 :

 234 Figure 2.34: Schematic representation of the HLT system.
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 235 Figure 2.35: Scheme of the DAQ system.
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 31 Figure 3.1: Timeline and luminosity reached by LHC and HL-LHC.

Figure 3 . 2 :

 32 Figure 3.2: Scheme of electronics used currently in the ECAL EB: motherboard, VFE and FE boards.

Figure 3 . 3 :

 33 Figure 3.3: Layout of the legacy system.
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 34 Figure 3.4: Layout of the new electronics for phase 2.
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 35 Figure 3.5: Layout of the phase 2 system.

  The new ASICs will also improve the suppression of signals caused by direct ionization of the APDs, called spikes . These signals are energy deposits in a single APD: since the scintillation signal is missing, they have a shorter pulse than the one of signals compatible with an electromagnetic shower, which is also spread over several crystals.
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 36 Figure 3.6: Noise of APDs as a function of integrated luminosity. The dark current for APDs operating at 18 • C (9 • C) is shown by the red (blue) curve. The solid (dashed) lines show a shaping time of 43 (20) ns. The vertical gray lines indicate the long shutdowns periods.
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 37 Figure 3.7: Average pulse shapes from APD spike (red) and scintillation signal (blue). The amplitude samples from the digitization at 160 MHz sampling frequency are shown as dots and squares.

Figure 3 . 8 :

 38 Figure 3.8: Timing resolution as a function of normalized amplitude for dierent sampling frequencies. The 160 MHz sampling rate is shown in blue.
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 39 Figure 3.9: Layout of the SPS secondary beam line: the 400 GeV primary proton beam is split into three beams directed towards the T2, T4, and T6 targets. Thanks to the T2 Wobbling station, the two H2 and H4 secondary beams are derived.
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 310 Figure 3.10: Detail of the H4 beam line, produced by the proton beam targeting the T2 target.

Figure 3 . 11 :

 311 Figure 3.11: Picture of the matrix of 5 × 5 crystals used for the test beam.

Figure 3 . 12 :

 312 Figure 3.12: Picture of the electronic boards used in the test beam: the VFE board is on the bottom left, next to it there is the VFE adapter to the custom-made FE board, placed transversely. The VFE adapters and the custom-made FE boards will be replaced with the nal FE prototype.

Figure 3 . 13 :

 313 Figure 3.13: Picture of the test beam setup: the digitizer is on the left, while on the right there is the box in which the crystal matrix, the VFE and FE boards are installed.

Figure 3 . 14 :

 314 Figure 3.14: Schematic view of the test beam setup: the electron beam comes from the left side and intersects subsequently the hodoscopes and the MCPs, arriving then in the crystal, drawn in green. The signals from the two APDs glued on the rear face of the crystal are merged before the pre-amplier in the VFE, sampled with a commercial ADC. Data are send to digitzer through the VFE adapter and the custom-made FE.
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 315 Figure 3.15: Distribution of the signal amplitude of a single crystal as a function of the transverse impact position for a 50 GeV electron beam.
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 316 Figure 3.16: Schematic representation of a beam centered in the middle of the crystal (left) for the timing resolution measurement between one crystal and the MCP, and of a beam centered between two crystals (right) for the timing resolution measurement between two adjacent crystal.
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 317 Figure 3.17: Scheme of the crystals matrix used in the June 2018 test beam.

Figure 3 .

 3 Figure 3.18: Amplitude (on the left) and time (on the right) of the MCP.

Figure 3 .

 3 Figure 3.19: Amplitude (on the left) and time (on the right) of the crystal estimated from the template t. The tail at low energy in the amplitude plot is due to events coming from pions present in the beam: the purity of the beam can be estimated of ≈ 95%.
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 320 Figure 3.20: Templates for C3 crystal at dierent energies.
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 321 Figure 3.21: Templates for C3 crystal at dierent energies in the template t range, and ratio of each template with respect to the 150 GeV template.
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 322 Figure 3.22: Clock distribution. The t performed to a rising edge is shown in blue.
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 323 Figure 3.23: Period (on the left) and phase (on the right) of the clock distribution.
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 3 Figure 3.24: Crystal-Ball t (blue line) to the amplitude peak of the crystal.
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 325 Figure 3.25: Noise distribution of the crystal.
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 326 Figure 3.26: Time dierence distribution between C3 crystal and MCP1 for a run at 200 GeV. The Gaussian t is represented by the red line.
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 327 Figure 3.27: Time dierence distribution between the two MCPs as a function of their eective amplitude.

  from where the N and C coecients are estimated.

Figure 3 . 28 :

 328 Figure 3.28: Distribution of the resolution of the two MCPs as a function of their eective amplitude for runs at 160 MHz and 18 • C. The t is represented by the green line.

160

  MHz -18 • C: the timing resolution estimated using an MCP as external reference is shown in Figure 3.29 for the rst MCP and in Figure 3.30 for the second one. The results of the analysis considering the rst MCP as external reference give a constant term C ≈ 26.8 ± 1.0 ps and a noise term N ≈ 10.2 ± 0.3 ns. Considering instead the second MCP, the constant term is C ≈ 26.3 ± 1.0 ps and the noise term is N ≈ 10.3 ± 0.3 ns. The results obtained with the two MCPs are very similar, thus in the following only the results referring to MCP2 are considered since it has a better eciency than MCP1. 160 MHz -9 • C: the timing resolution estimated using MCP2 as external reference is shown in Figure 3.31. The constant term is C ≈ 25.7 ± 1.2 ps and the noise term is N ≈ 13.2 ± 1.2 ns.
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 329 Figure 3.29: Time resolution given by the dierence between a crystal and the rst MCP as a function of the normalized amplitude for 160 MHz and 18 • C. The t is represented by the green line.

Figure 3 . 30 :

 330 Figure 3.30: Time resolution given by the dierence between a crystal and the second MCP as a function of the normalized amplitude for 160 MHz and 18 • C. The t is represented by the green line.
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 331 Figure 3.31: Time resolution given by the dierence between a crystal and the second MCP as a function of the normalized amplitude for 160 MHz and 9 • C. The t is represented by the green line.
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 332 Figure 3.32: Time resolution given by the dierence between a crystal and the second MCP as a function of the normalized amplitude for 160MHz and 18 • /9 • C.
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 41 Figure 4.1: Feynman diagram for the production of the heavy neutrino through W R boson decay.

Figure 4 . 2 :

 42 Figure 4.2: Distributions of number of vertices in data and simulation events after applying the pileup reweighting.

  6000_MNu-3000_TuneCUETP8M1_13TeV-pythia8/RunIISummer16MiniAODv2-PUMoriond17_80X_mcRun2_asymptotic_2016_TrancheIV_v6-v1 1.256e-05 m W R = 3200 GeV in Figure 4.4, and m W R = 4000 GeV in Figure 4.5. The agreement is similar for all the other samples and kinematic variables. The comparison with the ocial 2016 samples is shown in Figure 4.6 for the electron channel at m W R = 1600 GeV. A similar agreement is visible for all the other samples and kinematic variables.

