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Abstract

This thesis presents two research works carried out within the Compact Muon
Solenoid (CMS) experiment at the CERN Large Hadron Collider (LHC): the sys-
tem validation of the scintillator section of the High Granularity Calorimeter (HG-
CAL), and a search for a heavy resonance coupling to top quarks and produced
in association with top quark pairs in proton—proton collisions at center-of-mass
energies of 13 and 13.6 TeV.

For the High-Luminosity LHC (HL-LHC) phase, the endcap calorimeters of
CMS will be replaced by the HGCAL, a high-precision sampling calorimeter de-
signed to cope with the extreme radiation and pileup conditions expected at the
HL-LHC. In regions where radiation levels remain moderate, the hadronic sec-
tion employs scintillator tiles coupled to silicon photomultipliers (SiPM-on-tile)
as active materials. Each HGCAL tilemodule, the basic detector unit of this
region, accommodates up to 144 SiPM-on-tile channels read out by dedicated
front-end electronics. The performance of several tilemodules was evaluated dur-
ing test-beam campaigns at the DESY-II facility using 3 GeV electron beams.
The measurements serve to validate the response and uniformity of the detector
components and to confirm that they meet the design specifications for HL-LHC
operation.

A search for a new heavy resonance that couples exclusively to top quarks and
is produced in association with a top quark pair is presented. The analysis uses
proton—proton collision data collected with the CMS detector at center-of-mass
energies of 13 TeV (2016-2018) and 13.6 TeV (2022). The search targets the final
state with two oppositely charged leptons from the W boson decays of the non-
resonant top quarks, and two high-energy jets reconstructing the hadronically
decaying resonant top quarks. In this scenario, the two top quarks from the res-
onance decay are expected to be highly Lorentz-boosted. Their hadronic decays
are reconstructed using jets clustered with a variable-radius algorithm and iden-
tified with a dedicated top quark tagger based on a boosted decision tree (BDT).
Events are selected in a final state containing opposite-sign leptons and b-tagged
jets, and the resonance mass is reconstructed from pairs of tagged top jets. The
analysis probes resonance masses between 500 GeV and 4 TeV and searches for
local excesses in the reconstructed mass spectrum. The results are interpreted in
the context of models with vector-like, scalar and pseudoscalar resonances pro-
duced in association with top quarks, representing the first such interpretation
performed with CMS data.



Zusammenfassung

Diese Dissertation umfasst zwei Forschungsarbeiten, die im Rahmen des CMS-
Experiments am Large Hadron Collider (LHC) des CERN durchgefiihrt wur-
den: die Systemvalidierung des Szintillatorteils des High Granularity Calorimeter
(HGCAL) sowie die Suche nach einer schweren Resonanz, die an Top-Quarks
koppelt und in Assoziation mit Top-Quark-Paaren in Proton-Proton-Kollisionen
bei Schwerpunktsenergien von 13 und 13.6 TeV produziert wird.

Fiir die Phase des High-Luminosity LHC (HL-LHC) werden die Endkappen-
Kalorimeter des CMS-Detektors durch das HGCAL ersetzt, ein hochprézises
Sampling-Kalorimeter, das entwickelt wurde, um den extremen Strahlungs- und
Pileup-Bedingungen des HL-LHC standzuhalten. In Bereichen mit moderater
Strahlungsbelastung verwendet der hadronische Teil Szintillatorkacheln, die mit
Silizium-Photomultipliern (SiPM-on-Tile) als aktive Materialien gekoppelt sind.
Jedes HGCAL-Tilemodul, die grundlegende Detektoreinheit dieser Region, en-
thalt bis zu 144 SiPM-on-Tile-Kanaéle, die von spezieller Front-End-Elektronik
ausgelesen werden. Die Leistungsfahigkeit mehrerer Tilemodule wurde wahrend
Teststrahlkampagnen an der DESY-II-Anlage mit 3 GeV-Elektronenstrahlen un-
tersucht. Die Messungen dienen zur Validierung der Antwort und Gleichméfigkeit
der Detektorkomponenten und bestétigen, dass diese die Konstruktionsspezifika-
tionen fiir den HL-LHC-Betrieb erfiillen.

Im zweiten Teil der Arbeit wird eine Suche nach einer neuen schweren Res-
onanz vorgestellt, die ausschlieflich an Top-Quarks koppelt und in Assoziation
mit einem Top-Quark-Paar produziert wird. Die Analyse basiert auf Proton-
Proton-Kollisionsdaten, die mit dem CMS-Detektor bei Schwerpunktsenergien
von 13 TeV (2016-2018) und 13.6 TeV (2022) aufgezeichnet wurden. Die Suche
richtet sich auf Endzustdnde mit zwei entgegengesetzt geladenen Leptonen aus
den W-Boson-Zerfillen der nicht-resonanten Top-Quarks sowie zwei hochener-
getischen Jets, die die hadronisch zerfallenden resonanten Top-Quarks rekon-
struieren. In diesem Szenario werden die beiden Top-Quarks aus dem Reso-
nanzzerfall erwartungsgemaf stark Lorentz-geboostet. Ihre hadronischen Zer-
falle werden mit Jets rekonstruiert, die mit einem variablen Radius geclustert
und mit einem speziellen, auf einem Boosted-Decision-Tree (BDT) basierenden
Top-Quark-Tagger identifiziert werden. Ereignisse werden in einem Endzustand
mit entgegengesetzt geladenen Leptonen und b-getaggten Jets ausgewéhlt, und
die Resonanzmasse wird aus Paaren von getaggten Top-Jets rekonstruiert. Die
Analyse untersucht Resonanzmassen zwischen 500 GeV und 4 TeV und sucht
nach lokalen Uberschiissen im rekonstruierten Massenspektrum. Die Ergebnisse
werden im Rahmen von Modellen mit skalarer und pseudoskalarer Resonanz in-
terpretiert, die in Assoziation mit Top-Quarks produziert werden, und stellen die
erste derartige Interpretation mit CMS-Daten dar.



Individual contribution to the CMS
Collaboration by the author

System validation of the scintillator section of CMS (HGCAL)

At the beginning of my doctoral project, I joined the CMS HGCAL group at
DESY, Hamburg, where I contributed to the system validation of the scintillator
section of the detector. My tasks included:

e participation in laboratory activities,
e participation in test beam activities at DESY,

e validation of the latest readout chip and DAQ system, including software
installation for the new electronics,

e development of a new analysis template for test beam data analysis.

Results from the May 2024 test beam campaign are presented in Chapter 4.
In the laboratory, I also participated in studies such as noise measurements on
irradiated SiPMs, which are not included in this thesis. Some of these results
were presented at several internal workshops and at international conferences,
including the European Physical Society Conference on High Energy Physics
(EPS-HEP) held in Hamburg in 2023 [1].

Hadronic top quark tagger with variable-size jets

I studied the performance of using variable-size jet clustering algorithms (HOTVR)
instead of the fixed-size anti-k; (AKS) jets, demonstrating that HOTVR can im-
prove the sensitivity of searches for top-philic heavy vector bosons, particularly for
low boson masses below 1 TeV. The CMS-recommended identification of hadronic
top quarks in HOTVR jets relies on selection-based criteria on jet substructure
observables, which are less sensitive than the machine learning—based taggers used
for fixed-size jets. To address this limitation, I developed a new HOTVR-based
top-quark tagger using a BDT classifier. My contributions included the training
and validation of the BDT tagger and the integration of the resulting object into
the CMS software framework. I presented this technique at several workshops
and meetings, leading to a Detector Performance note [2], which was presented
as a poster at the BOOST conference in Genova (2024). Chapter 6 summarizes
these results.



Search for heavy top-philic resonance produced in association with top
quarks

This search represents the first analysis in the opposite-sign dilepton channel and
was initiated as part of this thesis project, for which I am the main analyzer. My
contributions include:

e development and optimization of the analysis strategy,
e integration of the HOTVR algorithm into the CMS software framework,
e implementation of the data-driven background estimation,

e statistical interpretation of the results.

The analysis is currently in the unblinding stage: it refers to the final phase
of an analysis, during which real collision data is examined for the first time in
signal regions, such that the analysis strategy is fully validated before inspecting
potential signal events. The target is to submit the results to The FEuropean
Physical Journal C' in fall 2026.

As part of this work, I generated the Monte Carlo signal samples using UFO-
based theory models at /s of 13 and 13.6 TeV. These samples have been validated
and are now centrally available within the CMS Collaboration.

During the CMS internal review, my responsibilities included:

e presenting regular updates in the relevant working group meetings,
e writing and editing the analysis documentation and paper draft,
e preparing and delivering the preapproval presentation,

e managing communication with the review committee throughout the review
process.

Preliminary results from this analysis were presented during my doctoral work
at several internal CMS workshops and at the annual conference of the German
Physical Society (DPG) in Karlsruhe, 2024. The expected results of the analysis
are presented in Chapter 7.
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Introduction

Particle physics aims to uncover the fundamental constituents of matter and the
forces that mediate their interactions. The development of a unified theoretical
framework to describe elementary particles and their interactions began in the
mid-twentieth century and resulted in the formulation of the Standard Model
(SM) of particle physics. The SM provides a precise description of the elementary
building blocks of the universe and their fundamental interactions, and it has
extensive experimental tests and validations over many orders of magnitude in
energy.

The discovery of the Higgs boson in 2012 by the ATLAS [3] and CMS [4]
experiments at the Large Hadron Collider (LHC) marked a milestone in high-
energy physics, confirming the mechanism of spontaneous symmetry breaking
predicted within the SM. More than a decade later, many parameters of the
SM have been measured with high precision. Despite these remarkable successes,
the SM is not a complete theory and fails to account for several experimental
observations, motivating the development of various Beyond Standard Model
(BSM) scenarios. Many proposed extensions of the SM predict the existence of
a heavy resonance that couples preferentially or exclusively to top quarks. Such
top-philic particles could help address some of the open questions of the SM and
may provide understanding into BSM physics.

In this thesis, a search for such a heavy resonance is presented. The analysis
uses data recorded by the Compact Muon Solenoid (CMS) experiment in proton-
proton (p—p) collisions at center-of-mass energies, /s, of 13 TeV (2016-2018) and
13.6 TeV (2022). The search targets signal models in which the resonance couples
exclusively to top quarks and is produced in association with a top quark pair.
The studied final state is the opposite-sign dilepton channel, where the associated
top quarks decay leptonically via a W boson into an electron or muon and the
corresponding neutrino, while the top quarks originating from the resonance are
reconstructed from their hadronic decays. The hadronically decaying top quarks
are identified and reconstructed using a variable-radius jet clustering algorithm,
exploiting jet substructure observables, and a dedicated Boosted Decision Tree
(BDT)-based top quark tagging algorithm. For this purpose, the Heavy Object
Tagger with Variable Radius (HOTVR) algorithm is employed for jet clustering,
ensuring a stable selection efficiency over a wide range of top quark momenta. The
BDT-based top tagger model is trained to distinguish between two jet classes:
those originating from hadronic top quark decays and those arising from QCD
multijet processes. The latter represents the dominant background contribution,
which is modeled through a data-driven approach.

Different benchmark models, such as a top-philic Z’, two-Higgs-doublet mod-
els, and axion-like particles (ALPs), are used to quantify the sensitivity of the

12
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analysis. Since the analysis is currently under review within the CMS Collabo-
ration, data in the invariant dijet-mass range from 400 GeV to more than 5 TeV
remain blinded. This standard procedure prevents potential bias in the signal
extraction. Consequently, the upper limits on new physics models’ cross-section
quoted in this thesis correspond to the expected results.

After the ongoing data-taking period at 13.6 TeV in 2025, the LHC is sched-
uled to undergo major upgrades to meet the requirements of the increased colli-
sion rate and /s of 14 TeV foreseen for the High-Lumi-LHC (HL-LHC) phase,
expected to start around 2028 and continue until around 2040. The higher in-
teraction rates will lead to an increased number of collisions per bunch crossing,
requiring new detector technologies and advanced reconstruction algorithms to
disentangle rare signal events from the background. Moreover, the higher collision
frequency leads to increased radiation levels and, consequently, greater damage
to the detector components. This effect is particularly critical in the forward
regions, close to the beam line.

Many detector components will be replaced with radiation-hard technologies
to mitigate the effects of increased radiation damage. One such upgrade is the re-
placement of the CMS endcap calorimeters with the High Granularity Calorime-
ter (HGCAL). The HGCAL will use silicon sensors and scintillator tiles, read out
by silicon photomultiplier (SiPM)s, as active detection elements depending on the
detection region. It is designed to precisely measure particle showers over a broad
dynamic range, providing spatial, energy, and timing information. The HGCAL
is planned to be installed in the CMS detector by 2028 and is currently in the
production phase, during which many of its components are being manufactured
and assembled into the final detector modules. Reaching this stage has required
extensive development and validation efforts. This thesis presents system-level
validations and performance tests of the detector’s scintillator section, performed
during testbeam campaigns at DESY-II.

The thesis is structured in seven chapters:

e Theoretical overview (Chapter 1)
This chapter provides an overview of the SM, with emphasis on spontaneous
symmetry breaking and the known shortcomings of the theory. It also
introduces several BSM scenarios that predict the existence of a heavy
top-philic resonance.

e The CMS experiment: physics and apparatus (Chapter 2)
This chapter describes the LHC accelerator and the CMS experiment.
The main characteristics of the CMS detector are presented, with particular
focus on the calorimetry system.

e The upgrade of the CMS experiment (Chapter 3)
This chapter gives an overview of the planned CMS upgrades for the HL-
LHC phase. The focus is on the HGCAL detector, with particular attention
to the scintillator section and its associated readout electronics.

e System validation of the scintillator section of the CMS HGCAL
(Chapter 4)
This chapter summarizes the work carried out during the doctoral project on
the system validation of the scintillator section of the HGCAL. Measuring
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key characteristics of the system, such as the SiPM gain and the light yield
of the scintillator tiles, is essential for verifying the detector design and
expected performance, and preparing for the upcoming mass-production
phase.

e Physics object reconstruction (Chapter 5)
In this chapter, the algorithms used for the reconstruction and identifica-
tion of the main physics objects employed in this analysis, tracks, vertices,
electrons, muons, and jets, are described. Particular emphasis is placed on
the jet reconstruction and heavy-flavour identification techniques.

e Hadronic top quark tagger with variable-size jets (Chapter 6)
The variable-radius jet clustering algorithm with the BDT-based top quark
tagger is presented in this chapter. It summarizes the work carried out
during the doctoral project to train and evaluate the performance of the
hadronic top quark tagger, including its validation in top quark—enriched
and multijets QCD-enriched regions.

e Search for heavy top-philic resonance produced in association with
top quarks (Chapter 7)
The final chapter provides a detailed description of the analysis developed
for the signal search. It presents the motivation, event selection criteria,
and background estimation strategy. Finally, it describes the statistical
procedure used for signal extraction and the determination of the expected
upper limits on the cross section of the new physics models.

14



Chapter 1

Theoretical overview

Particle physics aims to understand the fundamental constituents of the Universe,
known as elementary particles, and their interactions. The current theoretical
framework describing the building blocks of Nature, supported by a large body
of experimental results, is called the SM of particle physics. The SM has been
successful in predicting the interactions of particles discovered experimentally,
and has been validated by numerous precision tests across a wide range of energy
scales.

This chapter presents a concise description of the model in Section 1.1, fol-
lowed by an introduction to the physics of inelastic p—p collisions in particle
colliders in Section 1.2. The core subject of the thesis is the search for physics
BSM, therefore shortcomings of the SM are discussed in Section 1.3.

1.1 The Standard Model

The SM is a relativistic quantum field theory [5, 6, 7, 8| that describes the
interaction of elementary particles via three of the fundamental forces: electro-
magnetic, weak, and strong interactions. Elementary particles in the SM are
categorized by their spin into two groups: fermions and bosons. Fermions have
half-integer spin and obey Fermi-Dirac statistics, and are grouped into quarks
and leptons. Bosons have integer spin and obey Bose-FEinstein statistics. The
gauge bosons, photon (v), W, Z, and gluon (g), mediate the fundamental inter-
actions through their exchange between particles, whereas the scalar boson, the
Higgs boson (H), gives mass to elementary particles via the Higgs mechanism
rather than mediating a force. Figure 1.1 schematically summarizes the building
blocks of the SM, showing the main properties of the fundamental particles, such
as their masses, electric charges, and spins.
The fermions are grouped into pairs called families or generations:

e leptons: electrons and electron neutrinos (v,, €), muons and muon neutrinos
(v, p), and taus and tau neutrinos (v, 7)

e quarks: up and down quarks (u, d), charm and strange quarks (c, s), and
bottom and top quarks (b, t)

Each particle has a corresponding charge—conjugate antiparticle with identical
mass, giving a total of 12 leptons and 12 quarks. Only the first generation of

15
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three generations of matter interactions / forces
(fermions) (bosons)

QUARKS

SCALAR BOSONS

LEPTONS
GAUGE BOSONS
VECTOR BOSONS

Figure 1.1: The SM of elementary particles [9].
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CHAPTER 1. THEORETICAL OVERVIEW

quarks and leptons, i.e., electrons, form ordinary matter, such as atoms and
atomic structures.

Regarding the particles that mediate interactions, the electromagnetic force
is mediated by the photons, the weak force by the Z and W™ bosons, and the
strong force by the gluons. All of them are gauge vector bosons with spin-1. The
graviton, the hypothetical mediator of the gravitational force, is not included
in the SM, since gravity is about 10%° times weaker in coupling strength than
the electromagnetic force, and its quantum field theory is not renormalizable,
unlike the renormalizable interactions of the SM [10, 11]. In addition, the SM
postulates a scalar particle, the Higgs boson (H) [12], which does not mediate
any fundamental force but is associated with the Higgs field. This field provides
a model to explain the masses of the particles that interact with it through its
non-zero vacuum expectation value |8, 6].

All the particles of the Standard Model have been discovered over the course
of the 20th and early 21st centuries. At the beginning of the 20™ century, studies
of the conduction of electricity through gases led to the discovery of the electron
at the end of the 19th century by J. J. Thomson [13|. Searches for new particles
were motivated by studies of atomic structure and quantum theory, leading to the
discovery of the muon in cosmic-ray studies in 1936 at the California Institute of
Technology [14], and the discoveries of the electron and muon neutrinos in exper-
iments at the Hanford Site (1956 [15]) and at Brookhaven National Laboratory
(1962 [16]), respectively. The tau lepton was discovered in 1975 at the Stanford
Linear Accelerator Center [17], and its neutrino counterpart in 2001 at Fermilab
[18].

Theories postulating the internal structure of protons and neutrons emerged
in the mid-20" century, with the quark model proposed in 1964 [19] and experi-
mental evidence for the up and down quarks obtained in deep inelastic scattering
at SLAC in 1968-69 [20]|. The strange quark was introduced in the quark model
to explain kaon spectroscopy [19]. The charm quark was discovered in 1974 at
SLAC and BNL |21, 22|, while the bottom and top quarks were discovered at
Fermilab in 1977 [23] and 1995 [24, 25], respectively.

The photon was introduced in 1905 by Einstein to explain the photoelectric
effect [26]. The W and Z bosons were discovered at CERN in 1983 |27, 28],
while the gluon was observed in 1979 at DESY [29]. Finally, the Higgs boson was
discovered at CERN in 2012 |3, 4].

1.1.1 Particle interactions

The mathematical formalism describing the SM as a quantum field theory con-
siders particles as excitations of relativistic quantum fields, ¥ (z), where z is a
four-vector in space-time, =, = (v, 2,,,, z,)". The dynamics follow from the
principle of least action, 05 = 0, with the action defined as,

S = /d4x L(z), (1.1)

where L£(z) is the Lagrangian density of the SM. Applying the Euler-Lagrange
equations to this Lagrangian results in the corresponding equations of motion for

'In natural units ¢ = h = 1, so that time and spatial coordinates have the same dimension.
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CHAPTER 1. THEORETICAL OVERVIEW

the fields.

The SM is a gauge theory, meaning that its Lagrangian density is invariant
under continuous gauge transformations. By Noether’s theorem [30], such sym-
metries imply the conservation of specific physical quantities. For example, for a
free fermion field 1, the non-interacting Dirac Lagrangian £ = v (iy" 9, —m)i,
where 7" are the Dirac gamma matrices, is invariant under a global U(1) phase
transformation 1 (x) — €"*i(x). By Noether’s theorem, this invariance leads to
the conserved current j* = 17" satisfying d,J" = 0, which corresponds to the
conservation of electric charge.

In the case of the SM, the gauge transformations of the forces are local,
namely the transformation parameters depend explicitly on the space-time point
x. The SM is based on the gauge group

SU3)e x SU2), x U(L)y, (1.2)

which reflects the local symmetries of the Lagrangian. Imposing these gauge
symmetries requires the introduction of corresponding gauge fields, which couple
to the fermions and mediate the strong, weak, and electromagnetic interactions,
respectively. These are mediated by gluons, W* and Z bosons, and the pho-
ton, respectively, where SU(3)s is the symmetry group underlying the strong
interactions and modeled by the Quantum Chromo Dynamics (QCD) theory,
and SU(2);, x U(1)y to describe the weak and electromagnetic interaction in the
unified electroweak (EWK) theory.

Strong interactions

After the discovery of the A" particle [31], composed of three up quarks in
the same spatial and spin state, a new quantum number, the color charge, was
introduced to resolve the apparent violation of the Pauli exclusion principle [32,
33]. The color charge can take three values, conventionally referred to as blue,
green, and red, and the theory describing the strong interactions of particles
carrying color charge, namely quarks and gluons, is QCD. The symmetry group
of QCD is SU(3)¢, and its Lagrangian density is

Ny . q;ed
LQCD = qu (Z’YHDM — mf) Qf — Z GZVGGHV + h.C., Qf = qjgcbl . (13)
=1 qf ue

where ¢y is the triplet of field describing a quark of flavor f, accounting for the
three colors, G, tensor describes eight gluons, namely a = 1,..,8, representing
the eight massless gluon fields, and D), is the QCD covariant derivative. Under
SU(3)¢ gauge transformation, the color charge is conserved.

The first term of the Lycp describes the interaction between quarks and gluons
and arises from the requirement of local SU(3). gauge invariance. The QCD
covariant derivative is defined as

D, =0, +ig, G, (x) X%, (1.4)

where g, is the strong coupling constant, A\* (a = 1,...,8) are the generators of
the SU(3) group, and Gj,(z) denote the eight gluon gauge fields. The SU(3)q
group is non-abelian, meaning that its commutation relation
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A% N = 24 frbene (1.5)

defines the group structure, with f“bC being the totally antisymmetric struc-

ture constants of the group. The second term of Lycp follows directly from this
non-abelian property, as the gluon field-strength tensor is given by

G, = 0,Go — 0,G5 + g, [ GG . (1.6)

“b¢ implies that gluons carry color charge and

The last term, proportional to f
therefore self-interact.

In nature, no color-charged particle can be isolated; therefore, free quarks
cannot exist due to color confinement. The phenomenon can be understood
qualitatively by approximating the QCD potential [34, 35] between two quarks
as

4 o 9s
V(r) = —3, + kr, @ =
where the first term is a Coulomb-like potential at short distances, «, is the
strong coupling constant, and k is the string tension, analogous to the harmonic
oscillator. At large distances r between the quarks, the linear term dominates
and the energy of the system grows until it becomes energetically favorable for a
new quark-antiquark pair to emerge from the vacuum. This leads to a cascade
effect of new particles, which are bound together in color-neutral singlets called
hadrons. This process is referred to as hadronization, and the resulting cascades
of particles are reconstructed as collimated jets in the context of p—p collision
physics.

The resulting hadrons can be grouped into mesons and baryons, depending
on the number of quark constituents. Mesons consist of a quark—antiquark pair,
such as the 7r+(uc7), while baryons are composed of three quarks, e.g., the proton
p(uud). These constituents are referred to as valence quarks. In addition, hadrons
contain virtual quark—antiquark pairs, called sea quarks, as well as gluons. To-
gether, valence quarks, sea quarks, and gluons are known as partons.

(1.7)

Electroweak interactions

Historically, electromagnetism was the first interaction to be formulated as a
quantum field theory, namely quantum electrodynamics (QED) [36, 37]. In this
theory, invariance under local phase rotations, represented by the U(1) group, is
postulated and typically written as

U(x) = (@) = e ()

where a(z) is a spacetime-dependent phase, and here () denotes the electric
charge, which is conserved in electromagnetic interactions.

On the other hand, weak interactions manifest as flavor-changing processes
mediated by the charged W* bosons, for example in the muon decay p~ —
e + U, +v,, and as neutral current processes mediated by the Z° boson, for
example in elastic neutrino scattering, v, +e — v, +¢e .

Electromagnetic and weak interactions are described by the unified EWK
theory, first formulated by Glashow [38], Weinberg [36] and Salam [37]. The gauge
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symmetry group of the EWK interactions is SU(2), x U(1)y, where SU(2); is
referred to as the weak isospin group and U(1)y as the weak hypercharge group.

A distinctive feature of the weak interaction is the violation of parity sym-
metry, first observed in the Wu experiment in 1957 [39], which studied the
decay of ®°Co. In the Glashow Weinberg-Salam model, fermion fields are de-
composed into left-handed and right-handed components. These correspond to
the two possible chiral projections of a Dirac spinor, defined by the operators
PLp= %(1 T ~°). The chirality is a Lorentz-invariant property, and it coincides
with the helicity, i.e., the projection of the spin along the momentum direction,
in the massless limit. The left-handed components of a fermion family form a
doublet of isospin SU(2);, for instance

). ),

for the first generation of leptons and quarks, respectively. Here, v, and up,
have the third component of weak isospin I3 = —i—%, while ey, and dj, have I3 = —%.
The right-handed components, in contrast, are singlet fields under SU(2),, such
as ep, up, and dp. Right-handed neutrinos are not included in SM, as they do
not participate in any interactions.

By requiring invariance under both local transformations, the electroweak

Lagrangian density Lgwk is constructed as

Lowk= > Dt Y UnivDuin—g Wa W™~ BB,
11, €doublets 1 g Esinglets
(1.9)
where 1) denotes the fermion fields, W}, is the SU(2),, field-strength tensor 2,
while B, is the U(1)y field-strength tensor 3,
The electroweak covariant derivative is given by

D, =0, +igWiT" +ig Y B,, (1.10)

with

a

T = % for SU(2),, doublets, T* =0 for singlets,

where ¢ and ¢’ are the SU(2), and U(1)y gauge couplings, o® are the Pauli
matrices, and Y is the hypercharge, defined as Y = 2(q — I3), with ¢ the elec-
tric charge. A specific linear combination of the SU(2); generator T3 and Y,
namely Q = T3 + Y, generates a subgroup of U(1),,,, which corresponds to the
electromagnetic charge that is conserved under these gauges.

The charged W bosons, carriers of the flavor-changing interactions, are ob-
tained as linear combinations of the Wj and Wi fields,

1
W= —
I \/5
Wi, = 9,W — Wi+ g™ WoWS  a=1,2,3
°B,, =98,B, - 9,B,

(W, FiW}7) . (1.11)
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By performing a rotation of the neutral fields Wi’ and B, the Z boson and
the photon A, are obtained,

A cosfy, —sinf w?
=" 1) (1.12)
A, sinfy,  cos by B,

where 0y, is the Weinberg (weak mixing) angle.
The Weinberg angle is related to the gauge couplings ¢ and ¢’ as

/
tan Oy, = g , e = gsinfy, = g’ cosby, , (1.13)
g

with e the electromagnetic coupling constant. The Weinberg angle is determined
experimentally as sin” Ay, ~ 0.23 [6].

It is notable that the Lagrangian density in Equation 1.9 does not contain
any term accounting for the masses of fermions or vector bosons, even though
these masses have been experimentally observed and measured, as discussed in
Section 1.1. Adding any boson’s mass term to the Lagrangian density would
break the SU(2); gauge invariance. This apparent inconsistency of the theory
is resolved by the mechanism of spontaneous symmetry breaking, proposed by
Brout, Englert, and Higgs 40, 12].

1.1.2 Spontaneous symmetry breaking

The spontaneous symmetry breaking mechanism of the SM relies on introducing
a self-interacting complex scalar field

P(z) = (jﬁg)) ) : (1.14)

which is invariant under transformation in SU(2); doublet with hypercharge
Y = 5. This field enters Ly through

Ly = (D) (D"¢) = V(9), (1.15)

describing its interaction with the gauge bosons, and with the covariant deriva-
tive of Equation 1.10. The scalar potential is taken as

V(o) =12 dTo+M(010)% A>0, u?<0, (1.16)

It depends only on ¢'¢, so it is invariant under SU(2);, x U(1)y transforma-
tions of ¢. For p* < 0, the configuration ¢ = 0 is unstable, and the minimum of

the potential occurs for
o2
dlo=",  v=y-w/X. (1.17)

The value of v is fixed by the Fermi coupling constant G*, by

v = (V2Gr) % = 246 GeV, (1.18)

1t is calculated numerically from the rate of muon decays [6].
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This vacuum expectation value (VEV) breaks the electroweak symmetry, since
any specific choice of (¢) is not invariant under the full SU(2); x U(1)y group.
A convenient parametrization considering fluctuations around the minimum is
obtained by fixing the so-called unitary gauge’, where the scalar doublet takes
the form

with H(x) the Higgs boson field. In this gauge, the charged components are
set to zero, while the neutral component acquires a non-zero VEV,

() = % (8) (1.20)

which breaks the gauge invariance SU(2); x U(1)y, while keeping the subgroup
U(1)en invariant. This makes it possible for the photon to remain massless while
the electroweak gauge bosons gain mass.

Substituting ¢ in the form of Equation 1.19 into the kinetic term of L, in
Equation 1.15,

1
L, D miy WIw=" + §m2z zZ,7"
m2
HW W™ + —2HZ,7"
v

2 2
m

L HWW S 7,7 (1.21)
v v

n Zm%,v

where the masses of the electroweak vector bosons are obtained,

my = 390, my = tv\/g* + ¢g”. (1.22)

The ratio of the W and Z masses returns the Weinberg angle (see Equation 1.13,

cos Oy = — . (1.23)

The masses my, and my, were first precisely measured at LEP [41, 42]. The
current world averages are [6]:

my = 80.379 £ 0.012 GeV, mz = 91.1876 4+ 0.0021 GeV.

Besides generating the masses of the electroweak bosons, the expansion also
produces interaction terms between the Higgs field and the W and Z bosons. In
particular, Equation 1.21 contains trilinear couplings (HWW, HZZ), that are
proportional to the squared masses, ggww = 2miy/v and ggz; = my/v, and
quartic couplings ( HHWW , HHZ Z).

°In other gauges, three massless scalar modes (Goldstone bosons) appear. These do not
correspond to physical particles, but are absorbed to provide the longitudinal polarization
states of the massive W= and Z bosons.
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From the scalar potential term of the L, the Higgs boson mass is defined as,
V(9) = 1" ¢'o+ Me'0) = mi =220 (1.24)

Here ) is the Higgs self-coupling and is a free parameter of the SM, meaning
that there is no a priori prediction of the Higgs boson mass. Experimentally, the
Higgs boson mass was measured at CERN (2012) [4, 3]. The most up-to-date
value [6, 43| is found to be

my = 125.11 £ 0.11 GeV. (1.25)

Expanding the potential further around the minimum, trilinear and quadri-
linear Higgs self-coupling can be found.

