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“Si l’on considérait une théorie comme parfaite et
si l'on cessait de la vérifier par ’expérience
scientifique, elle deviendrait une doctrine.”

Claude Bernard






Résumé

Cette thése présente une caractérisation compléte des propriétés du boson de Higgs dans le
canal de désintégration a quatre leptons exploitant des collisions proton-proton collectées a
une énergie de centre de masse de 13 TeV avec 'expérience CMS au CERN LHC, correspon-
dant & 137 fb~! enregistré pendant la prise de données du Run-II (2015-2018) du LHC. Le
canal de désintégration a quatre leptons est également connu sous le nom de « canal d’or »
en raison d’un grand rapport signal sur bruit (S/B), un état final complétement résolu et une
excellente résolution obtenu grace aux propriétés du détecteur CMS. Ce canal domine la scéne
depuis les premiers stades de Run-I, ou il était fondamental pour I’annonce de la découverte
en 2012, et pour les mesures ultérieures de la masse, de la largeur et de la parité de spin
du boson de Higgs. Tous ces résultats se sont avérés en accord avec les prédictions SM, qui
ont commencé & étre sondées plus en détail avec la mesure des modificateurs d’intensité du
signal et des sections efficaces de référence, afin d’évaluer les propriétés des différents mé-
canismes de production et la compatibilité avec les SM dans des régions d’espace de phase
spécifiques. En exploitant toutes les statistiques recueillies au cours de la premiére année
du Run-II, les propriétés du boson de Higgs dans le canal de désintégration & quatre leptons
ont été & nouveau mesurées, marquant un tournant décisif dans I’histoire de cette analyse.
Tout d’abord, certains des résultats ont commencé & avoir des composantes statistiques et
systématiques comparables des incertitudes; en outre, les données disponibles pour ’analyse
ont rendu possible 'exploration de régions d’espace de phase a granularité plus fine. Par
conséquent, 'analyse H — ZZ — 4f est entrée dans le domaine de la physique de précision,
ciblant le test du SM d’une maniére plus “production oriented”. Le point culminant a été
atteint en 2018, lorsque ’analyse a pu bénéficier de ’ensemble des statistiques collectées lors
de la phase Run-II. En exploitant ’ensemble de données Run-II complet, le canal de décrois-
sance H — Z7Z — 4¢ pourrait étre utilisé pour mesurer les modificateurs d’intensité du signal
pour chaque mode de production et pour mesurer des sections efficaces dans le cadre du Sim-
plified Template Cross Section (STXS) framework. Le travail d’analyse présenté dans cette
thése comprend une optimisation des catégories d’événements congues pour mesurer pour la
premiére fois les sections efficaces de le Stage 1.2 du STXS, pour un total de dix-neuf sections
efficaces dans des régions d’espace de phase mutuellement exclusives, et le développement du
modéle statistique utilisé pour 'extraction de les résultats. Les prédictions du modéle stan-
dard (SM) sont testées en mesurant le modificateur d’intensité de signal inclus H — Z7Z — 44
(¢ = e,pn), défini comme le rapport de la section efficace de production du boson de Higgs a
la prédiction SM correspondante. La mesure donne p = 0.94 + 0.07 (stat)fgzgg (syst) & une
valeur fixe de my; = 125.38 GeV. Les modificateurs d’intensité de signal de chaque mécan-
isme de production sont également mesurés et s’avérent cohérents avec les prédictions du
SM. La section efficace du processus H — 4/ est également mesurée au niveau du généra-
teur, déployant les effets du détecteur, dans un volume de référence défini pour correspondre
étroitement a l'acceptation expérimentale. La section transversale de référence H — 44 est
de 2.847033 (stat)f%? (syst) fb. Les sections efficaces de référence sont mesurées dans des
bacs différentiels de plusieur observables, tels que I'impulsion transversale et la rapidité du
boson de Higgs, le nombre de jets et le moment transversal du jet principal. La section effi-
cace différentielle en fonction de la quantité de mouvement transverse du boson de Higgs est
utilisée pour extraire pour la premiére fois dans une analyse de CMS les limites de l'auto-
couplage trilinéaire du boson de Higgs en utilisant un canal de désintégration de single-Higgs.
Des études supplémentaires de la violation de CP et des couplages anormaux du boson de
Higgs aux bosons vecteurs (HVV) et aux fermions (Hff) sont également présentées. Pour la
premiére fois dans une analyse CMS, un total de neuf contributions anormales aux couplages
du boson de Higgs ont été mesurées simultanément : cinq HVV, deux couplages anomaux
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aux gluons (Hgg) et deux Htt. Tous les résultats sont en accord avec les prédictions SM dans
leurs incertitudes. Compte tenu du pouvoir prédictif remarquable du SM lorsqu’il inclut le
boson H, une éventuelle nouvelle physique nécessitera des études encore plus approfondies &
des statistiques plus élevées. Afin de sonder encore plus en détail les prédictions du SM et
de donner accés a des phénomeénes rares, le CERN a l'intention de démarrer les opérations
du projet LHC a haute luminosité (HL-LHC) d’ici a la fin du 2027. Le HL-LHC augmentera
considérablement les statistiques recueillies par les expériences, ouvrant ainsi les portes a des
domaines de la physique jusque-la inexplorés. Dans le secteur scalaire, il permettra d’observer
I’auto-interaction du boson H et ainsi d’accéder pour la premiére fois au potentiel de Higgs
directement responsable de TEWSB. Il permettra en outre des mesures du couplage du boson
de Higgs aux fermions de deuxiéme génération, la recherche de boson scalaire supplémentaire
ou de phénoménes rares. Le HL-LHC fournira 10 fois la luminosité intégrée actuelle, amélio-
rant ainsi la portée physique du LHC, resultant en un taux de pileup élevé et a des niveaux
de rayonnement sans précédent. Une mise & niveau massive des détecteurs est nécessaire
pour maintenir les performances physiques actuelles dans un environnement aussi difficile.
La collaboration CMS remplacera les calorimétres des endcaps par un calorimétre a haute
granularité (HGCAL). Le HGCAL sera le premier calorimétre & grande échelle a base de sili-
cium jamais utilisé dans une expérience de physique des hautes énergies. Par conséquent, la
validation de sa conception et une évaluation compléte de ses performances physiques sont
obligatoires pour la réussite du projet. Le HGCAL devra supporter des doses de l'ordre
de 2 MGy et des fluences jusqu’a 10% Neq/ cm? et il devra résoudre I'environnement chargé
des collisions HL-LHC, ou des événements de pileup de l'ordre de O(200) sont attendus. Le
HGCAL comprendra un compartiment électromagnétique (CE-E) et un hadronique (CE-H).
Le premier comportera 26 couches actives, entrecoupées d’absorbeurs CuW, Cu et Pb, tandis
que le second est composé de 21 couches qui exploitent I'acier inoxydable comme matériau
passif. Pour répondre aux exigences d’un détecteur résistant aux radiations, le CE-E et la
partie avant du CE-H utiliseront du silicium comme matériau actif, pour une surface totale
d’environ 600 m? a couvrir. Des capteurs hexagonaux en silicium seront utilisés pour op-
timiser la couverture d’une si grande surface et réduire le cott total du détecteur, pour un
total d’environ 6 millions de canaux de lecture individuels. En raison de sa haute granular-
ité, le HGCAL est souvent appelé calorimétre imagerie, ou 5D : la granularité élevée dans
les plans longitudinal et transversal peut étre exploitée pour résoudre complétement les pro-
fils de cascades électromagnétiques et hadroniques. Ces informations sont complétées par la
mesure de I’énergie déposée dans le calorimétre, améliorant ainsi I’atténuation de ’empilement
et l'identification et la discrimination des particules. La “cinquiéme dimension” correspond
aux informations temporelles fournies par les ASIC de lecture du HGCAL, qui auront une
résolution attendue de O(10 ps) et marquera une véritable innovation en calorimétrie. Par
conséquent, les activités du faisceau d’essai jouent un role fondamental dans la validation
de la conception du détecteur et I’évaluation de ses performances physiques. En Octobre
2018, le premier prototype & grande échelle du HGCAL a été exposé & des faisceaux d’essai
de positrons et pions avec des énergies entre 20 e 300 GeV. Une partie de cette thése a été
consacrée a I'évaluation des performances du compartiment électromagnétique du prototype,
conduisant & une caractérisation compléte de ses performances physiques at & une validation
de son design. La haute granularité du prototype est exploitée pour étudier le confinement
longitudinal et transversal des cascades électromagnétiques, ainsi que pour mesurer les réso-
lutions positionnelle, angulaires et énergétiques. Tous les résultats sont comparés avec une
simulation Monte Carlo dédiée et un excellent accord est trouvé pour toutes les observables
étudiées, corroborant ainsi la conception finale du HGCAL et les performances physiques
nominales attendues pour les opérations HL-LHC.
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Introduction

The desire for knowledge is intrinsic to human nature and humans have always been looking
for the key to disclosing the Universe’s hidden secrets and the laws that regulate it... The
primordial quest for the fundamental constituents of the Universe dates back to the ancient
Greeks and to the philosophy of atomism, which postulates that ordinary matter is composed
of atoms (from the Greek work arouov), i.e., “uncuttable, indivisible” components.

In the XIX century, a remarkable series of experimental observations clarified that the
“infinitely small” world is not regulated by the same laws describing ordinary and macro-
scopic matter. A real turning point in understanding the fundamental laws that regulate the
subatomic world was possible only at the beginning of the following century, with the advent
of quantum mechanics and special relativity.

These theories laid the basis for the definition of the standard model (SM) of particle
physics, a quantum field theory with gauge symmetries formalized in the late 60s, when
incorporating the concept of spontaneous symmetry breaking through the physical vacuum.
More than 50 years later, nowadays the SM is still the most reliable theory that provides a
comprehensive description of the world of the “infinitely small”. However, notwithstanding the
success of the SM in predicting experimental observations, it presents some severe limitations.
For example, it does not include a description of quantum gravity, nor does it explain where
the observed abundance of dark matter in the Universe comes from and why there is an
asymmetry between ordinary matter and antimatter. The SM also presents more limitations
directly related to the context of the work presented in these pages.

As detailed below, the cornerstone of the SM is the Bourt-Englert-Higgs (BEH) mech-
anism, which postulates the existence of a scalar field, referred to as the Higgs (H) boson,
responsible of the spontaneous electroweak symmetry breaking (EWSB), ensuring that vector
bosons acquire their masses, defining the Yukawa interaction of fermions, and guaranteeing
the unitarity of the theory. However, the mass of the H boson itself is a free parameter of the
theory and it is not protected by any symmetry. As a direct implication of this, the theory
becomes sensitive to quantum fluctuations involving masses up to the grand unification energy
scale or even the Planck Scale. In addition, the mass of the H boson is directly related to
one of the most intriguing couplings predicted by the SM, that is the self-coupling. In fact,
while the SM predicts a self-interaction of the H boson, with a strength proportional to the
squared value of this particle’s mass, the experimental evidence of this coupling has not been
proven yet, thus increasing the experimental interest in the study of the SM scalar sector.
Eventually, also the origin of the couplings of the H boson with fermions is not explained by
the SM, similarly to the reason why three fermion families are observed.

Hence, while the SM contributed to unveiling many of the secrets of the subatomic world
and the laws that regulate it, the quest for the fundamental constituents of the Universe
initiated by the ancient Greeks is not entirely accomplished yet.

All the subatomic particles observed throughout the 20" century can be explained in
the context of the SM, either as elementary particles, that is, subatomic particles with no
substructure, or as their aggregate states. The experimental proof of the weak neutral currents
by the Gargamelle Collaboration in 1973 and the subsequent discoveries of the W* and Z
bosons at the CERN Super Proton Synchrotron (SPS) in 1983 experimentally confirmed the
predictions of the SM. These discoveries have established fundamental milestones on the way
towards understanding the origin of the electroweak symmetry breaking, which lead to the
appearance of the known electromagnetic and weak forces. The observation of the top quark
at the FNAL Tevatron in 1995 eventually demonstrated the predictive power of the SM over
a wide range of energy scales.



2 Contents

The ultimate success of the SM came in 2012 when the ATLAS and CMS Collaborations
at the CERN Large Hadron Collider (LHC) announced the observation of a scalar particle
compatible with the SM elementary Higgs (H) boson. The existence of a physical H boson
is presumed to be a consequence of the spontaneous EWSB caused by the Higgs field in the
early Universe through the Bourt-Englert-Higgs (BEH) mechanism. This mechanism gave
rise to the masses of the W& and Z bosons, and allowed the elementary fermions to gain
mass, via their Yukawa interactions with the H field. The discovery was made possible by
analysing the data set collected by the experiments during the Run-I (2009-2013) period of
the LHC. The quest for the truth intrinsic in human nature is well summarized by the words
of Joe Incandela, spokesperson of the CMS Collaboration at the time of the discovery:

“This boson is a very profound thing we have found. We’re reaching into the
fabric of the universe at a level we’ve never done before. We’ve kind of completed
one particle’s story [...] We’re on the frontier now, on the edge of a new explo-
ration. This could be the only part of the story that’s left, or we could open a whole
new realm of discoveries.”

The main hurdle in the hunt for the Higgs boson is its lifetime, which is not large enough
to detect the particle directly but demands its indirect identification starting from its decay
products. The experiments combine a series of sub-detectors to accomplish this task, mounted
in a concentric structure around the decay point and each designed to identify and reconstruct
a specific kind of particle. The discovery of this long-sought particle, almost 50 years after its
postulation, prooved that the fundamental principles incorporated in the SM are consistent
with observations. In particular, it indicates that the BEH electroweak symmetry breaking
mechanism is likely to be at the origin of the masses of the W= and Z bosons. However,
the discovery raised many other questions. How does the Higgs boson couple with all the
other particles of the SM? What are the properties of this long-sought particle? Are they all
compatible with the predictions of the SM?

The Run-II operations of the LHC (2015-2018) addressed answering these questions by
collecting more data with respect to the previous Run-I, thus giving access to a more signif-
icant number of Higgs bosons candidates to be studied. The predictive power of the SM in
explaining the relative production and decays rates in various channels, once the H boson was
known with high enough precision, has proven that the H field is also at the origin of fermion
masses.

One of the channels that played a major role in the understanding of the scalar sector at
the LHC is the Higgs boson decay into two Z vector bosons, which consequently decay into
four leptons (H — ZZ — 4¢), also known as the “golden channel” due to its many virtues,
such as a large signal-to-background ratio, a completely resolved final state, and an excellent
resolution. At the time of the discovery, these properties were fundamental to enhance the
probability of detecting the rare Higgs boson events over the overwhelming background typical
of the LHC collisions. However, due to the small branching fraction of this decay channel, only
about 10 Higgs boson signal events could be identified in the dataset used for the discovery
and, while they were enough to claim the first observation of this particle, they could not be
used at that time to perform precision measurements of the properties of this fundamental
brick of the SM. With the extensive dataset collected during the Run-II, around 400 signal
events from the decay of the Higgs boson in two Z bosons were reconstructed and the “golden
channel” became one of the standard candles to study in detail the properties of the Higgs
boson and to look for possible deviations from the SM.

I had the opportunity to work on the full Run-II analysis of the H — ZZ — 4f decay
channel, aiming at precision measurement of the properties of the production mechanisms of
the Higgs boson. The presence of additional objects in the final state, such as extra leptons
and jets, and a set of matrix element discriminants are employed to define a total of 22 event
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categories to probe fine granular phase space regions of each production mode. My work also
included the definition of the statistical methods used for the analysis, comprising thorough
studies of the systematic uncertainties, the modeling of signal and background processes, and
the development of the various fit routines employed to perform the measurements. The
analysis results lead to a comprehensive characterization of the Higgs boson properties in the
four-lepton final state and they are presented in a paper, of which I am co-editor, published
in the European Physical Journal C.

To date, this is the most detailed study of the Higgs boson in the “golden channel” ever
performed within the CMS Collaboration, and it leads to the conclusion that all the mea-
surements are in agreement with the SM predictions within their uncertainties. Given the
remarkable predictive power of the SM when including the H boson, possible new physics will
require even more extensive studies at higher statistics.

To further stress the SM theory and probe its detailed predictions, CERN intends to com-
mence the High-Luminosity LHC (HL-LHC) operations by the end of 2027. The HL-LHC
will significantly increase the statistics collected by the experiments, thus opening the doors
to previously unexplored realms of physics. In the scalar sector, it will allow to observe H
boson self-interaction and thus access for the first time the Higgs potential directly respon-
sible for EWSB. It will moreover permit measurements of the coupling of the H boson to
second generation fermions, search additional scalar boson or for rare phenomena. On the
other hand, the operative conditions of the HL-LHC will pose severe technical challenges and
therefore a massive upgrade of the LHC infrastructure and detectors will be necessary to
maintain the current physics performance and to exploit properly the HL-LHC’s new physics
reach. Among the many upgrades foreseen for HL-LHC, the CMS Collaboration will replace
the current endcap calorimeters with a High Granularity Calorimeter (HGCAL): a detector
unique in its genre, capable of measuring with high precision the energy of the particles as
well as their spatial and timing positions. Because of these features the HGCAL is often
referred to as “imaging”, or 5D, calorimeter and it will be the first large-scale silicon-based
calorimeter ever employed in a high energy physics experiment. It is not surprising that it
was once described as “perhaps the most challenging engineering project ever undertaken in
particle physics771
of its physics performance are crucial aspects for the success of the project. For this reason,
a series of beam tests were performed in 2016 and 2017, increasing the complexity of the
tested systems incrementally and reaching a thorough understanding of the basic properties
of this detector. In October 2018 the first large-scale prototype of the HGCAL was exposed to
hadrons and positrons beams with energies ranging from 20 to 300 GeV at the CERN North
Area. Part of the work of this thesis was dedicated to the assessment of the performance of the

. The validation of the detector design and the complete characterization

electromagnetic compartment of the HGCAL prototype used in this test beam. I contributed
to the improvement of the data reconstruction performance and to the development of the
analysis strategy, including the definition of the events’ selection and of the observables to be
studied. In addition to the measurement of the energy resolution and linearity, the high gran-
ularity of the prototype was exploited to study the longitudinal and transverse containment
of electromagnetic cascades, as well as to measure the position and angular resolution of the
detector, thus confirming the “imaging” power of the detector and its capabilities for particles
identification and discrimination. The results of this analysis are summarized in a dedicated
paper, of which I am co-editor, being prepared for the submission to Journal of Instrumenta-
tion at the time of writing this thesis. Overall, no major concern about the HGCAL design
nor about its capability of meeting the expected physics requirements resulted from the test
beam data analysis, thus supporting the future application of the detector for the HL-LHC

'D. Barney -“The High Granularity Calorimeter upgrade project for CMS”
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physics.

Chapters 1 and 2 set the reference frame for this work, presenting the theoretical framework
of the SM and the experimental apparatus used for the analysis, respectively. The following
chapters present my contribution to validating the HGCAL detector design and studying the
Higgs boson properties in the “golden channel.”

The results of the HGCAL test beam data analysis are presented in Chapter 3. The
identification and isolation requirements imposed on leptons and jets, starting from the ob-
jects reconstructed with the CMS detector, are described in Chapter 4. These objects are
exploited to reconstruct events with Higgs boson candidates, which are categorized by exploit-
ing matrix element discriminants as detailed in Chapter 5. Chapter 6 describes the analytical
parametrization used for the modeling of signal and background processes and the statistical
methods employed for the extraction of the results of the analysis. The measurements of the
Higgs boson properties in the “golden channel,” along with their interpretation in the context
of physics beyond the standard model, are presented in Chapter 7.