  POWHEG v1.0 [144147]. The more precise NLO calculations are used to normalize the SM simulated samples of diboson, W +jets and single top quark events to NLO accuracy. The NNPDF3.0 PDFs are used for samples generated at NLO.
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 43 Figure 4.3: Comparison of produced signal samples with the ocial 2015 ones for m WR = 2400 GeV for dierent kinematic variables in both electron (on the left) and muon (on the right) channels.
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 44 Figure 4.4: Comparison of produced signal samples with the ocial 2015 ones for m WR = 3200 GeV for dierent kinematic variables in both electron (on the left) and muon (on the right) channels.
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 45 Figure 4.5: Comparison of produced signal samples with the ocial 2015 ones for m WR = 4000 GeV for dierent kinematic variables in both electron (on the left) and muon (on the right) channels.

  (a) Four-object mass (b) Dilepton mass (c) Leading jet pT (d) Subleading lepton pT (e) Leading jet η (f ) z of vertices
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 46 Figure 4.6: Comparison of produced signal samples with the ocial 2016 ones for m WR = 1600 GeV for dierent kinematic variables in the electron channel.
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 47 Figure 4.7: Eciency of electron and muon triggers in simulated W R events with respect to oine selections as a function of W R mass.
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 48 Figure 4.8: Eciency of HLT_Mu50 OR HLT_TkMu50 triggers given oine muons passing high-p T ID requirements as a function of muon p T [86].
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 49 Figure 4.9: Eciency of electrons passing oine ID requirements to match a L1 candidate with E T > 33 GeV as a function of E T [86].

Figure 4 . 10 :

 410 Figure 4.10: Eciency of electrons in the barrel and endcaps passing oine ID requirements to pass the CaloIdL online ID requirement in the HLT_DoubleEle33 triggers as a function of E T [86].

Figure 4 . 11 :

 411 Figure 4.11: The ∆η and ∆φ distances between each cluster and the most energetic cluster are shown for 0 < |η| < 3 with steps of η = 0.25, produced using simulated photons with 10 <p T < 100 GeV.

Figure 4 . 12 :

 412 Figure 4.12: Z → e + e -events in the low-m CR after application of ID, RECO, and DY normalization SFs and energy corrections. The uncertainty bands on the simulated background histograms only include statistical uncertainties. The uncertainty bars in the ratio plots represent the combined statistical uncertainties of data and simulation.

Figure 4 . 13 :

 413 Figure 4.13: Scale bias (in %) of the generalized endpoint method [86] for muons with p T > 200 (100) GeVin the region |η| < 2.1 (> 2.1) in dierent η and φ ranges.
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 414 Figure 4.14: Comparison of muon momentum resolution in data and simulation as a function of muon p T .
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 415 Figure 4.15: Z → µ + µ -Z → µµ events in the low-m CR after application of trigger, ID, isolation, and DY normalization SFs and momentum corrections. The uncertainty bands on the simulated background histograms only include statistical uncertainties. The uncertainty bars in the ratio plots represent the combined statistical uncertainties of data and simulation.
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 416 Figure 4.16: Dilepton mass of leptons at generator level from the W R decay chain for dierent m WR values. The area under each curve is normalized to 1.

Figure 4 . 17 :

 417 Figure 4.17: The m jj distribution in the signal region without the m jj > 600 GeV requirement. The turn on curve is created by the lepton and jet kinematic selections. A few signal points are also plotted for comparison.
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 418 Figure 4.18: Acceptance × eciency for W R → jj events as a function of W R mass, in the hypothesis of m NR = m W R 2 .
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 4419 Figure 4.19: The m jj distribution for data and simulated events in the avour-sideband CR with all SFs applied. The uncertainty bands on the simulated background histograms only include statistical uncertainties. The uncertainty bars in the ratio plots represent the combined statistical uncertainties of data and simulation.
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 4 Search for a heavy right-handed W boson and a heavy neutrino at 13 TeV

Figure 4 .

 4 Figure 4.20: Data/MC comparison for dierent kinematic variables in the avour-sideband CR with all SFs applied. The uncertainty bands on the simulated background histograms only include statistical uncertainties. The uncertainty bars in the ratio plots represent the combined statistical uncertainties of data and simulation.

  mµµjj and meµjj
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 421 Figure 4.21: The m jj distribution for simulated eµjj events in the avour-sideband CR and for eejj (µµjj) events in the signal region on the left (right).

  Ratio of mµµjj and meµjj

Figure 4 .

 4 Figure 4.22: Bin-by-bin ratio of the m jj and m eµjj distributions from t t simulations, where is an electron (left) or a muon (right). The blue horizontal line represents the SF value derived from a constant t to the inclusive distribution. The χ 2 is calculated w.r.t. the blue line.

  Constant t to SF ee/eµ Constant t to SF µµ/eµ First order polynomial t to SF ee/eµ First order polynomial t to SF µµ/eµ (GeV) Second order polynomial t to SF ee/eµ (GeV) Second order polynomial t to SF µµ/eµ

Figure 4 .

 4 Figure 4.23: t t SFs for the electron channel on the left and for the muon channel on the right as a function of m jj tted with dierent functions.

Figure 4 .

 4 Figure 4.24: t t SFs for the electron channel on the left and for the muon channel on the right as a function of m jj tted with dierent functions.
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 425 Figure 4.25: Systematic uncertainty band for the t t SFs (for the electron channel on the leftand for the muon channel on the right) taken from the t with a polynomial of rst order to the bin-by-bin ratio of the m jj and m eµjj distributions from t t simulations.

Figure 4 .

 4 [START_REF] Higgs | Broken Symmetries and the Masses of Gauge Bosons[END_REF] shows the normalized cumulative distributions for electrons and muons in data and MC, and an overlay of the two avour ratios is presented in Figure4.33. The ratios of electrons and muons are thus consistent 4. Search for a heavy right-handed W boson and a heavy neutrino at 13 TeV
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 426 Figure 4.26: The m jj distribution in the signal region for MC estimate from aMC@NLO and MADGRAPH.
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 490 Fitted parameters and their errors for the dierent functions in the electron and = 4.23142 × 10 -1 ± 6.78942 × 10 -3 p 0 = 7.19599 × 10 -1 ± 9.97339 × 10 -3 pol1 p 0 = 4.06674 × 10 -1 ± 1.65238 × 10 -2 p 0 = 6.86513 × 10 -1 ± 2.44170 × 10 -2 p 1 = 1.88077 × 10 -5 ± 1.72050 × 10 -5 p 1 = 3.79428 × 10 -5 ± 2.55590 × 10 -5 pol2 p 0 = 4.23556 × 10 -1 ± 4.75597 × 10 -2 p 0 = 6.73169 × 10 -1 ± 7.01515 × 10 -2 p 1 = -1.02951 × 10 -5 ± 7.87840 × 10 -5 p 1 = 6.09820 × 10 -5 ± 1.16391 × 10 -4 p 2 = 9.32428 × 10 -9 ± 2.46324 × 10 -8 p 2 = -7.39219 × 10 -9 ± 3.64328 × 10 -8 log p 0 = 1.52675 ± 1.03658 × 10 -2 p 0 = 2.05361 ± 2.04814 × 10 -2 exp p 0 = -8.60047 × 10 -1 ± 1.60452 × 10 -2 p 0 = -3.29061 × 10 -1 ± 1.38597 × 10 -2
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 4 and 4.37.Table 4.11: Z → e + e -and Z → µ + µ -scale factors to normalize simulated events to data. channel SF stat. unc.Z → e + e -(aMC@NLO) 1.069 0.008 Z → µ + µ -(aMC@NLO) Search for a heavy right-handed W boson and a heavy neutrino at 13 TeV
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 427 Figure 4.27: The m jj distribution in data and simulated events in the low-m CR with the DY SF applied. The uncertainty bands on the simulated background histograms only include statistical uncertainties. The uncertainty bars in the ratio plots represent combined statistical uncertainties of data and simulation.