Following the same derivation, an additional term can be added to the La-
grangian density to describe the interactions between the Higgs boson and fermions,
the so-called Yukawa Lagrangian,

t to t
Ly = —y. (;) Per — Yy (3) GUR — Yq (3) ¢dp +h.c, (1.26)
L L L

for the first generation of fermions, where y., y,,y, are the Yukawa coupling
constants, and ¢ = io”¢" is the conjugate Higgs doublet. When the Higgs field
acquires its vacuum expectation value, the Yukawa terms generate fermion masses

Y 1
e \/5’ u \/57 d \/§

The same structure extends to the other fermion generations, with indepen-
dent Yukawa couplings y; for each fermion f.

The quark mass eigenstates obtained from the Yukawa Lagrangian are not
identical to the weak isospin eigenstates, and the mismatch between the weak
eigenstates and the mass eigenstates is described by the Cabibbo-Kobayashi—
Maskawa (CKM) matrix [44, 45]. This structure is required to account for the
observed rates of flavor-changing weak decays. Explicitly, the relation between
weak and mass eigenstates for down-type quarks can be written as

(1.27)

/

St =Vexm | 5| (1.28)
4 L b)

where primed fields denote weak eigenstates.

The charged-current part of Lgwk can then be expressed in terms of the CKM
matrix, which is a unitary 3 x 3 matrix. Its elements Vij quantify the strength
of flavor-changing transitions between quarks i = (u,c,t) and j = (d, s,b) me-
diated by the W¥ bosons. One of the possible parametrization of the is given
by three mixing angles and one CP-violating phase, corresponding to four inde-
pendent free parameters determined experimentally. Numerically, the matrix is
approximately [6]

Vial Visl Vil 0.974 0.226 0.0036
Ve = | Vil Vel [Vl | =~ [ 0.226 0973 0.042 | . (1.29)
Vgl Vil Vil 0.0086 0.041 0.999
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The values of the diagonal elements indicate that transitions within the same
generation are strongly favored, for example, u — d. The off-diagonal elements
show how much the probability of flavor-changing transitions between different
generations is suppressed.

Finally, the Higgs field is defined as a singlet under SU(3),, so it does not
couple directly to gluons, consistently with the fact that gluons are massless.

1.2 The physics of p—p collisions and the energy
scale

At particle colliders, elementary particles are produced and studied through in-
elastic scattering experiments. Given two colliding initial state particles with
four-momenta P, and P,, the /s is defined as

Vs = (P + Py), (1.30)

which sets the energy scale of the interaction and must be sufficiently high to
produce massive particles.

In the context of this work, p—p collision data are analyzed. Given a flux
of particles, the number of interactions per unit flux is determined by the cross-
section o, expressed in barn [b|, where 1b = 107** m?. In quantum field theory,
interaction probabilities are derived from S-matrix elements,

My = (fI5]i)
S o exp [z/ d*x Emt(az)]

with 7 and f being the initial and final state, respectively.

The measurable cross-section follows from the squared amplitude of the matrix
elements integrated over final-state phase space and normalized by the initial-
state flux. Expanding S as a power expansion in the strong coupling constant
ay, the cross-section can be expressed as a

(1.31)

c=094a,0M +a2c® ... (1.32)

The precision of the cross-section calculation is therefore intrinsically linked to
the value of a,. Truncating the series at the first term defines the leading order
(LO), while including the next term corresponds to the next-to-leading order
(NLO), and so on. Lower-order predictions generally suffer from large theoretical
uncertainties due to missing corrections and a strong dependence on scale choices.

The strong coupling constant is not a fixed parameter but depends on the
characteristic energy scale () of the process, as described by the renormalization
group equation,

1
 Boln(Q%/Aqep)

with 3, being the first coefficient of the QCD S-function and Agep being
the QCD scale parameter. From this relation, the asymptotic freedom condition

(1.33)
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is visible: «a, becomes small at high energies, while it increases at low scales,
reaching zero when the energy scale goes to infinity.

This implies that partons inside the protons can be treated as free at the
energy scale of p—p collisions, and the interaction can be approximated as a
collision between partons rather than between protons. The momentum of a
parton is expressed as a fraction x of the parent hadron momentum, p,aon =
T Phadron, Where x is the Bjorken scaling variable [46]. The probability of finding
a parton of flavor f carrying momentum fraction x at a factorization scale uy is
described by the parton distribution function (PDF), PDF (z, 7). The PDFs
satisfy the momentum sum rule

1
Z/ 2 PDF (2, u3) do = 1,
f 0

ensuring that the total hadron momentum is carried and distributed by its par-
tons.

By measuring PDFs at a given scale pup, their evolution to any other scale
can be obtained by solving the DGLAP equations [47, 48, 49]. In the case of
hadronic collisions, the factorization scale up is introduced to separate the non-
perturbative parton distribution functions from the perturbatively hard scatter-
ing. Different global analyses provide sets of PDF determinations to describe
p—p collisions. In the context of this thesis, the NNPDF set [50] (version 3.1)
is used, accessed through the LHAPDF library [51], and is shown in Figure 1.2
at a factorization scale of % — 10 GeV? and p3 — 10* GeV? a function of x.
Figure 1.2 shows that at large x the valence quarks PDFs dominate, whereas at
small x the gluon and sea quarks PDFs dominate.

1 T |||||||| T |||||||| T T TTTTTT] 1_

NNPDF3.1 (NNLO) ]
xf(x2=10 GeV?)

F g/10 1
0-9¢ xf(xu2=10* GeV?) ]

0.8} E
0.7k
0.6
0.5}
0.4f
0.3}
0.2}

0.1L

O- 1 1 IIIIIII 1 RN N,
107 1072 10~ 1
X

Figure 1.2: The NNPDF3.1 PDFs, evaluated at ,u% — 10 GeV? (left) and ,u% - 10*
GeV? (right) [50, 51].
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The scattering can thus be understood in terms of quasi-free partons, and the

total cross-section can be written in terms of the partonic cross-sections & ( f; f, —
X) as

o(pp = X) = 3 [ dy dey PDF,, (21, 13) PDF (0, 13) 6 fufo — X), (1.34)
fl’f2

where PDF (z;, (%) are the parton distribution functions (PDFs) of flavor f;
carrying momentum fraction z; at scale ,u%.

At high energies, ultraviolet quantum fluctuations become relevant, corre-
sponding to short-distance interactions. Their associated divergences are ab-
sorbed through the process of renormalization, which redefines the coupling and
the fields. This introduces the renormalization scale g, at which the strong cou-
pling o (pup) is defined. Neither pp nor pp is a physical parameter, and the total
scattering cross-section is independent of them. At finite order in perturbation
theory, however, a residual dependence remains, which is used to estimate the
theoretical uncertainty. The standard procedure is to vary pp and pp simulta-
neously, and independently, within a prescribed range to define the theoretical
uncertainty on cross-section predictions in QCD.

1.2.1 The top quark

As visible in Figure 1.1, the heaviest fundamental particle in the SM is the top
quark, with a mass of m, = 172.56 +£0.31 GeV [6]. The Yukawa coupling strength
relative to the SM expectation (from Equation 1.26) is measured as [6]
Y, = b = 116752, (1.35)
Yt
being around two orders of magnitude greater than any other Higgs-to-fermion
coupling. Therefore, the physics of the top quark is a probe to understand the
mechanism of EWK symmetry breaking, and at the same time a means to search
for BSM physics. Many BSM models predict the existence of an extended Higgs
sector, populated by charged Higgs and heavy Higgs bosons, for which the top
coupling is predominant. Other models describe the existence of W' and Z’
extensions of the SM, which couple preferentially to top quarks due to their
mass. A detailed description of these BSM theories is given in Section 1.3, and
searching for evidence for these theories is one of the main focuses of this thesis.
In p-p collisions, the dominant production mechanism of top quarks is
top—antitop pair production (¢f), which occurs at LO through ¢g annihilation
and gg fusion (together accounting for about 90% of the total at /s of 13 TeV
[52]), as shown in the Feynman diagrams of Figure 1.3. The production of t¢
pairs can also occur in association with additional quarks or gluons, usually light
quarks (u,d, s, c) or gluons, which arise from initial-state radiation (ISR), emit-
ted from the incoming partons before the hard scattering or final-state radiation
(FSR), emitted from the outgoing partons after the hard scattering). Figure 1.4
shows these production mechanisms. In the context of this thesis and the search
for new BSM particles, these associated processes constitute the main source of
background for the analysis.
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Figure 1.3: Feynman diagrams of t¢ production at LO: (a) quark fusion; (b,c) gluon
fusion.
q
g t g
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q t q t q t

() (b) (c)

Figure 1.4: Feynman diagrams of ¢¢ production with additional radiation: (a) ISR;
(b,c) FSR.

Another notable production mechanism is single top quark production, which
occurs via the weak interaction and proceeds through three main channels: the
s-channel (¢q annihilation), the ¢-channel (gq fusion), and the tW channel, where
a W boson appears in the final state. Figure 1.5 shows these production mecha-
nisms.

(a) (b) (c)

Figure 1.5: Feynman diagrams of single top quark production: (a) s-channel; (b)
t-channel, (c¢) tW channel. The charge-conjugated processes lead to the production of
single anti-top quarks, but not shown in the diagrams.
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In addition to ¢t and single top production, the top quark can also be produced
in association with one or more bosons. In the context of this thesis, a minor but
non-negligible source of background in the search for four-top final states is given
by ttZ, ttW, and ttH production. Figure 1.6 illustrates these processes.

d t
g " t g
* t
t Z/v d
g t u w+

Figure 1.6: Feynman diagrams of ¢f production in association with Z (left), W (cen-
ter), and H (right) bosons.

Moreover, the SM predicts the production of four top quarks (tttt). Figure
1.7 shows the production mechanisms, which happen predominantly via gluon
fusion, or via the exchange of a virtual Z/v (b), or via the exchange of a virtual
H. This process is extremely rare, with a cross-section at /s = 13 TeV of about
12 fb [53, 54|, nearly three orders of magnitude smaller than the inclusive ¢t
production. The tftt production is highly sensitive to potential contributions
from BSM physics, and it is a promising channel to search for new phenomena.

t t
g g

t t

_ Z/y _

t t
g g

t t

(a) (b)

Figure 1.7: Feynman diagrams of ¢ttt production: via gluon fusion (a), via the ex-
change of a virtual Z/v (b), or via the exchange of a virtual H (c).

The favored decay channel of the top quark is the transition to a b quark via
emission of a W boson, since the Vj;, element of the CKM matrix (Equation 1.29
is close to unity®, while V,,, Viy < V. The decay into an on-shell W boson is
also kinematically allowed, given that m, > my,.

Because of its large mass, the top quark has a very short lifetime, 7, ~ 5 x
107 [6], which is shorter than the typical hadronization timescale, 7j,q ~
1/Aqep ~ 3% 1075 [6]. As a result, the top quark decays before it can hadronize
or radiate significant soft gluons. This unique feature enables the top to retain
information about its spin at the parton level, allowing the study of top-quark
polarization and spin correlations through the angular distributions of its decay
products. Given the top quark decay, three classes of tt final states can be
identified, depending on the decay of the two W bosons:

In this thesis it is assumed to be 1.
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e Fully hadronic: both W — ¢¢’, about 46% of events.

e Semileptonic: one W — ¢, the other W — (v, with ¢ = e, i1, about 44%
of events.

e Dileptonic: both W — (v, about 10% of events.

In this thesis, semileptonic and dileptonic channels involving 7 leptons are not
considered, since hadronic 7 decays require dedicated reconstruction techniques
and their overall contribution is relatively small (about 7% for semileptonic ¢t
and about 1% for dileptonic tt). Extending this classification to four-top final
states, the following channels are obtained:

e Fully hadronic: all four W — ¢, about 21% of events,

Semileptonic: three W — ¢¢’, one W — (v, about 41% of events,

Dileptonic: two W — ¢7’, two W — (v, about 31% of events,

Trileptonic: one W — ¢, three W — fv,, about 6% of events,

Tetraleptonic: all four W — (v, about 1% of events.

The analysis presented in this thesis focuses on the search for top-philic BSM
resonance in four top quark final states in the dileptonic channel, which pro-
vides the cleanest signature and most efficient reconstruction compared to the
fully hadronic channel, where large QCD backgrounds dominate. The focus is
on opposite-sign dilepton events, which have a higher branching fraction and
enable the identification of the non-resonant top quarks. This topology allows
full kinematic and mass-resonance reconstruction of the hadronically decaying
top quarks originating from the potential BSM resonance, unlike the same-sign
dilepton selection.

1.3 Physics Beyond the Standard Model

The SM provides a precise and tested description of the interactions between fun-
damental particles, supported by a large number of experimental results. How-
ever, it is by construction not complete, and a more fundamental theory is re-
quired. In addition, some experimental observations cannot be explained within
the SM. Notable shortcomings are

e Gravity: the most obvious omission in the SM is gravity. It is not included
because it is much weaker than the other fundamental forces, but it becomes
non-negligible at the Planck scale of about 10" GeV. The existence of a
massless spin-2 particle, the graviton, is postulated in the framework of
quantum gravity [55].

e Hierarchy problem: the problem refers to the large difference in energy
scales, between the experimentally measured Higgs boson mass of about
125 GeV and the Planck scale (~ 10" GeV). Quantum corrections to the
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Higgs mass, for example from top-quark loops, scale quadratically with the
energy cutoff scale A,

omyy ~ — - A%, (1.36)

where g, is the top Yukawa coupling. If A is taken close to the Planck
scale, these corrections are enormously larger than the physical Higgs mass,
and an extreme fine-tuning is needed to keep my ~ 125 GeV, which is
considered not "natural".

e Flavor structure: the SM contains three generations of fermions with
identical gauge quantum numbers but vastly different masses. The model
does not explain why exactly three generations exist, nor the pattern of the
fermion masses and mixing angles observed in the quark and lepton sectors.

e Baryon asymmetry: there is a clear asymmetry between baryons and
antibaryons, and therefore between matter and antimatter. This suggests
that in the early universe, during the Big Bang, C and CP symmetries were
violated, leading to the depletion of antimatter; otherwise, they would have
constantly annihilated into photons. The observed baryon-to-photon ratio
is ~ 6 x 107" [56], which cannot be explained by the SM alone, as neither
its predictions nor current experimental results account for this asymmetry.

e Neutrino masses: the Yukawa Lagrangian of Equation 1.26 assumes that
neutrinos are massless. In contrast, there is clear experimental evidence for
non-zero neutrino masses from the observation of neutrino oscillations [57,
58]. Neutrino oscillations arise because the flavor eigenstates of neutrinos
are quantum superpositions of their mass eigenstates. To introduce neutrino
masses, the SM must be extended by introducing additional terms, such as
Majorana’ or Dirac mass terms. A possible extension involves the existence
of sterile neutrinos, which do not interact via the weak force and could
mix with the active neutrinos, which may explain neutrino masses, baryon
asymmetry, and dark matter.

e Dark matter: experimental results from astrophysical and cosmological
observations of galaxy rotation curves [59|, gravitational lensing [60], and
the cosmic microwave background [56], provide evidence for the existence
of dark matter: a new form of matter that interacts gravitationally but not
via the electroweak or strong forces. At the level of elementary particles,
dark matter could be explained by weakly interacting massive particles
(WIMPs), but no such candidates are included in the SM.

e Strong CP problem: the SM allows a CP-violating term in the Lqcp,
but experimental results on the neutron electric dipole moment constrain its
coefficient to be unnaturally small, less than about 107'° [61]. No natural
explanation is given by the SM, while an extreme fine-tuning, known as
the strong CP problem, is needed to explain why CP violation in the strong
interaction is so suppressed.

"A Majorana neutrino is a fermion that is identical to its own antiparticle.
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Various models have been proposed to address some of these shortcomings of
the SM, which predict new particles and phenomena potentially observable at
the TeV scale. In particular, searches for resonances decaying to ¢t pairs are well
motivated, since many extensions of the SM predict such states. For example, in
the Randall-Sundrum model [62] the presence of an extra spatial dimension leads
to massive Kaluza—Klein [63] excitations that can couple strongly to top quarks.
In compositeness models, where SM particles are not considered elementary, new
excited states of fermions 64| and of the Higgs boson sector [65] can appear, some
of which are expected to decay preferentially into #¢, if the resonance is massive
enough.

Most experimental analyses consider models in which a ¢t resonance is pro-
duced via annihilation of a ¢ pair. However, if the resonance couples only weakly,
or not at all, to light quarks, the production of the resonance in association with
an additional ¢t pair provides an important channel to study and is the main
focus of the analysis presented in this work.

In the context of the thesis and in the following, the model-independent pro-
duction of a top-philic resonance is considered, assuming that it strongly couples
to the top quark pair. The resonance could be either a vector, a scalar, or a pseu-
doscalar. General models are introduced that describe the associated production
of new particles with ¢f, which would be observable in p—p collisions as a heavy
resonance decaying to tt.

1.3.1 Top-philic heavy resonances in four top quarks final
states

The benchmark models used in this analysis predict a new vector particle, denoted
7', as postulated in so-called top-philic models |66, 67]. These models assume
a color-singlet vector particle of mass m,s, which couples only to the top quark
with the following interaction Lagrangian

Liop-philic = G, (cos 0Py, + sin0Pg) tZ™ + h.c., (1.37)
where
1
Prr = :';75, ¢ =1/ + ch, tanﬁzC—R, (1.38)
Cr

where ¢, denotes the overall interaction strength, 6 controls the relative cou-
pling to left- and right-handed top quarks, and 4° = i7°v'~v*~? is defined in terms
of the Dirac gamma matrices.

The decay width at LO is given by [66]

2 2 2
/ 4
D72 —th) =202 1= 200 1 M (3sin2g — 1)] , (1.39)
8T my m,
which can be approximated to
m,y
(7 — tf) ~ %, for my < m,. (1.40)
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In pp collisions, the production mechanism of Z' in association with a tf
pair targeted for the thesis work is via strong force from gg fusion, and is shown
in Figure 1.8.

g t

g t

Figure 1.8: Feynman diagrams of associated production of Z’ with ¢t at LO.

Other production mechanisms are possible, via mixed QCD and electroweak
interactions, resulting in three top quark final states. Moreover, loop-induced
production via virtual top quarks is also possible but suppressed in this work
by requiring an equal coupling strength for left- and right-handed top quarks,
namely 0 = /4.

To ensure the validity of Equation 1.40, the target mass range spans from 500
GeV to 4 TeV, and 5%, 10%, 20%, and 50% decay widths are considered. More
details are provided in Chapter 7, where the search is presented and motivated
by recent complementary results.

Moreover, interference between the Z’ signal and the SM four top quarks
background, as well as non-resonant Z' contributions, are not considered. While
such interference effects can increase the total cross-section for large resonance
masses and widths, the resulting kinematic distributions, such as the invariant
mass spectrum my;), are nearly indistinguishable from the SM prediction, result-
ing in a much complex discrimination between signal and SM background events.
In addition, interference contributions are highly model-dependent, as they de-
pend on the assumed couplings of the Z’ to other quarks and gauge bosons.

1.3.2 Two Higgs doublet model and Axion-like particles

In addition to the Higgs sector of the SM, other models, such as type-1I Higgs
Doublet Model (2HDM) [68, 69|, predict the existence of other spin-0 states
through the inclusion of another doublet, another singlet, or a combination of the
two. The new states of these extensions may include a neutral pseudoscalar a
(CP-odd) boson, neutral scalar (CP-even) h and ¢ bosons, where h is the lighter
of the two, and a charged Higgs boson H *, Assuming that the new bosons also
interact with fermions via the Yukawa interaction, the coupling between them and
the top quark is expected to be large as well. Therefore, the Yukawa Lagrangian
after the symmetry breaking assumes
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My —
Lo, = —9¢t£7ttt¢
My —
‘C?nt = igatf_tt’75ta7 (141)
v

where g47 and g7 are respectively the coupling constants of the scalar and
pseudoscalar mediators to top quarks, v is the vacuum expectation value of the
Higgs field, and m, is the top quark mass.

Axion-like particles (ALPs) represent another compelling class of models in
the context of BSM physics, introducing a new singlet pseudoscalar state A.
Originally proposed as a solution to the strong CP problem [70, 71|, the framework
can be extended to address neutrino mass generation, composite Higgs scenarios,
and dark matter, among others. In the context of the thesis, only a specific
top-philic ALPs model is considered, where the interaction Lagrangian, after
spontaneous symmetry breaking, is
T fystA, (1.42)
fa

where ¢, is the ALP coupling to top quarks and f, the scale of the effective
theory via which the ALP couples to top quarks.

A . A
£int =1C
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Chapter 2

The CMS experiment

The work presented in this thesis was conducted within the CMS Collaboration
at European Organization for Nuclear Research (CERN), and comprises both
data analysis of p—p collisions recorded at centre-of-mass energies, /s of 13 TeV
and 13.6 TeV during LHC data-taking campaigns, and detector development.
In this chapter, the experimental setup is described. In Section 2.1, an overview
of the LHC is provided. Section 2.2 describes in detail the CMS apparatus
alongside its sub-detector systems. Major emphasis is given to the calorimeter
systems, and a brief introduction to calorimetry is also provided.

2.1 The Large Hadron Collider

The LHC is a synchrotron particle accelerator ring with a circumference of 26.7
km, designed to collide protons or heavy ions. It is located at the CERN in
Geneva and is the last and largest ring in the complex chain of CERN’s accel-
erators, shown in Figure 2.1. The tunnel is approximately 100 m underground
and was constructed between 1998 and 2008 in the existing tunnel of the former
Large Electron-Positron Collider. The LHC ring is composed of two beam pipes
that can each be filled with up to 2800 bunches, with bunch crossing (BX)s
spaced by 25 ns. During Run 1 (2010-2013), the proton beams collided at /s of
7 and 8 TeV, while in Run 2 (2015-2018) the energy was increased to 13 TeV. In
the current data-taking period (Run 3), the operational energy is 13.6 TeV, with
plans to reach up to 14 TeV during the last phase of operations called HL-LHC
phase, described in detail in Chapter 3.

Protons are first obtained by ionizing hydrogen gas with an electric field and
then accelerated through a chain of pre-accelerators. The first accelerator is
Linac4 [72], a linear accelerator that uses radio-frequency (RF) cavities to accel-
erate the protons to an energy of 160 MeV. From Linac4, protons are injected
into the Proton Synchrotron Booster (PSB) and then into the Proton Synchrotron
(PS), reaching energies of 1.4 GeV and 25 GeV, respectively. They are then trans-
ferred to the Super Proton Synchrotron (SPS), where they are accelerated up to
450 GeV. From the SPS, the protons are injected into the two beam pipes of
the LHC, where they undergo multiple acceleration cycles until the beam energy
reaches its operational value. The acceleration is made possible by four groups of
radio-frequency cavities, called cryomodules, which operate in a superconducting
state. In addition to accelerating the beam, the LHC bends and focuses the
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proton bunches using superconducting magnets, which are cooled to 2 K with
superfluid helium. More than 1000 dipole magnets bend and guide the beam,
with the magnetic field increasing from 0.535 T during injection up to 8.3 T at
collision energy. Once the ramp-up is complete, the beam is declared stable, and
the protons are focused and brought into collision at four dedicated interaction
points along the ring, where the four major experiments are located, as visible in
Figure 2.1.

The CERN accelerator complex
Complexe des accélérateurs du CERN

CMs

SPS A,

2 T AWAKE
%
\ -
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LHC - Large Hadron Collider #/ SPS - Super Proton Synchrotron // PS « Proton Synchrotron  AD - Antiproton Decelerator i/ CLEAR - CERN Linear
Electron Accelerator for Research /f AWAKE - Advanced WAKefield Experiment // ISOLDE - [sotope Separator Onl # REX/HIE - Radivactive
EXperiment/High Intensity and Energy ISOLDE # LEIR - Low Encrgy lon Ring &7 LINAC - LiNear ACcelerator / n TOF - Neotron

HiRadMat - High-Radiation to Materials

Figure 2.1: Illustration of the CERN accelerator complex [73].

These experiments are: A Large Ton Collider Experiment (ALICE), A Toroidal
LHC Apparatus (ATLAS), CMS (Compact Muon Solenoid), and LHCb (LHC
beauty). The ATLAS and CMS experiments are multipurpose detectors, de-
signed to discover the Higgs boson, to precision SM measurements and investi-
gate BSM theories. ALICE focuses on studying quark-gluon plasma created in
heavy ion collisions, while LHCb examines particles produced in the forward re-
gion, focusing on the study of heavy-flavoured mesons and, in particular, b quark
physics.

Along with /s, another key parameter in collider experiments is the instanta-
neous luminosity £, which measures the number of particle collisions N per unit
time relative to the interaction cross section o, and is defined as follows

1 dN

L= o dt
The interaction cross section of p—p collision at 13 and 13.6 TeV is assumed
to be 80 mb [74]. The luminosity depends on various LHC parameters, such
as the bunch revolution frequency' f,, the number of particles in each bunch

'In Run 2 operation, fr was approximately 40 MHz
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n, the number of bunches N,, and the effective collision area transverse to the
beam direction, which is assumed to be Gaussian distributed. Assuming that
each beam has the same collision area, the luminosity is defined alternatively as

ning

L= Nbfr

dro,0,

where and o, and o, are the beam sizes in x and y direction, transverse
to the beam direction?’. At LHC, each beam is made of about 2800 bunches,
separated by 25 ns intervals, and each bunch contains (’)(1011) of protons. The
highest instantaneous luminosity recorded at the LHC is approximately 2.5 x
10** cm™2%s™! during Run 3 operation, exceeding the original design value of
1x10* em 257!, The HL-LHC upgrade aims to reach up to 7.5 x 10** cm™2s™ .

By integrating the instantaneous luminosity over time, the total delivered
luminosity is obtained per unit cross section. The size of a data-taking period
is therefore usually measured in integrated luminosity, and the evolution of the
total luminosity delivered to CMS during stable beams for p—p collisions at
nominal /s is shown in Figure 2.2. In the context of the analysis presented in
this thesis, the data recorded by CMS during Run 2 (2016-2018) and Run 3
(2022) are considered, for a total integrated luminosity of 173 fb™".

2015, 13 TeV, 4.3 b
2016, 13 TeV, 41.6 fb™'
2017, 13 TeV, 49.8 fb™'
2018, 13 TeV, 67.9 fb™'
2022, 13.6 TeV, 41.5 fb!
2023, 13.6 TeV, 32.7 fb!
2024, 13.6 TeV, 122.2 fb™!
2025, 13.6 TeV, 23.9 fb™!

CMS

150 -

100

50

Total integrated luminosity (fb™)

May Jun Jul Aug Sep Oct Nov Dec
Date

Figure 2.2: Total integrated luminosity versus day delivered to CMS during stable
beams for p-—p collisions at nominal /s shown for data-taking in 2015 (purple), 2016
(orange), 2017 (light blue), 2018 (navy blue), 2022 (brown), 2023 (light purple), 2024
(dark blue), 2025 (pink) [74].

Multiple p—p collisions occur within each BX, but only the highest-energy
interaction is typically used for the physics analysis. The additional interactions
are classified as pileup (PU) and constitute background collisions that can occur
in the same BX (in-time PU) or in previous BXs (out-of-time PU). The average

>The widths o, and o, are about 16 um

Y
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number of PU interactions per BX recorded by CMS was approximately 32
during Run 2 and has reached up to about 55 during Run 3 [74].

2.2 Overview of the CMS detector

The CMS experiment is a multi-purpose detector located at the interaction point
5 of LHC in Cessy, France. The detector has a cylindrical structure with a length
of 21.6 m and a diameter of 14.6 m. It comprises several sub-detectors arranged
in a central barrel region and two endcap regions, covering a solid angle of nearly
47. Each system is dedicated to measuring and reconstructing different particles
and observables. Comprehensive details can be found in Refs. [75, 76|, while an
outline relevant to this work is provided below.

The first sub-detector, starting from the interaction point and moving out-
wards, is the tracking system, which consists of a silicon pixel and strip tracker
where the trajectories of charged particles are measured. Surrounding the track-
ing system are the lead tungstate crystal electromagnetic calorimeter (ECAL)
and the brass and scintillator hadron calorimeter (HCAL). These calorimeters
are enclosed within® the coil of a large superconducting solenoid magnet, which
has an internal diameter of 6 m and generates a magnetic field of 3.8 T. The
solenoid provides a magnetic field parallel to the beam axis, enabling the mea-
surement of charge and momentum of the particles. Outside the solenoid, the
muon detection system is located. It consists of gaseous detectors embedded in
the steel flux-return yoke, which guides the magnetic field lines. A schematic
overview of the CMS detector is shown in Figure 2.3, and each sub-system is
described in detail in the following sections.

2.2.1 Coordinate system

Figure 2.4 shows the conventional three-dimensional coordinate system adopted
by the CMS Collaboration. The origin of the coordinate system is centered at the
collision point, with the y-axis pointing vertically upward and the x-axis pointing
radially inward toward the center of the LHC. Consequently, the z-axis points
along the beam direction counterclockwise. Given the symmetrical design of the
apparatus, spherical and cylindrical coordinates are also used. The azimuthal
angle ¢ is measured from the z-axis in the x—y plane, with the radial coordinate
in this plane denoted by r. The polar angle # is measured from the z-axis.

The three-momentum of particles is described using two components: the
longitudinal momentum p, and the transverse momentum p;, defined as

[Br| = |p1sin g = \/p; + pj.

Additionally, the pseudorapidity 7 is often used to describe a particle’s angle
relative to the z-axis, and is defined as

S ) —R

30ne part of the hadron calorimeter is found outside, as discussed later.
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CMS DETECTOR STEEL RETURN YOKE
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Figure 2.3: Cutaway view of the CMS detector [77].
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Figure 2.4: The conventional 3D coordinate system at the CMS detector [78].
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The region of the detector at high values of |5| is commonly referred to as
the forward region. Particles with high pseudorapidity are therefore described as
forward particles. In the limit of ultra-relativistic particles, the pseudorapidity
converges to the definition of rapidity y,

and differences in rapidity or pseudorapidity are invariant under Lorentz boosts
along the z-axis. The angular separation between particles is often measured in
the pseudorapidity-azimuth plane using

AR =/ (A0 + (A0), (2.1)

which is also Lorentz invariant under boosts along the z-axis.

2.2.2 Silicon tracker

The inner tracking system of CMS is designed to provide measurements of the
bent trajectories of charged particles emerging from the collisions. It is the first
sub-detector moving outwards from the interaction point and has a length of
5.8 m and a diameter of 2.5 m, and it covers a pseudorapidity region of || <
2.5. Tt employs silicon detector technology featuring high granularity and fast
response, and which is also able to operate in the harsh radiation environment
for an expected lifetime of more than 10 years.

The CMS tracker is composed of two sub-systems: a pixel detector with four
barrel layers at radii between 4.4 cm and 10.2 cm and a silicon strip tracker with
ten barrel detection layers extending outwards to a radius of 1.1 m. Each system
is completed by endcaps which consist of two disks in the pixel detector and three
plus nine disks in the strip tracker on each side of the barrel. A schematic view
of one quadrant of the tracker system is presented in Figure 2.5. With about 200
m? of active silicon area, the CMS tracker is the largest silicon tracker ever built

[75].
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Figure 2.5: Schematic view of one quadrant in the r—z view of the CMS tracker:
single-sided and double-sided strip modules are depicted as red and blue segments,
respectively. The pixel detector is shown in green [76].
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Pixel detector

The first CMS pixel detector design, installed in 2010, consisted of three bar-
rel layers and was operating during Run 1. During Run 2, the instantaneous
luminosity delivered by the LHC exceeded the design value, resulting in a pixel
detector inefficiency; therefore, an improved version of the detector was installed
at the beginning of 2017. The Run 2 detector consists of four barrel layers and
an improved version of the electronic readout and cooling system. The basic
building block of the detector is a silicon sensor module comprised of a sensor
with 160 x 416 pixels and a pixel size of 100 x 150 xm?. In total, 1856 modules
are used. To ensure that the inner layer remains fully operational throughout all
Run 2, the innermost layer was entirely replaced in 2019.