CHAPTER 1

The Higgs boson and the Standard
Model of Particle Physics
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The Standard Model of particle physics (SM) [1] is the pillar on which the current un-
derstanding of the subatomic world is based. It describes the elementary particles and their
fundamental interactions in the context of a Lorentz-invariant and renormalizable quantum
field theory. The theoretical framework of the SM is corroborated by an extensive set of ex-
perimental measurements, of which the last is the discovery of a particle compatible with the
Higgs boson by the ATLAS and CMS Collaborations at the CERN LHC in June 2012 |2, 3, 4].
A brief theoretical introduction to the SM is given in Sec. 1.1, emphasizing the electroweak
symmetry breaking mechanism (EWSB) in Sec. 1.1.2. This process ensures that elementary
particles acquire mass while respecting the gauge symmetries of the SM by introducing an ad-
ditional scalar field to the SM Lagrangian: the Higgs boson, a long-sought particle originally
postulated in the second half of the XX century, but experimentally detected only 50 years
later. More details about the properties and the phenomenology of this particle at hadron
colliders are given in Sec. 1.2. The chapter closes in Sec. 1.3, with the description of the Higgs
boson decay into four leptons, being it the channel studied in this work.

1.1 The Standard Model of particle physics

1.1.1 Particles and fields

The SM describes three of the four fundamental forces in the context of a renormalizable
quantum field theory. The strong, weak, and electromagnetic interactions are represented by
a SU(3)c x SU(2);, x U(1)y local gauge symmetry. The SU(3)- symmetry is manifested in
the existence of gluons: the mediators of the strong force described with Quantum Chromo-
dynamics (QCD). The SU(2);, x U(1)y symmetry represents the unification of the weak and
electromagnetic forces, mediated by the W* and Z bosons and the photon (). While the
gravitational interaction is not included in the formulation of the SM, it is also true that the
strength of this interaction is negligible at the subatomic level.

The SM comprises of a total of twelve elementary spin s = 1 bosons: eight1 gluons, the
mediators of the strong force, and the Wi, Z, and ~, mediators of the weak and electromag-
netic forces. The second set of elementary particles present in the SM are the fermions, which
comprise the ordinary matter and interact via the exchange of virtual bosons. Fermions are

'Gluons correspond to the generators of the SU(3)c group. A SU(N) group has (N — 1) generators,
resulting in eight gluons in the SM.
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s = % particles, divided into quarks and leptons, for a total of twelve fermion fields included
in the SM formulation. These particles are divided into three families, each comprising of two
quarks with electric charge —i—% and —%, and two leptons with charge —1 and 0. As predicted
by the solutions of Dirac’s equation, for each fermion, there is a corresponding antiparticle,
that is, a particle with the same properties but opposite quantum numbers.

The Higgs boson completes the SM picture. This particle is the only s = 0 boson in the
SM and gives mass to all the other particles in the SM via the so-called electroweak symmetry
breaking (EWSB) mechanism, of which a more extensive description is given in Sec. 1.1.2.

A review of all the particles included in the SM formulation is presented in Fig. 1.1 and
detailed in the following.

1St 2nd 3rd generation Goldstone outside
standard matter unstable matter force carriers bosons standard model
e A
4
23 MeV 2 2 (1732 Gev 0 h
XL = N (DI

u ||c t N
° o @ > .
E
& g
R N V) = R
g % “ “ % 3
£ :

%

(suoydor-nyue 9+)
suoydo 9

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

Figure 1.1: Illustration of the elementary particles of the Standard Model (SM) and their
properties. Outside the SM box, the graviton is depicted: this particle is unobserved as of

today and should represent a bosonic field responsible of the gravitational force. Figure taken
from [5].

Quarks

The SM formulation, supported by the current state-of-art experimental observations, includes
six quarks, divided into three doublets: the up (u) and down (d) quarks, that compose
“everyday matter,” as protons and neutrons, the charm (c) and strange (s), and the top
(t) and bottom (b). These particles have masses ranging from a few MeV up to 172 GeV,
and the first quark of each doublet has an electric charge of () = +§, while the second has
Q = —%. Quarks are subject to all the three interactions of the SM and have a quantum
number associated with each of them. Besides the charge, each quark has a flavor, which is
conserved in the electromagnetic and strong interactions, but not in the weak one. Quarks
also have a color, from which the QCD name, that regulates their behavior under the strong
interaction. As a result of the QCD color confinement, quarks are experimentally observed
only as bound states, referred to as hadrons. Hadrons composed of a quark-antiquark pair
are called mesons, while aggregated states of three quarks take the name of baryons. This is
true for all the quarks but the top, which has a lifetime so short” that decays3 before forming

“The lifetime of the top quark is: 7, = 0.5 x 107" s.
*Via weak interaction into a W boson and a lighter quark, often a b [6].
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any bound state.

As it will be explained in the following, left-handed fermions are identified as members
of doublets, while fermions of right chirality are identified as singlets of the SU(2); x U(1)y
electroweak gauge group. Consequently, the mass eigenstates of down-type quarks do not
coincide with their weak eigenstates. The Cabibbo-Kobayashi-Maskawa matrix regulates the
mixing between these two bases [6].

Leptons

The second kind of fermions in the SM are the leptons. Conversely from quarks, these particles
interact only via the electromagnetic and weak forces. There are three charged leptons in the
SM: the electron (e), the muon (i), and the tau (7), all with electric charge @ = —1. While
these particles have similar properties, their masses cover a wide range: going from 511 keV
for the electron to 105.7 MeV for the muon, up to 1.8 GeV for the tau. The electron and the
muon are considered stable particles at the LHC experiments: the former is actually stable,
and the latter has a sufficiently large lifetime to be detected before decaying. Conversely, the
tau has a short lifetime of 2.9 x 10~ '3 s, which makes it detectable only via its decay products.
Each charged lepton is associated with a neutrino (v,,v,, and v;): these are neutral particles
that interact only via the weak force. In the original formulation of the SM neutrinos are
massless. However, in 2016, neutrino oscillations were observed [7], proving that also these
particles are massive (m, < 2 eV [6]). Similarly to quarks, also for neutrinos, the weak and
mass eigenstates are subject to mixing, regulated by the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix [8].

Strong interaction

Quantum Chromodynamics (QCD) is the underlying theory for the strong interaction. QCD
is a non-abelian gauge theory based on the local SU(3)s symmetry, where the subscript C
refers to the color charge.

The Dirac Lagrangian of a free massive fermionic field 1, associated with a particle of spin
s =1/2, can be written as:

Ly =P(z) (i —m)(x), (1.1)

where @ = ~,0" and ~ are the Dirac matrices.

Such a lagrangian is invariant under the “global” SU(3) transformation:

Y (z) = Usp(z), (1.2)
where U is a 3 x 3 unitary matrix of the form:

g A

U=¢9%? 7, (1.3)

where )\7@ denote the 8 Gell-Mann matrices, corresponding to the generators of the SU(3)
group, and g, is a constant. Such a global invariance is promoted to a “local” one, i.e.
dependent on the spacetime coordinate x, by introducing gauge fields in the Lagrangian of
eq.(1.1). More precisely, this is ensured by defining the covariant derivative (Du):

. )‘a a
Du = ap, + ZQS?AM, (14)

where g, is the arbitrary coupling constant introduced above and the vector bosons fields Az,
that can be identified as the eight gluon fields® transform as:

Al A%+ gl (@) fAS + 9,0 (@), (1.5)

*As described above, eight gluon fields are expected in the SM as the SU(3) group has 8 generators.
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where f“bc are the structure constants of the group and must satisfy the commutation rules
a b c
[)‘7, )‘7} = ifabc%. Substituting these terms into the Dirac Lagrangian of eq. (1.1), one gets

a QCD Lagrangian invariant under local SU(3) transformations:

T n )‘a a 1 v ma
EQCD = w(la - m)¢ - gsw7#?wAu - ZF(f F[Al/? (16)

where

P = 9,A% — 8,A% + g, f*"° AL A,
is the field strength tensor. The corresponding term in eq. (1.6) is required for the propagation
of the gluon field and, not being linear in terms of the gluon potential, introduces trilinear
and quadrilinear terms in the Lagrangian, corresponding to the self-interactions of gluons.
The coupling constant g, determines the strength of the interaction and it is often redefined
as a, = g /A

Electroweak interaction

The SU(2);, x U(1)y gauge group jointly describes the electromagnetic and weak interactions
and is therefore referred to as electroweak (EW) group.

The electromagnetic interaction can be represented by the Quantum Electrodynamics
(QED) Lagrangian, invariant under the local U(1),,,, symmetry:

- 1
Lopp = V(i) —m)y — EFWFW- (1.7)

In an analogous way to the QCD Lagrangian, a kinetic term5, proportional to F*”, accounts
for the propagation of the gauge boson (here the photon), while the covariant derivative
(D" = 9 — ieA") introduces the interaction term:

- _
Lopp = e Ay, .

A theoretical description of the weak interaction is more challenging, as it has to reflect the

experimental evidence of the parity violation. This is taken into account assigning different

interaction terms to left- and right-handed fermion fields. Theoretically this is achieved using
the gamma matrix 75 = i'yofyl'va?’ to identify the left and right chimlity6 projection operators:

5 5

IL—9" 1+~
2 2
Ultimately, the weak interaction is characterized by two quantum numbers: the weak isospin
(T3) and hypercharge (Y). The weak isospin (73) quantum number is associated with the
non-abelian group SU(2);, and corresponds to one of the group generators. More precisely, the

group has three generators T; = %, where o; are the Pauli’s matrices, and the gauge invariance

PL: PR: (18)

is reflected by the presence of the 3 gauge fields W/i In the SU(2);, group, left-handed fermions
are represented by a doublet, whereas right-handed particles are SU(2), singlets that do not
interact with the Wfl fields. Both left- and right-handed fields are obtained from the chirality
projection operators defined above (cf. eq.(1.8)):

1=\ (Y
Y= (w’)‘(wz)

¢R:1—;7¢ (1.9)
;1497
V=,

®In the QED Lagrangian F** = 9" A" — 9" A"
SFor massless particles the chirality corresponds to the projection of the spin vector s over the momentum
vector 7
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where the 9 and ¢’ fields represent either the neutrino and charged lepton or the up- and
down-type quark fields. The weak hypercharge (Y) quantum number is associated with the
U(1)y abelian group. This group has a single generator %, with the U(1)y gauge invariance
reflected by the presence of the B, gauge field. The Gell-Mann-Nishijima formula relates the
weak hypercharge and isospin to the electric charge associated with the U(1),,, group:

Y
Hence, the EW Lagrangian density can be written as:

L=V, (i)Y, +Dp(iP)r + Or(i)bp, (1.11)

where the mass terms are omitted to preserve the SU(2); invariance. Following the same
approach adopted with the QED and QCD Lagrangians, the introduction of the covariant
derivative (D") ensures a SU(2)c x U(1)y local symmetry:

y
DM = 9" —igTW" — ig' 5 B, (1.12)

with ¢ and ¢ regulating the strength of the interactions.
Eq. (1.11) can be rewritten separating the kinetic term from those responsible for the
charged and neutral currents:

L = Lyin + Loc + Lncs (1.13)

where:

Lign = Vi)V, + D) r + p(id)vy

g = g - —
ﬁcc = EW:\PL’Y#U—F\PL + EWM \I/L")/uO' \IJL =
g + (] g — (=

= =W + =W

oW @) + W (P )

g — J—
Lnc = EWS [d’LV“#’L - 1/1/LWN1/’IL] +
9
V2

where the W™ charged bosons can be expressed as linear combinations of the W; and W,
gauge bosons:

(1.14)

+-==B, [Y @m" b+ P 1!)2) + Y PRy P + YRy %:]

+_ 1 1__ 2
Wi= s (w7 iw;,) (1.15)
and similarly for the Pauli’s matrices:
ot = = (01 + iaz) . (1.16)
V2

The neutral current Lagrangian is expressed as a function of Wi and B, but none of
them can be interpreted as a physical neutral boson at this stage of the formulation. For this
purpose, one introduces the Z, and A, fields that directly represent the neutral Z boson and
the photon by means of a Weinberg’s angle (/) rotation of the Wg and B, fields:

A cos sin 6 B
(22 w w w
<Z > N (— sin 6, 0059w> (W >’ (1.17)

2 Iz
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which allows to rewrite the NC Lagrangian of eq. (1.14) separating the terms associated with
the photon and the Z boson fields:

_ Y
Lic = Vi z, <g(;3 cosf, — g'; sin9w> (5 (1.18)
2Tt A (0% sing + oL coso 1.1
Ne =Yyt A, Q?SHl w+g§COS w ) YL, (1.19)

where the two neutral currents associated with the Z, and A, fields manifest explicitly as a
function of the weak isospin (T3 = %) and hypercharge (Y)). In addition, as a consequence

of the Gell-Mann-Nishijima formula (cf. eq. (1.10)), the following relation holds:
e =g sinf, = gcosb, (1.20)

and it relates the value of the fundamental electric charge e to the coupling constants ¢, ¢ as
well as to the Weinberg’s angle 6,,,.

To complete the description of the Electroweak Lagrangian (cf. eq. (1.11)), one has to
introduce a kinetic term for the gauge fields:

— . —_ . — . 1 Vyrst 1 v
Low =TL(iD) Ty + V(D)o + Vp(iD)y — W/ W, — (B B,,,  (1.21)
with the fields strength tensors Wﬁy and B,,, defined as:

B,, =0,B,-90,B, (1.22)
Wy, = 8, W, — 8,W,, + ge " Wiwy, '
where £7% is the Levi-Civita tensor. This additional kinetic term gives rise to the self-
interaction of the gauge bosons, predicting the existence of trilinear

(ZWTW ™, AW W) and quadrilinear

(ZZW W™, yyW W™, ZyWTW ™, WTW "W TW ™) self-couplings of the Z, W*, and v
bosons.

Hence, the electroweak and strong interactions can be represented by a Lagrangian com-
prising of the two terms Locp and Lgy, resulting in a gauge theory with a SU(3)q x
SU(2);, x U(1)y symmetry. However, neither Loop nor Ly, contain explicit mass terms
of either the gauge or the fermion fields, as these would break the gauge invariance. While
this is consistent with the evidence of massless photons and gluons, it does not reflect the
existence of massive gauge bosons, such as the W+ and Z , and fermions.

In order to maintain the gauge invariance of the theory, whilst at the same time reflecting
the experimental evidence of massive gauge bosons and fermions, the electroweak symme-
try must be broken. In the SM this happens via the so-called Brout-Englert-Higgs (BEH)
mechanism [9, 10, 11, 12], detailed in the next section.

1.1.2 Spontaneous symmetry breaking: the Brout-Englert-Higgs mecha-
nism

The BEH mechanism is based on the introduction of a complex scalar field ¢(z) in the SM
Lagrangian to solve the issue of massless particles arising from the theoretical formulation
presented above. The potential of such a field (V(¢)) must be invariant under the symmetry
of the system, but when a specific ground state is selected, among a continuum of possible
states, the symmetry of the system is said to be spontaneously broken. When this happens, a
scalar field corresponding to a massless spin 0 boson is introduced in the Lagrangian density
for each generator of the group associated with the broken symmetry, as a consequence of the
Goldstone theorem’ [13].

"The massless spin 0 boson(s) take the name(s) of “Goldstone boson(s)”.
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Figure 1.2: Schematic illustration of the Higgs potential V(¢) (cf. eq. (1.25)).

Hence, introducing a complex scalar doubled field with hypercharge Y, = 1:

¢+ 1 ¢1 + Z¢2
¢=\0)=7%| 3, . .4 (1.23)
) V2\¢~ +i¢
the SM Lagrangian density is supplemented with the term:

Lpgn = (D,0)'(D"¢) — V(¢'9)%, (1.24)
where:
V(o'g) = —1*0To + A(8'0)%, (1% A >0) (1.25)

is the scalar field potential and D, is the covariant derivative introduced in eq. (1.12). The
functional form of the potential is represented in Fig. 1.2.

The peculiar expression of this potential is such that at ¢ = 0 it presents an unstable local
maximum, whereas a continuum of ground states is found at

2

2
fg = M
070 1= 55 (1.26)

v
o0
where the quantity v is referred to as vacuum expectation value (VEV). The choice of a ground
state is said to “spontaneously break” the symmetry, however leaving the Lagrangian gauge
invariant. The choice of the ground state breaks both the SU(2); and the U(1)y symmetries,
but it preserves the U(1),,, symmetry when the ground state is parallel to the gi)o component
of the doublet (cf. eq. (1.23)).
The small perturbations around the minimum can be parametrized as:

_ LeiaiGi(aﬁ) 0
o) = 75", ) 20

where 6, and H(x) are the massless and massive spin 0 fields predicted by the Goldstone
theorem. While the massive H(x) field can be associated with the Higgs boson (H), needed
to complete the SM picture presented above, the massless 6; Goldstone bosons are unphysical.
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The dependence from the Goldsone bosons is removed from eq. (1.27) by means of a
SU(2), local transformation, also referred to as “unitary gauge”, under which the Lagrangian
is invariant:

—ia(z) g ) = /x :i 0
o) > o) = )= (), (129

where a;(z) = 20'(z), and ¢(x) now only depends on the VEV value and on H(x).
Eventually, one can rewrite the Lppy Lagrangian explicitly as:

1
Lopn = 50,HO"H + prH*+

_92'U2 1 (92 + g/2)
T WIW T S 2,20
2 2 ) 2 (1.29)

g tr—u 9 2ttt 9 w9 12 m
+ G HWIW ™ S HPWIW T SoH 2, 7" 4 T H 2,7
s s
+=—H’+ - H"
v 4v

From the first line one gets the mass of the scalar Higgs field:
ma =220 = 242, (1.30)

which is a free parameter of the theory.
The second line describes the massive I/Vui and Z,, fields, resulting in:

- 2 (1.31)

gu
Myt =3 = mgycos b,

w

The A, field is not present in eq. (1.29), reflecting the U(1),,, invariance of the Lagrangian
and the fact that the photon is massless.

The third line introduces trilinear and quadrilinear couplings of the Higgs boson to the
weak vector bosons Z and W (HW+W_, HZZ, HHW W™, HHZZ), of which the HZZ
is of particular interest for the analysis presented in the context of this thesis. Eventually, the
fourth line describes the trilinear and quadrilinear self-couplings (H 5 and H 4) of the Higgs
boson, from which the scalar potential can be written as:

1 A 4

1
where the H boson self-couplings are defined as:
2
my
AHHH = AHHHH = A = 902 (1.33)

This strong relation of the self-couplings to the Higgs boson mass and the VEV value is one
of the cornerstones of the SM. Precision measurements of these quantities provide one of the
most stringent tests of the SM, giving direct access to the Higgs boson potential and probing
directly the spontaneous symmetry breaking mechanism detailed here.

The VEV value is one of the two free parameters of the BEH mechanism, but it can be
measured precisely from the charged current interaction in the u — ev, v, decay, noticing the
relation between the W boson mass and the Fermi’s constant:

2
Gr_ 9 _ L (1.34)
V2 8m12/V 20°
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from which one obtains: 1
V= —+—— = 246 GeV. (1.35)

1/2
(V2Gp)"
In addition to vector bosons, also fermions acquire mass via the BEH mechanism. More

precisely, the mass terms are generated by the Yukawa interaction of the H field with left-
and right-handed fields®:

Lyukawa = —Y (@L@#}z +@IR¢T‘I’L> — 1y (EL‘72¢*¢;% + E%UM*T‘I’L) ; (1.36)

where y; and y ./ are the coupling constants for the up- (T3 = 1/2) and down-type (T3 = —1/2)
fermions, respectively. After electroweak symmetry breaking one gets:

— H — H
LYukawa:_meww <1+’U> —me’(/) @ZJ’ <1+’U) 5 (137)
f 1
where the mass terms for the up- and down-type fermions are:
v
mf</) = yf(/)ﬁ. (138)

Hence, the mass terms of the fermion fields originate from their interaction with the Higgs
field and are proportional to the strength of the Yukawa couplings y 0 and to the VEV value
.