  Muons: sum pT of jets

Figure 4 . 28 : 4 .

 4284 Figure 4.28: Kinematic distributions for events in the low-m CR with the DY SF applied, for the electron channel on the left and for the muon channel on the right. The uncertainty bands on the simulated background histograms only include statistical uncertainties. The uncertainty bars in the ratio plots represent combined statistical uncertainties of data and simulation.
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 429 Figure 4.29: The m jj distribution for data and simulated events in the low-m jj CR with all SFs applied. The t t contribution is taken from the data-driven estimate as it is done in the signal region. The uncertainty bands on the simulated background histograms only include statistical uncertainties. The uncertainty bars in the ratio plots represent the combined statistical uncertainties of data and simulation.
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 430431 Figure 4.30: The m jj distributions for electrons and muons and the ratio of electron events over muon events.
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 432433 Figure 4.32: The m jj cumulative distributions for electrons and muons and the ratio of electron events over muon events.
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 434 Figure 4.34: Comparison between data and simulation of dierent kinematic variables for electron events with m jj > 2.5 TeV in the low-m CR.
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 435 Figure 4.35: Comparison between data and simulation of dierent kinematic variables for muon events with m jj > 2.5 TeV in the low-m CR.

  MC m jj > 2500 GeV
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 436 Figure 4.36: 2D distributions of leading muon η vs φ in events with m jj > 2.5 TeV (bottom) and for all m jj (top) in the low-m CR.

  MC m jj > 2500 GeV

Figure 4 . 37 :Figure 4 . 38 :

 437438 Figure 4.37: 2D distributions of subleading muon η vs φ in events with m jj > 2.5 TeV (bottom) and for all m jj (top) in the low-m CR.
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 4 40 for both the electron and the muon channel after the unblinding of the data. All the systematic uncertainties are estimated as a function of m jj and shown in the plot. No signicant deviations are seen in the data with respect to expectation.
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 440 Figure 4.40: The m jj distribution in the signal region. The uncertainty bands on the simulated background histograms only include statistical uncertainties. The uncertainty bars in the ratio plots represent the combined statistical uncertainties of data and simulation. The gray error band around unity represents instead the systematic uncertainty of the simulation.
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 441 Figure 4.41: Expected and observed 95% CL upper limits on the product of σ(pp → W R ) and branching fraction B(W R → jj). The inner (green) band and the outer (yellow) band indicate, respectively, the expected 68% and 95% CL exclusion regions.

Figure 4 .

 4 Figure 4.42: GEN eciencies showing the GEN W R events passing all the signal region selections, including the mass window selection, as a function of m WR and m NR .

  2016 datasets and their distributions are shown in Figure 4.46, where the 2015 estimates have been scaled by the increase in luminosity. In 2015 the expected backgrounds were

Figure 4 . 43 :

 443 Figure 4.43: Upper limit on the cross section for dierent W R and N R mass hypotheses. The expected and observed exclusions are shown as the dotted (blue) curve and the solid (magenta)curve, respectively. The thin dotted (blue) curves indicate the region in the (m WR , m NR ) parameter space that is expected to be excluded at 68% CL in the case that no signal is present in the data.
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 44444514446 Figure 4.44: Ratio of eciencies, used to calculate the 2D limits for the 2015 analysis, obtained with RECO W R events and GEN events as a function of the neutrino mass.
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 447 Figure 4.47: Ratio of 2015 and 2016 expected cross section limits. The 2015 limits have been scaled by square root of luminosity to compare with the 2016 limits and the expected ratio is 1. Limit calculation is done without including systematic uncertainties.
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 4448 Figure 4.48, is between 1/lumi (green line) and 1/ √ lumi (red line). It is equal to 1/lumi when the backgrounds are zero and only the signal eciency matters, while it is 1/ √ lumi

3 Figure 4 . 49 :

 3449 Figure 4.49: Local p-value as a function of m NR for the electron (blue) and the muon (red) channels.

  and 4.52, respectively.

Figure 4 . 50 :

 450 Figure 4.50: Events within the W R mass search windows for the electron channel on the top and for the muon channel on the bottom.
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 451 Figure 4.51: Event display for run 282800, lumisection 174, event 315780535 with m µµjj = 5815.35 GeV.

Figure 4 . 52 :

 452 Figure 4.52: Event display for run 276811, lumisection 25, event 41218301 with m µµjj = 7074.14 GeV.
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 515253 Figure 5.1: Observed and expected event yields as a function of M min 2 OS and M T for events with at least two electrons (top), and with at least two muons (bottom) in the trilepton channel. The contribution of each background source is shown. The rst 8 bins of eachgure correspond to the low-mass region, while the rest displays the high-mass region.[START_REF] Albert M Sirunyan | Search for heavy neutral leptons in events with three charged leptons in proton-proton collisions at √ s = 13 TeV[END_REF] 
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 54 Figure 5.4: Observed and expected upper limits at 95% CL on mixing parameter between HNL and electron (top) or muon (bottom) as a function of the HNL mass in the SS dilepton channel. The dashed black curve is the expected upper limit, with one and two standarddeviation bands shown in dark green and light yellow, respectively. The solid black curve is the observed upper limit. The upper limits from other direct searches in DELPHI, L3, and ATLAS, the upper limits from the CMS 2012 data at √ s = 8 TeV, and the trilepton analysisbased on the same 2016 data set used in this analysis are also shown.[START_REF]Search for heavy Majorana neutrinos in the same-sign dilepton channel in protonproton collisions at sqrt(s) = 13 TeV[END_REF] 
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 5556 Figure 5.5: Top: Observed and expected upper limits at 95% CL on the cross section times branching fraction for production of a W R decaying to N τ as a function of the W R mass. The observed limits are shown as solid black lines, while expected limits and their one-(two-) standard deviation limits are shown by dashed lines with green (yellow) bands. The theoretical cross sections are indicated by the solid blue lines. Bottom: Expected and observed limits at 95% CL as a function of m WR and m Nτ /m WR .[START_REF]Search for heavy neutrinos and third-generation leptoquarks in nal states with two hadronically decaying τ leptons and two jets in proton-proton collisions at √ s[END_REF] 
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 57 Figure 5.7: Constraints on the mixing angle between a HNL and a muon as a function ofthe HNL mass given by future experiments projections and theoretical models.[START_REF] Blondel | Search for Heavy Right Handed Neutrinos at the FCC-ee[END_REF] 
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 58 Figure 5.8: Layout of the SHiP detector.