The two most important parameters to consider for the performance of the
pixel detector are the hit efficiency and the pixel spatial resolution, which affect
the pattern recognition when reconstructing the track of a charged particle. The
average hit efficiency is above 97%, reaching 99% in the forward region. The pixel
resolution is measured to be 11.0 ym in the r—¢ direction and 24.3 pm in the z
direction [79].

Strip detector

The silicon strip detector has 9.3 million silicon single-sided p-on-n micro-strips
and 198 m? of active silicon area distributed over 15,148 modules. The detector
is 5 m long and has a diameter of 2.5 m. In the innermost layers of the barrel
region, silicon strip sensors with a thickness of 320 ym are used, while in the
outermost and endcap regions, strip sensors with a thickness of 500 um are used.
The hit efficiency is about 99.5%, depending on the layer. The single-hit strip
resolution is measured to be between 20 and 40 pum, depending on the region and
the pitch [80].

2.2.3 Calorimeters

Introduction to calorimetry

The calorimeter systems of the CMS detector are designed to measure the energy
of particles as they pass through dense absorber materials, where they are fully
absorbed and lose energy by producing cascades of secondary particles, known as
showers. The characteristics of these showers depend on the incoming particle:
electrons and photons generate electromagnetic showers, while hadrons produce
hadronic showers involving both electromagnetic and nuclear processes.

At energies above a few tens of MeV, electrons and positrons in most materials
lose energy predominantly through bremsstrahlung [6, 81, 82]. In the same energy
range, photons interact mainly by producing electron—positron pairs®. Electrons,
positrons, and photons of sufficiently high energy (typically above 1 GeV, as in
LHC p-p collisions) incident on a block of material generate secondary particles
through these aforementioned production processes. These secondary particles
may, in turn, have sufficient energy to produce other particles through the same

“At lower energies, the dominant processes are Compton scattering and the photoelectric
effect for photons and ionization and excitation for electrons and positrons.
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mechanisms, resulting in a shower of particles with progressively decreasing en-
ergy. The shower development ceases once the particle energies drop below the
critical energy [6, 83|, where energy loss is dominated by ionization and excita-
tion for electrons and positrons, and by Compton scattering or the photoelectric
effect for photons.

The characteristic length scale for electromagnetic showers is the radiation
length, X, which depends on the characteristics of the material |6, 82],

716 (g cm ™ *A)
Z(Z +1) n(287/VZ)’

where A and Z are the atomic weight and number of the material. The
radiation length represents the average distance that an electron needs to travel
in a material to reduce via bremsstrahlung 1/e of its original energy. Similarly, a
photon beam reduces its intensity through pair production to 1/e, after traveling
a distance equal to 7/9 X,.

The mean longitudinal profile of an electromagnetic shower can be described
by a Gamma distribution [82], as a function of the depth in units of radia-
tion length. At the particle energies typical of LHC collisions, electromagnetic
calorimeters are relatively compact devices: approximately 95% of the shower
energy is contained within a thickness of less than 20 X,. The transverse devel-
opment of the shower is characterized by the Moliére radius, R,,;. A cylinder
with radius R,; contains, on average, about 90% of the shower energy, while a
radius of 3.5 R, contains roughly 99% [6]. The Moliére radius is related to the
material’s radiation length X through

(2.2)

0=

Ly

(&

where F, ~ 21 MeV is a material-independent scale energy, and E. is the
critical energy defined by Rossi [83].

The intrinsic energy resolution of an ideal calorimeter, that is, a calorimeter
with infinite size and no response deterioration due to instrumental effects, is
mainly due to fluctuations of the total track length of the shower. The actual
energy resolution of a realistic calorimeter is deteriorated by other contributions,
for example, inefficiencies in the signal collection, mechanical non-uniformities,
and can be written in a more general way as

or\? S \? N\? 9
(E)_<\/E>+(E) + 02 (2.4)
where S, N, and C are the stochastic, noise, and constant terms [6, 82|.
The stochastic term includes the aforementioned shower intrinsic fluctuations.
The noise term accounts for the electronic noise of the readout chain, while the
constant term accounts for non-uniformities and instrumental effects.

For relativistic charged heavy particles, the mean rate of energy loss per unit
length of material is well described by the Bethe-Bloch equation [6], which ac-
counts for inelastic collisions with atomic electrons. The expression can be written
as
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dE o QZ 1 1 2m6025272Wmax 2 6(5’7)
—<%>_Kz —— [gln( 7 )—5 _T]’ (2.5)

where K = 0.307075 MeV mol ' ¢cm?, z is the charge of the incident particle,
Z and A are the atomic number and mass of the absorber, § and v are the
relativistic factors, m, is the electron mass, I is the mean excitation energy, W, ..
is the maximum energy transfer possible in a collision, and § accounts for density-
effect corrections at high energies. This quantity is commonly referred to as the
stopping power. Its behavior for various particles in different materials is shown
in Figure 2.6. The Bethe-Bloch formula is valid in the range 0.1 < gy < 1000,
where ionization dominates the energy loss process, and different regimes can be
identified within this interval.

At low momenta (87 < 3), the stopping power decreases with increasing en-
ergy, as the cross section for ionization falls with 1/ 5. Around v = 3, the energy
loss reaches a minimum; particles in this region are known as minimum ionising
particles (MIP). MIPs are frequently used for detector calibration because their
most probable energy loss is well defined and largely material independent. At
higher momenta (3.5 < A < 1000), the energy loss increases slowly, approx-
imately following a logarithmic rise due to relativistic effects and the density
correction term. For very high energies (8 > 1000), radiative processes such
as bremsstrahlung, pair production, and photonuclear interactions become dom-
inant, which are characterized by small cross sections, hard spectra, large energy
fluctuations, and associated generation of electromagnetic and hadronic showers.

Hadronic calorimetry [6] requires a more detailed description than electro-
magnetic calorimetry due to the broader variety and complexity of the physi-
cal processes involved in shower development and energy deposition. Hadronic
showers are initiated by inelastic strong interactions of high-energy hadrons, both
charged and neutral, with the atomic nuclei of the absorber material. These in-
teractions produce secondary hadrons and photons, the latter mainly originating
from 7° decays, as well as low-energy neutrons and nuclear fragments. A sig-
nificant fraction of the primary energy is also released through nuclear processes
such as excitation, nucleon evaporation, and spallation, leading to the emission
of particles with characteristic energies in the MeV range. While prompt pho-
tons from nuclear de-excitations contribute to the measurable signal, recoiling
nuclei and low-energy neutrons typically do not. The latter lose kinetic energy
through elastic scattering, producing delayed ionization signals on the us time
scale. The energy deposited by these non-detectable components is referred to
as invisible energy, and can amount to as much as 40% of the initial hadronic
energy, depending on the absorber material and on the energy of the incident
particle.

The characteristic length scale for hadronic interactions is the nuclear in-
teraction length A;, defined as the mean free path before a hadron undergoes
an inelastic collision. It is typically 10 to 30 times larger than the radiation
length X;,. The fraction of energy transferred to purely hadronic processes can
be parametrized as a power-law function of the incident energy [84, 82|, being
approximately 0.5 (0.3) for a 100 (1000) GeV incident hadron. Because hadronic
interactions are largely charge independent, about one third of the secondary pi-
ons produced are neutral (7°) [82], whose decay photons initiate electromagnetic
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Figure 2.6: Stopping power (Eq. 2.5) times the material density p in liquid (bubble
chamber) hydrogen, gaseous helium, carbon, aluminum, iron, tin, and lead. Radiative
effects, relevant for muons and pions, are not included. These become significant for
muons in iron for By > 1000, and at lower momenta for muons in higher-Z absorbers

[6].
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subshowers. Capturing this electromagnetic component requires sufficiently fine
sampling of the shower. The presence of electromagnetic, hadronic, and invisi-
ble components introduces significant event-by-event fluctuations, which directly
limit the energy resolution of hadronic calorimeters. Since calorimeters generally
have different responses to electromagnetic and hadronic energy depositions, the
ratio of these responses, denoted as h/e, is a crucial design parameter, generally
smaller than unity [6].

Calorimeters are classified into sampling and homogeneous calorimeters. Sam-
pling calorimeters consist of alternating layers of an absorber, a dense material
used to degrade the energy of the incident particle, and an active medium that
provides the detectable signal. Homogeneous calorimeters, on the other hand,
are built of only one type of material that performs both the energy degradation
and signal generation. To accurately detect both types of showers, the CMS
calorimeter system comprises two subsystems: the homogenous electromagnetic
calorimeter ( ECAL) in the front, and the sampling hadron calorimeter ( HCAL)
behind.

Electromagnetic calorimeter

ECAL (EE)

Figure 2.7: Schematic view of one quadrant of the ECAL in the y — z plane [75].

A sketch of the ECAL in the y — z plane is provided in Figure 2.7. The
ECAL is placed outside the tracking system and is designed to provide energy and
position measurements of photons and electrons. The ECAL is a homogeneous
calorimeter consisting of 75,848 lead tungstate (PbWO,) crystals: 61,200 crystals
located in the barrel region (EB) and 7,324 in each of the endcaps (EE), providing
a pseudorapidity coverage of |n| < 3. Each lead tungstate crystal has a depth
of 23 cm, corresponding to 26 X,°. Given that, for PbWO,, Ry, ~ 2.0-2.2 cm
[6], the frontal surface of the crystal is chosen to be 2.2x2.2 cm®. The crystals
are arranged in modules, providing a coverage of A¢ x An = 0.0175 x 0.0175.
The scintillation light is detected by silicon avalanche photodiodes (APDs) in the

barrel region and vacuum phototriodes (VPTs) in the endcap region.

*For PbWO,, X, = 0.89
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The depth of the ECAL typically corresponds to approximately 1 A;, meaning
that around 70%]6] of all hadronic showers will already begin in the electromag-
netic calorimeter. This requires preshower (ES) detectors, which are placed in
front of the endcap (EE) detectors, and they consist of silicon sensors interleaved
with lead absorber plates, for a total thickness of 3X,. They aim to identify
two close-by photons from neutral pion decay, allowing for the discrimination of
my — vy from v, and to improve the estimation of the direction of photons.

Given the standard parametrization of the calorimeter energy resolution of
Equation 2.4, values of S = 2.8%VGeV, N = 0.12 GeV, and C' = 0.3% [85]
were measured with test beam electrons. The scintillation decay time of PbWO,
crystals is of the same order as the LHC bunch-crossing interval: about 80% of
the light is emitted within 15 ns [82].

Hadron calorimeter
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Figure 2.8: Schematic view of the HCAL in the r—n plane at the start of Run 3
operation, showing the positions of its four major components: HB, HE, HO, and HF.
The notation depth indicates layers that are grouped together [76].

The HCAL is shown schematically in Figure 2.8, and is composed of four ma-
jor sampling calorimeters sub-detectors: the hadron barrel (HB), hadron endcap
(HE), hadron forward (HF), and hadron outer (HO) calorimeters.

The HB and HE cover |n| < 1.392 and 1.305 < |5| < 3.0, respectively. They
are located inside the solenoid magnet and surround the ECAL, and are made of
layers of brass plates interleaved with layers of scintillating tiles. The HB consists
of 36 identical azimuthal wedges, and the total absorber thickness at 6 = 90° is
5.82 A;. The HB effective thickness increases with 6 as 1/sin 6, resulting in 10.6
Ar at |n| = 1.3.

The HO provides a measurement of the shower tails in the region |n| < 1.26.
The HF covers 3.0 < |n| < 5.2, and it is a 1.65 m-long sampling calorimeter with
steel as absorber and plastic-clad quartz fibers, producing Cherenkov light, with
a diameter of 0.6 mm as the active elements for about 10 A;.
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The HB, HE, and HF underwent major upgrades to replace the originally
designed hybrid photodetector (HPD) photodetectors used in Run 1, with the
SiPM technology. The motivation was mainly driven by the fact that HPD pro-
duced anomalous signals and showed signal degradation. The SiPM technology,
which is described in more detail in Section 3.4, has many advantages over the
HPD, including higher photon detection efficiency (PDE), higher gain, a larger
linear dynamic range, rapid recovery time, better radiation tolerance, and insen-
sitivity to magnetic fields. Moreover, the readout segmentation of the detector
increased starting from Run 3, to allow for more accurate damage corrections,
reducing the degradation of the resolution.

The energy resolution of the combined ECAL and HCAL systems has been
measured in test beams using charged pions to be [86]

o 84.7%
E- VB

where E is in GeV. The HF resolution in test beams is found to be

& 7.6%

o 280%

E  VE

The time resolution for energy deposits in the HB and HE is calculated to be
1.2 ns [86].

The current CMS endcap calorimeter is planned to be replaced by the HG-
CAL to meet the requirements of the HL-LHC. The work presented in this thesis
was carried out in the context of this detector, and its performance results are
discussed in detail within the thesis. The description of the upgrade is provided
in Chapter 3.

®11%

2.2.4 Solenoid magnet

The CMS detector is equipped with a superconducting solenoid magnet that
has an inner diameter of 5.9 m and a length of 12.9 m. This magnet encloses
the inner tracking system and the calorimeters. The coil consists of four layers
of NbTi and generates a uniform magnetic field of 3.8 T and up to 4 T inside
the solenoid. This strong field bends the paths of charged particles, enabling
precise momentum reconstruction. The magnetic flux is returned through large
iron yokes surrounding the magnet, which also serve as support structures for
the muon system. In these iron return yokes, the magnetic field ranges from
approximately 1.5 T in the inner layers to below 0.5 T in the outermost layers
[75].

2.2.5 Muon system

The muon system is the outermost detector of the CMS apparatus, and it is
located within the three layers of the return yoke. The muon system comprises
four subsystems of gas-ionization detectors: the drift tubes (DTs), the cathode
strip chambers (CSCs), the resistive-plate chambers (RPCs), and the gas electron
multiplier (GEM) detectors. The system is designed to identify and reconstruct
muons, which can pass through the entire CMS detector volume, reaching the
detectors without considerable energy loss. Each muon hit position is recorded,
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Figure 2.9: Schematic view of the muon system in the r—z plane of a CMS quadrant
at the start of Run 3, showing the location of the various muon stations in colors: drift
tubes (DT5) with labels MB, cathode strip chambers (CSCs) with labels ME, resistive
plate chambers (RPCs) with labels RB and RE, and gas electron multipliers (GEMs)
with labels GE. The M denotes muon, B stands for barrel, and E for endcap [76].

and the full muon track is reconstructed by combining hits from multiple detector
layers. The return yokes provide a magnetic field of up to ~2 T, enabling precise
momentum measurement. Figure 2.9 shows a schematic view of one quadrant of
the muon system in the r—z plane.

The drift tube (DT) system in the barrel covers || < 1.2 and is composed
of drift chambers with rectangular cells. They are arranged into four stations,
providing spatial measurements, as well as trigger information, in a region where
the magnetic field is uniform and the muon rate is low.

The cathode strip chamber (CSC) system in the endcap comprises multiwire
proportional chambers having cathode strips with an r—¢ geometry and covering
the region 0.9 < |n| < 2.4. The CSC system provides both trigger and precision
position information in a region of higher flux of particles than the barrel regions;
therefore, the CSCs are designed to have a faster response (20-30 ns) than the DTs
(350400 ns) [87]. They are arranged in four stations, and the outer ring of CSC
chambers in station four (ME4/2) was added at the start of Run 3 operations.

The resistive plate chambers (RPCs) are double-gap chambers operated in
avalanche mode, located in both the barrel and endcap regions, and they com-
plement the DTs and CSCs. With a very fast response time (1-2 ns [87]), they
can be used to unambiguously identify the BX corresponding to a muon trigger
candidate. They are arranged in four stations, and the RE4/2 and RE4/3 were
added for Run 3.

The newly installed GE1/1 station is located in front of the inner ring of
CSC chambers in the first endcap station and comprises gas electron multiplier
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(GEM) chambers. The GEMs have both a fast response (5 ns) and good spatial
resolution (100-200 pm) [88], and they augment the CSCs in a region of high
particle flux.

Information from each sub-system is used in combination to improve spatial
resolution, crucial for precise muon identification and background rejection. The
nominal spatial resolution ranges from as low as 50 um for the CSC chambers
to about 1 cm for the RPCs [89]. A good time resolution is also required, since
the muon system serves as a trigger and must respond quickly to unambiguously
assign a muon trigger candidate to the correct BX. The time resolution is recorded
to be lower than 5 ns [89).

2.2.6 Trigger system

As the LHC proton bunches cross at a rate of 40 MHz and each bunch contains
O(10"") protons, the resulting proton collision rate is in the range of 10-10° Hz.
Considering an average event size of around 2 MB per collision, the required stor-
age capacity would be approximately 1 PB/s, while the current CERN storage
capabilities are only a few tens of PB per year [90]. To address this challenge,
the CMS experiment deploys a two-level trigger system to reduce the event rate
to a manageable level of a few kHz, selecting events that are interesting from a
physics point of view within a very broad research program.

The level-1 (L1) trigger is a hardware-based system that uses information
recorded only by the calorimeters and muon detectors. In particular, calorimeter
and muon detector data are used to reconstruct trigger primitives, which provide
energy and position measurements. This information is used to build muon,
hadronic 7, electron/photon objects, and calorimeter energy sums. The global L1
trigger then makes the final decision on whether the full detector data are read out
for further filtering in the high-level trigger (HLT), by applying selection criteria
on the kinematic quantities of these objects, as well as on timing information.
The time required to perform this fast reconstruction and make a readout decision
is called the latency, and for the L1 trigger, it is about 4 us. This includes the
time needed to send data to the backend electronics and back to the on-detector
electronics. During Run 3, the L1 trigger system reduced the event rate to a
maximum of 110 kHz.

The HLT is implemented in software, running on a farm of commercial com-
puters. In 2022, for standard p-—p collisions at an average instantaneous lu-
minosity of 1.5 x 10** em™?s ™', the average rate of reconstructed physics events
written to offline storage was approximately 1.7 kHz. The HLT uses the full event
reconstruction to select events relevant for the wide CMS physics program.

A complete sequence of L1 and HLT selection criteria is called a trigger path.
After the final HLT decision, the selected dataset is initially stored on disk in
raw format and then reprocessed for offline reconstruction. Based on the trigger
paths, different classes of datasets are available. The dataset class for dilepton
selection, selected by several trigger paths applying requirements on electrons and
muons, is used for this thesis and is described in detail in Section 7.2.
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Chapter 3

The upgrade of the CMS
experiment

Part of the work presented in this thesis contributes to the development and
validation of the scintillator section of the new endcap calorimeter of CMS,
known as the HGCAL, which will be installed for the HL-LHC. This chapter
introduces the broader context of the HL-LHC upgrade in Section 3.1, followed
by an overview of the upgraded CMS experiment in Section 3.2. Section 3.3
provides a detailed description of the HGCAL detector, and Section 3.4 focuses
specifically on its scintillator section.

3.1 High Luminosity-LHC

The HL-LHC (or Phase 2) project aims to significantly improve the performance
of the LHC to increase the potential for discoveries after 2030. The objective is
to increase the integrated luminosity by a factor of 10 beyond the design value of
LHC, reaching an integrated luminosity of about 3000 fb™" after about 10 years
of operation. The current plan of LHC/ HL-LHC is shown in Figure 3.1, while
the LHC/ HL-LHC milestones parameters comparison is presented in Table 3.1.

Table 3.1: Comparison of LHC and HL-LHC operating parameters. The prospect
column indicates the performance expected when the accelerator operates at its techni-
cal limits.

LHC HL-LHC HL-LHC

design design prospect
Peak luminosity (10** em™2s™") 1.0 5.0 7.5
Integrated luminosity (fb™") 300 3000 4000
Number of pile-up events ~ 30 ~ 140 ~ 200

Motivations for this HL-LHC upgrade arise from the possibilities of addressing
some of the fundamental open questions in particle physics, related to the SM
and beyond. A major focus will be on the Higgs sector, as the HL-LHC is
expected to function as a Higgs factory, where over 170 million Higgs bosons will
be produced. will allow precise measurements of the Higgs couplings to fermions
and bosons, and enable direct tests of yet unmeasured SM predictions, such
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Figure 3.1: An infographic of the LHC and HL-LHC plan, as of January 2025 [91].

as the Higgs self-coupling. Searches for new physics beyond the SM, such as
supersymmetry, extra dimensions (e.g., Kaluza-Klein models), and other exotic
scenarios, were already tested during Run 2 operation, showing no particular
evidence of any of these new particles. At the HL-LHC, searches for BSM physics
will benefit from a significantly larger dataset and a higher centre-of-mass energy,
enabling sensitivity to rare processes and non-standard signatures, often involving
highly boosted or displaced final states and complex topologies. This requires
more sophisticated trigger strategies, advanced reconstruction algorithms, and,
crucially, upgraded detectors with improved granularity, timing resolution, and
radiation hardness.

As visible from Table 3.1, the higher luminosity requirement for HL-LHC
operation would increase the number of collisions for BX, reaching 140 collisions
per BX. The beam is required to be more intense and more focused, so new
equipment is needed. New quadrupole magnets will replace the existing ones in
the CMS and ATLAS interaction region: superconductive magnets of Nb,;Sn
will be installed to replace the current NbTi magnets. New reinforced machine
protections will substitute the current ones to absorb particles that stray from the
beam trajectory and might otherwise damage the structures. Two of the current
bending magnets will be replaced with two pairs of shorter bending magnets and
two collimators that will generate a magnetic field of 11 T, compared with the
current 8.3 T, and will thus bend the trajectory of the protons over a shorter
distance. For this new challenging scenario, all LHC main experiments will
undergo substantial changes and improvements, and details of the CMS upgrades
are given in the following sections.

3.2 Overview of the CMS detector upgrade

To sustain performance at the HL-LHC, CMS is being upgraded with sub-
detector technologies featuring higher granularity, precision timing, and enhanced
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radiation tolerance. This section briefly summarizes those upgrades for all sub-
systems, excluding the HGCAL, which is detailed in Section 3.3).

Tracker system upgrade

The tracker system will be completely replaced after Run 3 operations due to the
substantial radiation damage it will suffer. Moreover, the current pixel detector,
as well as the strip detector, cannot cope with the high luminosity and high PU
environment of the HL-LHC. To operate at HL-LHC phase, the pixel detector
will be equipped with smaller silicon pixels whose area is reduced by a factor of
six. The overall granularity, accounting for geometry and readout segmentation,
will increase by about a factor of four. The pixel tracker is designed to have seven
disks in addition to the three already installed in the z-range between 50 cm and
250 cm, reaching a coverage of up to || =4 [92].

A completely new system will likewise replace the strip tracker. The strip
modules are based on silicon sensors with pitches of approximately 90-180 pm
and lengths ranging from 2.4 cm to 5 cm, optimized for high occupancy and
radiation tolerance. Two closely-spaced strip sensors are read out simultaneously,
forming a pp-module, providing track identification above ~2 GeV for L1 trigger
seeding.

Overall, the upgraded strip tracker will provide coverage up to |n| ~ 3, main-
tain hit resolution comparable to the current tracker under HL-LHC pileup condi-
tions, and enable track information to be incorporated already at the first trigger
level.

MIP timing detector

During the HL-LHC, the CMS detector is planned to be equipped with a new
detector: the MIP Timing Detector (MTD) [93]. This detector will be capable
of measuring the time of arrival of MIPs to assign charged tracks to the correct
interaction vertices in BXs, where the expected average is of 140 collisions or more
during HL-LHC operation. This exploits the fact that individual interactions
within a BX do not occur simultaneously but are distributed in time, with
differences of 180-200 ps. The MTD aims to provide additional information for
vertex reconstruction by associating tracks with their corresponding times, with
a resolution of 30—40 ps. Tracks pointing roughly towards the vertex of interest
but arriving at the wrong time can be identified as coming from pileup ( PU)
interactions rather than from the vertex of interest.

The MTD will provide timing information in the barrel and endcap regions,
with a hermetic angular coverage up to a |n| = 3 and will be located in the region
between the tracker and the calorimeters. The barrel region will be equipped
with a thin layer of Lutetium Yttrium Orthosilicate crystals doped with Cerium
(abbreviated as LYSO:Ce) scintillating crystal with an average thickness of 3 mm,
read out by SiPM. Due to the higher radiation levels expected in the endcap,
this region will be equipped with silicon low-gain avalanche diodes (LGADs), pro-
viding faster timing and higher radiation hardness. The MTD will play a role in
new physics searches, for instance, increasing the identification efficiency of de-
layed particles, the time-of-flight measurement of heavy stable charged particles,
amongst other possibilities.
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Trigger system upgrade

The trigger latency of the L1 trigger will be increased to 12.5 us, from the current
3.4 us, to accommodate front-end buffering required for the L1 tracking seeding.
Based on the expected performance of the trigger with track information, the
proposed L1-trigger acceptance rate is 500 kHz for beam conditions yielding 140
PU, and 750 kHz for 200 PU [94].

Calorimeters upgrade

The front-end electronics of the barrel calorimeter will be replaced to meet the
L1 trigger acceptance rate requirements of HL-LHC, 750 kHz. More details can
be found in Reference [95]. The upgrade of the endcap calorimeters is described
in detail in Section 3.3.

Muon system upgrade

To cope with the expected L1 rate of up to 750 kHz, the electronics equipped
on DT, RPCs, and CSC will be replaced. The region covering 1.5 < |n| < 2.4,
which currently consists of four CSC chambers, will be equipped with additional
GEM chambers for good position resolution to improve momentum resolution.
This integration will increase the coverage for muon detection to |n| ~ 3. More
details are given in Reference [87].

3.3 The CMS HGCAL project

More than 10 times the luminosity of the LHC design will be collected during HL-
LHC, resulting in an increased level of radiation, especially in the forward region.
Figure 3.2 shows a simulation study using FLUKA [97|, indicating the radiation
dose accumulated by the CMS detector after 3000 fb'. The figure shows that the
highest absorbed dose is of the order of MGy', occurring in the innermost radii
of the silicon trackers and in the forward region in the endcaps. This requires
the detector in the forward regions to have high radiation tolerance to avoid
degrading performance, after 3000 fb™" of integrated luminosity is collected. The
requirement for high radiation tolerance alone is not yet met by the current CMS
endcap calorimeter, which therefore needs to be replaced.

The HGCAL project has thus been proposed as part of the CMS HL-
LHC program, designed to provide five-dimensional information, including three
spatial coordinates, time, and energy. In addition, other requirements must be
met by the new detector, which can be summarized as follows:

e fine lateral granularity, allowing the separation of nearby showers and the
observation of narrow jets;

e fine longitudinal granularity, enabling detailed sampling of the longitudinal
development of showers to improve energy resolution, particle identification,
and discrimination against PU;

'A dose of approximately 1 MGy corresponds to a fluence of about 10'¢ neq/ cm27 where the
fluence represents the number of 1 MeV neutron-equivalent particles per cm?.
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Figure 3.2: The dose of ionizing radiation in the -z plane, accumulated by one endcap
region of CMS, after an integrated luminosity of 3000 fbfl, simulated using the FLUKA
program [96]. The HGCAL region covers from 300 to 525 c¢m in the z direction, and
from 25 to 275 c¢m in the r direction.

e precision time measurement, which helps to improve vertex identification
and contributes to the L1 trigger decision.

To meet these requirements, the proposed technology combines silicon sen-
sors in the inner, high-radiation region, with plastic scintillator tiles in the outer
region, where the maximum expected radiation dose is approximately 3 kGy.
Scintillation light is collected by SiPMss, which are cost-effective and insensitive
to magnetic fields. The choice of silicon sensors is well motivated by the exper-
tise gained over the years in developing the CMS tracking system, while the
scintillator with SiPM design builds on previous experience with highly granu-
lar calorimeters, such as those developed by the CAlorimeter for LInear Collider
Experiment (CALICE) Collaboration [98] and by the expertise gained during the
upgrade of HCAL at the start of Run 3.

Therefore, the HGCAL detector is designed with both silicon- and a scintillator-
based sections and is divided into two parts: the Electromagnetic Endcap Calorime-
ter (CE-E) and the Hadronic Endcap Calorimeter (CE-H). The CE-E consists of
28 sampling layers with a total thickness of 34 cm and a depth of approximately
26 Xy and 1.7 A. The CE-E section will use hexagonal-shaped silicon sensors as
active material. The absorber layer is formed by two 2.1 mm-thick lead planes
clad with 0.3 mm stainless steel sheets. The first eight layers of the CE-H will also
employ silicon sensors as active material, while the remaining layers in the CE-H
combine silicon and scintillator-based detectors, sharing common mechanical and
electronics in the so-called cassettes. The absorber in the hadronic compartment
consists of 12 planes of 35 mm-thick stainless steel plates followed by another 12
stainless steel planes with a thickness of 68 mm, for a total calorimeter thickness
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of 10.7 X\. As the HGCAL will be operated at a temperature of —30°C to miti-
gate radiation damage in the silicon sensors and reduce leakage currents induced
by the high fluences expected at the HL-LHC, the detector volume will be kept
under hypoxic conditions (about 3% O,), with CO, used for the cooling system,
which will also act as passive material.

A cross-section of the detector in the y — z plane is shown in Figure 3.3. The
2.2 mx2.3 m section comprehends the CE-E in blue, the CE-H in green for the
silicon-only part, and in violet for the mixed silicon and scintillator sector. A
detailed schematic cross-section of the CE-E and CE-H sections of the HGCAL
is shown in Figure 3.4. Each active material component is depicted. The silicon
sensors (in blue) are interleaved with layers of copper (in orange) and a printed
circuit board (PCB, in green) to form the silicon modules, which are described
in detail in the following section. For the CE-H section, the scintillator tiles
equipped with SiPMs (in yellow) are also illustrated.

W] e~

N
%
<

~2.2[m]

Figure 3.3: Layout of the detector in y—2z plane. Different sections of the HGCAL
are displayed.

The silicon section of the CMS HGCAL

The HGCAL sensor design draws upon the results from previous studies for the
SiW electromagnetic calorimeter developed by the CALICE Collaboration [99],
from the research and development of the SiD ECAL [100], and from the HL-
LHC pixel tracker (see Section 3.2), as the expected absorbed radiation doses
are similar at the end of HL-LHC. The main difference between the tracker
and the HGCAL design lies in the area of the pads, which is approximately
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90 pum?® for the pixel tracker and around 1 cm? for HGCAL. More precisely,
the HGCAL silicon sensors will be hexagon-shaped to make more efficient use
of the available area of the circular wafers, as compared to square or rectangular
sensors, while minimising the ratio of periphery to active surface. The cell area
varies from 0.5 cm® in regions closer to the beam, where higher granularity is
required, to 1.1 cm? in regions farther from the beamline. The sensor thickness
varies between 120, 200, and 300 pm, increasing with distance from the beamline.
The hexagon-shaped sensors are grouped and fabricated on 8-inch wafers, as
shown in Figure 3.5. Each silicon sensor is sandwiched with a 1 mm-thick CU/W
baseplate, the PCB that carries the front-end electronics to form a silicon module.
The baseplate also serves as short radiation-length material.

Figure 3.5: Hexagonal 8 inch silicon wafers, with layout of large, 1.18 cm2, sensor cells
(left), and small, 0.52 cm?, cells (right) [96].