1.2 Phenomenology of the Higgs boson at the LHC

In July 2012 the ATLAS and CMS Collaborations announced the observation of a new spin 0
scalar boson [2, 3, 4] with a mass of about 125 GeV. The sensitivity of the analysis, performed
exploiting proton-proton collision data collected by the experiments at a centre-of-mass energy
of /s = 8 TeV, was driven mainly by the H — ZZ — 4¢ and H — 7 decay channels. The
former is also known as the “golden channel” because of its many virtues and is the target of
the analysis presented in this manuscript. It is remarkable to note here that the analysis of
the H — Z7Z — 44 decay channel, initially developed to identify a significant signal excess over
a continuous background, nowadays has become a precision physics analysis, where many of
the properties of the H boson can be measured to probe in detail the predictions of the SM.

After the claim of the discovery, the analyses focused on the measurement of the properties
of this long-sought particle [14, 15, 16, 17]: its spin-parity is measured to be JP =0T [14, 15]
and the first measurement of my yields to my = 125.09 £ 0.21 (stat) £0.11 (syst) GeV [16],
both in agreement with the SM predictions.

The discovery of the Higgs boson at the LHC, along with the first measurements of its
properties, set a significant breakthrough in the study of the BEH mechanism.

Conversely from the VEV value, which can be measured precisely exploiting my, and G,
a measurement of m requires studying exclusive decay channels and production mechanisms
in detail. The first precision measurement of this parameter was performed combining the
Run-I results obtained by the ATLAS and CMS Collaborations [16]. Nowadays, the most
precise measurement of my results from a combination of the CMS H — Z7Z — 4{¢ and
H — ~v decay channels using the full Run-I statistics and the 2016 Run-II data [18]:

my = 125.38 £ 0.11 (stat) &+ 0.08 (syst) GeV. (1.39)

The precision measurement of my is fundamental as, being a free parameter of the SM,
its value is not fixed a priori. Setting the value of this parameter enables predictions on

®Defined as of eq. (1.9)
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the production and decay rates of the SM Higgs boson. Both these two quantities have a
dependence on my, as shown in Fig. 1.3, where the production cross sections of the Higgs
boson are shown as a function of my. The orange line in the plot shows the value of my =
125.38 £ 0.14 GeV [18], corresponding to value used for the extraction of the results presented
in this manuscript.
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Figure 1.3: Production cross sections of the SM Higgs boson at hadron colliders as a function
of the Higgs boson mass my. Figure taken and edited from [19].

At hadron colliders, the H boson is produced predominantly in four processes, of which
the leading order (LO) Feynman diagrams are illustrated in Fig. 1.4.

Their expected cross section at my = 125 GeV are shown in the top plot of Fig. 1.5,
as a function of the centre-of-mass energy of the proton-proton collisions. The dominant
production mode is the gluon-gluon fusion (ggH), with an expected cross section of 49 pb.
The vector boson fusion (VBF) and Higgs-strahlung (VH) processes come immediately
after, with similar cross sections of 3.8 pb and 2.3 pb, respectively. The productions in
association with heavy quarks (ttH, bbH, and tH) are the rarest and more challenging to
probe. The latest measurement of the Higgs boson production cross sections, performed by
the ATLAS Collaboration exploiting the full Run-II statistics [20], is shown in the bottom
plot of Fig. 1.5.

The cross sections of the main production processes (ggH, VBF, WH, ZH) are found to
be in agreement with the SM predictions. As of today, all the production mechanisms but
the bbH and tH have been observed at the LHC. In particular, it is worth mentioning the
recent observation of the ttH production mode by the ATLAS and CMS Collaborations in
2018 [21, 22], as this result gives direct access to the tree-level coupling of the Higgs boson to
the top quark.

The Higgs boson branching fractions (or branching ratios, BR) present a dependence on
my too, as shown in Fig. 1.6, and while a rather flat dependence on mp is observed, it is
worth to remark the wide range between the most and the least probable decays of the Higgs
boson, covering about four orders of magnitude.

The specific value of my, set by the discovery of this particle and by the more recent
measurements performed by the ATLAS and CMS, fixes the values of the various BR, thus
determining which decay modes can be experimentally probed at the LHC. A large plethora
of decay channels is therefore accessible for a H boson of about 125 GeV: these allow to probe
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Figure 1.4: Leading order Feynman diagrams for the main production mechanisms of the

Higgs boson: (a) gluon fusion, (b) Vector-boson fusion, (c-d) associated production with a
gauge boson, (e) associated production with a pair of top (or bottom) quarks, (f-g) production
in association with a single top quark. Figure taken from [6].

both the coupling to vector bosons (H — ZZ, H — vy, H — WinF, but also the rarer
H — Z~) and the coupling to fermions (e.g. H — bb, H — c¢, and H — uu). The complete
list of the expected BR for the main decay channels of the Higgs boson is given in Tab. 1.1.

Table 1.1: Branching fraction of the principal H boson decays at my = 125.09 GeV. Theo-
retical uncertainties are obtained from the sum in quadrature of the uncertainties on the H
boson partial width, the value of oy, and the quark masses [6].

Decay mode Branching fraction [%)]
H — bb 58.097072

H— WEw* 21.52 £ 0.33

H — gg 8.18 +0.42
H— 7t 6.27 4+ 0.10

H — ce 2.8810 00

H — 77 2.641 = 0.040

H — v 0.2270 & 0.0047
H— Zy 0.1541 £ 0.0090
H— pty 0.0217175 00030

The searches for some of these decay channels, such as H — bb and H — c¢, are limited
by the large QCD backgrounds that characterize the dominant production mechanisms, such
as the gluon- and vector boson-fusion processes, while others suffer from a low branching
fractions, such as H — ppu, thus making their searches more challenging and requiring sophis-
ticated analysis techniques. For example, the recent precision measurement of the H — u+ W
process by the CMS Collaboration [23] sets an important milestone in the understanding of
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Bottom: Cross sections of the main Higgs boson production mechanisms measured by the
ATLAS Collaboration using the data collected in Run-IT at /s = 13 TeV.

Figures taken from [19] and [20].
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Figure 1.6: Branching fractions of the main H boson decay modes as a function of my. Figure
taken from [19].

the SM, confirming the expected proportionality between the fermionic couplings of the Higgs
and the fermion masses. Fig. 1.7 summarizes the current status of the results obtained by the
CMS Collaboration for the measurement of the Higgs boson couplings to fermions and vector
bosons, where a remarkable agreement with the SM predictions is observed.
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Figure 1.7: Couplings of the SM H boson measured from the combination of the proton-proton
collisions data collected by the CMS experiment at a centre-of-mass energy of /s = 13 TeV.
Figure taken from [23].

With access to a precise value of mp, a further and more stringent test of the SM is
possible. In fact, Fig. 1.7 does not comprise the self-coupling of the Higgs boson. Combining
eq. (1.39) and eq. (1.33) one gets:

mpg

2
Y (—) ~0.13.

o (1.40)
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Now, a precision measurement of this quantity is extremely appealing, as it would provide
a closure test of the SM, nailing down its only free parameter and ultimately proving that
this Higgs boson is the SM Higgs boson. With the large statistics collected by the LHC
experiments during the Run-II phase, the sensitivity of the analyses to Ay gz has substantially
increased. The most natural way to measure this observable is to exploit the double Higgs
boson production cross section, which depends on Aggg at LO.

The most stringent value on Ag g is derived from the CMS and ATLAS bbyy di-Higgs
analysis [24, 25] that exclude at 95 % CL values of Aggy < —3.3 MMy and Ay >
8.5 )\%%H, and Aggg < —1.5 )\%\}I{H and \ggg > 6.7 /\Z%H, respectively. More stringent
limits on Ay are expected from the combination of different di-Higgs channels using the
137 fb ™! of data collected by the experiments over the Run-II phase of the LHC. More recently,
theoretical calculations have also shown the possibility of setting constraints to Ay via
single-Higgs decay channels [26, 27|, exploiting electroweak corrections to the loops of the
Higgs boson production and decay processes. Although at the current stage this approach
is limited by the statistics, it provides complementary information on the self-coupling of
the Higgs, with exclusion limits that can become competitive with the direct ones from the
di-Higgs measurements. In the context of this thesis, the H — Z7Z — 44 decay channel is
used to infer constraints on the trilinear self-coupling of the Higgs boson, as further detailed
in Ch. 7.

1.3 The “golden channel”: past, present, and future

The analysis presented in this manuscript consists of the study of the Higgs boson properties
in the H — Z7Z — 44 decay channel, often referred to as the “golden channel".

The Higgs boson decays in pairs of vector bosons can have very different topologies: on
one side the decay to a pair of w* bosons, which features a large branching fraction, despite
a poor mass resolution due to missing energy in the final state; on the other hand the decay
to two Z bosons, where the limited statistics due to the low branching fraction (cf. Tab. 1.1)
is compensated by a large signal-to-background ratio, an excellent mass resolution, and a
completely resolved final state.

e A large signal-to-background ratio: in the H — ZZ — 4¢ decay, the Higgs boson can be
identified starting from the four leptons in the final state. The typical resonant shape of
the invariant mass of the four-lepton system represent a clear signature to distinguish
between the signal and the background processes, as the latter has a rather flat shape
under the Higgs peak;

e An excellent mass resolution: such a great separation between signal and background is
also the result of the reconstruction power of the CMS detector. The precise identifica-
tion of electrons and muons, to which CMS owes its name, allows to probe with great
precision this decay channel, making it one of the driving channels in the determination
of the Higgs boson properties, such as its mass and width [15];

e A completely resolved final state: where Higgs boson candidates can be identified rela-
tively easily by imposing selection cuts on the leptons reconstructed in the final state.
Once the four leptons in the final state are identified and reconstructed, the information
can be used to characterize completely the H — ZZ — 4¢ decay and to construct dedi-
cated kinematic discriminants that the analysis can exploit to enhance the background
rejection.

Hence, this channel dominates the scene from the early stages of Run-I, where it was
fundamental for the announcement of the discovery in 2012 |2, 3, 4], and for the subsequent
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measurements of the Higgs boson mass, width, and spin-parity [14, 15, 16, 17|. All these
results turned out to be in agreement with the SM predictions, which began to be probed
in more detail with the measurement of signal strength modifiers [15, 28] and fiducial cross
sections [29, 30], in order to assess the properties of the different production mechanisms and
the compatibility with the SM in specific phase space regions. At the same time, the sought
for anomalies in the SM predictions and the possible existence of BSM scenarios were probed
with measurements of anomalous couplings to vector bosons and fermions [31, 32, 33].

While all the results were found to be in agreement with the SM predictions, their ultimate
precision was essentially limited by the statistics available for the analysis, as a consequence
of the low branching ratio that characterizes the H — ZZ decay. The measurements of signal
strength modifiers, fiducial cross sections, and anomalous couplings were repeated at a centre
of mass of /s = 13 TeV [34], exploiting the data collected in the early stages of the Run-II.
The agreement with the SM expectations was confirmed with more strength and an overall
reduction of the global uncertainty was observed. However, most of the measurements were
still dominated by the statistical uncertainty. Exploiting the full statistics collected in the
first year of the Run-II, the properties of the Higgs boson in the four lepton decay channel
were measured again [35], setting a clear turning point in the history of this analysis. First of
all, some of the results started to have comparable statistical and systematical components of
the uncertainties; in addition, the increased statistics available for the analysis made possible
the exploration of more fine-granular phase space regions. Hence, the H — Z7 — 4/ analysis
entered the realm of precision physics, targeting the test of the SM in a more “production-
oriented” way. With the analysis of the combined 2016 and 2017 data collected at /s = 13 TeV
some of the inclusive measurements started to be limited by the systematic uncertainties, and
the production mechanisms of the Higgs boson could be probed individually [36]. The apex
was reached in 2018, when the analysis could profit from the entire statistics collected during
the Run-II phase. The results of this study have recently been published in the European
Physics Journal C [37] and are extensively detailed in this manuscript. Exploiting the full
Run-II data set, the H — ZZ — 4¢ decay channel could be used to measure the signal
strength modifiers for each production mode and to measure fine granular cross sections in
the so-called Simplified Template Cross Section (STXS) framework [19]. The large statistics
available, corresponding to 137 fb 71, also contributed to the improvement of the measurement
of fiducial cross sections in differential bins of certain kinematic observables. The full Run-II
statistics will also allow measurements of the Higgs boson’s mass and width, improving the
current constraints on these two observables. More precisely, the width of the Higgs boson
is currently constrained to be I'y = 3.23:3 MeV, under the assumption of couplings with
structure similar to that of the SM, for an expectation measured to be I'yy = 4.13‘2:8 MeV,
using the data collected by the CMS experiment during the Run-I and combined with a
portion of Run-II data [38]. This result was obtained from the combination of the on- and
off-shell productions of the Higgs boson and led to the first confidence interval on 'y, which is
expected to improve even further when the full Run-II statistics will be used for the analysis.
The combination of the on-shell and off-shell productions of the Higgs boson will also permit
studies of CP-violation and anomalous couplings of the Higgs boson. Eventually, the future
Runs of the LHC will change the fate of these measurements, providing substantially more
data and enhancing the sensitivity to possible BSM effects.

Before diving into this “golden journey” and present the measurements of the Higgs boson
properties in the four lepton decay channel, it is useful to concentrate for a moment on the
description of the detector that made this analysis possible: the CMS Experiment at the
CERN LHC.






CHAPTER 2

The CMS detector at the LHC

Contents
2.1 The Large Hadron Collider at CERN . . . . . . . . ... ... ... 22
2.1.1 Design . . . . . L 22
2.1.2  Operations . . . . . . . . . . e 25
2.1.3 Experiments . . . . . . .. L 27
2.2 The CMS detector . . . . . . .. ... i v .. 29
2.2.1 Coordinate system . . . . . . ... L 30
2.2.2 Detector structure . . . . . .. ..o 31
2.2.3 Luminosity measurement . . . . . ... .. ... .. Lo L. 41
2.2.4 Trigger and Data Acquisition Systems . . . . .. .. ... ... ... .. 42
2.3 Physics objects: identification and reconstruction . . . . . . . . .. 46
2.3.1 Fundamental elements of the Particle-Flow algorithm . . . . ... ... 48
2.3.2 Electrons . . . . . ... 50
2.3.3 Muons . . ... e 53
2.3.4 Jets ..o 53

Founded in 1954 and located near the Franco-Swiss border west of Geneva, the Conseil
Européen pour la Recherche Nucléaire (CERN), or European Council for Nuclear Research,
is nowadays the largest particle physics laboratory worldwide. Counting more than 10000
researchers from over 100 nationalities;, CERN is at the forefront of fundamental research,
innovation, and knowledge transfer.

Scientists at CERN analyze data from proton-proton collisions in the Large Hadron Col-
lider (LHC) at a design centre-of-mass energy of 14 TeV. The LHC is the largest particle
accelerator ever built, and is located in an underground tunnel of 27 km in length. This col-
lider was constructed between 1998 and 2008 in the same tunnel that hosted its predecessor,
the Large Electron-Positron (LEP) collider, posing stringent requirements on the design of
the LHC infrastructure and its installation. The tunnel is placed underground, at a depth
ranging between 45 m and 170 m, and herein are located the two vacuum beam-pipes where
proton beams circulate in opposite directions before colliding at four interaction points, where
the main experiments are installed. Given the vastness of the LHC scientific programme, each
experiment was designed to probe specific physics scenarios. The ALICE and LHCb detectors
study heavy ions and b-quark physics, respectively. The ATLAS and CMS are two general-
purpose detectors, initially designed to hunt for the Higgs boson and to explore possible
Beyond Standard Model (BSM) scenarios at the TeV energy scale. The results presented in
this thesis are obtained from the analysis of proton-proton collisions collected by the CMS
experiment at a center-of-mass energy of /s =13 TeV, corresponding to the total 137 fh!
recorded during the so-called Run-II phase of the LHC.

This chapter is structured as follows: an overview of the LHC accelerator, with particular
attention to its design and operations, is given in Sec. 2.1; the CMS experiment, along with
the description of its various sub-detectors, is presented in Sec. 2.2. Sec. 2.3 presents the
algorithms used for the offline objects reconstruction and identification.
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2.1 The Large Hadron Collider at CERN

The LHC inherits its location from the LEP eTe™ collider and it was designed to deliver
proton-proton (pp) collisions at a center-of-mass energy of /s = 14 TeV, with an instanta-
neous luminosity of £ = 10** em %57t [39, 40]. The LHC was primarily conceived to probe
the spontaneous symmetry breaking mechanism via the search of the Higgs boson, observed
by the ATLAS and CMS experiments in 2012 |2, 3, 4], and to investigate for any hint of BSM
physics at the TeV energy scale. In addition, the LHC features a nuclear physics programme,
from which CERN owes its name, based on lead ions collisions at 2.76 GeV /nucleon at a
luminosity of £ = 10%7 cm_QS_l, with the ultimate goal of understanding the behaviour of

quarks and gluons in plasma.

2.1.1 Design

The LHC [41] is the last element of the CERN accelerator complex: herein, proton beams
are produced, accelerated, in subsequent steps, up to 7 TeV, and injected into two separate
beam pipes that cross at dedicated interaction points (IP), where the detectors are placed.
The position of the four main experiments along the ring and the different elements of the
accelerator complex are illustrated in Fig. 2.1.

The first step of the injection chain consists of the extraction of protons from H atoms
exploiting strong electric fields. Bunches of protons are formed using the magnetic field
generated in a Radio Frequency Quadrupole (RFQ) and are accelerated up to an energy of
750 keV. In a subsequent step, the bunches are supplied to the Linear Accelerator (LINAC
2), which increases their energy up to 50 MeV and sends them to the Proton Synchrotron
Booster (PSB), a 150 m ring where their intensity is increased, and the beam is accelerated
up to 1.4 GeV. Two more steps are required before injecting the beams in the LHC: the
Proton Synchrotron (PS) and the Super Proton Synchrotron (SPS) accelerate the beams up
to 25 GeV and 450 GeV, respectively. When ready to be sent to the LHC, the beam is split
into two parallel beamlines with fast kicker magnets and accelerated to their nominal energy
in high frequency (RF) cavities.

The beam optics in the LHC ring is controlled with superconducting NbTi magnets. The
beams are kept on their circular trajectory exploiting 1232 dipoles, disposed into eight arcs
of 2.45 km each. A current of about 11 kA flows in the dipoles and generates the 8.3 T
magnetic field that keeps the beams on their circular trajectory. One of the most stringent
requirement for the accelerator is the narrow size of the bunches, which is kept constant by
using additional magnets, also known as quadrupoles. Superfluid He-4 is used to cool down
the magnets to 1.9 K, thus ensuring their superconducting state.

The beams are made to collide at four interaction points (IP), where the main experiments
are located, after a further focusing obtained with additional quadrupoles placed before each
IP.

The number of events per unit time ON/Jt for a process with given cross section o is
determined by the instantaneous luminosity L [41]:

oN
ot

Hence, the only way to observe processes with low cross section at the LHC is to have

=L Xo. (2.1)

a machine with a sizeable instantaneous luminosity. However, this parameter can not be
increased indefinitely, as it conflicts with the performance of the data acquisition system, as
described in Sec. 2.2.4. Often one reports the integral of £ over time, referred to as integrated
luminosity, L = [ Ldt, which defines the amount of data recorded over a given period of time,

usually a year of data taking. The instantaneous luminosity is measured in units of cm_Qs_l,
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Figure 2.1: Schematic representation of the CERN accelerator complex [42|. The LHC (dark
blue line) is only the last part of a vast acceleration chain that begins at the LINAC 2 (pink
line).
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Table 2.1: Nominal parameters of the LHC in proton-proton collisions.