10 )

 10 GeV and couplings down to 10 -10 , including Heavy Neutral Leptons (righthanded partners of the active neutrinos), vector, scalar, and axion portals to the Hidden Sector, and light supersymmetric particles like sgoldstinos, superpartners of the goldstino.
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 510 Figure 5.10: Sensitivity estimates in the branching ratio versus decay length plane for FASER, MATHUSLA, and CODEX-b for neutrinos from D-meson (B-mesons) decays on the left (right).

Figure 5 . 11 :

 511 Figure 5.11: Sensitivity estimates in the branching ratio versus decay length plane for FASER, MATHUSLA, and CODEX-b for neutrinos from W (Z) boson production on the left (right).

Figure 5 . 12 :

 512 Figure 5.12: Sensitivity estimates in the branching ratio versus decay length plane for FASER, MATHUSLA, and CODEX-b for neutrinos from H boson production: for m N = 1 GeV on the left and for m N = 10 GeV on the right.
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 513 Figure 5.13: Sensitivity estimates in the mixing angle |V αN | 2 versus neutrino mass m N for the dierent variants of FASER on the left, and for FASER, MATHUSLA, CODEX-b, SHiP, NA62 and LBNE on the right.
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 514515 Figure 5.14: Production cross section of the heavy composite Majorana neutrino for gauge and contact interaction at Λ = 12 TeV for pp collisions at√ s = 14 TeV.[START_REF]Search for heavy composite Majorana neutrinos at the High-Luminosity LHC[END_REF] 
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 516517 Figure 5.16: The expected 95% CL upper limits (dashed black line) on σ(pp → N )×B(N → qq), for the eeqq (top) and the µµqq (bottom) nal states, as a function of the mass of the heavy composite Majorana neutrino. The green and yellow bands represent the expected variation of the limit to one and two standard deviation(s), respectively. The solid blue curve indicates the theoretical prediction of Λ = M N . The textured curves give the theoretical predictions for seven Λ values ranging from 6 to 40TeV.[START_REF]Search for heavy composite Majorana neutrinos at the High-Luminosity LHC[END_REF] 

  It has specialized scenarios with large signal rate for leptoquarks, heavy neutrinos, and W R from LR symmetry but the corresponding hh program has greater reach. FCC-hh and -eh are sensitive to the high-mass regime with direct tests of lepton-avor violation (LFV) and lepton-number violation (LNV), useful to shed light on the number of heavy neutrino generations and their masses, and with indirect tests via measurements of the Higgs potential.

, 5. 22 , and 5 .

 225 [START_REF] Aaij | Observation of J/ψp Resonances Consistent with Pentaquark States in Λ 0 b → J/ψKp Decays[END_REF] for FCC-ee, FCC-hh, and FCC-eh respectively[START_REF] Antusch | Sterile neutrino searches at future ee + , pp, and ep colliders[END_REF].

Figure 5 . 18 :

 518 Figure 5.18: Representation of dierent heavy neutrino production and decay channels at leading order, including the dependency of the active-sterile mixing parameters, with the possible nal states for direct sterile neutrino searches at the FCC colliders.

Figure 5 . 19 :

 519 Figure 5.19: Luminosity as a function of mass for dierent experiments.

Figure 5 . 20 :

 520 Figure 5.20: Projections on the mixing angle between one HNL and a lepton as a function of the HNL mass for dierent lifetimes.

  is a proposed linear electron-positron collider that can initially achieve center-of-mass energies of 200 -500 GeV, with a later upgrade to ≈ 1 TeV. Heavy neutrinos can be searched in a m N < 30 GeV region, where the dominant decay mode of the Majorana neutrino is N → γ + ν[START_REF] Yue | Majorana neutrino signals at Belle-II and ILC[END_REF], whose Feynman diagrams are shown in Figure5.24. The cross section of this process at ILC increases with the increase of m N and with the increase of center-of-mass energy, as shown in Figure5.25, since the contribution from the third production diagram of Figure5.24 is greatly enhanced by a large center-ofmass energy.The integrated luminosities necessary to observe the Majorana neutrinos at 3σ and 5σ with √ s = 350 GeV and √ s = 500 GeV at ILC are shown in Figure5.26 as a function of m N .
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 521 Figure 5.21: Projections on the mixing angle between one HNL and a lepton as a functionof the HNL mass for FCC-ee[START_REF] Antusch | Sterile neutrino searches at future ee + , pp, and ep colliders[END_REF].

Figure 5 . 22 :

 522 Figure 5.22: Projections on the mixing angle between one HNL and a lepton as a function of the HNL mass for FCC-hh and HL-LHC [197].

Figure 5 . 23 :

 523 Figure 5.23: Projections on the mixing angle between one HNL and a lepton as a function of the HNL mass for FCC-eh [197].

Figure 5 . 24 :

 524 Figure 5.24: Feynman diagrams for the e + e -→ νN process [200].

Figure 5 . 25 :

 525 Figure 5.25: Cross sections of e + e -→ νN as a function of m N at ILC [200].

Figure 5 . 26 :

 526 Figure 5.26: Integrated luminosity necessary for observing the Majorana neutrino at the 3σ (dashed line) and 5σ (solid line) levels at ILC with √ s = 350 GeV (red) and √ s = 500 GeV

Figure 5 . 27 :

 527 Figure5.27: Total production cross section of the e + e -→ νl N l process at the ILC with √ s = 500 GeV (solid line) and 1 TeV (dashed line)[START_REF] Yue | Majorana neutrino signals at Belle-II and ILC[END_REF].

Figure 5 . 28 :

 528 Figure5.28: Production cross section of the e + e -→ nu l N l process, followed by the decays N → lW (l = e, µ, τ ) and W → q q , as a function of the heavy neutrino mass at √ s = 500 GeV on the left and at 1 TeV on the right[START_REF] Yue | Majorana neutrino signals at Belle-II and ILC[END_REF].

Figure 5 . 29 :

 529 Figure 5.29: Sensitivities of the FCC-ee (blue line), FCC-hh (red line), and FCC-eh (brown line) colliders, including the HL-LHC (dark-red line) and the LHeC (yellow line) [197]. The solid and dashed horizontal blue line denotes the sensitivity to |θ e | 2 + |θ µ | 2 and |θ τ | 2 , respectively.

  Figure A.1: Comparison between the data and the MADGRAPH and aMC@NLO DY MC samples in the low-m CR.

Figure A. 2 :

 2 Figure A.2: Reweighted HT distributions for MADGRAPH in the low-m CR.

  Figure A.3: Comparison between the data and the DY MADGRAPH samples before and after reweighting in the low-m CR.

Figure C. 1 :

 1 Figure C.1: Mass window edges optimized for Punzi signal signicance. Windows are smoothed out by tting a third degree polynomial.

Figure C. 2 :

 2 Figure C.2: Mass window edges optimized for Punzi signal signicance using an analytical approximation of the background estimate. The green curve corresponds to the exponential t while the black curve uses a combined electron/muon MC estimate.

Figure C. 3 :

 3 Figure C.3: Expected limit on σ(pp → W R ) × BR(W R → jj) with systematic uncertainties obtained for the Punzi signicance optimization.
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Table 1 .

 1 1: Mass and charge of leptons and quarks.