3.4 The scintillator section of the CMS HGCAL

The CE-H section of the HGCAL features a mixed design combining silicon
modules and a scintillator-based component, used in regions with relatively low
radiation levels (below 3 kGy). In the scintillator section, scintillating tiles serve
as the active material and are directly coupled to SiPMs, which detects the
emitted light.

Figure 3.6a illustrates the working principle of the SiPM-on-tile technology:
when charged particles traverse the scintillator, they lose energy via ionization,
producing scintillation photons. These photons are reflected internally and by a
foil wrapping and subsequently detected by the underlying SiPM. This technol-
ogy was pioneered for the Analogue Hadron Calorimeter (AHCAL) and developed
by the CALICE Collaboration |98, 101]. As shown in Figure 3.6b, the SiPM is
embedded in a small central dimple in the tile, which optimizes optical coupling.
Each SiPM comprises thousands of Single-Photon Avalanche Diodes (SPADs),
with a typical pitch of = 15 um. The SPADs are sensitive to single photons,
operate in Geiger mode, and are read out in parallel. The total collected charge
is proportional to the number of photoelectrons detected across all SPAD cells.

The scintillator section of HGCAL will feature 21 different trapezoidal-shaped
scintillator tiles of area ranging from 4 cm? to 32 cm?, depending on the r-distance
from the beam axis, and two types of material are considered: polyvinyltoluene-
based (PVT) and polystyrene-based (PS). Each tile is wrapped in a layer of 3M
Enhanced Specular Reflector (ESR) foil [102] to enhance photon collection. The
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Figure 3.6: Key elements of the scintillator section of HGCAL.

SiPM model used is a custom version of the HDR-2 SiPM (S14160 series [103]),
produced by Hamamatsu Photonics K.K. (HPK). To ensure a signal-to-noise ratio
greater than 3 for calibration of single MIP, under the radiation levels expected
at the end of the lifetime of the detector, the 3x 3 cm? SiPMs are employed in the
innermost region of the scintillator section. The choice of active area is driven by
recent studies on the performance degradation of SiPMs after irradiation [104].

Multiple SiPM-on-tile units are grouped into a HGCAL tilemodule, which
constitutes a complete detection unit composed of the tileboard, hosting the
SiPMs, the PCB, the readout electronics, including the HGCAL read out chip
(HGCROC) [105, 106], and all other onboard electronics, and the attached scin-
tillator tiles. In addition, each SiPM is equipped with an adjacent LED system
to enable SiPM calibration, which is also part of the tilemodule. Each module
can host between 40 and 144 SiPM-on-tile channels. The module areas range
from 15 x 20 cm® to 45 x 45 cm?, with eight main geometries (labeled A to K) and
35 variants. Each module covers a 10° angular aperture, and up to five modules
are placed radially from the beamline. Figure 3.7a and 3.7b show the different
module types and their location in the transverse plane of the scintillator section.

3.4.1 The readout electronics of the CMS HGCAL

Signals from up to 72 SiPMs can be read out simultaneously by the front-end
HGCROC ASIC at the LHC collision frequency of 40 MHz, placed onto each
tileboard. The readout chip measures and digitizes the charge generated in the
SiPMs, converting it to analog-to-digital (ADC) or time-over-threshold (ToT)
counts, and also provides high-precision measurements of the time of arrival (ToA)
of the pulses. A similar chip design and front-end electronics are used for both
the silicon and scintillator sections, with minor adaptations to accommodate the
large difference in collected charge between the silicon sensors and the SiPMs.
Since the charge collected from a SiPM is approximately 0.2 pC/MIP, the signal
must be attenuated before reaching the HGCROC, using a current conveyor with
a damping factor between 0.025 and 0.375.

There are several requirements the chip must fulfill, given that the detector
must measure energy deposits ranging from a single MIP to those produced by
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(a)Different module types in three slabs of 10° angular aperture. Courtesy of Mathias Reinecke.
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(b)Layout of the tile modules with different geometry. The ring number refers to different
scintillator tile areas. Courtesy of Mathias Reinecke.

Figure 3.7: Geometries of tilemodules and their placements in the HGCAL scintillator
section.
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high-energy electromagnetic and hadronic showers, while also contributing to the
L1 trigger system. Therefore, the HGCROC is designed to provide low noise
(below 2500 electrons) and a large dynamic range, covering approximately 0.2 fC
to 10 pC?, corresponding to a 16-bit dynamic range.

In addition, the HGCROC needs to provide timing information with a preci-
sion of 25 ps, and fast signal shaping, with a peaking time below 20 ns. Moreover,
the chip includes a buffering capability of 12.5 us to meet the latency require-
ments of the upgraded L1 trigger system, and features a high-speed (up to 1.28
Gb/s) readout link to interface with the front-end and back-end electronics. Fi-
nally, given the long operational lifetime of the detector, the chip is designed to
operate with a low power budget to maintain performance in a high-radiation
environment and to keep the cooling requirements manageable.

The full architecture of the chip is given in the block diagram in Figure 3.8.
Each channel consists of a low-noise preamplifier (PA), which adjusts the MIP
signal to around 10 ADC counts, and a shaper (SH) for the ADC path, which
produces a signal with a more Gaussian-like shape from the SiPM. In the linear
regime of the preamplifier and for the low end of the dynamic range, the signal
is sent to the 10-bit SAR-ADC. At the high end of the dynamic range, after
the preamplifier saturates, the charge is measured by a 12-bit TDC using the
time-over-threshold (ToT) technique. The time-of-arrival (ToA) measurements
are provided by a fast 10-bit TDC.

The digitized data (ADC, ToT, and ToA) are computed at every BX and
stored at 40 MHz in a circular buffer. Specifically, the circular memory stores
the ADC or ToT, the ToA, and the ADC value from the previous clock cycle
(ADC-1), which is used to identify residual charge from a previous event for
calibration purposes and correction in data. Since the ADC and ToT share the
same path via multiplexing, ToT data is only stored when the ADC signal exceeds
a predefined threshold; otherwise, the ToT information is discarded. When an
L1 Accept (L1A) signal is received from the back-end, the data in the buffer is
transmitted over two 1.28 Gbps data links, with zero suppression, to the back-end
DAQ system. As the chip also contributes to the L1 trigger primitives of CMS,
it sums the charge from adjacent channels, either four or nine, and transmits the
result through four dedicated 1.28 Gbps links, referred to as the trigger links.

Sampling Time

When the L1A signal is generated by the back-end, it takes a finite amount
of time before it reaches the HGCROC, during which the data continues to
circulate in the buffer. To accurately reconstruct the event and recover the full
charge deposit, it is important to select the correct sample in the buffer. This
timing can be adjusted using two HGCROC parameters: the BX offset (or L1A
offset) and the phase. The BX offset accounts for the number of BX that have
passed since the L1A was received. The phase provides finer timing adjustment
within a bunch crossing, with 16 phase steps available between two consecutive
BXs. Given the LHC BX frequency of 25 ns, the delay can be accounted for as

2This range is motivated by the fact that, at the start of operation, a MIP traversing a 120
pm silicon sensor deposits about 1.5 fC, corresponding to 8 ADC bins. At the high end, a 1.5
TeV photon shower may deposit up to 6000 MIPs in a single cell [96].
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Figure 3.8: HGCROC block diagram with 72 regular channels divided in two paths:
data acquisition and trigger [106].

25
Delay [ns| = L1A offset x 25 ns + phase x T (3.1)

and the ADC, ToT, and ToA are all measured relative to this delay.

Figure 3.9 illustrates how the ADC, ToT, and ToA are defined in relation
to the sampling delay for a typical SiPM signal. The ADC is sampled at the
peak of the pulse. The ToA is defined as the time from the start of the previous
BX to the point where the signal crosses the ToA threshold, measured in TDC
units. The ToT is the time difference between when the signal crosses the ToA
threshold and when it falls below the ToT threshold. These definitions of L1A
offset, phase, and ADC are used in Chapter 4, where the results of the validation
of the SiPM-on-tile system are shown.
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Figure 3.9: Definitions of ADC, ToT, and ToA in relation to the sampling L1A offset
and phase for a typical SiPM pulse [104].
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Chapter 4

System validation of the scintillator
section of the CMS HGCAL

4.1 Introduction and overview

During the R&D phase of the CMS HGCAL, it is essential to assess the qual-
ity and validate continuously and with quick feedback the performance of its
prototype components. The DESY laboratory in Hamburg is involved in the sys-
tem design and validation of the scintillator section of HGCAL and serves as
a Tileboard Assembly Center (TAC), where detector components, such as bare
PCB, tiles and electronic components, are received and assembled on-site: tiles
are wrapped with the reflective foil using special machines and then assembled
on the PCB, along with the HGCROC and the components described in Section
3.4.

As part of my thesis work, I contributed to the validation of the system
following the assembly process. This included supporting the development of
software for data acquisition as well as the framework for analyzing the results.
My involvement spanned both laboratory activities and test beam campaigns.
The results from test beam campaigns, in particular the May 2024 test beam
campaign, are presented in this chapter. All test beams were conducted using
either individual tileboards or stacks of tileboards measured separately, since
the DAQ system at the time did not yet support simultaneous multi-tileboard
readout. Measuring key characteristics of the system, such as the SiPM gain
and the light yield of the tiles, is critical for verifying the design and the correct
operation, and preparing for the upcoming mass production phase.

Section 4.2 describes the beam test facility and experimental setup. The SiPM
gain measurements are presented in Section 4.3. These studies aim to evaluate
the consistency of results across channels and tileboards, assessing the quality of
both the electronics and the SiPMs. The light yield results, which are inferred
from a combination of test beam results and gain measurements, are discussed in
Section 4.4. The goal of these studies is to demonstrate the system’s reliability
and the consistency of results across different tilemodules, providing validation
before the mass production planned for 2025.

Most of these studies were presented at several workshops and conferences,
such as at the European Physical Society Conference on High Energy Physics
(EPS-HEP) in Hamburg in 2023 [1]. Additional studies were also undertaken. In
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the early stages of my work, I contributed to the development and validation of the
DAQ software and participated in various measurements, including noise studies
and tests on irradiated SiPMs, though these are not included in this thesis. These
results are relevant for assessing the detector lifetime, since radiation reduces the
signal-to-noise ratio; a sufficiently high light yield is required to keep the signal
above the pedestal even after the expected level of radiation at the end of HL-
LHC. T also contributed to the development of the analysis framework used to
evaluate the test beam data.

4.2 Beam tests at the electron beam facility at
DESY

Several test beam campaigns have been conducted over the years with different
combinations of SiPMs, scintillator tile types, tileboards, and DAQ systems. The
facility is located in Hamburg at the DESY-II synchrotron accelerator [107], whose
primary role, nowadays, is to provide electrons for the PETRA ring [108], and
offers three different beam lines of electron or positron beams, ranging momenta
with 1-6 GeV /c with an energy spread of 5%. The beam rate of particles ranges
from a few Hz to a few 10 kHz for each beamline. For test beam purposes,
electrons are produced from photon conversions at a fiber target placed in the
beam line. The energy of the resulting electrons is selected with a dipole magnet,
and a collimator further defines both the particle energy spread and the beam
opening. A dipole magnet and a collimator select the desired particles, the energy,
and the opening of the beam, which is of 1 x 1 cm? for the results shown in this
thesis. A schematic view of the test beam facility is shown in Figure 4.1.

Collimator & Shut
Dipole Mag

net |e& "\.\
Converter Target _©. e ..
\ 2

P ol T

£ WL —

e Target DESY Il 3&\\ ._
Synchrotron \ T X

Figure 4.1: Schematic view of the DESY-II synchrotron test beam facility [107].

4.2.1 Test setup

The overall schematic view of the setup of the test beam is shown in Figure
4.2. The tileboard and the DAQ system are attached to a mechanical support,
consisting of an aluminium holder plate placed vertically. Figure 4.3 shows a
tileboard placed onto the aluminium holder, fully equipped with scintillator tiles
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Figure 4.2: Schematic of the setup used during the test beam at the DESY test beam
facility [104].

and the DAQ system. The plate is placed onto a holder frame on a movable stage
perpendicular to the beam line. The aluminium holder plate is covered with a
black cloth to mitigate any light contamination.

Different types of tiles are used during test beams depending on the manu-
facturer’s production method, which can be either casting or injection molding.
These types differ in both light yield and production cost. The results presented
in this thesis are based on cast tiles.

The DAQ system used is an FPGA-based (Xilinx Zynq) controller board called
the TB-Tester, which was developed by the University of Minnesota (UMN). The
TB-tester provides the fast clock, fast commands, and triggers. It also provides
slow controls, communicating with the GBTSCA ASIC [109], to set configuration
parameters, and with an ALDO chip [110], to set the SiPM supply voltage and
monitors LED bias voltage. It also monitors the temperatures from the eight PT-
1000 platinum temperature sensors attached to the tileboard. The tileboard and
the DAQ system are connected via twinax cables and Samtec QSH connectors.
The system also communicates with an external PC to send configuration data,
to start or stop the data-taking, and to receive prepackaged data event back.

Two scintillator photomultipliers (PMTs) provide the trigger in the beam area
and are connected to the DAQ system after passing a NIM logic. After passing
through a discriminator, the coincidence signals from the two PMTs are sent to
a gate generator that produces a 5 V, 1 us square pulse (TTL logic), which is
then sent to the DAQ system. The FPGA of the DAQ system then generates
L1A signals to be sent to the HGCROC to trigger the readout, which needs a
time setting to specify which data to receive back.

The impinging electron beam has a selected energy of 3 GeV for all the studies
presented in the thesis. At this energy and considering the 3 mm thickness of
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the plastic scintillator, the electrons can be considered as MIP. A photo of the
setup during test beams is shown in Figure 4.3, where the movable stage and the
trigger scintillators are visible.

Figure 4.3: A fully-equipped tilemodule placed onto the aluminium plate and the
DAQ system. Courtesy of Jia-Hao Li.
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Figure 4.4: Picture of the movable stage and the trigger scintillators used during test
beam campaigns. Courtesy of Jia-Hao Li.

4.2.2 Overview of the measurements

Several characteristics of the SiPMs, tiles, and the overall system are measured
and presented in this thesis to assess that the components and their assembly
meet the required performance expectations and quality standards. The most
relevant SiPM properties influencing the measurements are:

e Breakdown voltage (V;,.): the voltage above which avalanche multipli-
cation occurs;

e Bias voltage (Vi;.s): the reverse voltage applied to operate the SiPM
in Geiger mode, which must be greater than V,;

e Overvoltage (OV): defined as the difference between the applied Vi,
and the Vi, OV = V. — V4., and thus a positive quantity.

The two main quantities measured and presented in this chapter are the SiPM
gain and the light yield, and are defined as follows:
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e SiPM gain: the factor by which the charge from a single electron—hole
pair produced in the photoelectric effect is multiplied during the avalanche
process, typically of the order of 10° [103]. The gain is a unique charac-
teristic of each SiPM, and is also influenced by test conditions such as
temperature, which affects the V}, of the SiPM.

e Light yield (LY): the number of photons detected by the SiPM produced
by an MIP impinging on the scintillator tiles. It is a purely optical pa-
rameter depending on the scintillator and SiPM properties and not on the
electronics.

4.3 SiPM gain measurements

The low-intensity LED system, described in Section 3.4, is used to determine the
SiPM gain. These measurements are taken simultaneously across all channels of
a tileboard, with no beam incident on it. As it is a unique characteristic of each
SiPM, the measurement is performed for each channel of the tileboard under test
and for each setup.

4.3.1 Measurement strategy

Every SiPM in the tileboard is equipped with an LED system, which produces
photons in the UV range. The LEDs are activated by the trigger signal readout
of the HGCROC, which is triggered by the DAQ system. Single photons are
scattered by the scintillator tile and then collected by a few pixels of the SiPM,
generating a current pulse which is recorded by the HGCROC and converted to
ADC counts. The number of avalanches created in the SiPM is proportional to
the number of photons collected and thus the resulting pulse amplitude follows a
characteristic multi-peaked spectrum distribution, called Single Photon Spectrum
(SPS). In a typical tileboard measurement, each LED fires simultaneously in
the corresponding channel. The channel receives 10" pulses, and the resulting
distribution of ADC counts is analyzed. An example of such a distribution, where
the SPS is visible, is shown in Figure 4.5. The first peak corresponds to only noise
detection, and it is called pedestal level. The n'"™ —peak in the spectrum reflects
the amount of charge produced by collecting n photons.

The SiPM gain represents the multiplication factor of the avalanche; there-
fore, it can be retrieved by measuring the distance between two consecutive peaks
in the SPS. The distance is extracted by fitting the distribution with a sum of
Gaussian distributions and measuring the distance between the means of adjacent
peaks.

The gain is linearly dependent on the OV and, as the V,, is temperature-
dependent, the gain is also influenced by temperature. Therefore, the Vi, and
the temperature are recorded for each data-taking and accounted for later in the
analysis. The gain also depends on the size of the SiPM'.

'The gain depends primarily on the pixel size rather than on the total SiPM area. Since
the pulse shape varies with the SiPM size, larger devices produce slower pulses. The shaping
time of the readout chain is optimized to sample the pulse peak and to minimize afterpulsing,
and is typically shorter than the full pulse duration. Consequently, only a fraction of the total
pulse is integrated, with a smaller fraction for larger SiPMs.
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Figure 4.5: Example of a SPS where the pedestal and three photo-electron peaks are
visible.

Moreover, various parameters of the setup are to be adjusted to obtain a
visible SPS. The two most important are the LED intensity and the sampling
time, which is the time when the HGCROC reads the data relative to the LED
firing and L1A offset, as described in Section 3.4.1. Since the optimal conditions
vary between channels, multiple values of these parameters are scanned during
the measurements.

Optimal LED intensity

The light intensity is controlled by the voltage load applied to the LED through
a capacitor. The optimal voltage range is between 5.7 V and 6.4 V. If the voltage
is too low to produce enough photons, the resulting ADC distributions show the
pedestal peak only. On the contrary, if the voltage increases, the light intensity in-
creases, and the photoelectron peaks merge to form a broader spectrum for which
the peaks are not visible anymore. The gain measurements are repeated for dif-
ferent LED voltages in 100-mV increments, allowing the SPS to be reconstructed
optimally. The optimal setting to produce a visible SPS is channel-dependent
due to the slight difference in channel components; therefore, the LED voltage
scan is repeated for each channel.

The ADC distributions of the scan of three different LED voltages, i.e., 5700,
5800, and 6000 mV, are shown in Figure 4.6 for one single channel at the same
sampling time. While the spectra at 5700 and 5800 mV only show the pedestal
(and partially the first photo-electron peak), the setting with 6000 mV results in
a well-defined multi-peak structure.
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Figure 4.6: Three amplitude distributions of an LED voltage scan. Voltages of 5700,
5800, and 6000 mV are recorded for the same channel with the same settings per LED
voltage. The settings with 6000 mV result in a visible SPS.
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Optimal sampling time

As described in Section 3.4.1, the sampling time defines when to record data after
the readout trigger and L1A offset, and it can be adjusted for each channel by se-
lecting either the specific BX or the precise time window within a BX, controlled
by the phase parameter of the HGROC. This affects the gain measurement, as
the fraction of total charge can be partially collected if the sampling time is not
optimal, which corresponds to the highest gain value.

A scan of different sampling times is performed. Figure 4.7 shows the gain
measured at different acquisition times for a single channel, highlighting how the
gain differs with respect to the choice of the sampling time. The acquisition time
is computed as the offset (in BX) multiplied by 16 and added to the phase.
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Figure 4.7: The gain measured for different acquisition times.

Differential non-linearity correction

Differential non-linearity (DNL) arises from imperfections in the response of a
digital-to-analog converter. Ideally, the transfer function (or step function) from
analog to digital shows a uniform staircase characteristic, where each step in the
analog input corresponds to an equal increment in the digital output, typically
one least significant bit (LSB). In reality, the width of these steps can vary from
the ideal 1 LSB, leading to differential non-linearity, which therefore needs to be
properly corrected. An example of the ideal and actual response of a 3-bit ADC
is shown in Figure 4.8.

The DNL causes the ADC output distribution to deviate from a flat distribu-
tion, resulting in a comb-like structure where some ADC bins are more populated
than others. It has been observed that every second bin in the ADC scale appears
to have systematically more data accumulated with respect to the adjacent bin.
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Figure 4.8: An example of the ideal and actual transfer function for a 3-bit ADC
[111].

During the gain measurements, the method to mitigate the DNL effect has
been to perform three different measurements by shifting the pedestal values
and therefore the whole distribution by different ADC counts. Starting from the
nominal distribution, the other two measurements have been taken by changing
the parameter trim_inv of the HGROC, which shifts the distribution by 1 and
2 ADC counts. The datasets from the measurements with modified trim_inv
settings are aligned to the nominal configuration by shifting their ADC values
accordingly, i.e., 1 or 2 counts, and then summed together. Summing the three
datasets helps to smooth out the DNL effect in the ADC response.

Figure 4.9 shows the three measurements taken with different trim_inv set-
tings for a single channel, along with the summed dataset, which exhibits a
smoother distribution. The dataset with trim_inv = 0 corresponds to the nomi-
nal distribution, while the Sum with DNL mitigation histogram shows the result
of summing all three aligned distributions.
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Figure 4.9: An example of the method to mitigate the DNL effect. Three distributions
obtained with different trim_inv settings are shown with filled histograms. The sum
of the aligned distributions is shown with a blue line.

4.3.2 Gain value extraction

The extraction of the gain value from the SPS is done using the ROOT framework
[112|. The procedure is done in two steps. First, the positions of all peaks in
the distribution are retrieved using the library TSpectrum provided by ROOT. The
library provides tools for peak searching in one-dimensional spectra, making it
suited for identifying and analyzing the signal peaks. The peak search can be
fine-tuned using various parameters, such as the maximum number of peaks, the
peak width (sigma), the resolution, controlling the minimum separation between
two neighboring peaks, and the threshold. Peaks with an amplitude below the
threshold times the highest peak amplitude are discarded. In these studies, the
sigma is set to 1, the resolution value is set to 1 (corresponding to a 3-sigma
distance between peaks), and the threshold is set to 1072, These parameters
are empirically optimized to achieve the best results for a wide range of SPS
distributions.

Second, a multi-Gaussian fit is performed using the following formula, if at
least two peaks are found:

szip;ai-exp{—% (x;b>2} (4.1)

where N, is the total number of peaks fitted 2. The parameters q;, b;, and ¢
are respectively the peak height, the peak position (in ADC), and the standard
deviations of the peaks fitted, and they are initialized with the information re-
trieved with the TSpectrum function. The gain is obtained from the fitted spacing

In principle, the SPS is modeled as a sum of independent Gaussian distributions, but,
generally, the distance between peaks is forced to be the same, such that b; = by + i * G, where
G is the gain
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between consecutive peaks in the ADC spectrum, representing the multiplication
factor of the charge corresponding to a single photoelectron.

The uncertainty on the gain represents the one-sigma uncertainty from the fit.
The SPS distributions whose /n.d.f from the fit is larger than 10 are discarded
from the analysis. This threshold is chosen as a practical compromise, accounting
for the fact that the differential nonlinearity (DNL) of the ADC can distort the
peak structure and limit the fit quality. An example of a multi-gaussian fit of an
SPS distribution is given in Figure 4.10 for one channel (32) of a D8-type and a
specific configuration, i.e., LED bias voltage of 6000mV, BX of 25, and phase of
2.
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Figure 4.10: An example of a multigaussian fit of an SPS. The peaks found from the
TSpectrum function are visible as red triangle markers, while four Gaussian distributions
are fitted to the histogram. The gain value from the fit and its error, alongside the
x*/n.d.f, are also shown.

The fitting procedure is done for different sampling times and LED bias volt-
ages for each channel. As already mentioned in Section 4.3.1, the highest gain
value is selected if multiple gain values can be extracted for one channel for dif-
ferent sampling times. The gain values obtained for different LED bias voltages
are averaged for a single channel, as they are compatible within uncertainties.
Therefore, each channel has a single gain value after the measurements.

Figure 4.11 shows the uniformity of the gain measurements across channels
of a D8-type tileboard. More than 20% of the channels show a visible SPS that
could be successfully fitted, which is sufficient to verify the expected behavior and
overall quality of the tileboard. All fitted gain values, except for one channel, lie
within a £5% range around the average gain; all are contained within a £10%
range, which indicates good channel-to-channel uniformity for both the electronics
and the SiPMs.
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Figure 4.11: The gain uniformity in different channels of a D8-type tileboard. The
mean gain value across the channels is shown as a red dashed line. The +5% and +10%
uncertainty around the average are also shown.

4.4 Measurements of light yields

4.4.1 Measurement strategy

As the impinging electrons used in the test beam are considered as MIPs, the light
yield can be measured by combining the measurements of the SiPM gain (Section
4.3) and measurements of the most probable charge deposited by a MIP, i.e., the
maximum of the distribution of the MIP deposited charge, which is described in
the following section. The light yield is measured in number of photo-electrons,
and it can therefore be obtained as follows:

MIP maximum [ADC|
SiPM Gain [ADC/p.e.]

Light Yield [p.e.] = (4.2)

Since both the MIP maximum and the SiPM gain depend on test conditions
such as temperature and Vi, specific corrections are applied to ensure that
both quantities are evaluated under the same conditions.

4.4.2 MIP maximum extraction

As the electrons at the test beam energy release energy to the scintillator tiles
as MIPs, the shape of the generated pulse can be fully reconstructed by the
setup. When an electron impinges on the detector, it produces a signal that can
be modeled using a Landau-Gaussian convolution. By analyzing this spectrum,
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the value of the MIP maximum can be extracted, as it is the measurement of
the most probable charge deposited by a MIP in ADC counts.

The beam frequency is not synchronized with the HGCROC clock, which
operates at the LHC BX frequency of 40 MHz, for which the signal will have a
fixed phase with respect to the clock. Therefore, during test beams, it is crucial
to determine the moment at which the MIP pulse reaches its maximum after
the event has been triggered. The HGCROC is highly tunable in time using
the L1A offset and the phase (Section 3.4.1): the first, to select the BX to
sample; the second, to adjust the clock within that BX. Tuning both parameters
ensures that the photoelectron signals are sampled as close as possible to their
peak amplitude to ensure that the peak of the incoming pulse is synchronized
with the phase-shifted clock.

One of the key features of the test beam DAQ system is the ability to record
the time stamps of all the triggered events, namely the time with respect to the
clock edge, with a resolution of 0.8 ns. This quantity is referred to as TrigTime
and is measured with respect to the specific HGCROC digital block after re-
ceiving the coincidence trigger signal from the PMTs. This is a special operation
mode since the DAQ is not synchronized with the DESY test beam, while at the
LHC the timing is set by considering the length from the interaction point.

Different examples of TrigTime are shown in the sketch of Figure 4.12. The
corresponding ADC sampling points of different generated pulses are visible. Elec-
trons producing pulses such as Pulse 1 or Pulse 2 have a small TrigTime as they
are detected close to the initial digital block, but they are sampled later with
respect to the following block. Therefore, the signals are sampled on the falling
edge of the pulse. Whereas, signals like Pulse 5 are sampled too early, thus only
the rising edge of the distributions is sampled. The ideal case is represented by
signals such as Pulse 4, which are sampled precisely at their peak. This alignment
ensures optimal timing and charge reconstruction.

Coincidence Trigger Fulse 1 b—:;-.= i* Ise 3 2P .— 1 Pulse s
Signals (from PMTs) LT N
/ A i i S . o
‘1r—|0A i / ;" NG N, SIPM Signals
TrigTime — Trig1l QLESD / f o W {Data)
Reference [ T’f 2 [ADC] { ) \ ¢

POINE ————— | —
TrigTirme, 2 [
|
I
|
I
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TrigTime, |
I_.:it_;Tir |:_-_-h

TrigTime,

TrigTime. ~ bloc

clock)
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Figure 4.12: Sketch representing different samplings of photo-electron pulses [104].

Figure 4.13 shows the evolution of the signal pulse over three consecutive
BX samples, recorded during a test beam campaign. Each sample corresponds
to a dataset of 200,000 triggered electron events. The 2D histogram shows the
recorded TrigTime on the x-axis and the corresponding ADC value on the y-axis,
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with the color scale (z-axis) indicating the number of events. The distributions
in the first and third samples depict cases where the pulse is sampled too early
or too late, respectively, to optimally record the MIP maximum. The second
sample contains the MIP maximum, and the Signal Window represents a 10-bin
range in TrigTime, which is used to extract the MIP maximum.

Delay (Time)

'

Each sample is a 25 ns window

ADC

First
sample |

L P | L i Il
45 150 TEE 160 TS i s o

TrigTime [x0.8 ns]

Figure 4.13: 2D distribution of the sampled ADC and TrigTime for three consecutive
BX in a test beam campaign [104].

The pulse amplitude in ADC of the signal in the 10-bins TrigTime Signal
Window is presented in Figure 4.14 for one channel. The distribution is fitted
with a Landau-Gaussian function to retrieve the distribution maximum, which is
extracted as the most probable value. The pedestal peak is visible as a narrow
Gaussian-distributed peak at low values of ADC. The fit range is chosen to exclude
the pedestal from the fit. The maximum of the fit represents the MIP maximum.
For further uses, the maximum of the fit is subtracted by the pedestal value,
which is obtained as the median ADC value in a range that contains the pedestal
distribution. No DNL mitigation is applied, as the ADC range used for MIP
reconstruction is larger than the region typically affected by DNL, and thus the
effect does not influence the MIP maximum extraction. However, dips caused
by the DNL are still visible, giving the distribution a comb-like shape. The
uncertainty of the MIP maximum is derived from the fit parameters, propagating
the fit maximum and pedestal position uncertainties.

The measurement is performed for each channel individually, using a movable
stage that scans the tiles in the xz-y plane perpendicular to the beam axis. Dif-
ferent types of tileboards are considered. The MIP maximum values extracted
for different channels in tileboards of the same type, i.e., D8, are shown in Figure
4.15. The signal depends on the tile size and hence the channel, which is the
reason why the MIP maximum increases with respect to the channel number.

These results have been obtained during the test beam campaign at DESY in
May 2024. Only TB3_D8_4 and TB3_D8_10 were fully equipped with SiPM and
tiles. A small fraction of channels (less than 1%) exhibited errors during data-
taking and are therefore excluded from the figure. Channels 13 to 18 correspond
to positions where mechanical pins are located, as visible in Figure 4.3. These
channels will be equipped with specifically designed tiles, which were not available
during the test beam. The channels of TB3_D8_3 which exhibit large MIP values
were equipped with different types of scintillator tiles.

Since the V}, varies between individual SiPMs and tileboards, and the mea-
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Figure 4.14: The pulse amplitude in ADC of a MIP signal for one channel. The
Landau-Gaussian fit is shown as a red curve. The results of the fit are also shown.
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Figure 4.15: MIP maximum minus the pedestal values extracted for different channels
of a D8-type tileboard. Channels of the TB3_D8_3 tileboard, which exhibit large MIP
values, were equipped with different types of scintillator tiles.
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surement conditions were not identical, a normalization procedure is applied to
account for these differences. First, the actual OV is obtained by calculating the
Vi, at the temperature at which the measurement was taken. As the reference
temperature specified by the manufacturer (HPK) is 25°C, and given that the
Vi, increases linearly with temperature, the corrected OV is calculated as

OV(T) = Vios — Vi (25°C) + (25°C — T) - 0.0375 V/K, (4.3)

where Vi, is retrieved from the HGCROC, the V;, is specified by the man-
ufacturer to 38.04 V?, and T is the temperature at the time of the measurement,
obtained from one of the temperature sensors on the tileboard. The gradient
value of 0.0375 V/K is also provided by the manufacturer. Previous studies on
the gradient by the HGCAL Collaboration are presented in detail in Ref. [113].