Parameter Meaning Nominal value
N Center-of-mass energy 14 TeV
At Bunch separation 25 ns
ny, Number of bunches 2808
N, Number of protons per bunches 1.15-10"
frev Revolution frequency 11245 Hz
o, Transverse bunch r.m.s. at the IP 16.7 pm
Ty Longitudinal bunch r.m.s. 7.55 cm
B* Beta function at the IP 0.55 m
6. Crossing angle at the IP 285 prad
En Transverse emmittance 3.75 pm

28_1, while the integrated luminosity

and its design value for the LHC machine is £ = 10** em™
is usually expressed in inverse femtobarns (fb™') or picobarns (pb™ ).
The operations of the accelerator are often quantified quoting the instantaneous luminosity,

which can be defined from the beam parameters as:

2
I = anbfrev’YTF
4re, B ’

where N, is the number of particles in each of the n;, bunches present in the beam, f.,

(2.2)

is its revolution frequency, and ~, is the relativistic factor. The beam optics enters in the
e,3" factor, where the first term represents the emittance and the latter the so called beta
function, i.e. the beam focusing at the IP [41]. The F factor accounts for the reduction of
instantaneous luminosity due to the crossing angle (6,.) of the beams and the transverse and
longitudinal r.m.s. bunch sizes (o,, and 0,):

~1/2
F= (1 + 90) (2.3)

20,,

The nominal values of the different parameters defined above are reported in Tab. 2.1.

As mentioned above, the large luminosity of the LHC is fundamental to have the possi-
bility to observe processes with small cross sections. However, this also means that several
interactions can happen within the same bunch crossing. This phenomenon is referred to as
pileup and its average value is given by:

La;,r;,el
rev

where azi;;el is the inelastic pp cross section. At the design value of the LHC one has

/s = 14 TeV and Uzi;;el = 69 mb, for a resulting pileup rate of about 22 interactions [43]. As
further detailed in the next section, the LHC has been increasing constantly its operational
values over the years, reaching the current pileup rate of about 60 interactions per bunch
crossing. This number will become even larger with the High Luminosity phase of the LHC
(HL-LHC), foreseen to start in 2027, where an average pileup rate of (P.U.) = 140/200 events
is expected. These constantly increasing values of pileup rate have a direct consequence on
the detector’s performance, as a higher detector occupancy means a reduction in the particle
reconstruction’s efficiency and resolution. In order to cope with such a harsh environment
expected for the HL-LHC operations, all the LHC experiments are currently undergoing an
upgrade programme [44]. The mitigation of the pileup rate and of the high radiation dose
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caused by such a harsh environment are two of the most stringent requirements the design of
the new sub-detectors has to meet. For example, the upgrade of the CMS endcap calorimeters
with a High Granularity Calorimeter (HGCAL) [45] goes in this direction and it has been one
of the topics studied in this thesis. A more detailed description of the CMS upgrade campaign
in view of the HL-LHC programme, with a particular focus on the HGCAL and its design
validation using test beam data, is given in Chapter 3.

2.1.2 Operations

After more than ten years of commissioning and installation, the first proton beams were
injected into the LHC in September 2008. The inaugural run was stopped shortly after, and
intervention was needed to repair a severe mechanical damage induced by a large loss of
liquid He-4 due to a faulty electrical connection between two magnets. The LHC underwent
a one-year technical stop until November 2009, when 450 GeV proton beams were injected
into the machine for the first time after the incident. A few weeks after, the beam energy was
ramped up to 1.18 TeV per beam, and the LHC officially became the highest-energy particle
accelerator in the world.

In 2010 the beam energy was constantly increased until reaching 3.5 TeV per beam. In
March 2010, the first high-energy proton-proton collision with a center-of-mass energy of
7 TeV took place. The data collected over the years 2011 and 2012 comprise the Run-I phase
of the LHC: in the first year 6 b~ ! were delivered at a center-of-mass energy of \/s =7 TeV,
while in 2012, a total of 23 fb' were delivered at /s = 8 TeV. The former dataset allowed
the ATLAS and CMS collaborations to set stringent upper limits to the permitted mass range
of the Higgs boson. The latter featured a larger luminosity, and its partial combination with
the /s = 7 TeV dataset permitted to claim the Higgs boson discovery in July 2012. During
the following years, the luminosity of the machine has been increased constantly to reach its
nominal design value. After the beginning of Run-II in 2015, the LHC ran at a centre-of-mass
of /s = 13 TeV, for a total luminosity of 139 fb! collected by the end of 2018. Fig. 2.2 shows
the evolution of the integrated and peak luminosities recorded by the CMS detector over the
last eight years of LHC operations.

Fig. 2.3 shows a summary of the past LHC operations and a schedule for future runs.
After the Run-I phase, the LHC underwent two years of a technical stop, also referred to as
the first long shutdown (LS1), with the goal of preparing the machine for the beginning of
the Run-II. A substantial upgrade of the entire infrastructure was needed, with particular
attention to the magnets and some of the experiments’ sub-detectors.

With the luminosity steadily growing over the years (cf. Fig. 2.2), the average number
of collisions per bunch crossing is expected to rise. Fig. 2.4 shows the pileup rates for the
different years of the Run-II data taking phase: the average number of collisions per bunch
crossing almost tripled going from (P.U.) = 13 in 2015, up to (P.U.) = 40 in 2018. The
operations in the period ranging from 2011 to 2024 are referred to as Phase 1, while Phase
2 refers to the period between 2027 and 2037, and it will correspond to the High-Luminosity
era of the LHC (HL-LHC).

The LHC resumed its operations after the LS1 in 2015 and it kept running until the end
of 2018, for a period that is commonly referred to as Run-II. The 2015 runs were intended
for the commissioning of the machine at the new center-of-mass energy of /s = 13 TeV, a
record value that opened the doors to new physics scenarios for the experiments. In this same
year, 4.2 fb~! were delivered to CMS at £ = 5 x 10* cmfZSfl, but in June 2016 the design
instantaneous luminosity was reached and later on exceeded until reaching the current value
of £ =1.5x 10* em™2s™!. The CMS detector recorded integrated luminosities of 41.0 fb_l,
49.8 fbfl, and 67.9 b~ ! in the years from 2016 to 2018, as shown in Fig. 2.2.

After discoverying of the Higgs boson in Run-I, one of the main goals of the Run-II physics
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Figure 2.2: Total integrated luminosity (top) and peak instantaneous luminosity (bottom)
delivered to CMS as a function of the date. The plots comprise both the Run-I (2010-2012)
and the Run-II (2015-2018) operations of the LHC [46].
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programme has been the precision measurement of the properties of this long sought particle:
from its production and decay rates, up to the charcaterization of its couplings with the other
particles of the SM.

Up to now, the CMS Run-II analyses have not revealed any hint of new physics. BSM
processes are expected to have lower cross sections and affect primarily the distributions’
tails, where the statistics available is still limited. Hence, to probe any BSM scenario or use
the Higgs boson as a portal for new physics, more data are required, alongside more precise
techniques for events selection, identification, and reconstruction.

At the moment of writing this thesis, the LHC machine is in its second long shutdown
(LS2). LS2 aims to upgrade and maintain the accelerator complex and infrastructure in
preparation for the Run-II1, when the LHC is expected to run at unprecedented center-of-mass
energy of /s = 14 TeV, finally reaching its original design value. The end of Run-IIT in 2024
will mark the closure of the LHC Phase 1, and by then, the experiments are expected to have
recorded an integrated luminosity of about 350 bt a record-breaking value that could allow
the study of rare phenomena and would help to nail down even more precisely the properties
of the Higgs boson. However, by this time, the detectors of the various experiments are
expected to have suffered severe radiation damage, and a substantial upgrade will be needed
to maintain the current physics performance and enhance the machine’s discovery potential.
The LHC is preparing its High Luminosity phase (HL-LHC), which foresees a total integrated
luminosity of about 3000 ! and a peak instantaneous luminosity of 5 x 103 cm_2s_l,
leading to unprecedented radiation levels and pile up rates of about 140/200 events per bunch
crossing, but also opening the doors to physics scenarios previously inaccessible. The HL-LHC
is expected to produce about 15 million Higgs bosons per year, substantially exceeding the
three millions produced in 2017, thus allowing detailed studies of the Higgs boson properties
and possibly unveiling new physics not observed before.

2.1.3 Experiments

As shown in Fig. 2.1, the CERN accelerator complex is supplied with several experimental
facilities placed along the acceleration chain. The PS serves as low-energy proton source for
the Fast Area, while the SPS is used to stream protons up to 450 GeV in the North Area. These
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two locations are commonly used for test beam purposes and also host other detectors used
for non-Higgs physics, such as dark matter studies, crystallography and irradiation studies.
Proton beams circulate in counter-wise directions in two separate beam pipes and are
made to collide at four IPs, where the main experiments are placed. While for the ALICE
and LHCDb detectors two of the LEP IPs were reused, for the two multi-purpose detectors
ATLAS and CMS larger caverns were obtained from the old ones. At each IP the beam pipes
are made to cross for collisions to take place and be detected by the corresponding experiment:

e Interaction point IP1
The IP1 hosts A Toroidal LHC Apparatus (ATLAS) [48], one of the two general-
purpose detectors designed to hunt for the SM Higgs boson and to study its properties,
but also to perform QCD analyses and detect possible BSM physics.

The ATLAS apparatus comprises many sub-detectors, each dedicated to identifying and
reconstructing a given type of particle or signature. The ATLAS experiment has a cylin-
drical structure around the interaction point: after an inner tracker and a Transition
Radiation Tracker (TRT), that feature a mixed silicon-based and gaseous technology,
the core of the detector is its sampling calorimeter, consisting of an inner liquid Ar-
gon electromagnetic component and an outer steel-tile calorimeter. This design choice
represents one of the main differences between the ATLAS and CMS detectors, as the
latter features a homogeneous PbWO, electromagnetic calorimeter. Muon chambers
are located in the experiment’s outer region and cover it completely, resulting in the
huge 25 m diameter and 46 m length of the ATLAS detector and in the second major
difference with respect to the CMS design. A solenoid magnet surrounding the IP pro-
vides an axial field of 2 T, while several toroidal coils are used to reach up to 4 T fields
around the solenoid.

The detectors of the Large Hadron Collider forward (LHCY) [49] experiment are
placed in the same cavern of the ATLAS detector, and they are located about 140 m
away from the IP. The LHCf is made of two detectors, each weighing 40 kg for a total
volume of 30 cm x 80 cm X 10 cm. The physics goal of the LHCf experiment is the
characterization of the ultra-high-energy cosmic rays.

e Interaction point IP2
A Large Ion Collider Experiment (ALICE) [50] is located at IP2, one of the former
collision points of LEP. The ALICE experiment is designed to study heavy-ion physics
with the final aim of unveiling the nature of the quark-gluon plasma (QGP), the state
of the matter expected to be present in the primordial Universe.

The ALICE detector is unique in its genre and it features many sub-detectors not
present in the other LHC experiments. The golden point of ALICE is its Time Projection
Chamber (TPC) that complements the inner tracking system and allows precise particle
identification and discrimination. The former is enhanced by the presence of several
calorimeters and Time of Flight (TOF) and Ring-imaging Cherenkov (RICH) detectors.
In the very forward region the detector is complemented with a muon spectrometer, an
additional handle when studying QGP with the decay products of heavy quarkonium
states.

e Interaction point IP5
The Compact Muon Solenoid (CMS) [51] is located at IP5, diametrically opposed
to the ATLAS detector. Both are general-purpose detectors, designed to study a large
variety of physics phenomena, even though their structure is substantially different,
resulting in complementary measurements. A more detailed description of this detector
is given in Sec. 2.2.
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Sharing the same IP as CMS and partially placed within it there is the TOtal Elastic
and diffractive cross section Measurement (TOTEM) [52]. The TOTEM exper-
iment owes its name to its physics goal, that is the measurement of total cross section,
elastic scattering, and diffractive processes in pp collisions.

The particles coming out from the IP are tracked using cathode strip chambers (CSC)
and Gas Electron Multipliers (GEM) placed over multiple stations and forming two
telescopes. The other main detector of the TOTEM experiment are Roman Pots, i.e.
silicon sensors used to measure scattered protons.

e Interaction point IP8
The IP8 hosts the LHC beauty (LHCb) [53] experiment which, alike the ALICE one,
is located within one of the original LEP caverns. LHCDb is specialized in the analysis
of b-quark physics with the aim of unveiling any new BSM process or leading to direct
hints of CP violation.

The LHCDb detector is built in a different fashion than the ATLAS or CMS to reflect
the different physics studied: as b-hadrons are mostly produced in the forward region,
the detector is a single-arm forward spectrometer. The first sub-detector is placed close
to the IP, with the rest disposed over a length of 20 m.

In order to measure efficiently b-quarks, the LHCb detector features a Vertex Locator
(VELO), i.e. a movable tracking detector close to the beam-pipe. The VELO is an
array of semi-circular silicon-based detectors which allows to detect secondary vertices
of the b-hadrons decay.

Sharing the same location as LHCb the Monopole & Exotics Detector At the LHC
(MoEDAL) [54] experiment aims at a direct measurement of the magnetic monopole,
a hypothetical particle with a magnetic charge. The MoEDAL detector is the seventh
experiment approved and installed at the LHC.

Not all the LHC experiments aforementioned can sustain the same instantaneous luminosi-
ties and pile up rates. More precisely, the ALICE and LHCDb detectors have limiting factors
that prevent them to collect data at the typical LHC rates. For the former the constraint is
set by the TPC dead-time, while the large particle flux traversing the latter almost saturates
its data acquisition capabilities. Hence, a luminosity leveling is performed: the beams are
automatically separated and delivered to the various detectors when the target luminosity is
reached. ALICE works with a stable instantaneous luminosity of about £ = 10%7 cm_Qs_l,
while a larger value of £ = 10*? em 27! is used for LHCb.

2.2 The CMS detector

Located in an experimental cavern 100 m deep underground at Interaction Point 5, in the
French village of Cessy, the CMS detector [51] is one of the two multi-purpose experiments
installed at the CERN LHC to hunt for the Higgs boson and to explore a large variety of
physics scenarios at the TeV energy scale. The detector has a cylindrical structure, hermet-
ically surrounding the IP5, for a total diameter of 15 m and a length of 21.5 m. The CMS
detector owes the “compact” of its acronym to the fact that it is almost twice as small as the
ATLAS experiment but with a twice larger weight of 12500 t.

The central component of the detector is a superconducting 4 T solenoid magnet, which
encloses the several sub-detectors that build up the CMS experiment. Each of these has a
specific role in detecting a particular type of particle or in the measurement of a given observ-
able. Immediately after the IP, 6 m within the coil, the inner tracking system is surrounded
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by electromagnetic and hadronic calorimeters. The large muons’ detection subsystem is lo-
cated around the magnet for an additional radius of 7 m, and it composes about 80 % of the
detector’s total volume, from which the “muon” of the CMS acronym. Fig. 2.5 depicts a cross-
section of the CMS experiment, where one can identify all the subsystems briefly mentioned
above. A more detailed description of all the CMS components is given in Sec. 2.2.2.
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Figure 2.5: Schematic illustration of the CMS detector at the CERN LHC [55].

2.2.1 Coordinate system

The CMS experiment exploits a right-handed coordinate system, with the origin placed at
the nominal interaction point. The z-axis points towards the geometrical center of the LHC,
the y-axis points upwards, and the z-axis points in the anticlockwise proton beam direction.

Given the cylindrical structure of the detector, a polar coordinate system is also used.
The azimuthal angle ¢ is defined as the angle formed in the transverse plane with respect to
the x-axis, and r as radial coordinate.

A schematic illustration of the CMS Cartesian and polar coordinate systems is given in
Fig. 2.6.

While this coordinate system is well suited to describe the orientation of the detector and
macroscopic observables, it is not used to identify proton-proton collisions, where the inter-
action takes place at parton level. Here the momentum fraction carried by each parton along
the z-axis and the longitudinal boost of the collision’s rest frame are unknown observables.
Hence, the event is preferably described by means of Lorentz boost-invariant quantities, such
as the projections of observables on the transverse plane.

Therefore one can define the transverse momentum (p) and the transverse mass (mg):

2 2 2
Pr =P +py

2 2 2 2 2 2
mp=m +px+py:E — Dz

The rapidity of a particle is expressed as:

1 E+p,
=—In[=——= 2.5
Y 2n<E_pz> ( )
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Figure 2.6: Schematic representation of the CMS coordinate systems [56].
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Figure 2.7: Relation between the pseudorapidity n and the polar angle 6.

The polar angle is usually converted into pseudorapidity, i.e. the rapidity for ultra-
relativistic (m/E < 1) particles:

1 (p+p.\ 0
n= 2ln (p—pz> = —Intan <2> (2.6)

which varies from 0 at § = § to 00 at § = 0(n), as shown in Fig. 2.7.
The spatial separation between two particles is expressed, in a Lorentz boost-invariant
frame, as a function of their angular distance as:

AR =/ (An)? + (Ad)>. (2.7)

An additional handle on the event’s topology comes from the negative sum of the transverse
momenta of all the reconstructed particles, which goes under the name of missing transverse
momentum p?iss. Being the detector symmetric around the interaction point and hermetic,
this quantity is usually interpreted as the total transverse momentum of neutrinos, or other
hypothetical non-interacting particles, escaping the detector without leaving any signature
whatsoever.

2.2.2 Detector structure

The CMS detector is built around a 4 T superconducting solenoid, used to bend the tracks of
the particles traversing the different sub-modules of which CMS consists of. In the following
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the various components are detailed, with particular attention to their role in the detection
of a specific kind of particle. This same information is also exploited for the offline particles’
identification and reconstruction, as discussed in Sec. 2.3.

Superconducting magnet

The most essential component of the CMS experiment is the niobium-titanium (NbTi) super-
conducting solenoid magnet [57].

With a 6 m diameter and an operational temperature of about 4.5 K, the magnet dictates
the design of the CMS detector. The magnet volume hosts the tracking and calorimetric
systems, and it features a constant magnetic field of 3.8 T. The iron return yoke, used to
confine the high magnetic field, is interspersed with the muon detection system and is placed
outside the NbTi magnet. Hence, the muon chambers are immersed in a 2 T magnetic field,
thus resulting in muons tracks having two different bendings before and after crossing the
magnet.

The CMS collaboration decided to operate the magnet at a nominal value of 3.8 T, slightly
lower than the 4 T design value, because of the unique design of the magnet and its unknown
aging properties. The magnetic field strength and lines estimated by means of Monte Carlo
simulation are shown in Fig. 2.8.

IB| [T] Y e
~4.0 - S / /

v e
| 35 - /
3.0 F TN Y, //

: > | Ve

H-25 ,- 2

H ——— =
oo gL e *,‘ " k L o ya

‘W .

M | 1
1.5 -

4 i

H-1.0

I ™~
r0.5

Figure 2.8: Longitudinal view of the CMS detector showing the magnetic | B | field (left)
and field lines (right). Central magnetic flux density of 3.8 T. Each field line represents an
increment of 6 Wb of the total flux. Figure taken from [58].

Inner tracking system

Placed directly around the interaction point, the tracking system [59, 60| is the innermost
part of the CMS detector. The CMS tracker covers a volume of 5.6 m in length and 2.4 m
in diameter, and it is instrumented with silicon sensors, sensitive to the passage of charged
particles originating from the interaction vertex. A uniform magnetic field of 3.8 T permeates
the tracking volume, and it is used as an additional handle in the particles identification
and reconstruction. The tracker also has to identify the in-flight decays and discriminate the
hard scattering interactions vertex, also referred to as primary vertez, from additional pile-up
collisions. As a result, the tracker is the sub-detector that has to cope with the most stringent
requirements in terms of design, detection efficiency, and radiation hardness. The tracking
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system is subdivided into two components to cope with these challenges: the pixel detectors

and the silicon strip tracker, shown in Fig. 2.9.
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Figure 2.9: Left: Illustration of the CMS pixel tracking sub-systems. Three cylindrical layers
are disposed in the barrel (BPix), while the endcaps are covered by two disks (FPix) on each
side. Right: Schematic representation of the CMS tracking systems’ cross section in the r — z
plane. Figures taken from [61, 62].