	Fermions	Quarks			Leptons
	1 st generation	up (u)	down (d)	electron (e)	electron neutrino (ν e )
	2 nd generation	m=2.2 charm (c) +0.6 -0.4 MeV	m=4.7 +0.5 -0.4 MeV strange (s)	m=0.511 MeV muon(µ)	m<2 eV muon neutrino(ν µ )
	3 rd generation	m=1.27 ± 0.03 GeV top (t)	m=96 +8 -4 GeV bottom (b)	m=105.7 MeV tau (τ )	m<2 eV tau neutrino (ν τ )
		m=173.21 ± 0.51 ± 0.71 GeV m=4.18 +0.04 -0.03 GeV	m=1777 MeV	m<2 eV
	charge	+2/3	-1/3	-1	0

Table 2 .

 2 2: LHC design, current and upgrade parameters.

		Design	Current state	Upgrade
	E beam [TeV]	7	6.5	7
	L inst [cm -2 s -1 ]	10 34	(1.01.4) ×10 34	5 × 10 34
	L int [fb -1 ] 10 years operation	300	300500 (≈ 50/year) 3000 (≈ 250/year)
	β * [cm]	50	3040	15
	PU	20	4060	140200

  3 cm and 10.2 cm, respectively, extending in |z| < 26.5 cm. The layers

	are composed of modular detector units (called modules ) placed on carbon ber supports
	(called ladders ). Each ladder includes eight modules, consisting of thin (285 µm) segmented
	silicon sensors with highly integrated readout chips (ROC) connected by Indium bump-
	bonds. Each ROC serves a 52 × 80 array of pixels. The total area covered with pixels is

Table 3 .

 3 1: Timing resolution results for 160 MHz and 18 • /9 • C.

  The results are summarized in Table3.1 and in Figure3.32. The t parameters are similar for 18 • C and 9 • C at 160 MHz, as expected.During the 2016 campaign, which used a TIA prototype with discrete components, a 5 GHz digitizer, and a simulated sampling rate of 160 MHz, the asymptotic timing resolution was estimated at ≈ 18 ps, as shown in Figure3.8. In 2016, the same clock (on the digitizer) was used for the VFE and the MCP, while now a dierent clock is used for the VFE and the MCP. The MCP still uses the digitizer, while for the VFE the clock arrives at the ADC passing through an FPGA which typically introduces jitters of ≈ 15 ps. The timing resolution obtained in 2018 is then given by the dierence in quadrature between the value calculated and the jitter:

		18 • C		9 • C
		MCP1	MCP2	MCP1	MCP2
	160 MHz C (ps) 26.8 ± 1.0 26.3 ± 1.0 25.9 ± 1.2 25.7 ± 1.2
	N (ns)	10.2 ± 0.3 10.3 ± 0.3 12.7 ± 1.2 13.2 ± 1.2

Table 3 .

 3 2: Maximum amplitude values (in ADC counts) for C3 crystal for 160/120 MHz and 18 • /9 • C. 25 GeV 50 GeV 100 GeV 150 GeV 200 GeV 250 GeV 160 MHz -18 • C

		765	1565	3135	4725	6265	7685
	160 MHz -9 • C	-	1835	3725	5605	7415	9165
	120 MHz -18 • C	775	1565	3185	4745	6285	-
	120 MHz -9 • C	935	1885	3895	5725	7555	

-

Table 3 .

 3 3: Values of σ (in ps) of time dierence between C3 crystal and MCP1 for 160MHz and 18 • /9 • C. 25 GeV 50 GeV 100 GeV 150 GeV 200 GeV 250 GeV 160 MHz -18 • C

		71.3	51.8	43.8	41.9	41.3	40.5
	160 MHz -9 • C	-	49.4	43.3	41.8	40.6	38.3

Table 3 .

 3 4: Values of σ (in ps) of time dierence between C3 crystal and MCP2 for 160 MHz and 18 • /9 • C. 25 GeV 50 GeV 100 GeV 150 GeV 200 GeV 250 GeV 160 MHz -18 • C

		71.3	52.1	43.9	41.2	40.4	39.6
	160 MHz -9 • C	-	48.9	43.4	41.3	40.7	40.3

Table 4 .

 4 1: Datasets used in this analysis.

	eejj channel	µµjj channel
	DoubleEG/Run2016B-03Feb2017_ver2-v2	SingleMuon/Run2016B-03Feb2017_ver2-v2
	DoubleEG/Run2016C-03Feb2017-v1	SingleMuon/Run2016C-03Feb2017-v1
	DoubleEG/Run2016D-03Feb2017-v1	SingleMuon/Run2016D-03Feb2017-v1
	DoubleEG/Run2016E-03Feb2017-v1	SingleMuon/Run2016E-03Feb2017-v1
	DoubleEG/Run2016F-03Feb2017-v1	SingleMuon/Run2016F-03Feb2017-v1
	DoubleEG/Run2016G-03Feb2017-v1	SingleMuon/Run2016G-03Feb2017-v1
	DoubleEG/Run2016H-03Feb2017_ver2-v1	SingleMuon/Run2016H-03Feb2017_ver2-v1
	DoubleEG/Run2016H-03Feb2017_ver3-v1	SingleMuon/Run2016H-03Feb2017_ver3-v1
	by the CMS data quality assurance team 1 for a total integrated luminosity of L = 35.9

fb -1 . The data datasets used are shown in Table

4

.1.

Table 4 .

 4 3: Datasets, generators, order of generation, cross sections, and number of events for background samples.