After the correction, the MIP response of each channel has been scaled by
the ratio between a fixed OV value (4V) and the corrected OV measured for
that channel. The MIP response depends on the number of detected photons,
which scales with the photon detection efficiency (PDE)* of the SiPM, that
increases with OV according to the manufacturer’s datasheet [103] as a second-
order polynomial curve:

PDE = m, - OV* +m, - OV +c, (4.4)

where m; = —0.72 V2, my = 10.0 V', and ¢ = 4.41 V™' are constants
determined from the datasheet. The MIP response scaling effectively corrects
for variations in the PDE due to temperature and bias differences among channels.

Overall, the results across different tileboards demonstrate good uniformity:.
The observed trend of higher MIP values for channels with higher indices is
consistent with the tileboard layout: these channels are located in the lower part
of the board, where the tile areas are smaller. As a result, a higher MIP signal is
expected. Lastly, the exact SiPM temperature cannot be retrieved because the
tileboard heats non-uniformly through the electronics; therefore, a global value
is used. It is then sufficient to keep the correct voltage within 100-200 mV,
corresponding to a temperature uncertainty of about 2K.

4.4.3 Light yield evaluation

The light yield can be calculated by combining the MIP and SiPM gain measure-
ments using Equation 4.2. Since both measurements strongly depend on the OV,
which depends on the V,,, which in turn is temperature-dependent, both must be
taken under identical experimental conditions. If this is not the case, appropriate
corrections must be applied before calculating the light yield. Note that both
measurements are performed using the same HGCROC settings; therefore, no
adjustment is needed for those parameters.

$Hamamatsu provides batches of SiPM with similar V.
“The PDE is the probability of detecting a photon by a SiPM.
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Light yield correction

Both the MIP and SiPM gain measurements are corrected by computing the
temperature-corrected OV at which the data were taken, using Equation 4.3.
Afterwards, the SiPM gain is corrected to OV at which the MIP measurements
were taken, given the linear dependence of the gain on the OV. The LY is then
measured with Equation 4.2, using the corrected MIP and SiPM gain values.

To compare light yields from different test beams, it is crucial to adjust the
measurements to the same conditions, and, in particular, to a fixed OV. The
light yield has a proportional dependence on the PDE of the SiPM, which itself
changes with the applied OV (Equation 4.4). The same functional form can thus
be used to relate the LY to the OV,

LY o< my - OV +my - OV +c. (4.5)

Given a measured light yield at a certain OV, the corresponding light yield
at a fixed reference OV can be calculated as:

my - OVigg+my - OVig + ¢

LY, =LY - 5 :
my - OVZ 4+ my - OV +¢

(4.6)

where, LY, is the adjusted light yield at the reference overvoltage OV, and
LY is the originally measured value using Equation 4.2.

Figure 4.16 compares the corrected light yield to the originally measured value
for various channels of different D8-type tileboards from the May 2024 DESY
test beam campaign. The OV, is 4V. As shown, the applied correction results in
small adjustments, generally within a +15% interval around the measured values.
Figure 4.17 shows the distributions of the LY, for different channels for various
D8 tileboards.

The uncertainties on the light yield calculation arise from the propagation of
errors from both the MIP peak and gain measurements. These uncertainties are
derived from the fits to the Landau-Gaussian distribution (for the MIP peak) and
the SPS distribution (for the gain). On average, the relative uncertainty on the
gain is around 1%, while that on the MIP peak is approximately 2%. Systematic
uncertainties—such as variations in SiPM or scintillator quality, imperfections
in tile wrapping, or fluctuations in the applied V,;,c—are not included in this
calculation.

The results shown in Figure 4.16 for TB3_D8_10 and TB3_D8_4 deviate slightly
from the expected reference point, where LY,; = LY, but remain within a 15%
variation. This deviation can be attributed to an offset in the V., which is read
back by the HGCROC, most likely caused by an incorrect DAC calibration. A
Viias €rror of about 0.4-0.5 V, corresponding to the same difference in OV, results
in an approximate 10% change in light yield”. Another source of deviation arises
from a miscalibrated temperature sensor: given the gradient of Equation 4.3, a
difference in LY of around 0.4% is expected per K.

®For typical SiPMs operated at an OV of 3-5 V, the PDE efficiency increases by about
10-20%/V (see Equation 4.4). Hence, a 0.4-0.5 V deviation corresponds to roughly a 10%
change in light yield.
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No unexpected behavior was observed in the light yield results, and the val-
ues are consistent across various channels of different tileboards. Moreover, by
converting the light yield measurements to a common reference voltage, the re-
sults are made comparable with other measurements obtained under different
experimental conditions or in future studies.

301 +15% band
TB3_D8_8
= t TB3_D8_5
251 S J TB3_D8_ 11
i TB3 D8 _4
& - 4 TB3_D8_12
20 P
f"‘ ¢ TB3_D8_6
. = ¢ TB3.D8 3
W25 = i TB3 D8 10
-~ ‘.
/"
10 4 ’/’
/”’,
5 ,/’,’
,l
01 ~
0 5 10 15 20 25

Light Yield [LY]

Figure 4.16: Comparison between the measured LY and the LY corrected to the
OV,es of 4 V (LY,) for various D8-type tileboards from the May 2024 DESY test beam
campaign. The black dashed line corresponds to the identity LY, = LY, and the grey
band indicates a +15% deviation from this reference.
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Figure 4.17: The LY, for various D8-type tileboards for different channels from the
May 2024 DESY test beam campaign.
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4.5 Summary and outlook

This chapter presented the validation results of the scintillator section of the CMS
HGCAL, based on test beam campaigns conducted at the DESY II facility. These
campaigns assessed both the stability and overall performance of the system.

Key parameters and characteristics of the SiPMs, scintillator tiles, and the
integrated system were measured or derived. The results showed good agree-
ment with expectations and demonstrated consistent behavior across multiple
tileboards, confirming the system’s reliability.

The setup included various components that required validation before the
planned mass production starting in 2025. The results confirmed that both in-
dividual components and the complete system met design expectations, with
uniform performance observed across different tileboards.

These results support the current prototype designs, with only minor adjust-
ments—mainly mechanical, such as the use of 9 mm* SiPMs and the removal
of 2 mm® SiPMs, or electronic—anticipated before entering mass production.
The DESY laboratories will continue to play a central role in the assembly and
validation of final components. Future developments will include measurements
involving multiple tileboards and the implementation of a cosmic stand for cali-
bration.
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Chapter 5

Physics object reconstruction

The information from the CMS sub-detectors is combined and converted to
reconstruct particles resulting from a p—p collision of interest. The snapshot
of the collision output is referred to as an event. In a single event, multiple
objects can be reconstructed and identified in physics analysis, using the readout
information of various sub-detectors. The algorithm used for the combination is
called particleFlow (PF) which is described in detail in Section 5.2.

The PF algorithm combines information from several building blocks. In the
tracker system, these include the trajectories of charged particles and the location
of the primary interaction vertex, as detailed in Section 5.1. In the calorimeters,
dedicated clustering algorithms combine information from KECAL and HCAL
cells.

The objects that are reconstructed by the PF algorithm and used in this
thesis work are muons (Section 5.3), electrons (Section 5.4), and jets (Section
5.5). Section 5.6 presents the method to identify heavy-flavor quarks, such as
b and top quarks. Since tau leptons, photons, and missing transverse energy
(used to infer neutrino energy) are not utilized in this thesis, their reconstruction
descriptions are not discussed. Further details can be found in Refs. [114, 115,
116].

Some of the results presented below are based on collision data collected dur-
ing different data-taking periods and at various y/s. Other results are derived
from simulation studies. A detailed description of the Monte Carlo (MC)-based
simulation of p—p collisions is provided in Appendix A.

5.1 Track and primary vertex

The reconstruction of charged particle tracks is crucial for both the offline re-
construction and the HLT trigger. Track reconstruction is performed using an
iterative procedure consisting of four steps: track seed generation, pattern recog-
nition, ambiguity resolution, and final fitting.

Seed generation begins by selecting either two or four pixel hits that meet the
minimum requirements on transverse momentum (pr), as well as transverse d
and longitudinal z, impact parameters relative to an estimated beam spot or a
pixel vertex. The d, is defined as the distance of closest approach of a track to
the beamline in the transverse x — y plane, while the z;, is the distance between
the point where the track is closest to the beamline and the primary vertex along
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the beam axis.

These seeds are then used as input to a pattern-recognition algorithm, which
is based on the Kalman filter method [117]. The algorithms extrapolate the seed
trajectories outward to the next tracker layers, adding new hits to the trajectory.
If multiple compatible hits are found in a layer, the seed trajectory is cloned for
each of them. If no hit is found, a "fake" hit is assigned.

Once candidate trajectories are formed, the list of hits per track is fitted using
a Kalman Filter (KF)-based helix fit that accounts for material effects and the
magnetic field. The fitted tracks must satisfy several quality criteria, including
the original seed requirements, the number of fake hits, the x? /ndof, and the
number of shared hits with other tracks. If two tracks share multiple hits, the
one with fewer total hits is discarded. In cases where both tracks have the same
number of hits, the one with the higher y* /ndof is removed.

During Run 3 data-taking activities, a new recognition pattern algorithm
has been employed along with the KF-based algorithm, known as mkFit [118].
This algorithm maximizes parallelization and vectorization in multi-core CPU
architectures.

An example of the track build reconstruction efficiency is given in Figure 5.1
for the Kalman Filter and the mkFit algorithms. The efficiency is evaluated in
simulation as the fraction of simulated tracks that are matched to at least one
reconstructed track ', averaging more than 90% in the overall distributions.

Track building efficiency for sim tracks with P, > 0.9 GeV Track building efficiency vs. sim track Py
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Figure 5.1: Tracking build efficiency in simulation for the Kalman Filter and mkFit
algorithms as a function of the simulated 7 (left) and pr (right) [118].

Primary vertex reconstruction

In each event, a large number of proton-proton interaction vertices are produced.
It is therefore crucial to identify the locations where collisions occurred, known
as primary vertices (PV). Vertices are defined as the points of origin for sets of
tracks, and their reconstruction involves three main steps: the selection of tracks,
the clustering of tracks compatible with a common interaction point, and a fit
to determine the vertex position. For each candidate vertex, the sum of the
transverse momenta of its associated tracks is calculated, weighted according to
their impact parameters with respect to the vertex position. The vertex with the

YA reconstructed track is considered matched to a simulated track if more than 75% of the
reconstructed track hits are shared
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highest sum of squared transverse momentum is considered the main (or true)
primary vertex.

The primary vertex resolution in y and z is shown in Figure 5.2 as a function
of the number of tracks for data collected at /s of 7 TeV for two types of events:
jet-enriched and minimum bias. The minimum-bias sample is collected from a
set of triggers requiring, for example, minimal selection on the hit in the pixel
detectors. The jet-enriched samples are produced by requiring each event to
have a reconstructed jet with transverse energy Er > 20 GeV. The resolution is
calculated from the distributions in the difference of the fitted vertex positions

for a given number of tracks are fitted using a single Gaussian distribution.
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Figure 5.2: Primary-vertex resolution in x (left) and in z (right) as a function of the
number of tracks at the fitted vertex, for two kinds of events with different average track
pr values [79] .

5.2 Particle Flow

The information from all sub-detectors presented in Section 2.2 is combined to
reconstruct global particle candidates such as electrons, muons, photons, neutral
hadrons, and charged hadrons. The key element for these object reconstructions
is the PF algorithm [119], which aims to improve spatial and energy resolution
and particle identification over the single sub-detector reconstruction.

This reconstruction algorithm is based on linking information from the var-
ious sub-detectors, including charged particle tracks from the tracking system,
calorimeter clusters from the ECAL and HCAL, and tracks from the muon
system.

The first candidates to be reconstructed are muons, by extrapolating and
linking tracks from the tracker and the muon system. Once identified, the asso-
ciated tracks and muon system hits are removed from the collections, and their
corresponding energy deposits in the ECAL and HCAL are subtracted to avoid
double counting in the reconstruction of other particle candidates.

Electron candidates are reconstructed by combining tracks with ECAL clus-
ters, where the trajectories are extended to the expected shower depth of an
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electron. After reconstruction, the associated tracks and ECAL clusters are
removed from the collections.

Charged hadrons are reconstructed from the remaining tracks and calorimeter
clusters. The tracker trajectories are extrapolated to the HCAL cluster up to
one interaction length. Neutral hadrons, which do not leave tracks in the tracker,
are identified by their energy deposits in the ECAL and HCAL. Photons are
reconstructed from ECAL clusters that are not associated with any tracks.

The full description of the reconstruction steps of these objects is given in
the following sections. A sketch of the transverse plane of CMS, where the PF
candidates are visible, is given in Figure 5.3.

The PF workflow will also be used for object reconstruction during the HL-
LHC era, in which most sub-detectors will undergo major upgrades or be replaced,
such as the endcap calorimeters, which will be replaced by the HGCAL.
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Figure 5.3: Sketch of the characteristics signals from PF candidates in a transverse
slice of the CMS detector, from the beam region to the muon detector [119].

5.3 Muons

The building tracks for PF muon candidates are classified in three categories:
standalone, tracker, and global tracks. The standalone tracks are reconstructed
if the final fit procedure utilizes only seeds and hits recorded in the muon system.
Tracker muons are identified if a segment in the inner tracker is extrapolated to
the muon system with an in — out approach. Global muons are reconstructed if
standalone tracks match tracks in the inner tracker system.

The PF muons are identified from the global and tracker muon tracks. To
reject fake muons from hadron showers that are not contained by the HCAL,
muon identification criteria are defined based on the purity efficiency and the
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misidentification rate. Muon candidates in the analysis described in the thesis
are required to fulfill the criteria defined in Table 5.1, which correspond to the
medium identification working point with an overall reconstruction efficiency in
different 71 sections of the detectors of 98%.

Table 5.1: Identification requirements and thresholds for a CMS medium working
point muon [89).

Requirement Criterion
Muon type Tracker or
global muon
Inner tracker valid hits > 5
Pixel hits >1
Clobal muon x?/dof <3
Tracker-standalone x> match <12
Valid muon chamber hits (global) >1
Transverse impact parameter |d,,|* < 0.2 cm
Longitudinal impact parameter |d,|* < 0.5 cm
Primary vertex association Required

* With respect to the primary vertex.

To increase the purity of muon candidates, isolation criteria are applied in
addition to the identification requirements, with the following equation:

TS g (0.3 B+ > B - 05 Zp§U>] (5.1)

1L
Pr AR<0.4

where, p# is the transverse momentum of the muon, p$*&? is the sum of
the transverse momenta of charged hadrons associated with the primary vertex,
E3"™ s the sum of the transverse energies of neutral hadrons, Ej. is the sum
of the transverse energies of photons, and pYPvU corresponds to the transverse
momenta of charged hadrons originating from pileup vertices. The sum is taken
over all particles within a cone of radius

AR = \/(An)? + (A0)” < 0.4

around the muon candidate. Muon candidates considered in this thesis are re-
quired to satisfy that the isolation is less than 0.15.

Figures 5.4 show the reconstruction efficiency for PF muon candidates as a
function of the muon pr and n, with ID and isolation requirements, using a tag-
and-probe method beginning with tracker tracks as probes. The value of the
efficiency is computed by factorizing it into several components, each derived
separately, as in the following equation:

Etrack X €reco+ID X Eigo X Etrig (52)
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Figure 5.4: Reconstruction efficiency for the tight PF isolation working point on top
of the tight ID versus pp for muons in the acceptance of the muon spectrometer, and
(right) versus n for muons with pp > 20 GeV, for /s of 13 TeV in data (circles),
simulation (squares), and the ratio (bottom) [89].

5.4 Electrons

Throughout this thesis, the term electron refers to both electrons and positrons.
Electron reconstruction is based on linking information from the inner tracker
and the ECAL. The main challenge arises from the fact that electrons emit
bremsstrahlung photons as they traverse the tracker. These photons often con-
vert into eTe” pairs, which can themselves emit additional bremsstrahlung pho-
tons, and so on. Therefore, it is crucial to account for these energy losses to
ensure an accurate measurement of the electron momentum and to distinguish
primary electrons from secondary ones. The energy of the electron and its associ-
ated bremsstrahlung photons is collected in superclusters, which are aggregations
of ECAL clusters reconstructed within a narrow window in 7 and an extended
window in ¢, centered around the electron’s direction.

The PF electron candidate is seeded from a Gaussian-sum filter (GSF) track
[119, 120], which is more suited for electrons than the KF used in the iterative
track reconstruction algorithm, as it allows for significant energy losses along the
trajectory. The GSF-based seed is then linked to an ECAL cluster, provided the
cluster has less than three linked tracks.

Electrons are additionally required to satisfy identification criteria. Several
identification methods are available, but for this thesis, the MVA-based approach
is employed [121]. Up to fourteen variables, such as the amount of energy radiated
from the GSF track, the spatial distance between the GSF track extrapolation
to the ECAL surface and the position of the ECAL seed cluster, the GSF track
x?, the number of hits, and others, are combined in a BDT. Relative isolation
variables are also included in the training of the MVA.

Figure 5.5 shows the performance of the BDT-based identification, comparing
sequential selections with or without isolation requirements used in the training of
the BDT. Electron candidates are obtained from DY + jets simulated events. Sig-
nal electrons are defined as reconstructed electrons that match generated prompt
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electrons within a cone of size AR = 0.1. Background electrons are defined as
all reconstructed electrons that either match generated nonprompt electrons, i.e.,
electrons from hard jets. The working point selected for the thesis for electron
identification corresponds to an efficiency of 90%, with the isolation requirement.
Electrons reconstructed in the transition region between the ECAL barrel and
endcap regions, i.e., 1.442< n <1.566, are excluded from physics analysis.
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Figure 5.5: Performance of the electron BDT-based identification algorithm with
(red) and without (green) the isolation variables, compared to an optimized sequential
selection using the BDT without the isolations followed by a selection requirement on
the combined isolation (blue) [121].

The same reconstruction technique is employed for isolated photons, but with
the requirement of an ECAL cluster with no GSF-based seeded track. After
the reconstruction of these objects, the clusters and the track information are
removed from the collection.

5.5 Jets

After the removal of reconstructed muons and electrons, the remaining PF objects
are used for hadron reconstruction. Deposits in both ECAL and HCAL that
are matched to tracks in the inner system are identified as PF candidates for
charged hadrons. These are distinguished from non-isolated photons and neutral
hadrons, as the former are reconstructed when there are no associated deposits
in the HCAL, while the latter are when no seeded track is linked to ECAL and
HCAL clusters. Once the PF clusters are formed, they are used in clustering
algorithms to reconstruct the collimated particles resulting from parton shower
and hadronization of quarks and gluons. The final product is a collimated cluster
of particles, called jets.
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In the CMS Collaboration and for this thesis work, the clustering algorithm
used for jets originating from quarks or gluons is the anti-k; algorithm [122],
which is a variation of sequential clustering algorithms, within the FastJet soft-
ware package [123]. The algorithm used for top quarks identification and recon-
struction in this thesis work is the HOTVR, which is also a variation of sequential
clustering algorithms and is described in detail in Chapter 6. The main feature
of HOTVR jets is the variable jet cone radius, which changes inversely with the
pr of the jet. All these algorithms are infrared and collinear (IRC) safe, as the
resulting jet from the algorithm does not change under the emission of infinitely
soft particles or collinear splitting of a particle within a jet.

5.5.1 Sequential clustering

The sequential clustering algorithm uses a list of pseudojets (i.e., PF candidates),
pairing them iteratively based on their relative distance and their distance with
respect to the beam axis until jet objects are formed. Given pseudojets 7 and 7,
the distance d; ; between them and the distance between the pseudojet 7 and the
beam axis d; g are defined as follows:

. AR},
d; ; = min <29"2f]f¢7 pgf’fj) = (5.3)

d;g = pZTlfh (5.4)

where, AR, ; = \/(yz — yj)2 + (¢; — ¢j)2 is the distance in the rapidity—azimuth
plane between pseudojets ¢ and j, and pp is the transverse momentum of the
pseudojet (Equation 2.1). The parameters R and k are specific to the desired
algorithm. The anti-k algorithm defines £ = —1, while other algorithms such as
the ky [124] or the Cambridge-Aachen (CA) [125] a defines k = 1 or k = 0, re-
spectively. In the CMS Collaboration, a value of R = 0.4 is used to reconstruct
jets originating from gluons, light quarks or b quarks: these are referred to as
AK4 jets.

The iterative procedure is as follows: if d; 5 < d; ;, the pseudojets i and j are
combined by summing their four-momenta to form a new pseudojet. If d; ; < d, ,
the pseudojet 7 is stored as jet and removed from the list of pseudojets. This
procedure continues until no pseudojets remain in the list. The order in which
the pseudojets are combined depends on the choice of the parameter k: the anti-
kr (k = —1) algorithm makes soft particles more likely to cluster with hard
particles rather than with other soft particles, resulting in a more circular-shaped
jet cone. The ky (k = 1) algorithm clusters soft particles first, resulting in a
more irregular shape for the jet, while the C/A (k = 0) selects the orders by the
geometrical distance only.

The behavior of different algorithms is shown in Figure 5.6, when clustering
10" random soft particles in a parton-level event generated with Herwig [126].
The catchment areas around hard for the anti-k; algorithm for hard jets are all
circular with a radius R = 1, and only the softer jets have a more complex shape.
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Figure 5.6: Parton-level events clustered by four different sequential clustering algo-
rithms. The catchment areas is visible and shown in different colors for the clustered
jets. [122].

5.5.2 Jet substructures

Analyzing jet substructure features can provide information about the origin of
the jet, which is essential for jet identification from W bosons, top quarks, and
BSM particles. These features are also important discriminators in jet tagging
algorithms. The jet substructure variables used in the top-tagging algorithm and
relevant for this thesis are presented in the following sections. A more detailed
overview of jet substructure techniques can be found in Ref. [127].

Jet mass

While partons can be treated as massless at leading order, jets always acquire
mass due to the hadronization effect and the presence of collinear radiation. The
invariant mass of a jet is defined as:

2
Mg = | > P, (5.5)

where P; is the four-momentum of the jet constituent i. The jet mass reflects
the mass of the generating partons. Therefore, it is useful to discriminate jets
originating from heavy object,s such as SM bosons and top quarks, from multijet
(QCD) events, where the initiating partons are massless and the jet mass arises
purely from QCD radiation.

Figure 5.7 shows the jet mass distribution for jets originating from top quarks
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and QCD processes, clustered with the anti-k; algorithm with R = 0.8 in ¢
and multijets simulated events. The jets in these studies have been additionally
reclustered using the soft-drop method [128|. This aims to systematically remove
the soft and collinear radiation to mitigate the effect of PU and to improve the
resolution of jet substructure variables, such as the mass. In QCD multijet events,
the jet mass distribution peaks at low values due to Sudakov suppression [129]:
at leading order, a single massless parton produces a jet with zero mass, and
only soft and collinear gluon emissions contribute to its mass. The probability of
these emissions being sufficiently hard and wide-angled to generate a large mass
is exponentially suppressed by the Sudakov form factor. In contrast, for boosted
heavy objects like top quarks or W bosons, the jet mass peaks around the mass
of the parent particle because the decay products are typically contained within
a single jet.

jo.zz....l............I...Ol?’..T?\./)
- - CMS
< 0182_ Simulation — QCD multijet
0.16} ks
0.1 4: 500 < p!*' < 1000 GeV, | < 2.4 — Top quark

0 50 100 150 200 250 300
Mgp [GeV]

Figure 5.7: Comparison of the jet mass distribution from top quark and QCD origi-
nated jets. The fiducial selection on the jets is displayed on the plots [130].

N-subjettiness

Another important discriminating variable is the number of subjets within a jet
and the distribution of their energy. Jets originating from the hadronization of
gluon or light quarks are expected to have one or two? subjets inside the jet, while
two-body decay particles, such as those from W, Z, H bosons, usually produce two
subjets, and top quarks generally result in three.

*Due to gluon splitting.

92



CHAPTER 5. PHYSICS OBJECT RECONSTRUCTION

The N-subjettiness variable 7y quantifies how well the jet can be described as
containing N subjets and provides information on how the energy is distributed
within the jet. It is defined as follows [131]:

= dio ZPT,i min [ARl,i7 ARQJ, Ce ,ARNJ} (56)

where the index ¢ refers to the number of constituents inside the jet and AR
to spatial distance between the i constituent and subjets in the n — ¢ plane. The
value of 7y is close to zero when the jet is compatible with having N subjets.
Rather than using the absolute 75 alone, the ratios between different 75 values
are commonly used as discriminating variables for jet identification. For example,
T3y = T3/Ty is used to discriminate jets originating from top quarks from QCD
jets. Figure 5.8 shows the 73, distribution for jets originating from top quarks
and QCD processes, clustered with the anti-k; algorithm with R = 0.8 in ¢f and
multijets simulated events.
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Figure 5.8: Comparison of the 735 distribution from top quark and QCD originated
jets. The fiducial selection on the jets is displayed on the plots [130].

5.5.3 Pileup mitigation techniques

To improve the jet identification and the measurements of jet and subjets prop-
erties, it is crucial to isolate the products of the primary p-p collisions from
contamination due to PU interactions from the same or neighboring bunch cross-
ing. The CMS Collaboration has employed different techniques to mitigate PU
effects, such as the Charged-Hadron Subtraction (CHS) [132] method for AK4
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jet during Run 2 data-taking and pileup per particle identification (PUPPI) [133|
for Run 3 data-taking.

The CHS method removes charged particles from the jet clustering procedure
if they are associated with PU vertices, i.e., if the corresponding track was used
in the PU vertex fit. Since neutral particles from PU interactions cannot be
distinguished in the same way, an additional PU mitigation technique, such as
a dedicated PU jet ID or grooming algorithm, is applied to further suppress the
residual contamination from neutral PU.

The PUPPI method computes a weight for each particle, from 0 to 1, where
particles originating from PU are more likely to have weight values close to zero.
Charged particles are treated similarly to the CHS method, where a weight value
of 1 is assigned if their tracks are used in the fit for primary vertex reconstruc-
tion, or if they are not associated with any vertex but have a distance of closest
approach to the primary vertex along the z-axis smaller than 0.3 cm. In all other
cases, they receive a weight value of zero.

The weights for neutral particles are derived from a discriminator «;, which
is calculated as follows:

o, = log Z Pry > [ for ;] < 2.5, j are charged particles from PV
’ AR, ; for |n;| > 2.5, j are all reconstructed particles

N

where AR, ; is the distance in the 7 — ¢ plane between particles 7 and j, and

Ry is chosen to be 0.4. If no particles are found within R, «; is set to zero for the

¢ constituent. For other particles in the acceptance region, the «; is calculated,
being large for constituents close to the primary vertex.

This «; value is then translated into a probability by comparing it to the
distribution of «; values from charged particles associated with PU vertices. The
deviation of «; from the expected mean value is mapped to a weight between 0
and 1, where particles originating from PU are likely to obtain weights closer to
zero. The momentum of each PF particle is scaled according to these weights, and
particles with weights smaller than 0.01 are entirely removed from the event. In
the context of the analysis presented in the thesis, the HOTVR jets are clustered
with PUPPI-weighted PF candidates, while AK4 jets with CHS for Run 2 data
taking campaigns at /s of 13 TeV, and PUPPI for 2022 campaigns at /s of 13.6
TeV.

5.5.4 Jet energy correction

Corrections are applied to jets to ensure agreement between the true and mea-
sured jet energy (jet energy scale, JES) and resolution (jet energy resolution,
JER). This jet calibration accounts for the non-uniform response of the detector
in pp and n and is performed in a factorized approach [134, 135].

Corresponding correction factors are applied both in simulation and in data,
and are derived using a combination of simulated events and data-driven tech-
niques. The JES corrections, which are used to correct any residual differences in
jet energy scale between data and simulation, are computed from measurements
of the momentum balance in dijet, Z/y-+jets, and multijet events. The JER is
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defined as the spread in p response, and it is assumed to be Gaussian. Because
the jet response in simulation is usually idealized, JER corrections are applied to
simulated jets to match the resolution observed in data.

The AK4 jets used in this thesis are calibrated following the recommendations
provided centrally by the CMS Collaboration. As the corrections are stable
with respect to the jet size [134], the HOTVR jets are corrected with the same
corrections: the HOTVR subjets are firstly corrected and then re-summed to
create the final corrected HOTVR.

The response of the HOTVR jet is shown in Figure 5.9 before and after
applying the dedicated JEC correction, for p > 200 GeV. The response is defined
as the average ratio between the reconstructed jet pp (pprec) and the simulated
pr (ppeen) of the associated particle at generator level. Particles at the generator
level are matched to jets by looking at the minimum distance in the n—¢ plane for
particles located within the jet cone. This procedure is performed in tf enriched
events.
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Figure 5.9: HOTVR jet pr response as a function of simulated jets on generator
level ppree before (solid blue) and after (dashed orange) jet energy corrections, which
are applied to the HOTVR subjets. The pr response was measured using ¢t simulated
events.

5.6 Heavy flavor tagging

A crucial step in CMS analyses, and specifically in the analysis presented in
this thesis, is the discrimination of jets originating from top and bottom quarks
from those originating from light-flavour quarks. The CMS Collaboration has
developed several heavy-flavour tagging algorithms over the years, which exploit
the unique properties and signatures of top and b quarks. The identification of b
quark jets is discussed in this section. Additionally, a top-tagging algorithm based
on machine learning techniques and using fixed wide-angle jets is presented as a
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reference. This top-tagging algorithm serves as a comparison to the top-tagging
method introduced in Chapter 6, which combines HOTVR variables in a machine
learning based algorithm and is the primary approach used in this thesis.

5.6.1 Identification of b quarks

In processes enriched in top quark production, the identification of jets originating
from b quarks is essential because top quarks almost always decay to a W boson
and a b quark, with a branching ratio of about 99.8% [6]. This is particularly
important in the context of this thesis, which focuses on a search in the four-top-
quark final state, where the presence of multiple b quark jets is a key signature.

Hadrons produced through the hadronization of b quarks have a lifetime of
approximately 1.5 ps; therefore, they can travel a few millimeters before decaying.
This results in several tracks that are displaced relative to the PV, which can be
used to reconstruct secondary vertices (SV). The displacement of the tracks is
measured by their impact parameter, which is the distance between the primary
vertex and the tracks at their point of closest approach.

Additionally, due to the larger mass and harder fragmentation of b quarks,
their decay products have generally higher pp than those of light-flavour jets.
Moreover, a muon or electron is present in the decay chain with soft p1 on average,
which further helps in distinguishing heavy-flavour jets from light-flavour jets
[136]. Figure 5.10 is an illustrative sketch of a jet resulting from the decay of a b
quark, summarizing all its distinctive properties.
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Figure 5.10: Illustration of jet with an SV from the decay of a b hadron, resulting in
charged particle tracks displayed with respect to the PV [136].

In the scope of the thesis, the DeepJet b-tagging algorithm is employed to
identify b jets. The algorithm is trained and tested using a sample of simulated
anti-kp jets with R = 0.4 from mixed samples of fully hadronic ¢t and multijet
events.