Pixel

Strips

The CMS pixel tracking detector surrounds the IP, in a region of | n |< 2.5, and it
comprises 65 millions silicon pixels of 100 x 150 umZ, disposed in three cylindrical layers
in the barrel (BPix) and in two endcap disks (FPix), one on each side of the IP, as
shown in the left picture in Fig. 2.9.

The BPix layers are located at radii of 4.4, 7.3 and 10.2 cm, while the FPix disks start
at 6 cm from the beam pipe center and extend up to 15 cm. Each pixel features a spatial
resolution of 10 pm in the (r, ¢) plane and of 20 pum along the z axis.

The downside of having such a finely segmented detector is the increased need for readout
electronics and power supply components, which demands a large cooling capacity. This
infrastructure results in passive material encountered by the particles while traversing
the detector. Therefore it increases the probability of parasitic phenomena such as
multiple scattering, bremsstrahlung, pair production, and nuclear interactions, which
may impact the reconstruction of the particles’ trajectory.

In order to improve the physics reconstruction performance and to cope with the ex-
ceedingly large luminosity registered by 2017, the pixel system has been upgraded in the
technical stop between the 2016 and 2017 data taking periods [63]. The new detector
features four layers in the barrel and three disks in the endcap regions, thus providing an
additional tracking point in both directions. The major challenge of such an upgrade is
clearly the reduction of the total budget material, notwithstanding the increased number
of tracking station. A complete redesign of the support and CO, cooling systems, along
with the displacement of readout boards and connections outside the tracking volume,
allowed a consistent reduction of the dead material, with the new barrel and endcap
detectors weighing 40% and 80% of the old ones, respectively. The sensitive thickness
of the BPix sensors of 285 pm remained unchanged after the upgrade, whereas the FPix
sensors thickness was increased from 270 pm to 300 um. The layout of the upgraded
pixel detector is depicted in Fig. 2.10.

The outermost region is equipped with silicon strip sensors, covering the same 1 range
as of the pixels, a radial occupancy between 20 and 116 cm, and an extension along the
z-axis of + 282 cm. Micro-strip sensors can be used instead of pixels because of the
increased distance from the nominal IP, resulting in a lower flux of particles.
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Figure 2.10: Left: Side view of the CMS tracking systems. In the top part of the figure
the conceptual layout of the upgraded tracker is shown, while the old one is depicted in the
bottom part of the figure. Right: Transverse view of the pixel barrel layers in the two designs
described in the text. Figures taken from [63].

The micro-strip tracking detector is divided into three subsystems, each with a different
strip pitch and thickness according to the location of the modules. The innermost part
is organised in four barrel layers (TIB) and three disks (TID) of up to 55 cm of radius
on each side. These two subsystems combined provide up to 4 (7, ¢) measurements and
they are composed of strips with varying pitch from 80 to 120 pum, a sensor thickness of
320 pm, and a single point spatial resolution from 23 to 25 um.

The Tracker Outer Barrel (TOB) encloses the TIB and TID systems in a outer radius of
116 cm and 236 cm length. It embeds 500 pm thick sensors with a strip pitch of 122 to
183 pm and a single point resolution ranging from 35 to 53 pm for the six measurements

of (r, ¢) provided.

The forward region is covered by the Tracker Endcaps (TEC), placed within a radius of
22.5 em to 113.5 cm and located at 124 cm <| z |< 282 ¢cm. The TEC comprises nine
disks covered by 320 to 500 pum thick radial micro-strip sensors, with a pitch ranging
from 97 pm to 184 pm which adds up to nine measurements in ¢.

As shown in the right picture of Fig. 2.9, several layers and disks are supplemented
with a second micro-strip sensor mounted back-to-back and tilted by 100 mrad to allow
the measurement of an additional coordinate, being it longitudinal (z) in the barrel or
radial (r) in the endcaps.

With an area of 198 m? and a total of 9.3x10° strips, the CMS micro-strip tracking
system is the largest silicon-based detector worldwide.

The operational temperature is one of the critical aspects of silicon-based detectors, as
it is necessary to reduce the ionizing radiation damage on the sensors. The CMS tracker is
designed for dry gas cooling at -20°C. Nevertheless, during the Run-I operations, a working
temperature of only 4°C could be achieved. The tracker’s cooling and thermal isolation
systems were upgraded during the LS1 of the LHC [64] to prevent from further radiation
damage. From the beginning of Run-II, the tracker pixel sensors have been operated at a
temperature of -10°C, while the rest of the tracker system has been working at -15°C. These
working conditions lasted until the end of the Run-II operations, after which the pixel system,
along with several other sub-detectors, is going to be replaced during the CMS Phase-II
Upgrade programme (cf. Ch. 3).

The design of the CMS tracking system is a tradeoff between the best detector perfor-
mance and the least possible inactive material. In this regard, the reduction of dead material
is a crucial issue in minimizing the parasitic interaction of particles originating from the pri-
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mary vertex. Limiting multiple scattering, bremsstrahlung, nuclear interactions, and photon
conversion as much as possible is fundamental for a precise reconstruction of the the trajec-
tory of the particles in the tracker and for the measurement of their energy in the subsequent
calorimeters. Fig. 2.11 shows the simulated material budget in the CMS tracker in units
of radiation length (X)) and hadronic interaction length ()\;) for both the original and the
upgraded pixel detector. The total passive material for the tracking and the relative services
(cabling, support, and cooling system) added up for a total of 1.6 Ay in the original design.
With the pixel upgrade, this value was reduced by about 40 % in the forward region and 10 %
in the barrel, thus improving the resolution on the interaction point by a factor 1.5 in the
z-direction.
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Figure 2.11: Material budget in the tracker pixels, as a function of the pseudorapidity, in
radiation length (left) and nuclear interaction length (right). The green histogram shows the
material budget of the pixel detector before the upgrade, while the black dots represent the
reduced material budged after the 2017 upgrade. Figures taken from [64].

Electromagnetic calorimeter (ECAL)

The Electromagnetic CALorimeter (ECAL) [65] surrounds the inner tracking system and
it is designed to provide a precise energy measurement of the incoming electrons and pho-
tons. The ECAL is a hermetic homogeneous calorimeter consisting of almost 70000 lead
tungstate (PbWO,) crystals. The choice of PbWO, is driven by the need of a high density
(p =8.29 g/cm®) material, with a small radiation length (X, = 0.89 ¢cm) and a short Moliére
radius (Ry; ~2.2 cm), to ensure a full containment of electromagnetic showers and a relatively
fast response, which has to cope with the fact that about 80 % of the scintillating light is
emitted within the LHC bunch crossing time of 25 ns. The layout of the CMS ECAL is
depicted in Fig. 2.12.

The ECAL Barrel (EB) is divided into two half-cylinders enclosed by two endcap discs
(EE). The two EB halves consists of 18 super-modules, each weighing approximately 1.5 t
and grouping about 1700 crystals: 20 in ¢ and 85 in 7. Each super-module has a coverage of
| 7 |< 1.479 and 20° in ¢. The EB groups in total 62000 crystals, each covering 0.0174x0.0174
inn X ¢, or a 22x22 mm? front face. The EE disks are composed by groups of 5x5 PbWO,
crystals, also referred to as super-crystals, for a total coverage of 1.479<| n [<3.0. For a
hermetic coverage the ECAL crystals are oriented with a tilt of up to 3° with respect to the
nominal IP direction. Nevertheless, some gaps, referred to as cracks, remain between the
modules and the energy reconstruction, especially in the n = 0 region and in the transition
between EB and EE.

An additional electromagnetic preshower detector (ES) is placed in front of the two EE
disks in order to enhance the spatial resolution in the 1.65<| n |<2.6 region. The ES is a
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Figure 2.12: Schematic view of the CMS ECAL mechanical structure. The PbWOQO, crystals
in the barrel are organized into modules and super-modules. In the endcaps a preshower is
followed by two half-disks, or “Dees”, on each side. Figure taken from [65].

ECAL (EE)

Figure 2.13: Schematic illustration of the spatial coverage of an ECAL quarter. The three
sub-components of the ECAL are shown: barrel, preshower and endcap systems. PbWO,
crystals are depicted in blue. Figure taken from [66].
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sampling calorimeter made of two lead absorbers followed by a silicon sensors plane made of
22 m long strips, for a total of around 1 X;,. In addition to the 2 X of the tracker, this depth
ensures that most of the single-incident photons start showering within the sensors. The
main purpose of the ES is to distinguish between di-photon pairs coming from the 7 = ¥y
decay and single high-energy forward photons. The choice of silicon is motivated by the larger
radiation dose the detector has to sustain in this 7 region. As for the CMS tracker, one of
the most critical aspects of silicon detectors is the operational temperature. The optimal
performance of the ES is achieved at a working temperature between -15 °C and -10 °C. The
ES provides a fundamental handle in the reconstruction of electromagnetic showers in the
event, as approximately 6% to 8% of the shower energy is deposited in this sub-detector.

The CMS ECAL intrinsic energy resolution was measured on a 3x3 crystals matrix in a
test beam environment [67] and it is parametrized as

(%E) = <2j§>2 + <12E%>2+ (0.3%)?

where the first term, also called stochastic, represents the statistical fluctuations related to

the physical development of the shower. The second term represents the electronic noise of
the readout chain and it strictly depends on the DAQ system. Being it inversely proportional
to the shower energy, it may become dominant at energies lower than the GeV scale. The
constant term is energy independent and represents an intrinsic property of the calorimeter
due to non-uniformities in the detector response, but also energy leakage(s) and residual
miscalibrations.

Being the CMS ECAL a homogeneous calorimeter, it has the advantage of providing a
more precise and complete energy reconstruction with respect to a sampling calorimeter. On
the other hand, such a calorimeter does not allow for precise shower shape measurements, nor
does it provide additional tracking points to those obtained from the pixel and strips in the
tracker. Besides this design choice, the main limitation of the CMS ECAL is the fact that
it was conceived to sustain luminosities up to 500 fbfl, after which the crystals will suffer
severe radiation damage. Since the CMS detector is expected to integrate about 350 fh! by
the end of the LHC Run-III (cf. Fig. 2.3), it is clear that the CMS ECAL will have to be
upgraded in view of the High-Luminosity LHC (HL-LHC) project. The endcap calorimeters
are intended to be replaced with a High Granularity Calorimeter (HGCAL) during the HL-
LHC upgrade campaign. The HGCAL will be a sampling calorimeter, thus allowing transverse
and longitudinal shower shape measurements. In addition, it will be the first calorimeter
providing a precise timing information. Due to these many features, the HGCAL is often
referred to as 5D, or imaging calorimeter. A detailed description of the HGCAL, along with
the study of its expected performance in a test beam environment, is given in Ch. 3.

Hadronic calorimeter (HCAL)

Hadronic showers deposit at most 30% of their energy in the ECAL. The CMS hadronic
calorimeter (HCAL) [68] is placed immediately after the ECAL and it is designed to fully
absorb hadronic-induced cascades. The HCAL plays a fundamental role in the reconstruction
of events with hadronic jets, especially in the measurement of their neutral components, which
require the usage of a huge amount of material to be completely absorbed. For this reason,
the HCAL is mostly a sampling detector with alternating layers of brass absorber and plastic
scintillator tiles. Directly after the ECAL and within the volume of the solenoid there is
the HCAL barrel (HB), which extends the EB in the barrel region, as of the EE is followed
by the HCAL endcap (HE) system. The magnet sets an important constraint in the design
of the HCAL, as the total depth of interaction lengths of about 10 A; up to the HB is not
enough to contain completely hadronic showers. Hence, the barrel component of the HCAL
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is instrumented with an additional outer hadron calorimeter (HO), placed just outside the
solenoid, which adds up for a total depth of 11 A;, as shown in Fig. 2.14, thus ensuring an
better absorption of hadronic jets.

20
18
16
14
12
10

B with HO
I without HO
- Before HCAL

Material Budget (1)

O N P OO ®

Figure 2.14: Material budget of the CMS HCAL with and without the HO. The introduction
of the HO brings the material budget up to 11 A; everywhere in 7, thus ensuring the complete
absorption of hadronic showers. Figure taken from [68].

The HCAL is supplemented with a very forward calorimeter (HF), placed just outside
the CMS detector at 11.2 m from the interaction point, thus ensuring a high-n coverage. A
schematic view of the CMS HCAL is shown in Fig. 2.15.

00 01 02 03 04 05 06 07 08 0.9 1.0 1 1.2 1.3

Figure 2.15: Illustration of a HCAL quarter: the sub-modules that compose the detector are
indicated, along with their coverage in pseudorapidity. Figure taken from [68|.

HB and HE The HB and HE are sampling calorimeters consisting of brass absorbers and plastic

scintillator tiles. The former has a coverage of |  |<1.3 and adds up with the previous
sub-detectors for a total depth of about 7 A;, while the latter covers the region 1.3 <|
1 |< 3 and reaches a maximum depth of 10 ;.
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The HB is organized into two halves, each composed of 18 identical wedges where plastic
scintillator trays are placed in between absorber layers and divided into 16 7 sectors. A
total coverage of 72 sectors in ¢ is achieved with an additional split of the wedges into
four parts, for a high granularity of 0.087x0.087 in n—¢. The scintillator tiles of different
layers, located at the same 1 — ¢ coordinates, are grouped into stacks pointing towards
the IP, also referred to as HCAL projective towers. The scintillating light produced by
the hadronic interactions is extracted using thin wavelength shifting fibers (WLS) of
1 mm in diameter and it is carried out to the readout electronics to be digitized and
read by means of hybrid photodiodes (HPD).

The HE follows a design close to the one of the barrel system, it extends the EE in the
endcaps and it is shaped to fit perfectly in the space left by the HB, partially overlapping
its last tower to avoid any gap. It is organised into 18 brass layers matching the HB ¢
segments and it covers about 0.17 x 0.17 in the n — ¢ plane.

HO As mentioned above, the total budget material from the interaction point up to the
solenoid is about 10 A; and it does not guarantee a full containment of the hadronic
showers. Hence, the HCAL is supplemented with an additional outer hadron calorimeter
(HO), consisting of a single plastic scintillator in the outer barrel region (0.4<| n [<1.26)
and a two modules in the central one. The HO uses the solenoid coil as dead material
and ensures a full shower containment, reaching a depth of ~11 \; (cf. Fig. 2.14).

The scintillating light readout, in the original design similar to the one of HB and HE,
was updated during the LS1 when the old HPDs were replaced by silicon multipliers
(SiPM) to profit from a faster response and to improve the physics performance [69].

HF The HCAL sub-system is completed by the presence of a very forward calorimeter (HF)
placed at z = £ 11.2 m from the interaction point and ensuring a coverage up to
| n |= 5.2. The HF is a sampling calorimeter made of steel absorber alternating with
quartz fibers as active material. The choice of this radiation-hard materials is dictated
by the large radiation doses and neutron fluxes that the HF has to sustain at such
extreme 7 regions. The scintillating light is produced in the quartz fibers by means of
Cherenkov effect and it is collected by photomultiplier tubes (PMTs) placed just behind
the absorber.

The measurement of hadronic jets is an extremely challenging task, which can not be
accomplished by the HCAL alone. In fact, the presence of non-Poissonian events in the
development of hadronic showers, the possible production of undetectable particles, and elec-
tromagnetic components in the showers are limiting factors on the HCAL performance. The
HCAL and ECAL combined energy resolution is measured to be

()= () oo

and it can be enhanced only combining the HCAL information with the one measured

in the other sub-detectors, by means of particle flow reconstruction techniques, as further
discussed in Sec. 2.3.

In order to improve the HCAL performance many of its components were upgraded at the
end of 2017, similarly to what was done with the HO readout system. SiPM were found to be
ideal replacements for many of the HPDs and to allow a more granular depth segmentation of
the HE and HB calorimeters. In addition to the finer longitudinal segmentation, an upgrade of
the front-end electronics allowed precision timing measurement, thus providing an additional
handle for the particle-flow reconstruction of hadronic jets.
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Muon detectors

The CMS detector is designed to identify and reconstruct muons precisely, as it goes by its
name. The typical interactions at the LHC can produce muons with energies ranging from
few up to hundreds of GeV, which travel the detector leaving only a mild signature in the
tracker and the following sub-systems. However, identifying them and measuring their charge
and momentum with high precision is a key handle for the analysis of events where W, Z, or
H bosons are involved, as well as for the study of new physics signatures.

Hence, the muons detection system [70] is placed in the outermost region of the CMS
detector, it is organized into four stations embedded in the iron yokes, also called wheels,
and it exploits the 2 T return magnetic field to infer particle momenta from their curvature.
The detector design is dictated by a compromise between the large surface to be covered
and the costs to be minimized. The CMS muons detection system is composed of three
different technologies of gaseous detectors, for a total of 1400 chambers placed according to
the expected background rates and the magnetic field intensity: Drift Tubes (DTs) cover the
central region up to | n |[<1.2, while Cathode Strip Chambers (CSCs) in the endcaps region
0.9 <| n |< 2.4 are supplemented with Resistive Plate Chambers (RPCs) covering up to
| 7 |<1.6 for triggering and redundancy purposes. All these elements add up for a total of
about 25000 m? detection planes and reach a depth of 20 \; at low values of pseudorapidity.
A schematic view of the CMS muons detection system is depicted in Fig. 2.16.

n 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 11
6° 843° 786° 73.1° 67.7° 62.5° 57.5° 52.8° 48.4° 44.3° 40.4° 36.8° n e

R (m)

Solenoid magnet

[ HCAL |

AL |

Silicon
tracker

Figure 2.16: Schematic longitudinal view of a quarter of the CMS detector with the layout
of the muon detection systems. DTs, CSCs and RPCs are represented in orange, green, and
blue, respectively. Figure taken from [70].

DT 250 rectangular (2x2.5 m?) Drift Tubes (DTs) are arranged into groups of four stations
and divided into five wheels along the entire barrel region, three of which shown in
Fig. 2.16. They are located in the central region of the detector, providing a coverage
up to | n |<1.2. The low muons rate and the magnetic field in this part of the detector
ensure an adequate performance even with the use of standard rectangular drift cells.
A cell is a 2.4 m long drift tube of 1.3x4.2 cm? surface, consisting of an anode wire and
two cathode strips, immersed in a mixture of Ar (85%) and CO, (15%). DTs provide
a two dimensional measurement by taking the drift time of knocked-off electrons to
the anode within a cell. Besides giving a precise information of the angle and position
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CSC

RPC

of traversing muons, DTs are also used to fire muon triggers without the need of any
information from the tracker.

The DTs layers are stacked one on top of the others with an offset of half cell width,
resulting in a time resolution lower than 3 ns, a single cell efficiency of 99.8%, and a
spatial resolution per-cell of about 180 pm, corresponding to an overall position resolu-
tion of 80-120 pm.

The endcap region features a higher background rate and a stronger, non-uniform, mag-
netic field with respect to the barrel, as shown in Fig. 2.8. Hence the requirement of
a fast and radiation-hard detector, accommodated by the choice of finely segmented
multi wire proportional cathode strip chambers (MWP CSCs) to detect muons in the
endcaps at 0.9 <| n |< 2.4. The CSCs have a trapezoidal shape, covering an angle
of 10° or 20°, and are grouped into four stations placed between the iron yoke. They
are disposed into alternating layers of anode wires and cathode strips: the former pro-
vides a measurement in 7, while the r, ¢ coordinates are extracted from the latter. The
CSCs alone cover an area of about 5000 m”> with a volume of 50 m3, composed by a
mixture of Ar (45%), CO4 (50%) and CF, (10%). The choice of CSCs comes with sev-
eral advantages: the closely spaced wires provide a fine segmentation, which allows to
get down to a spatial resolution of 40-150 pym and a precise timing resolution of about
3 ns. The fast response of CSCs also makes this detector suitable for triggering purposes.