	Sample	Dataset	Generator	Order	σ (pb)	Events
	DY+jets	DYJetsToLL_Pt-50To100_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8	aMC@NLO NLO 3.467e+02 130582589
		DYJetsToLL_Pt-100To250_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8	aMC@NLO NLO 8.13e+01	
		DYJetsToLL_Pt-250To400_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8	aMC@NLO NLO 2.98e+00	
		DYJetsToLL_Pt-450To600_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8	aMC@NLO NLO 3.837e-01	1625936
		DYJetsToLL_Pt-600ToInf_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8	aMC@NLO NLO 3.558e-02	1627882
	t t	TTJets_Dilept_TuneCUETP8M2T4_13TeV-amcatnloFXFX-pythia8	aMC@NLO NLO 7.795e+01	
	W +jets	WJetsToLNu_TuneCUETP8M1_13TeV-madgraphMLM-pythia8	aMC@NLO NLO 6.153e+04	
	Diboson	WZ_TuneCUETP8M1_13TeV-pythia8	PYTHIA 8 NLO 4.713e+01 2995828
		ZZ_TuneCUETP8M1_13TeV-pythia8	PYTHIA 8 NLO 1.652e+01	998034
		WW_TuneCUETP8M1_13TeV-pythia8	PYTHIA 8 NLO 1.187e+02 6987124
	Single Top	ST_tWll_5f_LO_13TeV-MadGraph-pythia8	POWHEG NLO 1.104e-02	50000
		ST_tWnunu_5f_LO_13TeV-MadGraph-pythia8	POWHEG NLO 2.112e-02	100000
		ST_tW_top_5f_inclusiveDecays_13TeV-powheg-pythia8_TuneCUETP8M1	POWHEG NLO 3.809e+01 6952830
		ST_tW_antitop_5f_inclusiveDecays_13TeV-powheg-pythia8_TuneCUETP8M1	POWHEG NLO 3.806e+01 6933094
	QCD	QCD_Pt-20to30_EMEnriched_TuneCUETP8M1_13TeV_pythia8	PYTHIA	LO	5.520e+06	9218954
		QCD_Pt-30to50_EMEnriched_TuneCUETP8M1_13TeV_pythia8	PYTHIA	LO	6.967e+06	
		QCD_Pt-50to80_EMEnriched_TuneCUETP8M1_13TeV_pythia8	PYTHIA	LO	2.156e+06	
		QCD_Pt-80to120_EMEnriched_TuneCUETP8M1_13TeV_pythia8	PYTHIA	LO	4.174e+05	
		QCD_Pt-120to170_EMEnriched_TuneCUETP8M1_13TeV_pythia8	PYTHIA	LO	7.604e+04	
		QCD_Pt-170to300_EMEnriched_TuneCUETP8M1_13TeV_pythia8	PYTHIA	LO	1.878e+04	
		QCD_Pt-300toInf_EMEnriched_TuneCUETP8M1_13TeV_pythia8	PYTHIA	LO	1.215e+03	7373633
		QCD_Pt_15to20_bcToE_TuneCUETP8M1_13TeV_pythia8	PYTHIA	LO	2.598e+05	2685602
		QCD_Pt_20to30_bcToE_TuneCUETP8M1_13TeV_pythia8	PYTHIA	LO	3.754e+05	
		QCD_Pt_30to80_bcToE_TuneCUETP8M1_13TeV_pythia8	PYTHIA	LO	4.114e+05	
		QCD_Pt_80to170_bcToE_TuneCUETP8M1_13TeV_pythia8	PYTHIA	LO	4.103e+04	
		QCD_Pt_170to250_bcToE_TuneCUETP8M1_13TeV_pythia8	PYTHIA	LO	2.586e+03	9720760
		QCD_Pt_250toInf_bcToE_TuneCUETP8M1_13TeV_pythia8	PYTHIA	LO	7.148e+02	9773617
		QCD_Pt-20toInf_MuEnrichedPt15_TuneCUETP8M1_13TeV_pythia8	PYTHIA	LO	2.688e+05	

electron channel: two separate double-electron triggers, unprescaled for the data taking period in which they are used, with a minimum p T requirement of 33 GeV applied on each electron, are used for the W R search in the eejj channel:

• HLT_DoubleEle33_CaloIdL_MW, used for runs excluding 276453 -278822,

• HLT_DoubleEle33_CaloIdL_GsfTrkIdVL, used for runs 276453 -278822 (inclusive); avour-sideband: HLT_Mu50 OR HLT_TkMu50 are used to estimate t t in the eµjj channel;

Table 4 . 4 . 5 Table 4 .

 4454 4: Summary of the HEEP v7.0 ID requirements.

	Variable	Barrel	Endcap
	E T	> 35 GeV	> 35 GeV
	SC position	|η| < 1.4442	1.566 < |η| < 2.5
	isEcalDriven	true	true
	|∆η seed in |	< 0.004	< 0.006
	|∆φ in |	< 0.06	< 0.06
	H/E	< 1/E + 0.05	< 5/E + 0.05
	full 5x5 σ iηiη	n/a	< 0.03
	full 5x5 E 2x5 /E 5x5	> 0.94 OR E 1x5 /E 5x5 > 0.83	n/a
	EM + Had Depth Isolation	< 2 + 0.03 * E T + 0.28 * ρ	< 2.5 + 0.28 * ρ < 2.5 + 0.03 * (E T -50) + 0.28 * ρ otherwise if E T < 50
	Track Isolation: track p T	< 5 GeV	< 5 GeV
	Inner Layer Lost Hits	≤ 1	≤ 1
	|dxy|	< 0.02	< 0.05

Table 4 .

 4 5: Electron identication eciency and SF for barrel and endcaps[START_REF] Albert M Sirunyan | Search for high-mass resonances in dilepton nal states in proton-proton collisions at √ s = 13 TeV[END_REF].

		Barrel	Endcap
	E. data	86.13% ± 0.01%(stat.)	83.38% ± 0.03%(stat.)
	E. simulation	88.65% ± 0.03%(stat.)	84.85% ± 0.09%(stat.)
	ID SF		

Table 4 .

 4 with dierent p T thresholds on nal state particles in the muon channel analysis for m WR = 2.2 TeV and m NR = 1.1 TeV. Background rejection is improved requiring higher p T nal state particles with almost no impact to W R signals with m WR > 2 TeV. The values used in this search are highlighted in bold.

	7: Signal/ √ B) Final state particle Background ratio (S/ √ p T threshold (GeV) S/	√	B
	Leading muon	53 60	17.3 17.4
		40	17.1
	Subleading muon	50	17.4
		53	17.7
	Leading jet	30 40	15.4 17.4

• m jj > 600 GeV, to ensure full eciency of all kinematic requirements. avour-sideband: CR used to estimate the t t contribution • same as signal region jj but requiring one electron and one muon instead of two same-avor leptons. low-m CR: CR used to check the agreement between data and simulation on the DY+jets contribution • same as signal region jj;

Table 4 .

 4 8: The functional approximation of the measured fake rate for HEEP electrons in the barrel and endcap as a function of E T [86]. ≤ E T < 152.2 0.0185 -8.84 × 10 -5 × E T 152.2 ≤ E T < 408.1 0.00505 -6.51 × 10 -8 × E T E T > 408.1 0.00181 + 7.88 × 10 -6 × E T 35 ≤ E T < 78.5 0.0955 -0.000719 × E T endcap |η| < 2.0 78.5 ≤ E T < 226.8 0.0394 -4.06 × 10 -6 × E T 226.8 ≤ E T < 345.4 0.0229 + 6.86 × 10 -6 × E T

	region	E T range (GeV)	functional form
		35 ≤ E T < 61.9	0.0628 -0.000803 × E T
	barrel	61.9 E T > 345.4	0.0466
		35 ≤ E T < 57.3	0.100 -0.000789 × E T
	endcap |η| > 2.0	E T ≥ 57.3	0.0513 + 6.29 × 10 -5 × E T

Table 4 .

 4 10: SF applied to the number of events in the avour-sideband CR to estimate the number of t t events in the eejj and µµjj signal regions.

	channel	SF	stat. uncertainty	syst. uncertainty
	eµjj → eejj 0.423	0.010	0.071
	eµjj → µµjj 0.720	0.015	0.144

in data and MC with a at distribution as a function of m jj .

  The counted number of events for a W R mass hypothesis of 2 TeV is shown for the signal sample after running 5000 pseudo-experiments.

	Pseudo-experiments	2 10
		10
		1
		77.6 77.7 77.8 77.9 78 78.1 78.2 78.3 78.4
		Events
	Figure 4.39:	

Table 4 .

 4 13: Eect of systematic uncertainties in candidate reconstruction eciencies, energy scale and resolutions on the signal and background yields. The Signal column shows the range of uncertainties computed at each of the W R mass points. The Background column indicates the range of the uncertainties for the backgrounds.