The architecture is based on a convolutional recurrent neural network and
uses low-level features from a large number of jet constituents up to 650 input
variables, divided into four categories: global variables, charged PF candidate
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features, neutral PF candidate features, and SV features associated with the
jet. The network outputs six probabilities, each corresponding to whether a jet
originates from a b quark, two b quarks, a leptonic b hadron decay, one or more ¢
quarks, a gluon, or a light-flavor quark, respectively. The scores corresponding to
the different b jet origins are summed, and different score thresholds (or working
points) are defined by the CMS Collaboration, resulting in different tagging
efficiency and mistagging rate. In this thesis, the loose working point is used,
which corresponds to a b-tagging efficiency spanning from 85-92% depending on
the year of the data-taking, with a mistagging rate of approximately 10%.

5.6.2 Identification of top quarks with large fixed-radius
jets

In the boosted regime®, top quarks are identified using large fixed radius anti-
kr jets with R = 0.8, known as AKS jets. The tagging algorithm employed for
this purpose is ParticleNet [137|. The architecture of the algorithm is based on
a customized dynamic graph convolutional neural network (DGCNN) [138] that
operates on an unordered set of particles. The novelty of the algorithm is to treat
the jet constituents in a very analogous way to the point cloud representation
of three-dimensional shapes used in computer vision, where each shape is rep-
resented by a set of unordered points in space. This image-based approach has
been originally designed specifically for the identification of hadronic decays of
highly Lorentz-boosted heavy particles such as the top quark, W, Z, and Higgs
boson.

The model takes up to 100 jet constituents with the highest p for each jet,
and uses seven variables derived from the 4-momentum for each particle as inputs.
Some of these variables include kinematic information such as particle energy, pr
differences in azimuthal and pseudorapidity between the particle and jet.

Figure 5.11 shows the performance of the ParticleNet for identifying hadron-
ically decaying top quarks against QCD jets. The p range studied is 500 <
pr < 1000 GeV and the algorithm outperforms the previously used algorithm
DeepAKS8* in terms of lower background rate and higher signal efficiency.

pp > 600 GeV

*The DeepAKS algorithm is a multi-class particle identification algorithm [139] for identify-
ing hadronic decays of highly Lorentz-boosted top quarks and W, Z, and Higgs bosons, based
on AKS jets. The algorithm uses a deep one-dimensional convolutional neural network (CNN)
to process particle-flow candidates and secondary vertices associated with the jet.
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Figure 5.11: Performance of the DeepAKS8 and ParticleNet algorithms for identifying
hadronically decaying top quarks [140]. The jet mass is corrected using the soft-drop
mass procedure described in Section 5.5.2, and its minimum and maximum range values
are displayed.
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Chapter 6

Hadronic top quark tagger with
variable-size jets

6.1 Overview and motivation

Top quarks decay hadronically via the W boson about 60% of the time, making
hadronically decaying tops an important object to reconstruct. Their identifica-
tion is a major challenge in the CMS physics program and is essential for both
precision SM measurements and searches for new physics.

Although several reconstruction techniques already exist for tagging jets orig-
inating from top quarks, such as the AKS jets plus particleNet method described
in Section 5.6.2, the intermediate kinematic regime (200 < pr < 600 GeV), be-
tween the resolved region (pp < 200 GeV) and the boosted region (pp > 600 GeV),
remains particularly difficult to handle. The main challenge in this kinematic re-
gion is that the decay products of the top quark are not sufficiently collimated,
causing them to fall outside the catchment area of the jet. This regime is directly
relevant for BSM searches, such as the top-philic Z’ search in the four top quarks
final state presented in this thesis. For resonance masses below about 1 TeV, the
top quark pr might not reach the fully boosted regime.

To exploit this intermediate region, the HOTVR algorithm has been devel-
oped, and is described in detail in Section 6.2. In the context of this thesis, I have
developed a new identification algorithm, i.e., tagger, for hadronically decaying
top quarks, using features of clustered HOTVR jets, which is presented in Sec-
tion 6.3. The tagger is built using a BDT algorithm [2], whose implementation
details are discussed in the same section. The performance of the model is shown
in Section 6.4, while its validation in Z+jets enriched events is presented in Sec-
tion 6.6, and in the top quarks-enriched region in Section 6.5. Finally, Section
6.7 outlines possible future perspectives for this newly developed tool.

6.2 Sequential clustering with variable radius

The HOTVR algorithm is based on the sequential recombination algorithm de-
scribed in Section 5.5.1, but it processes the input list of pseudojets using a
variable radius (VR) cone size parameter [141]. Therefore, the algorithm uses
the same definitions of distance measures, d;; and d;p, defined for any sequential-
based recombination algorithm in Equation 5.4, with the following modifications,
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. n on\ AR
dij = min <p’2f,i7 pgf,j) m» (6-1)
dip = p2Tnz Rgff(pT,i)a (6-2)
Reff(pT) = ﬁ- (6'3)

b

As for the C/A clustering algorithm, n = 0 is used. The effective distance
parameter R.g scales with 1/py of the jet and has a minimum and maximum
cut-off, namely:

Rmin lf piT < Rmin;
Reﬂ = Rmax if p_pT > Rmaxv (64)

£ otherwise,

pr

where R,;, and R, are set to 0.1 and 1.5, respectively. The lower bound is
set accordingly to the calorimeter granularity, while the upper bound is related
to the |n| acceptance of the detector.

To avoid the clustering of additional soft radiation into jets, a mass jump con-
dition is included in the sequence [142, 143|, which eliminates the need for declus-
tering and grooming steps typically required by other sequential algorithms®. The
veto is based on the invariant mass of the pseudojets pair of the sequence and
prevents the recombination of the pseudojets ¢ and j if the invariant mass m,; is
greater than a mass threshold, p, and if the following condition is met

0 - m;; > max(m;, m;), (6.5)

where the parameter 6 determines the strength of the condition. Given a
minimum transverse momentum threshold py g, if the condition 6.5 is fulfilled
and transverse momentum of the pair py;; exceeds pr g, the pseudojets are
combined and stored as subjets of the combined pseudojet.

The parameters of the HOTVR algorithm are summarized in Tab. 6.1, and
the default values have been optimized for top quark tagging in p—p collisions
[142]. As the HOTVR clustering algorithm is an extension of the sequential
clustering algorithms, it inherits infrared and collinear safety by definition.

Table 6.1: Parameters of the HOTVR algorithm. The default values are given for the
top-tagging mode [142].

Parameter  Default Description

R, 0.1 Minimum value of Rg.
Roax 1.5 Maximum value of R.g.
p 600 GeV Slope of R.g.

I 30 GeV Mass jump threshold.

0 0.7 Mass jump strength.
PT.sub 30 GeV Minimum pt of subjets.

"For example, the soft drop mass technique presented in Section 5.5.2.
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6.2.1 Hadronic top quark tagger with selection-based method

Previous CMS analyses [144, 145] have employed HOTVR jets to identify
boosted hadronically decaying top quarks using a selection-based approach based
on jet and substructure observables: these observables and their corresponding
selections are used to enhance the selection of jets that stem from hadronically
decaying top quarks from QCD multijets and are described in Table 6.2. The
Ny, Myet, and 73 /7, follow the same description presented for AK4 and AKS jets
in Section 5.5.2.

The fractional pr f,,, indicates how the transverse momentum of the jet is
distributed among its subjets. For a hadronically decaying top quark, the pr
is typically shared relatively equally among its three-prong decay products, so
Jpp tends to assume values around 0.5 and the distribution is relatively flat. In
contrast, QCD jets tend to have an uneven pp distribution among their subjets,
with the leading subjet capturing most of the pr of the jet, resulting in higher
Jp, values.

The minimum pairwise mass of subjets, m,,,;, ;;, is defined as the smallest in-
variant mass computed from all possible pairs of subjets within a jet, provided the
jet has at least three subjets. This variable specifically targets the reconstruction
of the W boson decay within top quark jets. As a result, its distribution peaks
around the W boson mass for hadronically decaying top quarks, while for QCD
jets it tends to peak near zero due to the Sudakov suppression [129].

Figure 6.1 shows the distributions of several variables used in the selection-
based method, comparing jets identified as hadronically decaying top quarks to
QCD jets. The plots are shown for different selections on Ng,.

Table 6.2: Observables used for top-tagging with selection-based approach and their
corresponding selections [142].

Variable Selection Description

Jor < 0.8 The pr fraction of the leading subjet with
respect to the jet.

Naab > 2 The number of subjets.

Mijet, € [140,220] GeV  The jet mass.

Mnin i > 50 GeV The minimum pairwise mass of subjets.

T3/ Ty < 0.56 The ratio of the N-subjettiness 3 over 2
[131].
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Figure 6.1: The mje, fp,., and the my,;, ;; for two different HOTVR py ranges:
200 < pr < 400 GeV (left) and 600 < pr < 800 GeV (right). The distributions of
hadronically decaying top jets are presented in black lines, QCD jets with red lines.
The dashed and continuous lines represent jets with N, greater than or equal than 2
or 3, respectively. Adapted from Ref. [142].
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6.3 Hadronic top quark tagger with boosted deci-
sion trees

Figure 6.1 shows distinct differences between hadronically decaying top and QCD
jets. The latter constitute the main background in the BSM search presented in
this thesis, as they originate from light quarks (u, d, and s) and gluons produced
in initial- and final-state radiation of SM processes, such as tf production.

These differences suggest that the use of a multivariate analysis (MVA) to
discriminate these two jet classes could have higher tagging performance than a
simple selection-based approach, in terms of background rejection and real top
quark tagging efficiency. An MVA method to discriminate hadronically decaying
top from QCD jets is thus presented in the subsequent sections and is based on a
BDT. The hadronically decaying top and QCD jets are defined with simulation
via jet truth-flavors identification, described in detail in Section 6.3.2.

6.3.1 Introduction on boosted decision trees

Classifying the origin of a jet is a common problem typically solved using a
supervised machine learning technique, where the jet origin can be predicted
based on jet features. The term supervised indicates that the desired output
classes or labels are defined and known a priori, for example, the origin of the
jets. In supervised learning, input features are combined with these specified
output classes to train a model that predicts the expected outcomes for new,
previously unseen data. This model is a mathematical structure that maps new
data to the corresponding output labels [146|. The model described in this chapter
relies on an ensemble of decision trees that are specifically constructed following
the gradient boosting procedure.

Decision trees [147] have been developed with the intent of extending a simple
selection-based analysis into a multivariate technique that analyzes events with
different selections simultaneously. A decision tree consists of non-leaf nodes,
which apply conditions to the input features, and leaf nodes, which contain the
final prediction. Binary classification trees assume that there are only two out-
comes: the positive (signal) class, generally labeled with 1, and the background
class, labeled with 0.

Usually, single decision trees have high variance and limited capacity, whereas
ensembles of trees (decision forests) are used, which sum the predictions of many
trees to achieve better accuracy and robustness. Gradient Boosted Decision Trees
(GBDT) [148], [149] are a type of ensemble decision forest where each tree out-
puts a floating-point value, and the final prediction is obtained by adding the
contributions from all trees. A sketch of a tree of this type using jet variables as
input features is given in Figure 6.2.

The term boosted refers to the process of building the model by sequentially
adding trees, each trained to predict the difference between the actual and pre-
dicted values from the previous trees. The first decision tree in gradient boosting
is called the base learner. Each new tree is added in a way that ensures that the
predictions of the model move in the direction of the negative gradient of the loss
function, which is the reason for the term gradient. For binary classification, the
logarithmic loss function is defined as,
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M.t > 150 GeV

Mic: < 200 GeV

Figure 6.2: Graphical representation of a binary decision tree that uses jet variables
to predict the jet origin. Blue rectangles are the non-leaf nodes with their associated
splitting criteria; leaves are terminal nodes with their floating-point value. The leaf pass
category refers to the jet originating from a top quark decay, while failing from QCD
multijets.

Log Loss =~ > [y loa(p,) + (1 — ;) og(1 ~ p,)], (6.6)
i3

where n is the number of observations in the dataset (i.e., the jets), y; is the
actual label (0 or 1) of the i-th observation, and p; is the predicted probability of
the positive (signal) class (class 1) for the i-th observation. The BDT architec-
ture used in the chapter is provided from XGBoost [150], which is an optimized
distributed gradient boosting library that achieves higher performance with par-
allelization and efficient memory usage. The output of the XGBoost GBDT is
a probability, or BDT score, for each candidate of the dataset, indicating the
likelihood that the candidate belongs to the positive class. Scores range from
[0, 1], where higher values indicate more signal-like candidates.

Various hyperparameters can be adjusted to optimize the performance of the
BDT and to prevent overtraining (or overfitting). Overtraining occurs when a
machine learning model learns statistical fluctuations of that particular dataset,
resulting in a model that performs very well on the training data but poorly on
new data with unseen examples. The most important hyperparameters used and
tuned for the development of the classifier in this thesis are defined as follows
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e Number of trees: it indicates the number of trees in the ensemble. A
higher number of trees increases the complexity of the model, but it influ-
ences the learning time and decreases the performance with unseen data in
case of overfitting.

e Maximum depth: it refers to the number of levels or splits that the tree
has from the root node to the leaf nodes. A higher number increases the
complexity of the model, but it is more likely to cause the model to overfit.

e Learning Rate: it represents a weighting factor applied to new trees added
to the model during training:

Fry(z) = Fyoq (o) + v - by (),

where Fy;(z) is the prediction after M trees, hy(x) is the output of the M-
th tree, and v is the learning rate with typical values in the range 0 < v < 1.
A higher learning rate means each tree has a stronger influence on the final
prediction, resulting in faster learning but an increased risk of overfitting.
Whereas a lower learning rate reduces the impact of each tree, usually
requiring a larger number of trees to reach optimal performance

6.3.2 Jet truth-flavor identification

The goal of the top quark tagger presented in this thesis is to distinguish jets
originating from hadronically decaying top quarks from those produced by multi-
jet processes, in particular from light quarks (u, d, and s) and gluons in t¢ events.
These two classes, or jet flavors, can be obtained in MC simulations by geomet-
rically matching jets to generator-level particles. Simulation samples generation
is described in detail in Appendix A.

The generator-level matching is done by requiring that the distance in the
1 — ¢ space between generator particles and the jet is less than the R.g defined in
Equation 6.4, i.e., if the generator particles are found to be inside the HOTVR
jet cone. Jets are therefore identified as hadronically decaying top quark jets if
they match with hadronic generator top particles and their subsequent decays,
i.e., the three quarks from the hadronic decay chain. Jets are classified as QCD
jets if they match with gluons or light quarks (u, d, and s) that do not originate
from top quarks or their decay products. The jets with generator-level matching
with b quarks are not considered in the definition of QCD jets, as their kinematic
distributions differ from those of gluon and light quarks.

6.3.3 Training of the binary classifier

The BDT model developed in this chapter classifies jets from hadronically de-
caying top quarks as the positive (signal) class, while jets from hadronization of
light quarks and gluons are classified as the background class, or zero class. The
model is trained using the two jet truth-flavors described in Section 6.3.2, which
represent the binary classes for the BDT.

Hadronically decaying top jets are selected from simulated samples of t£Z'(Z' —
tt), where the Z' represents the top quark philic resonance presented in the BSM
model of Section 1.3.1. Resonance mass values from 500 GeV to 4 TeV are taken
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into consideration. This choice ensures that the BDT is trained on a broad py
spectrum, covering the intermediate region between the resolved and boosted
topologies characteristic of low-mass resonances, as well as the fully boosted
regime expected for high-mass resonances. The QCD jets are taken from simu-
lated samples of multijet events. The HOTVR jets that fulfill the requirements of
Table 6.1 are required to have pp > 200 GeV and |n| < 2.4. The JES/JER PuPPI
corrections described in Section 5.5.4 are applied: the subjets in a given HOTVR
jet are calibrated and then re-summed to calculate the corrected HOTVR jet pr.

The input features of the model are the five variables described in Table 6.2,
which are shown for signal and background jets in Figure 6.3 for p-—p collisions

at /s of 13 TeV.
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Figure 6.3: Five HOTVR variables, namely the mjc;, Noups Mmin ij» fpp» and 73/7o.
The hadronically decaying top jets distributions are in orange solid lines, while a blue-
filled histogram represents the QCD jets. The jets are generated in simulations of p—p
collisions at /s of 13 TeV. Signal and background distributions are normalized to the
same area [2].

As most of these variables correlate with the jet pp, a different shape of py
distributions between the two categories would inevitably affect the training.
Therefore, a resampling procedure is required. Considering the pr distribution of
the hadronically decaying top quark jets as the target distribution, the resampling
probabilities (weights) are calculated on a bin-by-bin basis as the ratio of the
frequency in the target distribution to the frequency in the distribution being
resampled. Weights are only calculated for bins where the number of jets is
greater than two, and each bin has a width of 10 GeV. Each jet is then resampled
if its associated pp—binned weight is greater than a random number generated
uniformly between 0 and 1. If not, the jet is excluded from the resampled set.

The pr distributions of the hadronic and QCD jets before and after resampling
are shown in Figure 6.4. The total jet occurrences of both categories are also
depicted. 80% of these resampled jets are used for training the BDT, while
20% are used for testing the performance. Different BDT models were trained
independently for each data-taking period to account for variations in detector
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conditions and data-taking settings. The input feature distributions are found
to be consistent across data-taking periods, and only minor variations in the
optimal hyperparameter configurations are required to achieve the best tagger
performance for each year.
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Figure 6.4: Normalized distribution of the HOTVR py before (left) and after (right)
the resampling procedure. In the legend, the number of jets in the two categories used
in the training [2].

6.3.4 Loss function and feature importances

Tuning the selection of the hyperparameters presented in Section 6.3.1 assures the
best BDT model to guarantee negligible overtraining and the highest Area Under
the ROC Curve (AUC). The overtraining is studied by examining the distribution
of the logarithmic loss (Equation 6.6) for different learning rates and maximum
depth, as a function of the number of trees in the model for both the training and
testing samples. The AUC is calculated as the area under the Receiver Operating
Characteristic (ROC) curve, which maps the true positive rate (or signal efficiency
£g) against the false positive rate (or mistag rate e5) at various thresholds of the
BDT score. Given a threshold on the BDT score, the signal efficiency g is
defined as the fraction of true signal jets correctly identified by the model over
the total number of signal jets. The €5 represents the fraction of background jets
which are incorrectly identified as top quark jets, namely whose BDT score is
greater than the threshold. Therefore, the AUC value ranges from 0 to 1, where
1 indicates a perfect model, and 0.5 indicates a model that performs no better
than random guessing.

Figure 6.5 shows the logarithmic loss as a function of the number of trees
for different choices of the maximum depth at a fixed learning rate of 0.05. The
effects of different choices of the parameters are expressed with the AUC values
visible in the figures. The plot on the left represents the choice of parameters
with the highest AUC, i.e., with a maximum depth of 5. The plot in the center
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has been obtained with a maximum depth of 1, resulting in a lower AUC, while
the one on the right has a maximum depth of 8, showing that the training and
testing curve has no overlap.

CMS Preliminary (134136 TeV) CMS Prellminary (13+13.6 TeV) CMS F ry (13+13.6 TeV)
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Figure 6.5: Logarithmic loss as a function of the number of trees for different choices
of the BDT parameters: maximum depth of values 5 (left), 1 (center), and 8 (right).

To measure the importance of an input feature in the BDT development, the
Gain is measured as

Gain = loglLoss e, — (logloss 4 + 1ogloss g,n42) (6.7)

The gain is averaged over all nodes and trees. The higher the gain of a feature,
the more important the feature is, as the splitting due to it leads to a significant
reduction of the loss function.

In XGBoost, feature importance can be measured by summing up the gain
for each feature across all nodes where the feature is used. The feature with the
highest gain has the biggest impact in the BDT training. The feature importance
is shown in Figure 6.6 for the best BDT model, i.e., with 1000 trees, learning rate
of 0.05, and maximum depth of 5. The variables are ranked from top to bottom
based on their gain values, with the m,,,;, ,; being the most important. However,
it is important to note that feature importance may be biased in the presence
of correlated features. In such cases, the model tends to favor one variable for
splitting, while assigning lower importance to other correlated features.

To assess this effect, a correlation matrix of the input variables is computed,
as shown in Figure 6.7. The feature m,, ;; shows a strong correlation with both
Ny, (p = 0.80) and mye, (p = 0.61). This suggests that the high importance of
Mypin i; May in part reflect the information shared with these other features, and
that their lower gain scores should be interpreted accordingly.
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CMS Simulation Preliminary (13+13.6 TeV)
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Figure 6.6: The gain of the input features for the training: the variable with the
highest gain is the most important in the training. All the models have been obtained
with the value of 1000 trees, learning rate of 0.05, and maximum depth of 5 [2].
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Figure 6.7: Correlation matrix for the five input features.
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6.4 Performance of the tagger

The performances of the BDT model are presented for different ranges of jet
pr, i.e. 200 < pp < 400 GeV, 400 < pr < 600 GeV, 600 GeV < py, and for
the inclusive py spectrum. All the results presented in this section have been
obtained by merging simulations of p—p collisions at /s of 13 and 13.6 TeV, as
no notable difference in performance is seen depending on the /s [2].

The BDT output score of the jets of the training and testing datasets is
shown in Figure 6.8 for the three pr ranges. The distribution of the score for
the signal jets is shown as dashed (filled) for the testing (training) datasets. No
visible deviation is seen between the test and train distributions, suggesting the
robustness of the BDT.

An HOTVR jet is classified as top-tagged if its evaluated BDT score exceeds
a predefined threshold. In this analysis, a threshold value of 0.5 is used, corre-
sponding to a tagging efficiency of 84.2% and a mistag rate of 21.7%. This very
loose working point is selected to maximize the sensitivity of the event selection
in the search for t#Z'(Z" — tt), as discussed in Chapter 7.
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Figure 6.8: BDT score of test (train) of signal and background jets in solid (dashed)
lines for different HOTVR pp ranges. The results have been obtained by merging
simulations of p—p collisions at /s of 13 and 13.6 TeV. The distributions are normalized
to the total number of jets.

To assess the performance of the model, the ROC curves are calculated for
the training and testing datasets and shown in Figure 6.9, as the mistag rate
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ep against the signal efficiency eg for different threshold values on the BDT
output score. The ROC curve of the train (test) samples is shown as a dashed
(continuous) line in the three different HOTVR pr ranges in blue, orange, and
green, respectively. In the figure, the performance of the selection-based method
are also shown: applying the selections of Table 6.2 on the jets of the testing
sample and calculating the signal and mistag rate using the same approach as for
the BDT, the star markers corresponding to the three pr ranges are obtained and
shown in the plot. The figure shows an improvement of more than 10% on the
signal efficiency at the same mistag rate when compared to the selection-based
approach for each p range.
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Figure 6.9: ROC curve for training (testing) dataset shown as a dashed (continuous)
line in blue, orange, green, respectively for 200 < pp < 400 GeV, 400 < pt < 800 GeV,
800 GeV< pr. The star markers represent the values obtained using the selection-based
approach in the three pp ranges [2].
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6.5 Validation in top quark-enriched region

In this section, the validation of the BDT classifier is presented for jets origi-
nating from hadronically decaying top quarks, namely the signal jets used during
training. The study is performed using data collected in p-p collisions at /s
of 13 TeV (Run 2) and 13.6 TeV (Run 3, 2022). The validation is carried out
in a region enriched in semileptonic & — u + b + jets events, which provides a
high-purity sample of hadronic top quark decays with well-modelled kinematic
properties. This allows for a reliable comparison between data and simulation to
verify that the BDT response and tagging performance are accurately described.
The region is defined using the following event selections:

e muon event trigger;
e cxactly one muon with tight identification requirement (Section 2.2.5);
e no electrons;

e at least two AK4 jets, one of which is tagged as a b quark jet with the
medium DeepBTag working point (Section 5.6.1);

e at least one HOTVR jet, with the angular distance A¢ in the transverse
plane from the muon to be greater than two;

e reconstructed missing transverse momemtum, pTTniSQ, referred to as MET,
plus muon pr to be greater than 250 GeV.

In addition, the muon and the b quark jets are required to be in the same
hemisphere, i.e. A¢(b quark jet, muon) < 2. For each event, the HOTVR jet
with the largest pr is considered.

The hadronically decaying top quark HOTVR jets arise mainly from ¢ events
in the semileptonic channel, with smaller contributions from single-top (¢ chan-
nel), ttW, and ttZ processes. Background jets not originating from top quarks
mainly originate from W bosons in W + jets events, due to the selection on pi™®
that targets leptonically decaying W bosons. Another source of background jets
is the QCD multijet production.

This region is used to extract the top-tagging scale factor, which corrects the
tagging efficiency in simulation to match that observed in data. The scale factor
is defined as

SGF — _ DATA (6.8)
ESIMULATION

where € denotes the efficiency, i.e. the fraction of events passing the BDT
discriminator over the total number of events.

The measurement is performed with a template fit of the HOTVR jet mass
distribution in data and simulation. Two categories are defined: events that pass
the BDT threshold of 0.5 and events that fail. In the fit, the simulated number

of events in the passing category, Ngﬁscs, is scaled by the factor SF. The yield in

2 —miss o Z -1
p - i€PF candidates PT -
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the failing category is then scaled such that the total number of simulated events
remains unchanged,
N — Ny + (1 - SF) Npne -

Before performing the fit, the distributions are further divided into three jet
truth-flavor categories: top quark-, W-, and other-originating HOTVR jets,
where the “other” is a residual category that includes, for example, b-quark and
QCD jets. A separate scale factor is calculated for each category. In the context
of this thesis, only the scale factor for the top quark category is determined ex-
plicitly, while the scale factors for the other two categories are treated as nuisance
parameters in the fit. Furthermore, the fit is performed in five HOTVR jet pr
ranges: 200-300, 300-400, 400-480, 480-600, and 600-1200 GeV.

Figure 6.10 shows the BDT output score evaluated on the leading p HOTVR
in the top quark—enriched region for top-tagged HOTVR jets, using data from
Run 2 and Run 3 (2022). The simulated prediction is split by the same jet fla-
vor categories used in the scale factor fit, ordered by their yield contributions.
The aforementioned top-tagging scale factor is applied to the simulated jets orig-
inating from hadronically decaying top quarks. The hatched error bars on the
simulated predictions are calculated as the sum in quadrature of the uncertainty
from the finite simulation sample size and the systematic uncertainties related to
the jet energy corrections, the modelling of the initial and final state radiation
for parton shower from PYTHIA generator, the reweighting of the pileup profile
in simulation, and the top-tagging scale factor uncertainties from the fit. More-
over, the uncertainty on the ¢f cross section is included, from next-to-leading
order calculation in QCD (NLO) using POWHEG [151, 152, 153|. Moreover, the
HOTVR jet mass distribution in the top quark-enriched region for top-tagged
HOTVR jets is shown in Figure 6.11, using data from Run 2 and Run 3 (2022).
The data-to-simulation agreement is consistent with unity within uncertainties in
both distributions for both data-taking periods, indicating that the hadronically
decaying top quark jets are well modeled in simulation.
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Figure 6.10: Comparison of data (points) and simulated predictions (histograms) for
the BDT score of leading-pr HOTVR jet in the top quarks-enriched region for Run 2
(left) and Run 3 (2022) (right) data campaigns. In the legend, the label “J“ denotes
HOTVR jets.
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Run 3 (2022) (right) data campaigns. The simulation is split by jet truth flavors. In
the legend, the label “T“ denotes top-tagged HOTVR jets.

6.6 Validation of background jets

To assess the performance of the BDT tagger on data, a validation is performed in
a control region enriched in background jets, using data collected in p—p collisions
at /s of 13 TeV (Run 2) and 13.6 TeV (Run 3). The region is defined to be
enriched in Z+jets events, where additional hadronic activity from QCD radiation
is reconstructed with the HOTVR algorithm. This region provides a clean and
well-understood sample of light-flavour and gluon-initiated jets, allowing for a
validation of the background-jet modelling in simulation and a comparison of
the BDT response between data and simulation. The same control region is
employed in the search for t£Z'(Z" — tt), presented in Chapter 7, where it serves
as an orthogonal region to the signal regions and is used to validate the modelling
of the background prediction.
The region is obtained using the following event selection:

e double lepton event trigger;

e two leptons with medium identification requirement (Section 5.3 and 5.4),
same flavor (ee or pu) and opposite charge;

e at least one HOTVR jet.

All the reconstructed objects follow the selection and identification criteria
defined in Chapter 5. The leading (subleading) lepton is required to have py
> 25 (15) GeV. The invariant di-lepton mass my; is required to have values close
to the Z boson mass, i.e. my € [80, 101] GeV. The HOTVR py is required to
be greater than 200 GeV, and |y| < 2.4. The distance in the 17 — ¢ plane between
the HOTVR jets and any lepton is greater than R, (Equation 6.4), meaning
that leptons found inside the jet cone are vetoed.

After applying the event selection, the jet truth-flavor can be studied using
the criteria detailed in Section 6.3.2. As the main expected background from
simulation is Z+jets, the jets are therefore originated from additional radiation,
namely from multijet QCD processes.
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Figure 6.12 shows the different truth-flavors in percentage for the leading pr
HOTVR jet in the pup and the ee channels, respectively. More than 90% of the
jets originate from QCD. A small fraction of jets (6%) from b quarks 3 and less
than 1% from hadronically decaying top quark. The category others contains
all the jets which do not fall into the three main categories, e.g., jets originating
from hadronically decaying W bosons.

6.8%

0.5%
0.2%

Jet Truth-Flavors
I QCD

B b-quark
mw others
I hadr. top

Figure 6.12: Jet truth-flavors in percentage for HOTVR jets in Z+jets enriched
events. The ee (left) and pp (right) channels are displayed separately.

Before evaluating the performance of the model on data, it is crucial to ensure
that the simulated jets accurately represent the observed jets. Therefore, the
agreement between data and simulation for the variables used as input features
in the BDT training is carefully studied. The comparison between data (points)
and simulated predictions (filled histograms) for the five HOTVR variables of
Table 6.2 is shown in Figure 6.13 and Figure 6.14 for Run 2 (2017 and 2018)
and Run 3 (2022) data campaigns, respectively. The prediction by simulation
is split per jet flavour. The lower panel shows the ratio of the yields in data
to those predicted in simulations. As no difference is seen in Figure 6.12 from
the jet truth-flavors in different dilepton channels, the distributions of ee and
ppe channels are summed together. The hatched error bars on the simulated
predictions are calculated as the sum in quadrature of the uncertainty from the
finite MC sample size and the following sources of systematic uncertainties,

e the jet energy corrections;

e the modelling of the initial and final state radiation for parton shower from
PYTHIA generator;

e the reweighting of the pileup profile in simulation.

*The b-quark jet category refers to jets matched to a b quark, independently of whether the
b quark originates from a top quark decay or another source.
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These systematic uncertainties were included because they lead to the largest
bin-by-bin variations in the template shapes.