Resistive plate chambers (RPCs) support both the DTs and the CSCs with a standalone
triggering system and are capable of resolving tracking ambiguities in events with mul-
tiple hits in a certain cell. RPCs are fast detectors, mounted both in the barrel and
the endcaps, that provide additional redundancy to the measurements of the two other
sub-systems. In the barrel RPCs are mounted on the inner and outer side of the first
two DT stations and in front of the drift tube chamber in the last two stations. This
arrangement ensures a good triggering performance also for low pr muons. In the end-
caps we find one RPC plane per station. Initially both the endcap’s RPC and CSC were
mounted on three stations, but as of LS1 both were upgraded to their baseline design
with four stations.

RPCs consist of a double-gap chamber operated in avalanche mode and filled with a
mixture of CoHoF, (96.2%), i-C4H,0 (3.5%) and SFg (0.3%). Despite their relatively
poor spatial resolution (~ 1 cm), RPCs have a faster response than DTs and CSCs,
reaching a time resolution below 3 ns and being a fundamental handle in triggering
muons in events with high pileup rate.

As of the end of 2017, the muons detection system has been extended with gas electron
multiplier detectors (GEMs) in the region 1.6<| n |<2.2. GEMs are ideal to increase the
redundancy of the system in the endcaps, as they feature an excellent rate capability and

an optimal radiation hardness. The 10 prototype chambers installed in 2017 are going to be

supplemented with additional GEMs during the LS2, to meet the design value of 144 detectors
in view of the HL-LHC program.

2.2.3 Luminosity measurement

Precision measurement of both the integrated and the instantaneous luminosities is crucial
for the online operations of CMS and the offline physics analyses. For example, the precise
feedback on the online luminosity is used directly by the DAQ and trigger systems to regulate
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the beam intensity. At the same time, the final number of reconstructed events scales directly
with the experimental luminosity (cf. Eq. 2.1).

The HF is used together with two dedicated luminometers for the online measurement:
the Fast Beam Conditions Monitor (BCM1f) [71] and the more recent Pixel Luminosity Tele-
scope (PLT), installed before Run-II to reduce the systematic uncertainty on the luminosity
measurement [72, 73, 74]. The combined information of these three detectors provides in
situ feedback about the integrated luminosity. The offline measurement is more accurate and
considers the information of the pixel tracker and the DTs. These detectors are supplemented
with a dedicated readout system to speed up the operations.

The measurement of the integrated luminosity has been performed for each data taking
period separately, and it has an associated systematic uncertainty that ranges between 2.3%
and 2.5%, depending on the year. The impact of this systematic uncertainty on the results of
the analysis and the correlations associated to the luminosity uncertainties are discussed in
detail in Chapter 6.

2.2.4 Trigger and Data Acquisition Systems

When a collision occurs at the interaction point, one has to quickly decide whether or not
to save the resulting event for the offline analysis. With a pp interaction rate of 40 MHz
and full detector information taking about 1 Mb of disk space per event, one of the main
challenges for the LHC experiments is the permanent storage of such a huge amount of data.
Most of the events will be discarded and, in a fraction of a second, a decision about the
importance of a given event is taken. The CMS detector demands these tasks to the trigger
and data acquisition systems (TriDAS) |75], which have to reduce the information rate of a
factor 10°%: from the MHz produced within a pp collision, down to the Hz that can be saved
on disk for the subsequent reconstruction processes and for the offline analyses. To make an
idea, Fig. 2.17 presents a summary of the SM production cross sections measured at CMS.
The total proton-proton interaction cross section is o, = 10" pb [76]: at least six orders of
magnitude larger than any of the processes reported in Fig. 2.17.

September 2020 CMS Preliminary
— 3
o) E:
o K L S @ 7 TeV CMS measurement (L < 5.0 fb™) 7
—10°F=: @ ¢ i @ 8 TeV CMS measurement (L = 19.6 fb") ~
o) F: L S A @ 13 TeV CMS measurement (L s 137 fb™) 3
[ =n ie’(‘s)j A Theory prediction
- 104 I T T 4 Z Z CMS 95%CL limits at 7, 8 and 13 TeV .
C 3
.0 !
"6 S S S
o .
(% S T T
““““““““““““ [ S
) S = A S S S RS R S
D e 'ﬁ L S A -
9 P S :5: ‘ﬁ[:‘ A
O T :é LA w0
g A A L A R A ﬁ@@? =z
= REVEESFEERREEEEERELL B
&) E FoTi, ]':g ] #
3101- S ol I T SR AR
o L P A A A SR -
et Z
O o2k . g LD g
PEEE RN
-3 i ]
10 S A e T A -
T T
1wt
W Z Wy 2y WWWZ'ZZ o o vz 2z i 2wy £ ot e e B e T Y Ty Tty Yizgz ty !ttt ggHEVH WHZH ttH! tH THH
EW,Zyy, Wyy: fiducial with W—slv, Z—lI, I=e,u Th. Aoy, in exp. Ao

All results at: http://cern.ch/go/pNj7

Figure 2.17: Summary of the CMS the SM cross sections measurements at /s =
7, 8, and 13 TeV and their corresponding theoretical predictions.
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Hence, the TriDAS system serves as a “bridge” between the online data acquisition and
the offline data analysis. Decisions are taken with a two-level trigger architecture:

L1 trigger

The first skim of the events is demanded to the Level-1 trigger, which has to reduce the
relevant information up to 100 kHz, within a latency time of 3.8 us. Having to take
fast decisions in such a short time, the L1 trigger is mounted on low level hardware
such as Field Programmable Gate Arrays (FPGAs) and Application Specific Integrated
Circuits (ASICs) to access the information of the various CMS sub-detectors directly.
Coarsely segmented and low-resolution physics objects from the calorimeters and the
muon chambers are used to produce the so-called “L.1 candidates.” The ECAL and
HCAL information is clustered, as a function of the energy deposit, into groups, also
referred to as “trigger towers”, representing electrons and photons, jets, and taus. On
the other hand, muons are identified by reconstructing the hits in the DTs, CSCs, and
RPCs. The structure of the L1 trigger system allows the muon and calorimeter parts
to exchange information with each other to enhance the objects’ identification. The
overall data flow, along with the interconnections of the various components, is shown
in Fig. 2.18.

Calorimeter Trigger Muon Trigger

ECAL HCAL HCAL csc DT RPC
HB/HE uHTR HF uHTR o
os8

Calo Trigger Layer 1
Calo Trigger Layer 2
| Endcaj 5: ver i1 Barrel
Global

Muon Trigger
Global
Trigger

Figure 2.18: Data flow of the upgraded L1 trigger system. The muon and calorimeter triggers
work independently: the former creates L1 muon candidates combining the information from

CSC,

RPC, and DT, while the latter creates L1 objects for electrons and photons, as well as

for jets and taus, as explained in the text. Figure taken from [75].

DAQ and HLT

The Calo and the Global Muon Triggers are eventually combined into a Global Trigger,
used by the L1 trigger system to accept or reject the event. An L1 accept (L1A) signal
is ultimately passed to the front-end electronics and DAQ system for the acquisition
and reconstruction processes.

As for many of the sub-detectors aforementioned, also the L1 trigger system was up-
graded for the Run-II phase of the LHC [75]. Both the calorimeter and muon triggers
were replaced by the use of new-generation FPGAs and fast optical connections, result-
ing in the current architecture sketched in Fig. 2.18.

Events marked with a L1A signal are streamed to the High Level Trigger (HLT) com-
puting farm, where a further selection of the events is performed. The HLT reduces the
information rate from 100 kHz down to around 1 kHzl, stores, and processes it within a
32000 CPU cores computing farm located on top of Point 5. The HLT exploits the full

'"With this upper limit being set by the maximum speed of writing an event to permanent storage.
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detector information and granularity to perform an online reconstruction of the various
objects present in the event, classifying them into Primary Datasets (PD) according to
the trigger fired. The HLT menu comprises more than 600 “paths”, i.e. combinations
of reconstruction and filtering instructions with increasing complexity, each selecting
a particular physics signature. Trigger paths usually accept the event by performing
subsequent steps of increasing complexity: at first a limited reconstruction and a pre-
filtering of the events is performed; then, only for the more interesting ones, a more
detailed reconstruction, which takes into account the tracking information to match
the objects, is ran and the final trigger decision is taken. Fig. 2.19 shows an example
of bandwidth occupancy from the various CMS analyses during the 2018 data taking

period.
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Figure 2.19: HLT bandwidth occupancy for the different analyses in a typical configuration
during the 2018 data taking period.

The crucial importance of the HLT and its impact on the physics analyses, make it
one of the CMS components regarded with most care: the several HLT algorithms are
constantly revised and improved to keep up with the upgrades of the different sub-
detectors, as it happened with the 2017 trigger upgrade. With the beginning of the
Run-II phase of the LHC, new data taking strategies have also been introduced to cope
with the evolving exigencies of the analyses. The “data scouting” technique largely
exploits the close relation between the HLT and the offline objects to save directly the
former at a rate of 1-5 kHz and use them directly in the analyses. A second technique
goes under the name of “parking” and it consists of streaming events directly to tape
without running any reconstruction, with the transcription rate being ultimately limited
by the DAQ and disk storage only. The “parked” events, consisting of complete raw data,
can be recovered for an a posteriori reconstruction and analysis, in case any deviation
from the SM physics is observed and an improved sensitivity is required.

Events passing the trigger criteria are eventually streamed to the Tier-0 at CERN and
prepared for the offline reconstruction and analysis.

The analysis presented in this thesis makes use of the data samples recorded during the
2016, 2017, and 2018 data taking periods, corresponding to the 137 fb~! of data collected by
the CMS experiment during the Run-II. The Run-II datasets are summarized in Appendix A.
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The HLT paths used to select the events of the analysis define four different PDs: Double Muon,
MuonEG, EGamma2, and SingleMuon.
To avoid duplicate events from different primary datasets, events are taken:

e from EGamma if they pass the diEle or triEle or singleElectron triggers;

e from DoubleMuon if they pass the diMuon or triMuon triggers and fail the diEle and
triEle triggers;

e from MuEG if they pass the MuEle or MuDiEle or DiMuEle triggers and fail the diEle,
triEle, singleElectron, diMuon and triMuon triggers;

e from SingleMuon if they pass the singleMuon trigger and fail all the above triggers.

The HLT paths used for 2016, 2017 and 2018 collision data are listed in Tables 2.2, 2.3
and 2.4, respectively. The efficiency in data of the combination of triggers used in the analysis
with respect to the offline reconstruction and selection is measured by considering 4¢ events
triggered by single lepton triggers. An overall trigger efficiency measured on simulation is
found to be larger than 99 % for each final state.

Table 2.2: Trigger paths used in 2016 collision data.

HLT path prescale primary dataset
HLT_Elel17_Elel12_CaloIdL_TrackIdL_IsoVL_DZ 1 DoubleEG
HLT_Ele23_Elel2_CaloIdL_TrackIdL_IsoVL_DZ 1 DoubleEG
HLT_DoubleEle33_CaloIdL_GsfTrkIdVL 1 DoubleEG
HLT_Elel6_Elel2_Ele8_CaloIdL_TrackIdL 1 DoubleEG
HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL 1 DoubleMuon
HLT_Mul17_TrkIsoVVL_TkMu8_TrkIsoVVL 1 DoubleMuon
HLT_TripleMu_12_10_5 1 DoubleMuon
HLT_Mu8_TrkIsoVVL_Elel17_CaloIdL_TrackIdL_IsoVL 1 MuonEG
HLT_Mu8_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL 1 MuonEG
HLT_Mul7_TrkIsoVVL_Elel2_CaloIdL_TrackIdL_IsoVL 1 MuonEG
HLT_Mu23_TrkIsoVVL_Ele12_CaloIdL_TrackIdL_IsoVL 1 MuonEG
HLT_Mu23_TrkIsoVVL_Ele8_CaloIdL_TrackIdL_IsoVL 1 MuonEG
HLT_Mu8_DiEle12_CaloIdL_TrackIdL 1 MuonEG
HLT_DiMu9_Ele9_CaloIdL_TrackIdL 1 MuonEG
HLT_Ele25_eta2pl_WPTight 1 SingleElectron
HLT_Ele27_WPTight 1 SingleElectron
HLT_Ele27_eta2pl_WPLoose_Gsf 1 SingleElectron
HLT_IsoMu20 OR HLT_IsoTkMu20 1 SingleMuon
HLT_IsoMu22 OR HLT_IsoTkMu22 1 SingleMuon

Table 2.3: Trigger paths used in 2017 collision data.

HLT path prescale | primary dataset
HLT_Ele23_Elel2_CaloIdL_TrackIdL_IsoVL_x* 1 DoubleEG
HLT_DoubleEle33_CaloIdL_GsfTrkIdVL 1 DoubleEG
HLT_Elel6_Elel2_Ele8_CaloIdL_TrackIdL 1 DoubleEG
HLT_Mul7_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_Mass3p8 1 DoubleMuon
HLT_Mul7_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_Mass8 1 DoubleMuon
HLT_TripleMu_12_10_5 1 DoubleMuon
HLT _TripleMu_10_5_5_D2 1 DoubleMuon
HLT_Mu23_TrkIsoVVL_Elel2_CaloIdL_TrackIdL_IsoVL 1 MuonEG
HLT_Mu8_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ 1 MuonEG
HLT_Mul2_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ 1 MuonEG
HLT_Mu23_TrkIsoVVL_Elel2_CaloIdL_TrackIdL_IsoVL_DZ 1 MuonEG
HLT_DiMu9_Ele9_CaloIdL_TrackIdL_DZ 1 MuonEG
HLT_Mu8_DiElel12_CaloIdL_TrackIdL 1 MuonEG
HLT_Mu8_DiElel2_CaloIdL_TrackIdL_DZ 1 MuonEG
HLT_Ele35_WPTight_Gsf_v* 1 SingleElectron
HLT_Ele38_WPTight_Gsf_v* 1 SingleElectron
HLT_Ele40_WPTight_Gsf_v* 1 SingleElectron
HLT_IsoMu27 1 SingleMuon

*For 2016 and 2016 datasets the DoubleEG and SingleElectron PDs are used.
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Table 2.4: Trigger paths used in 2018 collision data.

HLT path prescale | primary dataset
HLT_Ele23_Elel12_CaloIdL_TrackIdL_IsoVL_v* 1 DoubleEG
HLT_DoubleEle25_CaloIdL_MW_v* 1 DoubleEG
HLT_Mul7_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_Mass3p8_vx* 1 DoubleMuon
HLT_Mu23_TrkIsoVVL_Elel2_CaloIdL_TrackIdL_IsoVL_v* 1 MuonEG
HLT_Mu8_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ_v* 1 MuonEG
HLT_Mul2_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ_v* 1 MuonEG
HLT_DiMu9_Ele9_CaloIdL_TrackIdL_DZ_v* 1 MuonEG
HLT_Ele32_WPTight_Gsf_v* 1 SingleElectron
HLT_IsoMu24_v* 1 SingleMuon

2.3 Physics objects: identification and reconstruction

The products of the hard scattering processes happening at the LHC are recorded by the dif-
ferent sub-modules of the CMS detector: particles enter the Si tracker and leave signals (hits)
in the active layers; these are used to reconstruct their trajectories (tracks) and identify the
position of secondary interaction origins (vertices). Electrons and photons continue their path
and are absorbed within the ECAL volume. The direction and the energy of electromagnetic
showers can be inferred from the energy deposit in neighbouring ECAL cells, often grouped
into clusters. Charged and neutral hadrons follow a more complicated path due to the more
complex nature of hadronic showers, which can initiate either in the ECAL or the HCAL
volumes. Similar to what happens for electrons and photons, also in this case, the shower’s
energy and direction are inferred from clustered cells. Muons and neutrinos can continue their
path beyond the superconducting solenoid: the former are detected by the muon chambers
placed up to 7 m away from the IP, while the latter leave the detector with no signature
whatsoever. A schematic view of the CMS detector is shown in Fig. 2.20, along with the

typical signature of the various particles aforementioned.
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Figure 2.20: Schematic representation of a transverse slice of the CMS detector with the
typical signatures of the different kind of particles detected. Figure taken from [77].

The L1 and HLT take rapid decisions on whether to discard an event or not: selected
events are streamed to the Tier-0 and saved in the form of RAW Data. At this stage, an
event takes up to 2 Mb of space, mainly because of the triggers instructions being saved.
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Triggers only use coarse information from the calorimeters and the muon chambers without
relying on the tracker. The information of the different CMS sub-modules is combined to
produce a set of reconstructed objects that can be used in the physics analyses to identify
and reconstruct all the final state particles. The final data format is called miniAOD, and
it contains only the most relevant object variables in 40 times less space than the original
RECO data. Tab. 2.5 shows the list of the different formats used for processing CMS data,
along with the typical disk size required to save events of a given format.

Table 2.5: The second column shows the different data formats of the CMS preprocessing
phase. The purpose of each of them is explained in the third column, while the last column
indicates the typical memory disk usage needed to store an event.

Application | Data format | Purpose Mb/evt

Output of the MC generator. Full description of

GEN the event, including weights and model parame- 0(0)

MC ters.

SIM Energy deposits from the GEANT4-based simu- 9
lated response of the detector.

DICI MC level detector response, similar to the real 9
detector output.
Events passing L1 and HLT trigger criteria. In-

RAW clude the several variables used for trigger deci- 2

sions.

Data/MC Reconstructed hits and clusters: contains the in-

RECO formation of tracks, vertices, jets, and leptons. 2
Analysis Object Data: reduced set of RECO in-
AOD formation that can be already used for offline pro- 0.5

cessing and analysis.

Skimmed version of the AOD format, contains

idOD
minid O only relevant information.

0.05

This approach of merging tracks and clusters to obtain the best description of all the final
state objects in the event goes under the name of Particle- Flow reconstruction algorithm [77].
Conventionally PF physics objects are classified based on the signals collected by a given
sub-module:

e jets: collection of hadrons and photons. These objects can be reconstructed without
needing the tracker information, as the energy of the individual jet particles can be
inclusively measured by the calorimeters. The same holds for the missing transverse
momentum (p>°) reconstruction;

e EGamma: isolated photons and electrons (e/y object) are reconstructed exploiting
primarily the ECAL. Additional information from the tracker is also used to enhance
the reconstruction efficiency, as further described in Sec. 2.3.2;

e jets tagging: tagging exploits the tracker information to discriminate between hadronic
7 and b-quark jets;

e muons: primarily based on the information from the muon chambers.

The PF reconstruction algorithm was initially conceived for eTe™ colliders: originally de-
veloped for the ALEPH experiment at LEP, is now the pillar at the basis of the design of
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future lepton colliders, such as ILC and CLIC, FCC-ee, and CEPC. This new generation of
colliders features a fine spatial granularity: an ideal property when it comes to the applica-
tion of the PF algorithm. The CMS Collaboration adopted for the first time the PF at a
hadron collider [77], breaking the barriers of what was thought to be one of the limits of this
approach. As shown in Fig. 2.20 and as described in detail in Sec. 2.2, the CMS detector is
granular enough to provide a complete discrimination between particles of different nature.
This information is combined together with the signal in all the sub-detectors to provide a
comprehensive description of the final state detected. The replacement of the current CMS
endcap calorimeters with a High Granularity CALorimeter (HGCAL), further discussed in
Chapter 3, is designed with the goal of reducing the busy environment typical of the HL-LHC
collisions exploiting a PF-based reconstruction: the high granularity of the detector make it
ideal for particles discrimination and identification, providing an additional handle for pile-up
mitigation and events selection in the forward region.