	Uncertainty	Signal (%)	Background (%)
	Jet energy resolution	3.226	0.9025
	Jet energy scale	0.2029	4.827
	Electron energy resolution	3.74.8	2.74.5
	Electron energy scale	3.76.4	4.95.9
	Electron reco/trigger/ID	8.711	6.110
	Muon energy resolution	4.710	6.912
	Muon energy scale	4.710	6.212
	Muon trigger/ID/iso	2.34.7	1.95.2
	for the t t background. The eects of these uncertainties on the signal and background
	yields are listed in Table 4.13.		

Table 4 .

 4 14: Values for uncertainties in t t, DY+jets and luminosity. The uncertainties in the t t SFs aect the t t background, the uncertainties in the DY PDF and the DY factorization and renormalization scales aect the DY+jets background, and the uncertainty in the integrated luminosity aects both signal and backgrounds. In the table it is indicated if the uncertainty is statistical only or includes systematics.

	Uncertainty source	Magnitude (%)
	t t extrapolation ee/eµ SF	17 (stat+syst)
	t t extrapolation µµ/eµ SF	20 (stat+syst)
	DY ee PDF	1570 (syst)
	DY ee renormalization/factorization	5.040 (syst)
	DY µµ PDF	1070 (syst)
	DY µµ renormalization/factorization	1050 (syst)
	Integrated luminosity	2.5 (stat+syst)

Table 4 .

 4 [START_REF] Schael | Measurement of the W boson mass and width in e + ecollisions at LEP[END_REF]: Systematic uncertainties for signal and background in the electron channel for m WR = 2200 GeV.

	Uncertainty	Signal (%)	Background (%)
	Jet energy resolution	3.29	6.34
	Jet energy scale	0.66	25.57
	Electron energy resolution	4.39	4.32
	Electron energy scale	4.1	5.4
	Electron reco/trigger/ID	9.38	6.62
	t t extrapolation SF	-	17
	DY PDF	-	15.6
	DY renormalization/factorization	-	7.0
	Integrated luminosity	2.5	2.5

Table 4 .

 4 17: Systematic uncertainties for signal and background in the muon channel for m WR = 2200 GeV.

	Uncertainty	Signal (%)	Background (%)
	Jet energy resolution	3.29	1.42
	Jet energy scale	0.66	26.24
	Muon energy resolution	5.16	9.27
	Muon energy scale	5.27	7.17
	Muon trigger/ID/iso	2.71	4.27
	t t extrapolation SF	-	20
	DY PDF	-	11.5
	DY renormalization/factorization	-	10.5
	Integrated luminosity	2.5	2.5

Table 4 .

 4 18: Number of observed and expected signal (m WR = 4 TeV, m NR = 2 TeV) and background events for the m jj bins in the electron channel.

	Low limit (GeV)	High limit (GeV)	Observed	Signal (m W R = 4 TeV) Background
	150	300	6	0	1.4354
	300	450	1065	0	1176.18
	450	600	2133	0.0005	2260.54
	600	750	1457	0.0006	1533.40
	750	900	880	0.0041	903.046
	900	1050	505	0.0054	507.341
	1050	1200	274	0.0119	280.500
	1200	1350	150	0.0185	176.482
	1350	1500	93	0.0327	97.3851
	1500	1650	55	0.0418	59.7550
	1650	1800	37	0.0575	35.0059
	1800	1950	26	0.0757	29.9317
	1950	2100	20	0.0963	15.4457
	2100	2250	16	0.1327	12.7367
	2250	2400	7	0.1697	9.18297
	2400	2550	7	0.2036	4.16667
	2550	2700	2	0.2820	3.55631
	2700	2850	4	0.3512	3.93591
	2850	3000	0	0.4294	1.77754
	3000	3150	3	0.5245	1.28185
	3150	3300	1	0.7217	0.406534
	3300	3450	1	0.9671	0.255177
	3450	3600	0	1.3401	0.553389
	3600	3750	0	1.7434	0.067561
	3750	3900	1	2.3745	0.146848
	3900	4150	0	3.3222	0.247999
	4150	7000	1	0.9557	0.149646

Table 4 .

 4 19: Number of observed and expected signal and background events for dierent W R mass search windows in the electron channel.

	W R window mass point (GeV) Low limit (GeV) High limit (GeV) Observed Signal Background
	3000	2720	4180	10	71.5	8.46
	3200	2910	4520	7	45.7	4.01
	3400	3080	4850	7	30.4	2.81
	3600	3250	5170	3	19.2	1.60
	3800	3410	5480	2	12.9	1.38
	4000	3560	5770	2	8.9	0.72

Table 5 . 1 :

 51 Final states for dierent hidden particles.

	Particles

Table 5 .

 5 2: Expected background sources in SHIP.

	Background source	Statistical factor	Expected background
	ν (p > 10.0 GeV/c)	35.	< 0.07
	ν (4.0 GeV/c < p < 10.0 GeV/c)	∼ 1	0 (MC)
	ν (2.0 GeV/c < p < 4.0 GeV/c)	0.07	0 (MC)
	µ DIS HS	∼ 1	0 (MC)
	µ DIS wall	0.001	0 (MC)
	µ Combinatorial	10 4	< 0.1
	µ Cosmics (p < 100 GeV/c)	0.2	0 (MC)
	µ Cosmics (p > 100 GeV/c)	800.	< 0.1
	µ Cosmics DIS (p > 100 GeV/c)	10 3	< 0.1
	µ Cosmics DIS (10 GeV/c < p < 100 GeV/c)	∼ 1	0 (MC)

Table B .

 B 1: Event counts in each of the m jj mass windows for the DY+jets aMC@NLO sample in the electron channel. The raw number of events is presented, as well as the actual event rate with the corresponding statistical uncertainty.W R mass (GeV) Raw events Actual rate Stat. uncertainty

	1000	64950	1174.46	21.84
	1200	66022	1177.74	21.85
	1400	64091	1064.72	20.02
	1600	53570	649.28	14.48
	1800	39362	362.31	9.87
	2000	24835	170.34	6.16
	2200	18060	96.90	4.37
	2600	9274	32.44	2.27
	2800	6507	16.83	1.67
	3000	4022	9.74	1.20
	3200	2752	5.80	0.97
	3400	2036	3.37	0.76
	3600	1409	1.99	0.50
	3800	1062	1.67	0.37
	4200	610	1.00	0.28
	4400	508	1.00	0.26
	4800	366	0.75	0.20
	5000	328	0.71	0.20
	5200	301	0.68	0.20
	5600	369	0.72	0.20
	5800	415	0.89	0.23
	6000	520	0.98	0.26

Table B .

 B 2: Event counts in each of the m jj mass windows for the DY+jets aMC@NLO sample in the muon channel. The raw number of events is presented, as well as the actual event rate with the corresponding statistical uncertainty.