Overall, the five variables are well modeled by the simulation, with the agree-
ment between simulated samples and data generally close to unity within the
uncertainties. However, some deviations are observed for low values in the N,
distribution or for 75/7, > 0.8. As shown in Figure 5.8, the high 7 /7, region is
dominated by multijet processes, and the leading-order Z+jets simulated sam-
ples, which constitute the main source of background, may insufficiently model
the complexity of multijet radiation.
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Figure 6.13: Run 2 (2017 and 2018) comparison of data (points) and simulated pre-

dictions (histograms) for the five HOTVR variables used in the BDT training [2] in
the Z-+jets-enriched region.
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enriched region.
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Ultimately, the BDT output score evaluated on the leading pr HOTVR in the
Z+jets region is shown in Figure 6.15 for Run 2 (2017 and 2018) and Run 3 (2022)
data-taking campaigns. The hatched error bars on simulations are calculated as
the sum in quadrature of the uncertainty from the finite MC sample size and the
sources of systematic uncertainties aforementioned, i.e., jet energy corrections,
initial and final state radiation modelling, and pileup MC reweighting. The data
and simulation agreement is close to unity within the uncertainties for both data-
taking periods, indicating that the BDT is well described by the prediction from
simulation for QCD-originating HOTVR jets.
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Figure 6.15: Comparison of data (points) and simulated predictions (histograms) for

the BDT score of leading-pr HOTVR jet in the Z-jets-enriched region for Run 2 (2017
and 2018) (left) and Run 3 (2022) (right) data campaigns.
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6.7 Outlook

This chapter introduced a new top-tagging method based on the HOTVR jet
algorithm and a BDT. At a fixed mistag rate, the model improves the signal
efficiency by more than 10% relative to the selection-based approach used in
CMS analyses.

A validation of the modeling of jets originating from hadronically decaying
top quarks in a top quark—enriched region shows data-to-simulation agreement
close to unity at both /s, 13 and 13.6 TeV. Moreover, the modeling of back-
ground jets was validated in Z+jets—enriched events. Data and simulation agree
within uncertainties for p-p collisions at /s of 13 and 13.6 TeV across all BDT
input features and the BDT score. These results are documented in a Detector
Performance Note |2].

Comparison with AK8-+ParticleNet

The HOTVR+ BDT algorithm extends top quark identification to a wider phase
space than fixed-radius taggers such as AK8+ParticleNet (see Section 5.6.2), with
particular gains for pp < 600 GeV, where the AK8-+ParticleNet algorithm is less
efficient by construction. This is relevant for searches for top-philic resonances
with masses below 1 TeV, where the top quarks are not fully boosted.

To compare the tagging performance of the two algorithms, the reconstruction
efficiency eg is evaluated in simulated events as

tagged
NS

€s = Ngotal ’

(6.9)

where N2 is the number of reconstructed jets matched to hadronically de-
caying top quarks (truth-flavor definition in Section 6.3.2) that satisfy the identi-
fication criteria of each algorithm, and Ngc’tal is the total number of reconstructed
jets matched to hadronically decaying top quarks.

The comparison uses the selection in Section 6.5 and is shown as a function
of the pt of the matched top quark jets for both algorithms in Figure 6.16. The
working point for both algorithms corresponds to a signal tagging efficiency of
82%*. By design, the HOTVR+ BDT reaches a reconstruction efficiency > 50%
already for 200 < pp < 400 GeV and approaches the plateau value of 82% above
500 GeV. It is worth noting that for these working points, the mistagging rate
is estimated to be 0.1% for AK8+ParticleNet, compared to 20% for HOTVR+
BDT.

Moreover, the reconstructed jet mass resolution is compared between the two
algorithms for simulated hadronically decaying top quark jets with py < 600 GeV.
To increase the purity of the selected top-quark jet samples, the working points
of both algorithms are chosen to correspond to a mistag rate of 1%. Following
the CMS recommendations, this corresponds to requiring AKS8 jets to have a
ParticleNet score > 0.58, and HOTVR+ BDT jets to have a score > 0.90.

*The CMS Collaboration provides fixed working points for the AK8-+ParticleNet tagger.
For a proper comparison to the HOTVR+ BDT working point in Section 6.4, AKS8 jets are
required to have a ParticleNet score > 0.97, which corresponds to a signal efficiency of 82%.
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Figure 6.16: The distribution of g as a function of the pt of true hadronic top
quark jets for a working point corresponding to 80%, for HOTVR+ BDT (violet) and
AKS8-+ParticleNet (yellow) taggers. The error bars represent the statistical uncertainty
in each specific bin, due to the limited number of simulated events.

Figure 6.17 shows the reconstructed jet mass distributions. The mass resolu-
tion is evaluated as o/u, where o and p are calculated as standard deviation and
mean from a Gaussian fit” in the 140 to 220 GeV mass window. The resulting
resolutions are 7.2% for HOTVR+ BDT and 9.4% for AK8+ParticleNet, show-
ing the improved mass reconstruction with the HOTVR-based tagger in this pr
range.

® A Gaussian model is used, as no significant tail structure is visible in the fit window (140-220
GeV). A Crystal Ball fit in the same window results in consistent mean and standard deviation
within uncertainties.
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Figure 6.17: The reconstructed jet mass for HOTVR+ BDT jets (purple line) and
AKS8-particleNet jets (yellow line). From a Gaussian fit, the mass resolution for the
two algorithms is shown in percentage. The p 4+ o values are 174.65+12.50 GeV for

HOTVR+ BDT, and 177.85+16.70 GeV for AK8+particleNet. Both distributions are
normalized to unity.

Future perspectives

Given the promising performance of HOTVR, a natural next step is to develop
a dedicated top quark tagger based on the ParticleNet architecture, which is the
state-of-the-art machine learning model used for object tagging in particle physics,
trained on HOTVR jets. Such a model could exploit HOTVR features to further
improve the tagging efficiency and reduce the mistagging rate, particularly in
the low-to-intermediate pp range, where AK8-based methods are known to lose
performance.

Beyond top tagging, the ParticleNet architecture supports multi-class learn-
ing, enabling a HOTVR multi-tagger for top, W, and b jets that improves recon-
struction efficiency and background rejection, thereby enhancing mass resolution,
energy calibration, and uncertainty estimation. Developing and deploying such a
model would constitute a comprehensive PhD-scale project for a Run 3 analysis.
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Chapter 7

Search for heavy top-philic
resonance produced in association
with top quarks

This chapter presents the search for a heavy top-philic BSM resonance produced
in association with a tf pair, based on the theory motivation provided in Chapter
1. The analysis focuses on events where the top quarks from the resonance decay
hadronically. It is performed in the opposite-sign dilepton final state to identify
leptonically decaying top quarks that do not originate from the resonance. The
invariant mass of the resonance is reconstructed from HOTVR jets identified
with the hadronic top tagger described in Chapter 6. This represents the first
analysis conducted in this channel.

Section 7.1 provides the motivation and the introduction for the analysis.
The data and simulated samples used are described in Section 7.2. The event
selection and categorization, aimed at enhancing signal sensitivity and reduc-
ing background, are detailed in Sections 7.3 and 7.4, respectively. The domi-
nant background arises from multijet (QCD) events that are misidentified as top
quark—initiated jets. The data-driven estimation of this background is presented
in Section 7.5. Systematic uncertainties are summarized in Section 7.6, followed
by the statistical interpretation of the results for various signal hypotheses in
Section 7.7.

7.1 Motivation and introduction

The theoretical motivation for the BSM search outlines various signal models
predicting vector, pseudoscalar, or scalar heavy resonances. Recent results, both
from direct searches and reinterpretations of SM measurements, motivate the
search presented in this thesis. As a model-independent analysis targeting an
unexplored final state, it provides complementary sensitivity.

Following the recent observation of SM four top quark production by both
ATLAS [54] and CMS [53], significant attention has been given to the observed
excess, particularly in the dilepton final states. Several ongoing analyses are
reinterpreting these results in the context of various BSM scenarios. The analysis
presented in this thesis focuses on a different topology and kinematic regime,
providing additional sensitivity to new physics effects underlying the observed
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excess.

Moreover, in the context of new pseudoscalar resonance scenarios (see Section
1.3.2), this analysis is complementary to recent results at the top quark pair
production threshold, where a significant excess of events has been observed [154].
Such an excess could arise either from a color-singlet pseudoscalar quasi-bound
toponium state or from a heavy pseudoscalar particle such as a Higgs boson or
axion-like particle. Since toponium is not expected to contribute significantly to
four-top production, while new heavy pseudoscalars would, this analysis provides
help in distinguishing between these interpretations.

Direct searches for top-philic heavy vector Z’ resonances in events with four
top quarks have been carried out by both the ATLAS [155] and CMS Col-
laborations, focusing on the single-lepton plus jets final state. This channel is
orthogonal to the dilepton final state considered in this thesis. No significant
excess over the SM background was observed in these analyses. The resulting
observed upper limits by ATLAS on the production cross-section range from 21
fb to 119 fb, depending on the specific model parameters: the former is observed
at m . of 2.5 TeV with top coupling ¢, = 1 and chirality § = 7/2, while the latter
is for 1 TeV with ¢; = 4 and § = 0. The analysis excluded a top-philic Z’ with
mass of 1 TeV, with ¢, = 4, for § = 0 and 6 = 7/2.

The search strategy presented in this thesis exploits the fact that, for m, > 1
TeV, the resonant top quarks are significantly Lorentz-boosted. As a result, their
hadronic decay products are highly collimated, allowing each top quark to be
reconstructed as a single jet. The novelty of this analysis lies in the reconstruction
of m, from a pair of jets identified using the HOTVR algorithm and the BDT-
based top-tagging method described in Chapter 6. This approach also enables
sensitivity to lower-mass scenarios with m,» < 1 TeV using a single reconstruction
strategy. The choice of HOTVR is particularly motivated by its variable-radius
clustering parameter, which provides top reconstruction across a wide range of
momenta and enables a unified strategy sensitive to both high mass and low mass
scenarios. This work represents the first application of HOTVR to a four-top
search, demonstrating the potential of HOTVR algorithm for future searches.
The focus is on final states with leptonically decaying spectator top quarks and a
hadronically decaying resonance, as this topology combines the clean dileptonic
signature for multijet background suppression with the large signal efficiency
achievable in the boosted hadronic channel.

The analysis uses data collected at /s of 13 and 13.6 TeV, which constitutes
the first CMS search in this final state at 13.6 TeV. In summary, the analysis
complements several existing CMS and ATLAS results and provides a ground-
work for future four top quarks searches, as it is the first to use the HOTVR plus
BDT top tagger, and to explore this high-energy phase space with the inclusion
of 13.6 TeV data.

7.2 Datasets and simulated samples

The analysis uses p-p collision data recorded by the CMS detector at /s =
13 TeV (Run 2, 2016-2018) and at /s = 13.6 TeV (2022). The integrated lumi-
nosity of all datasets is reported in Table 7.1.

The analysis focuses on final states with two leptons, which provides an effi-
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Table 7.1: Integrated luminosity of the datasets used in the analysis.

Data-taking period | /s (TeV) | Integrated luminosity [fb™ "]
13

2016 (Run 2) 35.9 [156]
2017 (Run 2) 13 41.5 [157]
2018 (Run 2) 13 59.7 [158]
2022 (Run 3) 13.6 34.8 [159]
Total 173.0

cient event selection and reduced background contamination. Therefore, datasets
collected with double-lepton triggers are used, including events selected by the
CMS HLT (see Section 2.2.6) paths based on di-muon, di-electron, or elec-
tron—muon trigger conditions initiated at the L1 trigger stage. The p thresholds
for the triggers used in different lepton channels are summarized in Table 7.2. In
addition, single-lepton triggers are included to recover efficiency in events where
one of the leptons falls below the double-lepton trigger requirements.

Table 7.2: Minimum pp requirements for the double-lepton HLT triggers. In the eu
channel, two asymmetric threshold combinations are used.

Channel | Lepton pr thresholds [GeV]
ee leading e > 23, subleading e > 12
i leading p > 17, subleading p > 8
ef (n>23, e>12)or (u>38, e> 23)

Simulated signal samples are produced with MC event generators. Informa-
tion in terms of setup and configuration of MC generators is given in detail in
Appendix A.

The signal samples of heavy Z’ vector resonance are generated at leading order
(LO) using MADGRAPH5_aMC@NLOv2.9 [160], and the model described in Ref. [66].
As described in Section 1.3.1, the chirality parameter of § = 7 /4 is chosen, and
the search focuses on the ¢£Z’ production mechanism, specifically the associated
production of a Z' boson with top quark pairs, under the assumption of a 100%
branching fraction for the Z’'— tt decay. The mass of the Z’ boson is considered in
the range from 0.5 to 4 TeV, with simulated samples generated in steps of 250 GeV
for masses below 2 TeV and 500 GeV for masses above. Separate sets of samples
are produced for Z' boson widths corresponding to 4%, 10%, 20%, and 50% of the
boson mass. The signal cross-sections are listed in Tables 7.3, for /s of 13 and
13.6 TeV. All the cross-sections are calculated by MADGRAPH at L.O. The alternative
interpretations involving a scalar ¢ or pseudoscalar a mediator (see Section 1.3),
motivated by the 2HDM model [68, 161] or models with a pseudoscalar ALP
[70, 71, 162], are also generated using MADGRAPH5_aMCONLOv2.6.5 (2016-2018) or
v2.9.18 (2022).

Background simulated samples are essential for optimizing the selection to
enhance the signal sensitivity and characterizing the dominant processes in each
event category. They are also used to optimize the data-driven background esti-
mation, which is discussed in 7.5

The dominant expected background in this analysis is composed of SM ¢t
production in the dilepton final state with extra radiation. The t{-+jets events
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Table 7.3: ttZ'simulated samples and their LO cross-sections for /s of 13 and 13.6
TeV.

m, (GeV) | o [fb] @ 13 TeV | o [fb] @ 13.6 TeV
500 70 80

750 14 19
1000 4.0 5.0
1250 1.6 1.8
1500 0.54 0.66
1750 0.20 0.26
2000 0.085 0.10
2500 0.016 0.021
3000 0.0033 0.0046
4000 0.00016 0.00021

are simulated using POWHEG2.0 at next-to-leading order (NLO). The cross-section
is corrected to next-to-next-to-leading order (NNLO) in perturbative QCD, in-
cluding resummation of next-to-next-to-leading-logarithmic (NNLL) soft-gluon
contributions [163, 164].

The Z+jets process represents the main background in the control regions,
which are used to study the agreement between data and simulation and to vali-
date the background estimation method. The Z+jets samples are generated with
MADGRAPH at leading order (LO) with four additional jets with MLM matching’'
[165].

Background samples for ¢ production in association with a boson (¢W, ttZ),
single-top quark production in the s-channel, in association with a Z boson or
a pair of W and Z bosons, are simulated at NLO in QCD with MADGRAPH5_-
aMC@NLOv2.6.0. The single top quark production in the t-channel and in associa-
tion with a W boson uses POWHEGv2.0. The production of t¢H is obtained using
POWHEGv2.0. The ¢ttt process is simulated at NLO in QCD with the MADGRAPH5_-
aMC@NLOv2.6.5. Minor backgrounds, such as the production of a dibosons event,
are generated using Pythia 8 at LO, while triple top production is generated
using POWHEG2.0.

A summary of the background samples used in the analysis is provided in
Table 7.4, which includes cross-section values for /s of 13 TeV, along with their
corresponding event generators.

All the samples are generated using the proton structure described by the
NNPDF3.1 [166] parton distribution function (PDF), detailed in Section 1.1.1.
Parton showering (PS) and hadronization are simulated with Pythia 8 [167],
where the parameters for the underlying event description correspond to the
CP5 tune [168]. Simulated events are scaled to the integrated luminosity of the
recorded data using their theoretical cross-sections.

The simulation of the CMS detector is obtained using GEANT4 [173]. To
model the effects of multiple p—p interactions occurring due to PU, additional
interactions are overlaid on the primary hard scattering process, with the PU
distribution reweighted to match that observed in data.

'Generated with matrix elements including up to four extra partons. MLM matching pairs
these partons to parton—shower jets using a matching scale to avoid double-counting.

125



CHAPTER 7. SEARCH FOR HEAVY TOP-PHILIC RESONANCE
PRODUCED IN ASSOCIATION WITH TOP QUARKS

Additionally, correction factors are applied to improve the agreement between
simulation and data. These factors vary for different reconstructed objects and
are year-dependent, due to changes in the experimental conditions across different
data-taking periods. The correction factors used in this analysis are described
in Chapter 5 and cover lepton identification and isolation, trigger efficiency, jet
energy scale and resolution, b-tagging efficiencies and misidentification rates, and
the BDT HOTVR top tagger. Uncertainties on these factors are detailed in
Section 7.6.
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Table 7.4: Background MC samples, their cross-sections, and event generators at
\/s=13 TeV. Pythia 8 is always used to model the parton shower and the hadronisation.

Category o (pb) Generator

tt

tt, dilepton 88.51 (NNLO)[163, 164] | POWHEG

tt, (+jets 366.29 (NNLO)[163, 164| | POWHEG

ttvV

tHwW 0.611 (LO) [169] MADGRAPH5_aMCQNLO
ttz 0.783 (LO) [169] MADGRAPH5_aMCQNLO
Z+jets (DY)

Z+jets (Z — £¢), inclusive, | 15910 (LO) MADGRAPH

mye > 50 GeV

Z+jets (Z — 00), inclusive, | 5343 (LO) MADGRAPH

my < 50 GeV

Z+ijets (Z — 0f), 70 < |140.1 (LO) MADGRAPH

Hy < 100 GeV

Z+jets (4 — 0), 100 < | 140.2 (LO) MADGRAPH

Hyp < 200 GeV

Z+jets (Z — ), 200 < | 38.39 (LO) MADGRAPH

Hp <400 GeV

Z+jets (Z — 00), 400 < | 5.21 (LO) MADGRAPH

Hyp < 600 GeV

Z+jets (4 — 0), 600 < | 1.265 (LO) MADGRAPH

Hyp < 800 GeV

Z+jets (Z — 00), 800 < | 0.568 (LO) MADGRAPH

Hy < 1200 GeV

Z+ijets (Z — €0), 1200 < | 0.133 (LO) MADGRAPH

Hyp < 2500 GeV

Z+jets (Z — ), 2500 < | 0.00297 (LO) MADGRAPH

Hy < Inf GeV

ttH

ttH, H — bb 0.5269 (NLO) [169] POWHEG

ttH, H -+ bb 0.5638 (NLO) [169] POWHEG

ST

single-t (tW), t, leptonic 19.6 (NNLO) [170] POWHEG

single-t (tW), ¢, leptonic 19.6 (NNLO) [170] POWHEG

single-t (t-chan), ¢ 80.95 (NNLO) [170] POWHEG

single-t (t-chan), ¢ 136.02 (NNLO) [170] POWHEG

single-t (s-chan), leptonic 3.36 (NNLO) [170] MADGRAPH5_aMC@NLO
single-t (s-chan), hadronic | 6.96 (NNLO) [170] MADGRAPH5_aMC@NLO
SM 4t

ttit 0.012 (NLO) [171] MADGRAPH5_aMC@NLO
tttX

tHwW 0.00047 (NLO) [172] MADGRAPH5_aMCQNLO
tht+jets 0.0078 (NLO) [172] MADGRAPH5_aMCONLO
| 4%

Ww 110.8 (LO) Pythia 8

Wz 47.13 (LO) Pythia 8

727 16.523 (LO) Pythia 8
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7.3 Event selection
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Figure 7.1: The signal signature targeted in this analysis. The two hadronically
decaying top quarks from the Z' decay are reconstructed with HOTVR jets, J.

The search focuses on a signal signature defined by a ¢ system originating
from the BSM resonance and decaying hadronically, and two additional top
quarks decaying leptonically, as depicted in Figure 7.1. For the resonant ¢t system
reconstruction, two large radius jets are considered, specifically HOTVR jets,
which are identified as originating from hadronically decaying top quarks using
the BDT-based top tagger method presented in Chapter 6. The simulated mass
points range from 500 GeV to 4 TeV, resulting in a broad distribution of the
pr of the hadronically decaying top quarks from the resonance, as shown in
Figure 7.2. The peak of the distribution for m, of 500 GeV is around 250 GeV,
while at higher masses a double peak appears, originating from events where the
resonance recoils against hard initial-state radiation, leading to an asymmetric
boost of the top and antitop quarks. The HOTVR jets are therefore suited for
identifying top quarks in both the high-py (boosted) regime, defined as pr > 600
GeV, and the intermediate-pp regime, defined as 200 GeV <pr< 600 GeV.

The identification of the additional top quarks is done by requiring two isolated
charged leptons (electrons or muons) in combination with the information on
the number of b quark jets. All the reconstructed objects follow the selection
and identification criteria defined in Chapter 5. Events of interest are therefore
selected, in addition to the double-lepton trigger selection described in Section
7.2, by the following criteria:

e exactly two selected leptons with opposite charge and medium identification
requirement (electron, Section 5.4, or muon, Section 5.3),

e dilepton invariant mass My, ¢ [80, 101] GeV (only for ee and pp channels),
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Figure 7.2: The pp of the resonant hadronic top quarks for different m,,. Each
distribution is normalized to unity.

e at least two AK4 jets (Section 5.5),

e at least two HOTVR jets.

These selection criteria are designed to suppress SM background contribu-
tions, particularly Z+jets (DY) and pure QCD events, while enhancing signal
sensitivity. Moreover, the p-leading lepton is required to have pp > 25 GeV,
while the subleading > 15 GeV. Muons are required to have |n| < 2.4 and to
the tight isolation criteria, described in Section 5.3. Electrons are required to
have |n| <2.5. The AK4 jets must have pr > 30 GeV and || < 2.4. Addi-
tionally, the AK4 jets are required not to overlap with any leptons, requiring
AR(AK4, ¢) > 0.4, and with any HOTVR, requiring AR(AK4, HOTVR) > R.g
(Equation 6.4). AK4 jets with overlap are vetoed in the analysis. The HOTVR
jets are required to have pp > 200 GeV and || < 2.4. The HOTVR jets fulfill
the requirements of Table 6.1.

7.4 Event categorization
Events passing the selection criteria described above are further categorized into

orthogonal regions to enhance signal sensitivity. This categorization is based on
the number of b jets and top-tagged HOTVR jets. The b jets are reconstructed
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and identified following the description detailed in Section 5.6.1. The loose b-
tagging working point is used, and jets are required to have ppr> 30 GeV, to
suppress pileup and soft b jets from gluon splitting. The loose working point
is chosen as it yields the highest overall sensitivity of the search compared with
the tighter working points. The BDT defined in Section 6.3 is used to identify
top-tagged HOTVR jets. A score threshold of 0.5 is used, corresponding to the
working point that maximizes the median sensitivity, averaged over the targeted
mass range. The resulting tagging efficiency and mistag rate for this working
point are 84.2% and 21.7%, respectively.

The signal sensitivity is evaluated using the Punzi sensitivity metric [174].
The choice of the Punzi metric over the S/ v/B metric is motivated by the very
low signal yields expected in the four-top final state. In addition, the metric is
independent of the signal cross-section, unlike S/ VB, and it remains meaningful
in the low-count scenario, where Gaussian approximations fail. It is defined as

Eecut
a/2++VB r1)

where €., is the fraction of signal events that pass a selection criterion and B
is the number of expected simulated background events after the selection. The
a parameter is the number of sigmas corresponding to one-sided Gaussian tests
at a significance a: the choice of a is set to be equal to three for the following
results. This value is chosen as it corresponds to optimizing for a 3-0 evidence
sensitivity, and is standard practice in searches for rare processes.

Figure 7.3 shows the 2D distribution of the punzi sensitivity for signal of
m,=1,2,3 TeV, after the event selection described in Section 7.3, and resulting
from different cuts on the exact number of b jets (Ny j0e € HOTVR) and top-
tagged HOTVR jets (Niop tageed HoTvr)- The punzi sensitivity is shown on the
z-axis. The €., is calculated considering the number of signal events remaining
from the specific choice of a cut in this 2D plane, i.e., the number of b jets and
top-tagged HOTVR jets, divided by all the signal events after the pre-selection
criteria. The punzi distribution is calculated considering all lepton channels. The
punzi sensitivity is scaled by 100 for plotting purposes.

As shown in the figures, the highest punzi sensitivity is achieved when requir-
ing at least one b jet and at least two top-tagged HOTVR jets. Based on this, two
orthogonal signal regions, SR1b2T and SR2b2T, are defined, as summarized in
Table 7.5.

Table 7.5: Definition of signal regions.

Nb—loose ¢ HOTVR Ntop—tagged HOTVR
SR2b2T > 2 > 2
SR1b2T =1 > 2

The number of expected signal and background events and the Punzi sensi-
tivity for the subsequent selection criteria, which form the two signal regions, are
given in the cutflow plots in Figure 7.4, 7.5. The figures show the step-by-step
predicted events after applying each selection cut of SR2b2T and SR1b2T re-
spectively, for each lepton channel (eu, ee, pp). The cut flow plots show the
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Figure 7.3: Punzi sensitivity for signal of M, = 1,2,3 TeV after the selection de-
scribed in Section 7.3, and calculated for different selections on the number of b jets

(y-axis) and top-tagged HOTVR (x-axis). These results show simulated data from
2018 data-taking, as an example of the full analysis.
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simulated background contributions as stacked plots and the signal contributions
of M, equal to 750, 1250, and 2000 GeV. The AK4 jets are referred to as j,
whereas HOTVR jets are referred to as J. The T stands for the number of
top-tagged HOTVR jets. The lower box shows the trend of the punzi sensitivity
for each cut and it is calculated using the Equation 7.1, where the fraction of
signal events in each bin is calculated relative to the previous bin.

TS el e @

Figure 7.4: Cut flow plots resulting from the selection results of SR2b2T. Three
signal samples are shown. These results show simulated data from 2018 data-taking, as
an example for the full analysis.
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Figure 7.5: Cut flow plots resulting from the selection results of SR1b2T. Three
signal samples are shown. These results show simulated data from 2018 data-taking, as
an example for the full analysis

Jet flavors in signal regions

As mentioned in Section 7.2, the primary expected background contribution in
both signal regions arises from ¢t events. In events selected in the two opposite
final states, the HOTVR jets are typically produced from the hadronization of
light quarks or gluons radiated from the initial state and are thus incorrectly
tagged as originating from top quarks.

To fully understand the various generated origins of background HOTVR jets
in signal regions, a dedicated study on jet truth flavors is performed in simula-
tion. The flavors are assigned to HOTVR using simulated background samples
in signal regions, by matching jets to generator-level particles (gen-particle). This
matching is performed by requiring AR(HOTVR, gen-particle) < R.g. The cat-
egories are defined hierarchically as,

e Hadronic top: a hadronically decaying generator-level top quark and all of
its decay products are contained within the jet. This definition is consistent
with the one used for training the BDT HOTVR top tagger (Section 6.3).
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Hadronic W: both hadronic decay products of a W boson are contained
in the jet.

q from W: exactly one hadronic W decay product is found in the jet,
without a b quark.

q (from W) + b: a hadronic W decay product and a b quark are both
present, but the full top decay is not contained.

b-quark: the jet contains a generator-level b quark but does not fulfill the
criteria above.

QCD: the jet contains only light quarks or gluons and none of the conditions
above are satisfied.

Others: jets that do not fall into any of these categories, e.g. those matched
to hadronic 7 decays or to partially contained multi-particle topologies.

The categories q from W and ¢ (from W) + b together account for less than
1% of jets. The different jet origins, or flavors, are shown in percentage in the bar
chart in Figure 7.6 for the leading-pr HOTVR jet, for the two signal regions, for
the combination of ee and pu lepton channels, and the eu channel. No difference
is seen for the subleading-pr jet; therefore, it is not shown.

As shown in the chart, the QCD flavor constitutes more than 75% of all jets in
both signal regions. The second most frequent flavor is the b-quark, representing
about 15% of all jets. Genuine hadronic top jets make up roughly 4% of the total.
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Figure 7.6: Jet flavor composition in SR2b2T and SR1b2T for the leading-pr
HOTVR jet, for the combination of ee and uu lepton channels (top), and the ey channel
(bottom).
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7.4.1 Definition of control regions

It is useful to define regions with an overall topology and jet flavor composition
similar to those of the signal regions. This allows for investigating and assessing
how well HOTVR jets are modeled in the simulation compared to data, specif-
ically in regions similar to the signal regions but depleted of the actual signal.
As the main origin of high-momentum jets in signal regions is from QCD pro-
cesses in events with a dilepton signature, the target processes for constructing
the control regions are DY processes, which also contain two leptons, and can be
accompanied by HOTVR jets from ISR. Moreover, the control regions are used
to assess the agreement between the data and simulation, and to validate the
background estimation method, which is described in Section 7.5. These regions
are signal-depleted, with the expected signal yield being less than 0.5% of the
total expected background.

Therefore, the regions can be defined by selecting events enriched in Z+jets
events with the following criteria

e double-lepton and single-lepton triggers (as defined in Section 7.2),

e exactly two selected leptons (electron or muon) with the same requirements
of the signal regions selections (see Section 7.4),

e dilepton invariant mass in the range M, € [80,101] GeV,

e at least two HOTVR jets.

These are almost the same requirements as the event selection described in
Section 7.3, except for the inverted dilepton invariant mass range requirement
and the multiplicity on AK4 jets. No requirements on AK4 jets multiplicity are
made to ensure more statistics in these regions. These selections ensure similar
topology and kinematics to the signal-region requirements. The orthogonality is
obtained by inverting the M,, requirement. As the selection criteria are designed
to have a region enriched in Z+jets events, only the ee and pp channels are
considered. In addition to these baseline criteria, three regions can be defined
with the additional requirements of exactly zero (CR2JOT), one (CR2J1T),
and at least two top-tagged (CR2J2T) HOTVR jets, respectively.

The percentage of different jet flavors is shown in Figure 7.7 for the different
control regions and for the leading-py HOTVR jets. As shown in the figures,
the QCD flavor dominates in all control regions, resulting in a flavor composi-
tion closely matching that of the signal regions. The contribution from genuine
hadronically decaying top quarks becomes non-negligible (4-5% of the total) in
CR2J2T, where the hadronic top jets primarily originate from t¢Z samples.

Figure 7.8 and 7.13 show the distributions in simulation and data of the
invariant mass of the HOTVR dijets system (M) in these control regions for
/s of 13 and 13.6 TeV and for both dilepton channels of control regions. The
same variable is used for the statistical inference in the signal regions presented
in Section 7.7. The binning is chosen to match the distribution shown in the
signal regions, ensuring that no bins are empty. The data are shown in black
markers, while the simulated background is shown in the stacked histograms.
The simulated samples reflect the nomenclature defined in 7.4, where the ttH
and ttV categories are grouped together in ttX, and ¢ttX and 4t in 3t + 4t.
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Figure 7.7: Jet flavor composition in CR2J0T CR2J1T and CR2J2T for the
leading-p HOTVR jet. The lepton channels (ee and pp) are merged.

The M;; distribution shows good agreement between data and simulation in
both normalization and shape. Across all lepton channels and years, the data-to-
simulation ratio is compatible with unity within the associated uncertainties, with
deviations observed in a few bins. These deviations appear randomly across chan-
nels and years, with no systematic trend or shape trend observed. This behavior
suggests that the problem is due to statistical fluctuations rather than model-

ing. Finally, the variables in these regions are

used for validating the background

estimation method, described in the following section.
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Figure 7.11: Distributions of the M;; in the ee (left) and g (right) channels in
CR2J1T for /s of 13.6 TeV.
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Figure 7.12: Distributions of the M;; in the ee (left) and gy (right) channels in
CR2J2T for /s of 13 TeV.
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7.5 Background estimation

As detailed in Section 7.4, the main source of background HOTVR jets in the
signal regions is QCD, primarily (> 80%) from tt+jets events where these extra
jets are misidentified as top quarks. A data-driven method is therefore developed
to estimate the A;; distribution in regions where these jets are misidentified as
top quarks. The infographic in Figure 7.14 summarizes the background estimation
method.

my, & [80,101] GeV (ee, ), > 2J my € [80,101] GeV (ee, ,,,,I), >2J
only ee, puu
MGsRobot Obs.
.{i 4 AT R2b0T X G e oot chrm.Oﬂ.<m> {i y
4 2
= 2| TR2bOT SR2b2T CR2J0T CR2J1T CR2J2T
-
DATATmbOTXng?:EI chrm.Oﬂ.(%) >0 DATACRZJOTxmggijg T <%>
1 |TR1bOT SR1b2T >
MCrauaT
DATAGRD 1T % MCCR - — Additional Valid.
Ntop-tagged J Ntop-tagged J

Background Prediction Method

Validation of the Method

Figure 7.14: Overview of the background estimation method.