2.3.1 Fundamental elements of the Particle-Flow algorithm

The PF algorithm [77] relies on the creation of tracks and clusters used as input for the
reconstruction of all the final state physics objects in the event.

Tracks An iterative approach based on the combinatorial track finder (CTF) algorithm exploits
the Kalman Filtering (KF) |78] to reconstruct charged particles’ tracks. Initially only
tracks believed to have originated from the primary vertex are reconstructed and the cor-
responding hits are not considered in the subsequent stages of the tracking process [79].
The reconstruction of more complex tracks is performed in successive steps, for a total
of about 12 iterations performed to ensure high efficiency and low fakes rate [80]. Tracks
of charged particles with p; as low as 0.1 GeV can be reconstructed.

Clusters Neighbouring cells in the ECAL and in the HCAL are grouped to form energy clusters.
As for the tracking, a high efficiency is required for PF clusters: for this reason the
algorithm is run independently on the preshower, the ECAL, and the HCAL. This
approach is adopted also to have more discrimination power in disentangling overlapping
showers. The local maxima of energy deposit (cluster seeds) are identified following
the longitudinal shower profile. Neighbouring energy deposits are aggregated to form
topological clusters if the corresponding cell signal exceeds 20 of the electronic noise.
Finally PF clusters are identified within a topological cluster by means of a Gaussian-
mixture model® expectation-maximization algorithm.

Tracks and clusters are merged (linked) together to form PF blocks, in turn used to identify
all the final state objects aggregating pairs of nearest neighbours, in the (7, ¢) plane, according
to their topology.

A practical example of how the PF algorithm works is given in Fig. 2.21. The image depicts
a simulated jet, with transverse momentum of 65 GeV, composed of only five particles: two
photons originating from a = ~7 decay, two charged hadrons (7r+ and 7w ), and one neutral
hadron (Kg) The two charged hadron tracks are reconstructed as T 5, pointing towards the
HCAL clusters Hy 5. The two photons, the neutral hadron, and one of the two charged 7
deposit their energy in the ECAL, as shown by the four well separated clusters E; 55 4. One
can identify a PF block corresponding to the two charged hadrons and three PF blocks in
the ECAL, one for each cluster. To sum up, in each PF block the following identification and
reconstruction steps are performed.

®The Gaussian-mixture model states that a topological cluster composed of M individual cells can be seen
as the combination of N Gaussian energy deposits, where N is the number of seeds.
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e Identification and reconstruction of muon tracks, using the information from the muon
chambers, and consequent removal of the associated hit;

e identification and reconstruction of electron candidates, with energy recovery for bremsstrahlung
photons, and of energetic and well isolated photons;

e number of fakes reduced by removing all those tracks with a bad xz;

e the presence of muons within jets and fake tracks would result in PF tracks’
transverse momentum much larger than the corresponding clusters’ energy sum. Well-
identified muons are removed from the PF block and if the total pp is still larger than the
clusters energy sum, an additional fakes removal is performed by iteratively discarding
tracks with momentum uncertainty o, . > 1 GeV;

e the remaining tracks in the PF block are used to identify charged hadrons;
e photons and neutral hadrons are identified by looking at the excess of the clusters
energy sums with respect to the sum of track momenta. A photon is created if the

excess is smaller than the ECAL energy, a neutral hadron in the other cases;

e isolated clusters in the ECAL or HCAL, i.e. not linked to any track? are used to create
PF photons and neutral hadrons, respectively.
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Figure 2.21: Monte Carlo simulation of a 65 GeV jet made of five particles. Particle Flow
tracks and clusters are represented in green and gray, respectively. Figure taken from [77].

The analysis presented in this thesis exploits the H — ZZ — 4¢ decay channel and
uses the full Run-II statistics collected by the CMS experiment. This decay channel has the
cleanest signature among all the Higgs boson decays, as it is enough to reconstruct relatively
simple physics objects: leptons. With such large statistics available, the analysis can also
probe the main production mechanisms of the Higgs boson, and in this case, jets bring much
discrimination power. For these reasons, the following sections detail the reconstruction of
these three physics objects, starting from the PF candidates built as described in Sec. 2.3.1.

“For example the E, 5 5 4 clusters in Fig. 2.21.
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2.3.2 Electrons

The reconstruction of electrons may become challenging when it comes to accounting for their
interactions with the passive material encountered along their path, especially in the tracker
(cf. Fig. 2.11). The primary source of energy loss is radiated bremsstrahlung photons, which
can carry up to 86 % of the total energy. Consequently, electrons undergo deviations with
respect to their original path, increasing the complexity in the reconstruction of their tracks.
Eventually, some photons can convert to an ete” pair, resulting in more populated showers.

Tracking

A dedicated tracking procedure has been developed to account for possible electrons’ energy
losses and consequent sudden changes in their path. Instead of the KF algorithm, electrons’
tracking relies on a Gaussian Sum Filter (GSF) algorithm [81]. The GSF algorithm works
with looser selection criteria than the KF, and it features a more significant number of compo-
nents that allow sudden curvature changes in the tracks, thus enhancing the overall tracking
efficiency. On the other hand, this method is limited by the computing power required, which
can go up to a few hundred milliseconds per track. For this reason, the GSF tracking is used
only on those seeds that most likely represent an electron.

The original electron seeding [82], referred to as the ECAL-driven approach, exploits
energetic ECAL clusters with Ep > 4 GeV. To consider all the radiated energy, the most
energetic ECAL cluster is merged with other nearest neighbouring cells to form a so-called
supercluster, i.e., a group of ECAL clusters reconstructed in a window around the electron
direction, covering a small 7 range but a larger one in ¢. The tracks are projected from the
ECAL back to the innermost layers of the trackers, and electron seeds are formed if pairs or
triplets are matched.

The ECAL-driven approach can be completed to avoid missing particular topologies of
electrons, such as those in jets and those at low transverse momentum. In the first case,
the supercluster energy and position can be biased mainly by the presence of other particle
deposits, whereas in the latter, tracks are bent significantly by the magnetic field, resulting
in a comprehensive (n,®) coverage that a single supercluster can not cover. A dedicated
tracking-driven seeding was developed specifically for these electrons, in place of the less
efficient ECAL-driven one. This method relies on tracks with pr > 2 GeV, determined with
the iterative tracking algorithm aforementioned (cf. Sec. 2.3.1). Tracks are propagated to
the ECAL surface and matched to the nearest ECAL cluster to form an electron seed if the
ratio between the cluster energy and the track transverse momentum is compatible with unity.
Electrons undergoing significant energy radiation are harder to track: the algorithm might be
able to retrieve all the associated hits in the tracker, but the extrapolated track would have a
sizeable X2 value. In these cases, after a preselection on the number of tracker hits, the tracks
are fit again with a GSF algorithm with reduced a number of components. An electron seed
is eventually formed based on the score of a boosted-decision-tree (BDT) classifier that takes
into account the track parameters from both the KF and GSF fits, the electron’s energy loss,
and the (An, A¢) distance between the ECAL cluster and the extrapolated track’s position
on the ECAL’s inner surface. The score of the BDT is used to discriminate between actual
electrons and fakes, i.e., misreconstructed pions. Three levels of identification (WP) are
defined, similarly to what is done for muons: loose, medium, and tight, with increasing
selection efficiency and purity. The receiver operating characteristic curve (ROC) of the BDT
is depicted in Fig. 2.22, where the electrons identification efficiency is plotted against the fakes
rate. The dots correspond to the three WP defined with a cut-based approach, now dropped
in favour of the outperforming BDT.

A unique collection of electron seeds is formed by merging the ECAL- and tracker-driven
seeds, yet saving the information on the origin of the seed.
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Figure 2.22: Fakes identification efficiency as a function of the true electrons efficiency for
both barrel (blue) and endcaps (red). Solid dots correspond to the three WPs derived using
a cut-based approach. Figure taken from [77].

The combination of the two sub-detectors brings a substantial improvement to the overall
seeding efficiency, as shown in Fig. 2.23 for electrons in b quark jets.
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Figure 2.23: Comparison between ECAL- (hollow symbols) and tracker-driven seeding (solid
symbols) efficiencies for electrons (triangles) and pions (circles), as a function of pp. Figure
taken from [77].

The final electron track reconstruction is performed by a fit on the layer hits using a GSF
method. The electron loss is modeled with a Bethe-Heitler function and loose requirements
on the estimation of the hits position in each layer are used to take into account the effect
of bremsstrahlung. Each track is described by the fit free parameters and the post-fit values
define the GSF tracks.

Reconstruction

Electrons and photons have similar behaviour in the ECAL. Thus, the underlying principle
used for their reconstruction is similar, with the additional handle of the tracker information
for the case of electrons. When dealing with these objects, the main challenge is the presence
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of the bremsstrahlung effect: due to a large amount of material present in the tracker, electrons
probably radiate photons traversing the layers, while photons can emit ete” pairs, with the
subsequent emission of bremsstrahlung photons. In turn, it becomes more complex to link
electromagnetic signatures in the tracker and the ECAL.

An electron candidate is seeded from a GSF track only if the corresponding ECAL cluster
is not linked with more than three tracks. The response of the HCAL is used to discriminate
between electromagnetic and hadronic showers, as the candidate is neglected if the HCAL
response exceeds 10% of the ECAL supercluster. Nevertheless, in some cases, the ECAL
clusters might be too displaced from the corresponding GSF track, mainly because of the
bremsstrahlung effect mentioned above. Hence, ECAL clusters are associated with the elec-
tron candidate if they are linked to the tangent to the GSF track at a given tracker layer, as
schematically illustrated in Fig. 2.24. ECAL superclusters are supplemented with compatible
bremsstrahlung clusters in order to define a refined supercluster, which is used to build the
final electron candidate and its GSF' track.

Figure 2.24: Schematic representation of the PF reconstruction for electrons. Three ECAL
superclusters (green boxes) are identified by the blue area in the (7, ¢) plane. The electron
GSF track is depicted in brown, along with two sample tangent lines (orange) corresponding
to the radiated bremsstrahlung photons. Figure taken from |77].

As shown in Fig. 2.24, the main GSF track and the main ECAL supercluster can have a
large separation, which may lead to an incorrect estimate of the particles’ charge. The sign
of the GSF track’s curvature is used to extract the charge, neglecting early bremsstrahlung
emissions: for this reason two additional measurements are used as well. If a KF track (cf.
Sec. 2.2.2 ) was built together with the GSF one, the charge associated to it is taken as
a second estimator. A complementary way of determining the particle’s charge consists in
looking at the angular distance A¢ between the vector originating from the IP and pointing
towards the ECAL supercluster, and the one pointing towards the first hit associated to the
GSF track. The most probable value among the three is used as an estimator of the electron’s
charge.

The electron’s momentum measurement presents the same issues as the charge. Therefore
it is carried out in subsequent steps. First of all, the electrons are divided into mutually
exclusive categories according to the goodness-of-fit of their tracks. The supercluster energy
is directly accessible by summing the response recorded by the ECAL crystals. Nonetheless,
this method would naturally miss possible energy losses in the tracker, leakages into the
HCAL, and pileup effects, which can be recovered by means of multivariate techniques. After
a final calibration of the electron’s energy and an estimation of its uncertainty, it is combined
with the GSF track momentum to be given as inputs to a second BDT to build the final
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electron’s candidate.

In order to enhance the electrons identification and to discriminate between isolated and
non-isolated leptons, the analyses make use of a dedicated BDT, trained in six different (7, ¢)
bins. The additional isolation and identification criteria applied on electrons and specific of
the H — Z7Z — 44 analysis are presented in Chapter 4.

2.3.3 Muons

Along with electrons, muons are the most important objects for analysing the H — Z7Z — 4/
decay, as they are used to resolve completely the final state of this channel. Hence, precise
and accurate reconstruction and identification of these particles are crucial for the ultimate
precision of the analysis.

Unlike electrons, muons traverse the detector essentially as minimum ionizing particles
(MIP) when interacting with the material on their path. Along with neutrinos, they are
the only particle capable of traversing the entire CMS apparatus before being detected by the
outermost muon chambers. Having the magnet placed before the muon stations (cf. Sec. 2.2.2)
implies that the particle’s trajectory will present two different curvatures: a helpful handle
when it comes to momentum estimation.

Tracking

The CMS detector was originally designed to detect muons with extremely large efficiency.
The DTs and CSCs hits are combined to form a muon seed, which is linked together with the
RPCs information to build a standalone muon track. Two additional ways of constructing a
muon track are considered in the PF approach: global muon tracks are obtained by refitting
the hist associated to a standalone muon track and the corresponding tracker hits, if the
two can be geometrically matched; conversely, tracker muons are built exploiting only the
tracker’s information, if py > 0.5 GeV and p > 2 GeV.

Global or tracker muons make up to 99% of the muons produced and in most of the cases
the candidate fits both the categories. If the two also share inner tracker hits, they are merged
into a single candidate. The combination of these two methods provides good efficiency up to
low-pp values. On the other hand, standalone muons present slightly worse track parameters,
mainly because of the missing tracker information.

Reconstruction

The muons reconstruction is less challenging than for the electrons. For all those particles with
pr < 200 GeV, the charge and momentum are estimated directly from the track’s parameters,
after a fit on the tracker hits. In all the remaining cases, the parameters are estimated from
the track with the lowest Xz, selected among those that can be built combining the tracker
and muon chambers’ information.

Additional analysis-specific selection criteria are applied on PF muons in order to enhance
the reconstruction and isolation efficiencies, as well as the signal purity. Besides specific
cuts on the muon variables, centrally provided muon identification (ID) working-points (WP)
are defined to help analysers select a specific topology of muons. There are three WPs -
loose, medium and tight - which increase the true positive rate, while reducing the overall
efficiency. The additional isolation and identification criteria applied on muons and specific
of the H — Z7Z — 4/ analysis are presented in Chapter 4.

2.3.4 Jets

The number of jets in a given event is an excellent handle to discriminate between different
production mechanisms of the Higgs boson. An example is given in Fig. 2.25, where the
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number of jets reconstructed in a ggH and VBF samples are compared. This information
is used extensively in the analysis for the computation of matrix element discriminants and
the definition of the reconstructed categories, as further detailed in Ch. 5. Hence, the proper
identification and reconstruction of jets is a fundamental ingredient for studying the Higgs
boson properties in a decay channel with a final state as clean as the four-lepton one.
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Figure 2.25: Comparison between the number of jets in H — ZZ — 4¢ simulated events
originating from gluon fusion (ggH) and vector boson fusion (VBF) processes at /s = 13 TeV,
corresponding to 137 bt

Reconstructed jets are defined as narrow cones of particles produced by the hadronization
of a gluon or quark [83]. The main challenge in the jets’ reconstruction is their large occupancy
in the detector, which makes it complicated to disentangle hits corresponding to isolated
particles from those belonging to the jet cone. This analysis makes use of the so-called anti-
kr reconstruction algorithm [84]: a sequential recombination algorithm in which particles are
clustered according to a distance parameter proportional to their transverse momentum k.
More precisely, a particle 7 is merged to the entity j, being it another particle or a jet, if:

min (k%’;, k%};) R;] < k;%pi, (2.8)

where R is a free parameter of the anti-kr algorithm and defines the radius of the jet cone
area. The spatial distance between the i and j objects is AR;;. The power parameter p is
characteristic of all the sequential recombination algorithms used for jets clustering. Its value
is set to p = —1, from which comes the “anti-” suffix in the algorithm name.

PF objects are given as inputs to the FASTJET package [85] to perform an anti-k7 clustering
with R = 0.4 and to produce the jets used in the H — ZZ — 4/¢ analysis. In addition, jets
are cleaned from the presence of charged hadrons not belonging to the primary interaction
vertex, in order to reduce the pileup dependence.

Once the jet has been reconstructed, its momentum and charge are computed as the
vectorial sum of all the particles clustered into the jet. The use of the PF approach allows to
reconstruct up to 90% of the jet components, substantially improving the performance of a
calorimeter-based reconstruction, as shown in Fig. 2.26.

The reconstructed jet energy does not correspond to the one of the original parton, mainly
because of detector effects’ and theoretical uncertainties on the underlying hadronization

®For example pileup corrections, electronic noise, and non-uniformities in the HCAL and ECAL responses.
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Figure 2.26: Response (left) and relative resolution (right) for the jet transverse momentum
in the barrel. Jets are defined as anti-kp jets with R = 0.4. Figures taken from [77].

model. These effects are compensated with jet energy corrections (JEC), applied in dedicated
(pr,n) bins [86, 87|. Fig. 2.27 shows the different factors that contribute to the JECs.
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Figure 2.27: Different factors that contribute to the jet energy corrections in CMS. Each level
of correction takes care of a specific effect and is applied sequentially after the preceding ones.

Each factor, except for the residual corrections, is applied to both data and simulation
and takes care of compensating a specific contribution that degrades the true jet energy. The
PF approach, combined with the application of JEC, leads to an overall energy resolution
lower than 20 % for jets with transverse momentum larger than 30 GeV, improving by almost
a factor two the result one would get with a pure calorimeter-based reconstruction.

According to the topology of the events studied in a particular analysis, additional iden-
tification criteria can be introduced on jets, similarly to what is done for the leptons. The
analysis presented in this thesis makes use of tagging algorithms to identify jets originating
from b-quarks [88], as well as dedicated pileup corrections to cure for discrepancies between
the jet observables in data and in MC.
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The High-Luminosity LHC (HL-LHC) is expected to start its operations by the end of
2027. It is designed to deliver a peak instantaneous luminosity of 5 x 10** em ™2
access to a total integrated luminosity of 3000 fb~ and therefore increasing the discovery

s_l, thus giving

potential of the LHC. The HL-LHC will allow more precise measurements of the SM properties
and enhance its sensitivity to rare processes, possibly unveiling the presence of previously
unknown particles and BSM scenarios.

The higher luminosities of the HL-LHC will also result in exceedingly high pile-up rates,
with O(200) events per bunch crossing and unprecedented radiation levels, with fluences of
up to 10% Neq/ cm? and doses of around 2 MGy, thus posing several technical challanges for
the operation of the detectors and the entire infrastructure. For example, the LHC tunnel
will have to feature the most advanced superconducting magnets, vacuum pipes, cryogenic
systems, and superconducting radiofrequency caverns.

The CMS Collaboration, as well as the other LHC experiments, are planning a series of
major upgrades of the sub-detectors, expected to be commissioned during the second and the
third long shutdowns (cf. Fig. 2.3), to maintain the current physics performance in the harsh
environment of the HL-LHC.

A brief overview of the CMS upgrade plans is given in Sec. 3.1, while Sec. 3.2 focuses on
the High Granularity Calorimeter (HGCAL) that will replace the current endcap calorimeters.

The HGCAL will feature silicon-based active layers for a total active area of about 600 m2,
and it will be the first large-scale silicon-based imaging calorimeter employed in a high-energy
physics experiment. Hence, validating the detector design and assessing its physics perfor-
mance are cornerstone aspects for the successful realization of this project. For this purpose,
a long series of tests of HGCAL prototypes have been carried out in particle beams since
the end of 2016, leading to the test of the first large-scale prototype of the HGCAL in Octo-
ber 2018. On this occasion, the prototype was exposed to positron and hadron beams with
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momenta ranging from 20 to 300 GeV at the CERN-SPS beamline, thus allowing a compre-
hensive characterization of the properties of this innovative detector. The findings of the test
beam data analysis are presented in Sec. 3.3, with particular regard to the measurement of
the response of the electromagnetic compartment of the HGCAL prototype.