	W R mass (GeV) Raw events Actual rate Stat. uncertainty Mlljj [GeV]
	86117	1847.98	29.22
	93587	1888.07	29.35
	96836	1898.21	29.37
	97992	1886.68	29.16
	86592	1360.19	22.93
	72349	904.85	17.33
	46231	433.29	10.76
	32084	250.71	7.50
	21623	124.72	4.86
	16085	72.77	3.72
	10590	38.70	2.53
	6756	19.08	1.69
	4662	11.16	1.31
	2921	6.42	0.91
	1992	4.39	0.76
	1383	2.91	0.66
	1058	2.04	0.57
	810	1.37	0.43
	623	0.89	0.40
	508	0.77	0.25
	438	0.50	0.22
	405	0.48	0.22
	405	0.48	0.22
	439	0.50	0.22
	510	0.77	0.25
	626	0.91	0.40

Theory overview and previous studies (a) Electrons (b) Muons

Theory overview and previous studies

The Compact Muon Solenoid Experiment at LHC

Upgrade studies of ECAL

Search for a heavy right-handed W boson and a heavy neutrino at 13 TeV

-10 4 -10 3 -10 2 -10

Search for a heavy right-handed W boson and a heavy neutrino at 13 TeV Events / bin 6 -10 5 -10 4 -10 3 -10 2 -10

-10 5 -10 4 -10 3 -10 2 -10

Compact detector for Exotics at LHCb[START_REF] Gligorov | Searching for Long-lived Particles: A Compact Detector for Exotics at LHCb[END_REF], proposed detector for LLPs installed near the LHCb experiment and consisting of a cubic box with approximate dimensions of 10 × 10 × 10 m 3 .

Long-Baseline Neutrino Experiment, near detector of the future DUNE experiment[START_REF] Adams | The Long-Baseline Neutrino Experiment: Exploring Fundamental Symmetries of the Universe[END_REF].

Conclusions
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Appendix C Punzi mass range optimization Bibliography

• PDF, factorization and renormalization factors.

Two PDF sets, dierent for signal and DY+jets as described in Section 4.3, were used in simulated events to model the distribution of momenta amongst gluons, quarks, and their anti-quarks in the interacting protons. The coupling α QCD was calculated at a renormalization energy scale µ R in each simulated pp interaction, and a factorization energy scale µ F was used to divide the QCD processes into two regions: a perturbative one, if the exchange momentum is Q 2 ≥ µ 2 F , and a not perturbative one, if the exchange momentum is Q 2 µ 2 F .

To estimate the uncertainties on signal and DY+jets background coming from the choice of the PDF set used for the generation and the renormalization and factorization scales, each event was simulated dierent times varying the PDF or the renormalization and factorization scale weight. The relative yield variations after the re-weighting of the simulated samples events, implemented as a function of m jj following the PDF4LHC prescription [167], were taken as systematic uncertainties.

They aect both shape and normalization of m jj .

• Luminosity.

The uncertainty on the integrated luminosity, estimated from data and ocially provided [START_REF]CMS Luminosity Measurements for the 2016 Data Taking Period[END_REF], aects only the normalization of m jj .

In order to propagate the uncertainties in candidate reconstruction, aecting the shape of the m jj distribution, a large number of pseudo-experiments was performed for each background process, varying all the uncertainty sources at the same time in an uncorrelated way, each of them according to a Gaussian distribution with mean equal to the nominal value of the single source and width equal to the uncertainty of the single source. For example, for the uncertainty related to the electron ID SF, the pseudo-experiments are sampled with Gaussian distributions where the mean is equal to 0.972 (0.983) and the width is equal to 0.006 (0.007) for electrons in the barrel (endcap). The variations were done before the event selection, so each pseudo-experiment was processed using the full analysis chain. The expected number of events for signal and background in a mass window was evaluated for each pseudo-experiment and its distribution drawn as shown in -0.17 ± 0.04 1 0.300 ± 0.002 ± 0.027 0.17 

Conclusions

The work presented in this thesis was carried out within the CMS experiment, focusing mainly on the search for heavy neutrinos through the decay of a right-handed W boson into two leptons and two jets, described in Chapter 4, and on upgrade studies of the CMS electromagnetic calorimeter for the High-Luminosity LHC, presented in Chapter 3.

The CMS electromagnetic calorimeter (ECAL) is crucial for many physics analyses thanks to its precise measurement of electrons and photons energies. An upgrade of the detector will be needed to maintain the same excellent performance achieved in LHC Run 2 also during the High-Luminosity LHC, in an environment with unprecedented levels of pileup (interactions overlapping in the same bunch crossing) and radiation. In particular, the current electronics of the ECAL barrel will be replaced. The new Very-Front-End boards will have a shorter pulse shaping of 20 ns, a faster sampling rate of 160 MHz, and 12-bit ADCs with two gains, while the new Front-End boards will have radiation hard optical links (lpGBT).

To study the performance of the new ECAL barrel electronics, test beam campaigns were carried out along the last years. The data analysis of the June 2018 test beam, which tested the new CATIA chip with a commercial ADC operated at 160 and 120 MHz both at 18 • C and 9 • C, is presented, focusing on the time resolution of the crystals calculated with respect to an external reference (a Micro Channel Plate detector). For an ADC operated at 160 MHz and a temperature of 18 • C or 9 • C, the timing resolution at high energies is foreseen to reach ≈ 21 ps. This result is compatible, within the uncertainties, with the one obtained in the 2016 test beam campaign, and it will allow to achieve an eective reconstruction of the primary vertex of the Higgs boson decay in two photons in a high-pileup environment. that the m jj distribution is still not well modeled by the MADGRAPH generator in this region of phase space. By reweighting the MC, the over-estimation previously seen in m jj > 1000 GeV is now become an under-estimation slightly below 2000 GeV. The choice of using the aMC@NLO generator is thus well motivated.

Statistics of DY aMC@NLO sample

It was seen that the DY+jets MC samples were limited by the low statistics at high m jj masses. This problem is more evident in the aMC@NLO sample because of the negative generator weights. The statistical errors for weighted events are calculated as Σw 2

i , where w i is the weight of event i and the sum runs over all events in a m jj window, leading to a worse uncertainty than the one expected from a simple Poisson distribution. The rates for the dierent mass windows are presented in Table B.1 for the electron channel and in Table B.2 for the muon channel.

Appendix C

Punzi mass range optimization

The Punzi signicance, which provides an estimate for a signal signicance alternative to the one used in this analysis, is described in [START_REF] Punzi | Sensitivity of searches for new signals and its optimization[END_REF]. It performs better when there are low background yields and it is independent of signal cross section, being independent of a-priori expectations about the presence of a signal. As described in the reference, assuming that the Poisson distribution of observed events is approximated by a Gaussian distribution, and that the eciency of the selections on the signal is independent of the cross section of the process, the optimal set of selections (t) can be optimized by maximizing sig = (t) a/2 + B(t) ,

where a is the expected number of sigmas corresponding to the one-sided Gaussian tests with signicance level α, (t) is the signal eciency as a function of the selections, and B(t) is the number of expected background events as a function of the selections.

In the case of nding the optimal mass ranges to calculate the cross section limits of the W R signal, the signal eciency and background number of events are functions of the window sizes. of the Punzi signicance rather than a statistical eect caused by the lack of events in the high m jj region. This can be interpreted as that, when the background estimate is low enough, the optimal upper window should be as large as possible as to include as much signal since the background contribution is negligible.

The limits on the W R cross section, with mass windows optimized for the Punzi sig-
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