The method uses reweighted data events with no top-tagged HOTVR jets.
The non-tagged distributions are used to predict the tagged distributions using
a reweighting factor, or transfer factor, that is calculated in bins of M;; using
simulated samples as the ratio of events with two top-tagged HOTVR, namely
the signal regions, to those with no top-tagged jets. Events with no top-tagged
jets requirements define transfer regions (TRXb2T, where X denotes the number
of b jets), and they are constructed to be orthogonal to signal regions and signal-
depleted.

Validation is performed in control regions by predicting the AM;; shape in
CR2J2T using CR2JOT as the transfer region. The predicted shapes repro-
duce the observed distributions within uncertainties. A residual normalization
difference is observed to be 10-15%, depending on the lepton channel and eras,
and calculated in the following section. This offset arises from differences between
data and simulation in the correlation of the top-tagging probabilities of the two
HOTVR jets. The factor kqg is then applied to the signal-region prediction, and
its uncertainty is propagated, as detailed in Section 7.5.1. The summary of the
regions used for validating and applying the background estimation method is
shown in Table 7.6.

The contribution of genuine hadronic top quarks is non-negligible in signal
regions, as already shown in Figure 7.6. Therefore, to ensure that the method
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Table 7.6: Definition of the regions used in different procedures of the background
estimation, along with the selection criteria and details about them. HOTVR jets are
labelled as J, top-tagged HOTVR as T, and leptons as £.

Region Selection Criteria Description

CR2J2T 26T+ >2J+ > 2T Region where M ; is estimated in the val-
idation test of the method.

CR2JOT 20"+ >2J+0T Transfer region used in the validation test
of the method.

CR2J1T 207+ >2J 41T Transfer region for an additional cross-

check of the method.
SRXb2T 20+ > Xb + > 2]+ > 2T Signal regions. The X assumes 2 or 1.
TRXbOT 20+ > Xb+ >2J+0T Transfer regions used in the method. The
X can be either 2 or 1.
T ee, pup with my, € [80,101] GeV,
ee, e (myy ¢ [80,101] GeV) and ep.

predicts only the contribution from misidentified hadronic top quarks, the con-
tamination from genuine hadronic top quarks is evaluated and treated separately.
Specifically, the contribution from genuine hadronic top quarks is estimated di-
rectly using simulated samples. This contribution is subtracted from the data
distribution in the transfer regions and excluded when computing the transfer
factor, and added back as a simulated background to the predicted backgrounds
in the signal regions.

7.5.1 Validation of the method in control regions

The validation test of the method aims to estimate the M;; distribution in
CR2J2T using region CR2J0OT as the transfer region. The M ; distribution
in both regions is presented in Section 7.4.1, along with the data and simulated
samples distributions. The transfer factor is calculated as the ratio of the M ; dis-
tribution in CR2J2T over the distribution in CR2J0T using simulated samples.
The contribution of genuine hadronic top, as visible in Figure 7.7, is estimated
from simulation (in ¢ and ¢tV events) for the transfer and estimation region and
subtracted from the data in the transfer region and before computing the trans-
fer factor. The subtraction of genuine hadronic top contributions changes the
normalization of the transfer factor by about 10% compared to the case without
subtraction.

Figures 7.15-7.16 show the comparison between the observed data M;; dis-
tribution with black markers in CR2J2T and the estimated distribution from
the method using CR2J0T as transfer region with red markers for /s of 13 and
13.6 TeV, in the ee and pp lepton channels. The genuine hadronic top quark
contribution is also displayed. The uncertainties on the estimation include con-
tributions from the Poisson statistical uncertainties of the data in the transfer
region CR2J0T, as well as the uncertainties on simulated samples used to derive
the transfer factor. The full list of uncertainties is detailed in Section 7.6.

The lower panel shows the ratio bin-by-bin of the observed data to the esti-
mation. The estimated distribution correctly models the observed distribution
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shape, which validates the estimation method. Additionally, a normalization off-
set is observed and treated as follows. The ratio plots are fitted with a constant
function (Oth-order polynomial), resulting in fitted values of

e 0.8740.10 for the ee channel and 0.9440.09 for the pu channel at /s of 13
TeV,

e 0.9240.23 for the ee channel and 0.66+0.15 for the puu channel at /s of
13.6 TeV;

These normalization offsets, which reflect discrepancies in the overall normal-
ization between the observed data and the estimation, are treated as additional
scale factors in the signal region estimation. Their uncertainties are propagated
and considered as systematic uncertainties in the final results.
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Figure 7.15: The comparison plots between the observation and the estimation in
CR2J2T using CR2J0T as transfer region for the two lepton channels, ee (left) and
ppe (right), at /s of 13 TeV.
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Figure 7.16: The comparison plots between the observation and the estimation in
CR2J2T using CR2J0T as transfer region for the two lepton channels, ee (left) and
ppe (right), at /s of 13.6 TeV.
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7.5.2 Estimation in signal regions

The estimated M ;; distributions in SR2b2T and SR1b2T are obtained by
reweighting data from the transfer regions, TR2bOT and TR1bOT, which are
selected by requiring no top-tagged HOTVR jets. The reweighting transfer
factors calculated from a bin-by-bin ratio of the M, distributions in SR2b2T
and SR1b2T to those in TR2bOT and TR1b0OT, separately. The normalization
offsets resulting from the fit obtained in Section 7.5.1 for the validation in control
regions are multiplied as a scale factor to the distributions. For the ey channels,
the weighted average of the normalization offset between the ee and pp channels
is deployed. Additionally, the genuine hadronic contribution in all regions is
evaluated and subtracted from the simulation.

Figures 7.17-7.18 show the estimated distribution for /s of 13 and 13.6 TeV,
for each lepton channel and region separately. These distributions are used as the
expected background contributions in the statistical calculations and the deriva-
tion of cross-section limits for different mass points and signal models, detailed
in Section 7.7. The hadronic top contribution is also shown as a filled histogram.
The templates of three signal samples are also displayed: m - of 500 GeV and
I'/my, = 4%, my of 3 TeV and I'/m , = 4%, 50%.
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Figure 7.17: The estimated M ; distributions in signal regions for /s of 13 TeV data
campaigns, using t#Z'(Z" — tt ) signal model of masses = 500, 3000 GeV.
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Figure 7.18: The estimated M;; distributions in signal regions for /s of 13.6 TeV
data campaigns, using t#Z'(Z" — tt ) signal model of masses = 500, 3000 GeV.

7.6 Systematic uncertainties

Several systematic uncertainties are considered in the analysis, affecting both the
shape and normalization of the templates used to calculate the cross-section limit
and the statistical interpretation. These uncertainties are incorporated into the
analysis through nuisance parameters that change the expected event yields and
are independent across all M;; bins in signal regions and data-taking periods,
where applicable. The table 7.7 summarizes all the sources of systematic errors
and the correlations between years of data-taking. The uncertainties are grouped
into three categories: background estimation, experimental, and theoretical un-
certainties.

7.6.1 Background estimation uncertainties

The uncertainties related to the data-driven background estimation are listed as
follows

e the statistical uncertainties of data in transfer regions,

e the statistical uncertainties of the simulated samples propagated into the
transfer factor,

e the theory and experimental uncertainties affecting the simulated samples
in the transfer factor,

e the normalization offset derived from the validation of the method in control
regions,
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Table 7.7: Systematic uncertainties grouped by category. Type: rate (R) or rate
and shape (S). Corr.: correlated between years of the same era, Part. corr.: partially
correlated between years of the same era, Uncorr.: uncorrelated between years of the
same era.

Source Type Correlation Samples

Background estimation uncertainties
Norm. offset (CR2JOT—CR2J2T) R Uncorr. Bkg. est.

Jet flavor composition difference R Corr. Bkg. est.

Experimental uncertainties

Pileup S Corr. Simulation
b-tagging S Part. corr.  Simulation
Lepton ID, isolation, trigger S Corr. Simulation
Jet energy scale/resolution S Uncorr. Simulation
Top tagger (BDT) S Uncorr. Simulation
Trigger Prefiring S Uncorr. Simulation
Luminosity R Corr. Simulation
Simulation stat. uncertainty S Uncorr. Simulation
Theoretical uncertainties
QCD Scale (ug/ir) S Corr. Simulation
PDF shape S Corr. Simulation
PS scale ISR*/FSRt S* Ry Corr. Simulation

e the jet flavors composition difference.

As detailed in section 7.5, the statistical uncertainties from the transfer re-
gions, as well as the statistical uncertainties of the simulated samples, are prop-
agated to the final template. Both are treated as uncorrelated between lepton
channels, signal regions, and M ;; distribution bins. The theory and experimental
uncertainties from the transfer factor calculation are considered as shape uncer-
tainties, and they are considered correlated between lepton channels and signal
regions.

The uncertainties from the normalization offset are computed and provided
in section 7.5.1 for /s of 13 and 13.6 TeV. As they are computed per lepton
channel, they are treated as uncorrelated across lepton channels and correlated
across signal regions. The normalization offset for the ey channel is treated as
correlated across ee and pu, as it is calculated as the weighted average of them.

To account for potential differences in the background estimation arising from
differences in jet flavor composition across signal regions and lepton categories, a
dedicated study has been performed and illustrated briefly as follows. As shown
in Figure 7.6, HOTVR jets in the signal regions mainly originate from either
b quarks or QCD. Since the transfer factor may depend on the jet flavor, the
background estimation is re-evaluated specifically for the b quark-flavored jets
and compared to the inclusive estimation. The relative difference in normaliza-
tion (40-60%), depending on the regions and lepton categories), calculated as the
ratio between the b quark-specific and inclusive estimations, is interpreted as a
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normalization systematic uncertainty.

7.6.2 Experimental uncertainties

The experimental uncertainties are treated as follows

Pileup: the uncertainty on the modeling of the PU profile in simulation
is calculated by varying the inelastic p—p cross-section by £4.6% from its
nominal value.

b-tagging: Differences in the b-tagging efficiency between data and simula-
tion are accounted for by data-to-simulation scale factors. The uncertainties
are split into efficiencies for b, ¢, and light jets [175].

Lepton ID, isolation, trigger: uncertainties in the lepton reconstruction,
identification, and trigger efficiencies are accounted for by varying pr and
n-dependent normalisation factors, derived from data-to-simulation ratios,
within their uncertainties.

Jet energy scale/resolution: the jet energy scale (JES) and jet energy
resolution (JER) corrections are varied within their uncertainties to deter-
mine their effect on the shapes of the final distributions, as described in
Section 5.5. The JEC and JER are varied simultaneously for AK4 and
HOTVR jets, therefore the uncertainties on the two different jet types are
considered totally correlated.

Top tagger (BDT): as presented in section 6.3, the uncertainties on the
top-tagging scale factor are applied only on genuine hadronic top jets.

Trigger prefiring: the term refers to L1 timing miscalibration that causes
energy deposits in the preceding bunch crossing to satisfy the trigger. This
leads to a self-veto of the true event of interest. It affects mostly the ECAL
region, and it is modeled in simulation with an event weight that reduces
the expected yield to account for data losses. The associated uncertainty is
taken from data to simulation studies of the prefiring rate and propagated
as a correlated normalization across the signal regions.

Luminosity: this uncertainty is rate-only and affects all simulation-based
processes. The overall uncertainty for Run 2 is 1.6% [176], while for 2022
data it is 1.4% [177], as determined from luminometer calibrations and van
der Meer scans. A more detailed treatment of the luminosity correlations
and era-dependent effects is available within CMS, but it has a negligible
impact given that the analysis is statistically dominated.

7.6.3 Theoretical uncertainties

Theoretical uncertainties refer to uncertainties arising from the modelling of the
physics processes in simulation, such as scale variations, parton shower modelling,
and parton distribution functions. They are treated as follows:
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pr/pr scales: the renormalization and the factorization scale defined in
Section 1.2 are useful to correct high-order effects in perturbation theory.
The associated uncertainties are calculated by varying these scales up and
down by a factor of two, both independently and simultaneously, providing
an estimate of the size of missing higher-order corrections. The bin-by-
bin maximum (minimum) difference with respect to the nominal value is
taken as up (down) variation and propagated to the final templates. This
systematic uncertainty is treated as fully correlated across the years. These
scale weights are normalized with respect to the sum of the weights in
the full phase space for each process. The normalization ensures that the
variations reflect only shape differences in the final distributions, leaving
the overall normalization, i.e., the cross-section, unchanged. The inclusive
uncertainty on the cross-section of the processes is instead accounted for
separately as a rate parameter.

PDF shape: the uncertainty from the choice of PDFs is estimated by
calculating the signal and background estimations in each bin of the final
distribution using sets of varied PDF replicas, i.e. NNPDF3.1 NNLO PDF
set, described in Section 1.1.1.

PS scale ISR /FSR: the scales (ISR, FSR) in the parton shower simulation
are varied by factors of 0.5 and 2 independently to assess the impact of the
choice of ag. Both uncertainties are treated as correlated across the years.
The ISR variations are propagated to the final distributions. For the FSR
variations, due to limited MC statistics, the variations result in unstable,
effectively one-sided shifts in certain bins. Smoothing was attempted for
other uncertainties, but no reliable shape information could be recovered.
Therefore, the FSR variations are treated as normalization uncertainties,
using the larger of the differences between the integrals of the upwards and
downwards variations compared to the nominal.

Uncertainties resulting from the finite size of the simulated samples are ac-
counted for using the Barlow—Beeston method [178]. The total uncertainty is
found to be dominated by the statistical uncertainties on data in the signal re-
gions. The largest systematic uncertainties can be attributed to the background
estimation, with the main sources being the statistical uncertainty of the data
in the transfer regions and the uncertainty accounting for differences in the jet
flavour composition.

7.7 Statistical interpretation

The estimated background and expected signal M;; distributions in signal re-
gions and lepton channels are used as the basis for the statistical interpretation.
Figures 7.17-7.18 show the estimated background and an example of the expected
signal distributions of Z’ model of m , of 500 GeV and 3 TeV, for different signal
regions and lepton channels at /s of 13 and 13.6 TeV. To determine the final
background estimation and constrain the uncertainties, a simultaneous binned
maximum likelihood template fit of the M;; distributions in all signal regions
is performed. The fit is carried out on an Asimov dataset, a representative
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dataset constructed from the expected event yields under the background-only
(or signal-plus-background) hypothesis, where the observed data are set equal to
the expected values from background estimation.

Systematic uncertainties described in Section 7.6 are incorporated as nuisance
parameters in the fit. Normalization (or Rate) uncertainties are treated with log-
normal priors, while shape uncertainties in the distributions are modeled with
Gaussian priors [179]. Statistical uncertainties in each bin are handled using a
simplified Barlow-Beeston method [178], introducing one nuisance parameter per
bin with a Gaussian prior to account for the statistical uncertainty of the bin. If
the bin has fewer than 10 counts, a Poissonian prior is used.

To evaluate the expected sensitivity to the signal hypothesis, a simultaneous
fit of the signal-plus-background model is performed, treating the signal strength
parameter r as an unconstrained parameter. The expected exclusion limits on the
signal strength are then derived using an Asimov dataset and computed under the
background-only hypothesis, using the asymptotic likelihood ratio test statistic
within the CLs method as implemented in the Combine framework [180]. The
CL, method is a modified frequentist approach widely adopted in particle physics
searches. It is based on the profile likelihood ratio,

¢ = —2In (%) , (7.2)

where 7 is the signal strength under test and 6 denotes the nuisance parameters
describing systematic uncertainties. The denominator contains the maximum
likelihood estimate, while the numerator sets the signal strength to the value
under test and maximizes with respect to the nuisance parameters.

From the distributions of g, under the background-only and signal-plus-background
hypotheses, the corresponding p-values, p, and p,,;, are defined as the probabil-
ities of obtaining a value of g, at least as large as the observed one under each
hypothesis. The modified confidence level is then defined as

Ps+b
CL; I p (7.3)

and a signal strength r is excluded at 95% confidence level if CLg < 0.05.

Upper limits on the Z’ resonance signal strength decaying to a pair of top
quarks are calculated at 95% confidence level using the asymptotic approximation
of the profile likelihood test statistic [181]. In this approach, the distribution of
the test statistic under the signal and background hypotheses is approximated
using asymptotic formulae derived from Wilks theorem [182] 2,

The expected upper limits are presented in Figure 7.19 as a function of res-
onance masses for various widths. Since two different collision energies are com-
bined, the limits are first calculated relative to the theoretical cross sections at the
respective energies, then scaled to the production cross-sections times branching
fraction at 13 TeV to allow easier comparison with results at a single energy.

The theory curve in blue corresponds to the LO predicted production cross-
section times branching ratio at /s = 13 TeV. For each width scenario, the
couplings are chosen such that the branching ratio to tf is close to 100%. In
accordance with Equation 1.40, both the Z’ production cross-section and the

?Although these approximations may fail in the small-sample limit, the results have also
been cross-checked with pseudo-experiments (toys), yielding consistent results.
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width I'(Z — tf) scale with ¢Z. Consequently, the theoretical predictions for
widths of 10%, 20%, and 50% are obtained by rescaling the 4% reference by
factors of 10/4, 20/4, and 50/4, respectively.

The experimental limits are obtained from the upper limits on the signal
strength r by multiplying the excluded values of r by the predicted cross-section.
The dashed line shows the median expected limit under the background-only
hypothesis. The green and yellow bands around the median correspond to the 1o
(68%) and 20 (95%) uncertainty intervals, which quantify the ranges of statistical
fluctuations expected in the absence of a signal.

The expected limits are found to be consistently above the theoretical predic-
tion for I'(Z" — tt) of 4%, indicating that the benchmark Z' model cannot be
excluded in the tested mass range with the current collected data. The results for
['(Z" — tt) of 4% are compared with the search in the single lepton plus jets final
state by CMS (blue) and ATLAS (red) [155], yielding comparable results which
can increase the sensitivity of the search if combined. For broader resonance,
mass exclusion limits on the Z'mass are set by comparing the upper cross-section
limit with the theoretical cross-section. The expected mass exclusion limits are
found to be 500 GeV for a 10% width resonance, 820 GeV for a 20% width, and
up to 1000 GeV for a 50% width.
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Figure 7.19: Expected upper limits at 95% CL on the t¢Z’ production cross-section
times branching fraction at 13 TeV as a function of m . for various relative decay widths
I'/m s as indicated in the legends.

Figure 7.20 displays the impact plots of the nuisance parameters on the fitted
signal strength parameter, obtained from the signal-plus-background fit using the
Asimov dataset. The figure shows the results for a Z’' mass point of 500 GeV,
for which the expected signal strength is 2.5. The left panel shows the pulls of
the nuisance parameters, 6, defined as the differences between their post-fit and
pre-fit values normalized by the pre-fit uncertainty. Since the fit is performed on
an Asimov dataset, which corresponds exactly to the model expectation without
statistical fluctuations, the fitted nuisance parameters are expected to remain
close to their nominal values, resulting in pulls centered at zero with unit width.
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The right panel illustrates the change in the fitted signal strength r when each
nuisance parameter is varied by +1o of its post-fit uncertainty: the red (left) bars
correspond to an upward variation, while the blue (right) bars correspond to a
downward variation.

As detailed in Section 7.6, the dominant uncertainty originates from the lim-
ited statistics in the signal regions. Figure 7.20 shows that the systematic sources
with the largest impacts on r arise from the modeling of FSR, the QCD scale vari-
ations (up and pg), and the background estimation, in particular the jet flavor
differences between QCD- and b-initiated jets.
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Figure 7.20: Pulls and impacts using t#Z’ signal mass equal to 500 GeV and using an
Asimov dataset.

Interpretation with 2HDM and ALPS models

The results of the analysis are also interpreted in the context of the production
of a pseudoscalar a and scalar ¢ resonance, described in Section 1.3.2, by fitting
the signal plus background hypothesis. Therefore, upper limits on the a and ¢
resonances signal strength decaying to a pair of top quarks at 95% confidence
level (CL) are shown in Figures 7.21 and 7.22, respectively. Limits on the cross-
section production of a or ¢ produced in association with ¢ for masses of 500
GeV and resonance width of 50% are set. These represent the first results for the
search for these signal models in this final state.
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Figure 7.21: Expected upper limits at 95% CL on the tta production cross-section
times branching fraction at 13 TeV as a function of m, for various relative decay widths
I'/m, as indicated in the legends.
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Figure 7.22: Expected upper limits at 95% CL on the tt¢ production cross-section
times branching fraction at 13 TeV as a function of m, for various relative decay widths
I'/m as indicated in the legends.

7.8 Discussion and outlook

This analysis constitutes the first BSM search in this channel and the first to
incorporate data at /s of 13.6 TeV in this signature. Moreover, it is the first
analysis to use HOTVR jets in combination with the BDT-based tagger presented
in Chapter 6 to reconstruct the resonant top quark system.

Using the heavy top-philic vector Z’ resonance as a benchmark model, exclu-
sion m, mass limits are found to be 500 GeV for a 10% width resonance, 820
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GeV for a 20%, and up to 1000 GeV for a 50% width. Further interpretations
are provided in the context of extended Higgs sectors and models with axion-like
particles, with the obtained upper limits representing the first results from the
CMS Collaboration for this signature. Exclusion mass limits on the cross-section
production of a or ¢ produced in association with ¢t for masses of 500 GeV and
resonance width of 50% are set.

Given the high-energy phase space of the search and the low number of events
after the event selection, the analysis is largely limited by the statistical uncer-
tainty in the signal regions. Furthermore, the cross-section of the four-top-quark
signature increases more rapidly than that of the dominant ¢¢ background with
increasing /s, due to the behavior of the parton distribution functions. The
analysis is therefore expected to benefit substantially from the additional data
collected during the final years of Run 3 (2023-2025) and from the HL-LHC
phase. Moreover, additional gains in sensitivity can be obtained from studying
the fully hadronic final state, which has the larger branching ratio.

Run 3 and HL-LHC projection

The expected results of Section 7.7 can be projected to a total integrated lumi-
nosity of about 360 fb™, corresponding to the combined dataset from Run 2 and
the full Run 3. Assuming identical detector performance and scaling the 2022
data campaign templates to the full Run 3 integrated luminosity, the projected
exclusion limits on the t£Z’ production signal strength are shown in Figure 7.23.
The expected mass reach extends up to 700 GeV for a resonance with a 10%
width, 1000 GeV for a 20% width, and up to 1200 GeV for a 50% width, corre-
sponding to an improvement in signal strength of roughly a factor of 1.2-1.9, i.e.
a 20-40% reduction in the expected limits across the explored mass range.
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Figure 7.23: Expected upper limits at 95% CL after scaling to the full Run 3 lu-
minosity on the t#Z’ production cross-section times branching fraction at 13 TeV as a
function of m s for various relative decay widths I'/m s as indicated in the legends.

For the HL-LHC phase, the envisaged integrated luminosity is approximately
3000 th ! at Vs = 14 TeV, yielding over an order of magnitude more data than
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the full Run 2 and 3 combined. A rough projection of the t£Z’ search sensitiv-
ity can be obtained by scaling the expected upper limit to 3000 fb™'. When
scaled, the expected upper limits on the signal strength improve by roughly a
factor of 3-5 across the explored mass range, resulting in 65-80% reduction in
the expected limit values®. This corresponds to expected upper mass limits of
approximately 500 GeV, 900 GeV, 1100 GeV, and up to 1300 GeV for resonance
widths of 4%, 10%, 20%, and 50%, respectively. This estimate assumes that de-
tector performance and analysis techniques remain unchanged. In practice, the
search is expected to benefit even further from the higher collision energy and
upgraded detector technologies at the HL-LHC, such as the HGCAL, which will
play a central role in heavy-flavor object reconstruction, as well as from improved
top quark tagging techniques.

3Scaling from 170 fb™" to 3 ab™ ! (a factor 20 in luminosity) gives an expected sensitivity
gain of v/20~4.5.

152



Chapter 8

Conclusions

The thesis work covers a diverse range of topics, from detector development to a
search for new physics, where a new hadronic top quark tagger based on variable-
radius jets and a BD'T model is employed.

Part of the thesis work related to the detector development focused on the
system validation of the scintillator section of the CMS HGCAL upgrade, which
is based on SiPM-on-tile technology. The system consists of tilemodules, each
comprising up to 94 scintillator tiles wrapped in reflective foil and coupled to
SiPMs, together with onboard and readout electronics, namely the HGCROC
chips. The primary objectives of the system validation were to assess the perfor-
mance of the tilemodules and to measure key properties such as the SiPM gain
and light yield. These measurements were conducted at the DESY-II test beam
facility using a 3 GeV electron beam to determine the most probable charge de-
position. Results from different SiPM-on-tile and tilemodules confirmed that the
components met the required performance specifications. These results, together
with additional validation studies not included in this thesis work, established the
quality and reliability of both the individual and assembled components of the
tilemodules, providing the groundwork for the production phase of the detector,
which began in 2024. The final assembly of the detector will follow these and
additional quality control tests with the components of the production phase,
with the installation in the CMS cavern scheduled for 2027.

The part of the thesis devoted to the physics search presents the development
of a new hadronic top quark tagger, based on the variable-radius jet clustering
algorithm HOTVR and a BDT-based tagger. This method is employed for
the first time in a physics analysis at the LHC. The variable-radius feature of
HOTVR enables efficient identification of jets from boosted hadronic top quark
decays over a wide range of momenta. The BDT model is trained to distinguish
top quark-initiated jets from those originating from QCD processes, using samples
from several data-taking years. Its performance is evaluated in terms of tagging
efficiency and mass reconstruction resolution. The validation of the BDT in data
is performed in both top-enriched and QCD-enriched event regions at /s of 13
and 13.6 TeV, confirming the accurate modeling of these jet classes in simulation.

The HOTVR combined with the BDT-based hadronic top tagger is used in
the search for a top-philic heavy resonance produced in association with a ¢t pair,
as presented in this thesis. The analysis relies on p—p collision data recorded by
the CMS detector at /s of 13 and 13.6 TeV, corresponding to a total integrated
luminosity of 173 fb~'. The study focuses on the opposite-sign dilepton final
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state, which targets the leptonic decays of the non-resonant top quarks, while the
top quarks originating from the resonance are identified using the HOTVR plus
BDT-based hadronic top tagger. A benchmark signal model of the production
of a heavy vector top-philic resonance Z'in association with tt, t#Z2'(Z" — tt ),
is employed with simulation, for m, ranging 500 GeV to 4 TeV, with 5%, 10%,
20%, and 50% resonance decay width. Additionally, signal models including a
new neutral pseudoscalar, a, and a scalar, ¢, are also tested. The background
arises mainly from QCD multijets misidentified as top quark jets in t¢ dilepton
events, and it is estimated with a data-driven background method. Expected
exclusion limits are set on the Z’' benchmark models, excluding the vector-like
scenarios of 500 GeV for a 10% width resonance, 820 GeV for a 20% width, and
up to 1000 GeV for a 50% width. Expected mass limit of 500 GeV is set for
the tta and tt¢ cross-section production for 50% width resonances. These results
represent the first search in this final state and the first top-philic resonance search
in the four-top final state using Run 3 data. The analysis is currently under final
review by the CMS Collaboration and is planned to be statistically combined
with the single-lepton plus jets analysis channel. Including the remaining Run 3
data will further improve the expected signal strength by up to a factor 2, with an
extrapolation to the expected integrated luminosity at the end of the HL-LHC
phase yielding the expected signal strength by up to a factor 5.
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Appendix A

Simulation of p-p interactions

Various results in this thesis rely on MC simulated samples for different pur-
poses: measuring the properties of physics objects, evaluating detector perfor-
mance, comparing experimental data to SM expectations, and simulating BSM
scenarios. The analyses presented use numerous samples provided by the CMS
Collaboration. In particular, for the development of the top quark tagger based
on HOTVR (Chapter 6), I modified the central CMS software framework (CMSSW
[183]) to include HOTVR-specific variables. For the search for a heavy vector
top-philic BSM resonance (Chapter 7), I contributed to the generation of dedi-
cated signal samples in Collaboration with the analysis team. These samples are
now available to the entire Collaboration.

The steps to generate simulated samples are four: generation, simulation,
digitisation, and reconstruction. Given the multi-particle scenario and the high-
dimensional phase of the processes, the MC-based integration is the most feasible
approach. The hard scattering between partons in the colliding bunches, along
with the production of outgoing particles, is modeled in the generation step. The
trajectories of these particles through the detector are simulated in the simulation
step. The detector response is emulated during the digitisation step. Finally, the
reconstruction step applies the same algorithms described in Chapter 5 to build
physics objects, closely mimicking those in real data.

Simulations of specific physics processes are produced to enable precise and
accurate modeling of particular background or signal samples, and to optimize
storage of the resulting samples. Samples are generated either inclusively or with
specific final states. Each event in the simulated samples is weighted by the
product of the process cross section and the target luminosity, divided by the
total number of generated events. The cross section values used for signal and
background processes at /s of 13 and 13.6 TeV are listed in Tables 7.3, 7.4.

The chain of the generator steps includes

the hard scattering,

the parton shower from outgoing partons,

the parton-to-hadron transition,

the underlying event resulting from secondary collisions.

and it is summarized in Figure A.1.
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Figure A.1: Sketch of a hadron-hadron collision as simulated by a Monte-Carlo event
generator. The red blob in the center represents the hard collision, surrounded by a
tree-like structure representing Bremsstrahlung as simulated by parton showers. The
purple blob indicates a secondary hard scattering event. Parton-to-hadron transitions
are represented by light green blobs, dark green blobs indicate hadron decays, while
yellow lines signal soft photon radiation. [184].
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Different event generators are employed depending on the required precision
and the specific stage of the simulation. The hard scattering process is typically
calculated at leading order (LO) or next-to-leading order (NLO) in perturbative
QCD. For instance, the MADGRAPH generator computes matrix elements at LO,
allowing for the inclusion of multiple additional partons in the final state. Its ex-
tension, MADGRAPH_aMC@NLO, supports both LO and NLO calculations and enables
matching to parton shower simulations. This generator is used to produce the
BSM signal samples of ttZ’ at LO accuracy, as described in Section 7.2. Other
generators, such as POWHEG|185], generate the hardest emission first at NLO ac-
curacy, before interfacing with parton shower programs. This approach avoids
double-counting between the matrix element and the parton shower. POWHEG is
used for producing NLO samples of tt, single top, and t¢H processes, as presented
in Section 7.2. All these generators rely on parton distribution functions (PDFs),
such as the NNPDF3.1 set [166], which encode the momentum distributions of
the incoming partons inside the proton.

Parton showering is performed with the PYTHIA generator [167], which simu-
lates soft and collinear QCD radiation, final-state radiation, fragmentation, and
hadronization. It also models the underlying event and beam remnants. To
consistently combine matrix-element and parton showers, matching and merging
schemes are applied. These ensure smooth transitions between the hard matrix-
element emissions and the soft parton shower. The MLM scheme is used for LO
samples in MADGRAPH, while the FxFx method is employed for NLO samples in
MADGRAPH_aMC@NLO [160].

All generated events undergo a full simulation of the CMS detector response
using GEANT4 [173], followed by the standard event reconstruction chain applied
to collision data.
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