3.1 Upgrades of CMS

The ultimate goal of the CMS upgrades programme [44, 89| for the HL-LHC phase is twofold.
On one side, many of the current detector components cannot cope with the harsh environ-
ment expected at the HL-LHC, thus requiring either a complete replacement or a substantial
upgrade of the existing modules. On the other hand, the current physics performance must
not deteriorate during the high luminosity research programme, which will target a completely
new set of precision measurements, direct searches for rare processes, and possible hints of
any BSM physics. The perfect synthesis of these two aspects requires to face three major
challenges, such as:

e Unprecedented radiation doses impose a complete replacement of the tracker and
the endcap calorimeter systems, the need for new technologies for the EB, and a sub-
stantial improvement of the electronics systems in the barrel calorimeters and the muon
detectors.

e An increase in the pileup rate for which are mandatory highly granular readouts,
wherever the detector allows it, the introduction of precision timing detectors, and novel
approaches to pileup mitigation.

e A high luminosity that will cause in an increased data stream, for which substantial
improvements of the L1 Trigger primitives and of the overall TriDAS system will be
fundamental.

Fig. 3.1 depicts a cross section of the CMS detector, showing the different upgrades foreseen
for the HL-LHC. The subdetectors in the green boxes will be completely replaced, while the
purple boxes indicate new detector systems, not present in the current design of CMS, that
will be installed.

The tracking system will be entirely replaced to increase the granularity of the detector,
thus enhancing the reconstruction performance, while at the same time reducing the overall
material budget: pixel detectors of smaller size with respect to the current ones will constitute
the inner tracking system, while the outer tracking stations will feature strips and macro
pixel sensors, extending the coverage up to | n |= 3.8 [90]. This design choice will improve
longitudinal and transverse resolutions, and it will bring lower fake rates, thus allowing the
reconstruction of L1 trigger tracks up to | n |= 2.4.

The endcap calorimeters will be replaced with the HGCAL, a high granularity sampling
calorimeter that will provide, thanks to its features, enhanced showers separation and particle
identification, as well as additional precise timing information [45].

With a similar goal of increasing the overall granularity and providing additional timing
measurements, an upgrade of the ECAL and HCAL barrel electronic readout is foreseen
[91]. The redundancy of the current muon detection system that features DTs, RPCs, and
CSCs, will be increased with the installation of Gas Electron Multiplier chambers and a new
generation of RPCs [92], which will also extend the coverage up to | n |= 2.8 and | n |= 2.4,
respectively.

Multiple MIP timing detectors (MTD) [93] will be placed in front of the barrel and endcap
calorimeters to increase the available timing information on charged particles.
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Figure 3.1: Cross section of the CMS detector with the indication of the upgrades foreseen
for the HL-LHC [44, 89]. The green boxes represent subdetectors that will be completely
replaced, while the purple boxes indicate either new modules or extensions of the current

MIP Timing Detector:

Precision timing for PU mitigation
Barrel: Crystals+SiPM

Endcap: Low gain avalanche diodes

ones.

The TriDAS systems will undergo a complete replacement [94], with increased throughput.
The HLT will continue to have access to the total detector information, even at the maximum
input rate of 750 kHz expected at the top of the HL-LHC operations, to which it will provide
a x100 reduction rate for a bandwidth output of 7.5 kHz.

3.2 The High Granularity Calorimeter

The current Endcap Calorimeters (CE) of the CMS detector were designed to sustain in-
tegrated luminosities up to 500 fb_l, expected to be exceeded by far during the Phase-II
operations. The transparency of the lead-tungstate crystals currently employed in the end-
caps would not survive the unprecedented radiation flux typical for the HL-LHC environment
in this detector region, where doses of the order of 2 MGy and fluences up to 10%6 Neq/ cm? are
expected. Hence, the CMS Collaboration intends to replace the current endcap calorimeters
with a High Granularity CALorimeter (HGCAL) [45] in the context of the Phase-II upgrades
programme [44, 89].

The HGCAL will comprise an electromagnetic (CE-E) and a hadronic (CE-H) compart-
ment. The former will feature 26 active layers, interspersed with CuW, Cu, and Pb absorbers,
while the latter is composed of 21 layers that exploit stainless steel as passive material. The
electromagnetic compartment will extend for a total of 27.7 radiation-lengths (X;), equiva-
lent to 1.3 nuclear radiation lengths (),,), resulting in a total detector depth of 10 \,, when
combined with the 21 layers of the CE-H.

To meet the requirements of a radiation hard detector, the CE-E and the front part of
the CE-H will employ silicon as active material, for a total area of about 600 m? to be
covered. Hexagonal silicon sensors will be used to optimize the coverage of such a large
surface and reduce the detector’s total cost. The design, production, and validation of these
hexagonal sensors, hereafter referred to as modules, is one of the most challenging aspects
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of the HGCAL project. A more detailed discussion about silicon as active material and the
structure of the HGCAL modules is given in Sec. 3.2.1. The HGCAL will feature 8” sensors
with an active thickness of 120, 200, or 300 pum, depending on the detector region. Each
module will comprise several single readout diodes, hereafter referred to as cells or pads, with
a 0.5 or 1.0 em? active area, for a total of about six million cells read out individually in
the ultimate detector operation. A schematic representation of the subdivision of a silicon
module into its readout units is shown in the left part of Fig. 3.2.

The substantially lower doses expected in the endcaps at about 4 m from the interaction
point allow segmented plastic scintillators, with silicon photomultipliers (SiPM) for the read-
out, as the active material for the back part of the CE-H. Squared scintillator tiles with sizes
ranging from 4 cm? up to 30 cm? will be used, for a total of about 400 m* of active area
covered in scintillators.

The arrangement of the silicon modules in the CE-E and in front part of the CE-H, as
well as the mixed technology of silicon sensors and scintillator tiles employed in the back part
of the CE-H, are shown in the right part of Fig. 3.2.
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Figure 3.2: Left: Subdivision into readout diodes of a silicon module. The left part of this
sketch shows the 1.0 cm? cells used for 200 and 300 pm sensors, while the right part shows
the 0.5 cm? cells used in 120 pm sensors. Right: The left part shows the arrangement of the
silicon modules in the CE-E and in the front part of the CE-H, while the right part shows the
mixed structure of silicon- and scintillator-based modules used in the back part of the CE-H.

A longitudinal cross section of the HGCAL is shown in Fig. 3.3, along with the difference
between the CE-E and CE-H active materials and the lines defining the expected detector
coverage of 1.5 <| n |< 3.0. The calibration of the detector will be performed in situ with
minimum ionizing particles (MIP). The effects of radiation damage must be limited in order
to ensure a reasonable detection of MIPs throughout the detector lifetime and to ensure a
signal-to-noise ratio above one. To achieve this, the HGCAL will have to be operated at a
constant temperature of -30 °C or less, obtained with a dedicated CO, cooling system.

Because of its highly granular readout design, the HGCAL is often referred to as an imag-
ing, or D, calorimeter: the high granularity in the longitudinal and transverse planes can be
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~2.3m

Figure 3.3: Cross section view of the HGCAL. The CE-E and front CE-E compartments
comprise silicon-based components, shown in green. The SiPM scintillator tiles are employed
in the back of the hadronic compartment and are depicted in blue in the figure. The expected
coverage of the HGCAL, ranging from n = 1.5 up to n = 3.0 is shown by the red lines.

exploited to completely resolve both electromagnetic and hadronic shower profiles, starting
from the Cartesian coordinates reconstructed in the active layers of the detector. This infor-
mation is complemented by the measurement of the energy deposited within the calorimeter,
thus enhancing the pileup mitigation and the particles identification and discrimination. The
“fifth dimension” corresponds to the timing information provided by the readout ASICs of
the HGCAL, which will feature an expected resolution of O(10 ps) and it will mark a real
innovation in calorimetry. This information will be used for pileup mitigation, rejecting hits
recorded outside a certain time interval At, for vertex location of triggered hard interactions
within the busy environment of the HL-LHC, as well as to enhance the inputs available for
the Particle Flow reconstruction. In addition, the readout ASICs are also expected to pro-
vide information directly to the L1 trigger system, making the development of the frontend
electronics even more challenging.

3.2.1 Silicon modules

The choice of silicon as the active material for the modules is driven by the tight constraints
dictated by the expected physics performance and the environment in which the detector
will operate. More precisely, silicon sensors ensure the detection of both minimum ionizing
particles (MIPs) and the precision measurement of high energetic showers. The former is a key
requirement for the operational performance of the HGCAL, as MIPs are intended to be used
for in situ calibrations of the detector. The latter can be ensured only with full containment
of the showers, for which the compactness of the detector, achieved with thin silicon modules
and a proper mixture of absorbers, is fundamental to keep under control the Moliére radius of
the calorimeter. Silicon sensors meet these requirements and have the advantage of producing
fast signals (O(10 ns)), fundamental to keep up with the 40 MHz rates expected in the busy
environment of the HL-LHC. In addition, silicon modules can be produced in a relatively
short time scale, profiting from the longstanding industrial efforts in the field.
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The validation of the silicon modules structure and of their expected performance has
been one of the main pillars of the project since after the approval of the HGCAL Technical
Proposal (TP) in 2015 [44]. Several proof-of-concept modules have been produced by the
Japanese company Hamamatsu Photonics K.K. (HPK), and an increasing number of modules
have been exposed to test beams between 2016 and 2017. The findings of these test beams
have been incorporated in the 2018 HGCAL Technical Design Report (TDR) [45], and they
have set the basis for understanding the properties of the silicon modules involved in the
design of such a complex detector.

From the early tests of single modules in 2016 to the beam test of the first large scale
prototype of the HGCAL in 2018, 6" silicon modules have been employed to reflect the original
design presented in the TP [44]|. During this period, the size of the sensors changed from 6"
to 8’ to reduce the overall number of modules. The production and testing of the first 8”
prototypes are in progress at the moment of writing this thesis.

Each module is made of as a stacked structure comprising the printed circuit board (PCB),
where the front-end electronics are installed, the silicon sensor, a gold-plated Kapton sheet
providing HV connection to the sensor back-plane and electrical insulation from the baseplate,
made of materials such as CuW or Cu in order to ensure enough rigidity to support the module,
whilst minimizing the total radiation length and dissipating the heat via a dedicated cooling
system. A schematic view of the structure of a typical HGCAL module is given on the left
side of Fig. 3.4 and the picture of a 6" prototype used for the beam tests is shown on the
right side.

Hexaboard (PCB)
HGCROC frontend readout ASIC

~~

105 pm Kapton sheet
HV connection to sensor back-plane
Electrical insulation from baseplate

- Araldite epoxy layer

Silicon

Good thermal conductivity
Short radiation-length

Figure 3.4: Left: Schematic view of the stacked layers of a CE-E silicon module. Right:
Complete 6” prototype module used in the 2018 beam tests.

One of the most challenging aspects in the design of this module is the front-end electronics
[95]. The readout ASICs foreseen for the final design have to operate over a wide dinamic
range (0.2 fC - 10 pC), featuring low noise levels (<2000 e) and reduced power consumption,
and they should be capable of transmitting the high granularity information of the HGCAL to
the L1 trigger. The silicon sensors will require a bias voltage of O(200 V) that is expected to
steadily grow up to 800 V to cope with their ageing in the HL-LHC operations. In addition,
in order to fully exploit the HGCAL as an imaging calorimeter, the ASICs need to have an
intrinsic single-channel resolution of the order of 40 ps for signals above 50 fC, thus achieving
an ultimate timing resolution of O(10 ps). These requirements have to be met all together
with the additional constraint of the reduced space available for the integration of the ASIC
into the active layers, resulting in a front-end readout electronics not available in market
nowadays. Hence, the CMS Collaboration, in collaboration with the Omega Microelectronic
Center in Ecole Polytechnique, is working on the design of the HGCROC, a readout chip
specific for the HGCAL applications. In the right part of Fig 3.4, where a 6” prototype used
for beam tests is shown, one can identify the ASICs as the four black chips installed onto
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the PCB. The ultimate design of the HGCROC is not finalized yet for production, therefore
prototypes with preliminary functionalities have been developed for the beam test campaigns.
As detailed in the next section, the Skiroc2 [96] chip, originally developed by the CALICE
Collaboration [97], was used for the early tests, while for the 2018 test beam the Skiroc2-CMS
ASIC [98] was used.

3.3 Test beams of HGCAL prototypes

A long series of test beams started in late 2016 to validate the detector design and the physics
performance of the HGCAL. After the first test of a single module in 2016, stacks of up to
16 modules featuring the Skiroc2 ASIC were tested [99]. The first module supporting the
Skiroc2-CMS chip was available by the beginning of 2017, and the first beam test of such a
module took place in May 2017, after which the complexity of the system and the number of
modules involved in the test beam campaigns have been increased continuously. A schematic
illustration of the HGCAL test beam series is given in Fig. 3.5: all the beam tests carried out
after 2016 featured 6” silicon module prototypes with the structure described in Sec. 3.2.1
and equipped with the Skiroc2-CMS ASIC developed by the CALICE Collaboration.

- EZ—

May July August October March June October
i ! ' : ' : ! 94 Modules
1 Médule ' : 4 Meédules : : .
' : : Tel : . First large scale prototype!
10 Médules ! ' + lelescope :
+AHCAL : 28 Médules
12 Médules ' Full CE-E frre

- 20 Médules
\W, 6" module prototypes

v with Skiroc2-CMS ASIC

Figure 3.5: Schematic depiction of the HGCAL test beam series. All the test beams featured
6” silicon modules, equipped with PCB and ASICs of evolving complexity. The Skiroc2-CMS
ASIC, developed by the OMEGA laboratory specifically for HGCAL test beam applications,
was employed in all test beams after the initial one in 2016. A more detailed description of
the test beam setup is given in the text.

The experience gained throughout these years and the findings of the several tests lead to
major improvements in the design of the PCB and the development of the Skiroc2-CMS ASIC,
designed specifically for the HGCAL operations in beam tests: both these aspects naturally
converged in the prototype assembled for the October 2018 beam test, where the first large
scale prototype of the HGCAL was tested at the SPS beamline. The detector under test
comprised fully equipped electromagnetic and hadronic compartments, as well as an analog
hadronic calorimeter (AHCAL), which was installed to mimic the scintillator+SiPM-based
compartment expected in the final HGCAL design. The large plethora of results obtained
from this test beam lead to the preparation of different papers, two of which have been
recently published in the Journal of Instrumentation (JINST) [100, 101], and a third one is
in preparation for the submission at the time of writing this thesis.

Sec. 3.3.1 presents the experimental area and the HGCAL prototype tested in October
2018, while Sec. 3.3.2 describes the improvements introduced in the context of this thesis to
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the reconstruction of the Skiroc2-CMS ASIC pulse shape signal.

3.3.1 The October 2018 beam test setup

The following section presents the experimental setup of the October 2018 beam test at the
SPS beamline, with particular emphasis on the detectors placed upstream of the beam test
area and relevant for the analysis. In the description of the HGCAL prototype, the focus is put
on the description of the electromagnetic compartment, of which the design and performance
have been validated in the context of this thesis.

The CERN H2A beamline

The test beam data were collected at the EHN1 Extension located at the CERN North Area
[102] with positron and pion beams extracted from the PPE172 (H2A) beamline. The SPS
delivers 400 GeV /c protons to the whole North Area: here the beam is directed towards three
stripping targets, placed along the different beamlines, and used to initiate the production
of test beams. In the case of H2A a beryllium target (72) is employed. Fig. 3.6 depicts a
schematic view of the PPE172 test area, showing the different steps of the beam generation
after the extraction of the primary 400 GeV /¢ proton beam from the SPS.

~600m PE172
SPS :
collimators A H

sweeping
magnet  converter

KX dipole
o

3

400 GeV/c '3/ AN

Figure 3.6: Schematic view of the PPE172 (H2A) of EHN1. The different elements used to
convert the primary 400 GeV /c proton beam, extracted from the SPS, into the final test beam
are also indicated with the corresponding labeling. Figure taken and edited from Ref. [103].

dipole

Not to scale

The primary proton beam produces secondary beams of hadrons, electrons, and positrons
by impinging on a 500 mm beryllium 72 target, where the thickness is chosen specifically to
obtain a comparable rate in the production of the two secondary beam species: electromag-
netic particles (electrons, photons), hadronic particles (kaons, protons, and charged pions),
and muons. As sketched in Fig. 3.6, a sweeping magnet and a converter are placed imme-
diately after the target to select specific particles, according to their charge and momenta.
The selection of the final momenta is performed exploiting a combination of dipoles and
collimators, which result in a nominal combined acceptance of Ap/p = 0.2-2% [102]. The
major drawback of using bending magnets for the momenta selection is the energy loss due
to synchrotron radiation (SR), which induces an additional spread. More precisely, the power
radiated by a particle of mass m, with a given momentum p, when subject to a perpendicular
magnetic field B is proportional to:

2 2
P B%, (3.1)

m
which scales with the fourth power of the mass of the particle. This correction is negligible
for hadrons, which do not suffer SR losses thanks to their large masses. However, the same
does not hold for positrons with momenta larger than 100 GeV, which undergo significant SR
losses, as their small mass cannot keep under control the power radiated due SR effect. Such
an effect cannot be neglected in the analysis of positron data, where an accurate measurement

of the beam momentum is mandatory for the precise estimation of the electromagnetic energy
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resolution and the characterization of the showers’ profiles presented in Sec. 3.4. The effect
of the SR losses is responsible for an additional spread of the beam momentum and for beam
energy values lower than the nominal ones. The final momenta of positron beams at the
entrance of the experimental area, along with the corresponding spread, are given in Tab. 3.1.

Table 3.1: Nominal momenta for positron beams provided by the H2 beamline and momenta
measured by the spectrometer placed upstream the HGCAL CE-E prototype, after the last
dipole.

Nominal Final Final Final
Momentum | Momentum | Momentum Spread | Momentum Resolution

[GeV /(] [GeV /] [GeV /(] %
20 20.00 0.06 0.3
30 30.00 0.08 0.3
50 49.97 0.12 0.3
80 79.91 0.19 0.2
100 99.81 0.22 0.2
120 119.64 0.28 0.2
150 149.16 0.35 0.2
200 197.40 0.47 0.2
250 243.84 0.60 0.2
300 287.65 0.79 0.3

The length of the H2A beamline from the SPS injection to the beginning of the PPE172
experimental area (cf. Fig. 3.6) is approximately 600 m and comprises several passive material
components that can cause additional energy losses after the interaction with the beam.
Hence, in order to have an accurate benchmark for the results of the data analysis presented
in Sec. 3.4, a detailed GEANT4 [104, 105] MC simulation of the full H2A beamline is used. The
beam composition, including the effect of residual impurities and the energy losses due to SR,
and its propagation through the entire beamline are modelled with the G4Beamline tool [106].
The findings of the Data to MC comparison are further detailed in the Sec. 3.4.
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Figure 3.7: Zoomed view of the PPE172 beamline in the proximity of the experimental area.
The upstream detectors installed along the beamline are shown together with their location
with respect to the first layer of the HGCAL prototype under test. Figure taken and edited
from Ref. [103].

A zoomed view of the PPE172 beamline in the proximity of the experimental area is given
in Fig. 3.7. Before reaching the HGCAL prototype, the beam passes through four delay wire
chambers (DWC) [107] installed between 32 m and 1.6 m before the first layer. This long
lever arm can be used to reconstruct the particles’ track and to extrapolate the impact points
at each layer of the detector, thus providing an external reference to measure the pointing
resolution of each layer, as discussed in Sec. 3.4.5. The signals of two scintillators of 4 x 4 cm?
and 10 x 10 cmz, located after the last DWC, are used in coincidence to trigger the readout of
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the silicon sensors. The third scintillator of 40 x 40 cm2, placed after the HGCAL prototype,
is used as a veto to identify possible hadronic contamination present in the electromagnetic
showers. Two Microchannel Plates (MCP) [108] are placed before the face of the prototype
and they are used as an external reference for the measurement of the timing performance
of the HGCAL prototype. More precisely, their fast signal waveform is<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>