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Abstract

This thesis presents a search for resonant Higgs bosons pair (HH) production via the
Gluon-gluon Fusion (ggF) mechanism, predicted in different Beyond Standard Model
(BSM) scenarios to be observable with the current Large Hadron Collider (LHC) dataset.
The search focuses on the HH — bbt" 1~ final state, which offers a good balance
between branching fraction and experimental feasibility but presents challenges due
to neutrinos in T decays and background discrimination. Advanced techniques are
employed for T reconstruction and identification, along with sophisticated modeling
of the relevant backgrounds.

The analysis, performed on proton-proton (pp) collision data collected by the Compact
Muon Solenoid (CMS) experiment during Run 2 (2016-2018) with an integrated
luminosity of 137.1 fb~!, employs advanced techniques for T reconstruction and
background modeling. The "7~ pair is studied through three decay channels: 7,7,
(fully hadronic) and 7,7, where 1), represents a tau lepton decaying into hadrons
plus a v¢ , and 1/ corresponds to the leptonic decay of the tau into either an electron
(¢ = e) or a muon ({ = u). A key aspect of the analysis is the use of machine-
learning-based identification algorithms, including DeepTau for T identification. The
primary results are obtained using DeepTau2017v2p1, the stable version recommended
for Run 2 analyses. Additionally, a study with DeepTau2018v2p5, an improved and
re-trained version optimized for future runs, demonstrates better data/MC agreement,
confirming its suitability for upcoming analyses. As part of the CMS internal review
process, the analysis remains blinded to avoid bias. The 95% Confidence Level upper
limits on the HH production cross section are set as a function of resonance mass and
spin, interpreted within the Warped Extra Dimensions theory (WED) model for masses
from 250 to 3000 GeV under spin-0 and spin-2 hypotheses.

X1



Introduction

The discovery of a scalar boson with a mass of approximately 125GeV'! by the AT-
LAS [1] and CMS [2] collaborations in 2012 at the LHC [3] at CERN was a landmark
event in particle physics. This particle, consistent with the Higgs boson predicted
by the Standard Model (SM), confirmed the mechanism of electroweak symmetry
breaking and marked a new era of precision measurements and searches for new
phenomena. The Higgs boson discovery not only validated the theoretical framework
of the Standard Model but also opened up new avenues to explore physics beyond it.
Despite its successes, the Standard Model is not a complete theory of nature. It does not
explain phenomena such as neutrino masses, dark matter, dark energy, or the baryon
asymmetry of the universe. Moreover, it does not incorporate gravity in a quantum
framework. These limitations motivate the search for theories Beyond Standard Model
(BSM), which aim to address these open questions and resolve theoretical challenges
such as the naturalness and hierarchy problems.

This thesis focuses on resonant Higgs bosons pair (HH) production in the bbt~ 712
final state, using the framework of Warped Extra Dimensions theory (WED) theory,
which predicts the existence of heavy resonances that couple to pairs of Higgs bosons.
The study explores resonance masses ranging from 250 GeV to 3000 GeV, considering
two spin hypotheses: spin-0 (scalar) and spin-2 (graviton-like).

Data from proton-proton (pp) collisions at the CMS experiment at the LHC during
Run 2 (2016-2018) is analyzed, with a total integrated luminosity of 137.1 fb~!. The
analysis fouses on Higgs boson pair production via gluon-gluon fusion in the bbt~ 1"
final state, chosen due to the high branching fraction of the decay H — bb (57.5%)
and the clean signal from t-lepton decays. This decay channel offers a good balance
between statistical sensitivity and experimental challenges, though it requires precise
identification of T-leptons and b-jets, along with effective background suppression.
The analysis includes three primary decay modes of the 7T system: leptonic decays

IIn this thesis the system of natural units is used with i = ¢ = 1, where i = h/2n =
6.582119569(26) x 1072?MeV s and ¢ = 299792458 ms~!

2For simplicity throughout this thesis the leptons charge and the particle-antiparticle nature of the
quarks will not be specified, thus 77 corresponds to T"7~, bb corresponds to bb and in general qq
stands for g7 unless differently specified.
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(TeTh, TuT,) and hadronic decays (7, )°. The research builds on previous CMS searches
by utilizing the full Run 2 dataset, employing advanced particle identification methods,
and optimizing reconstruction algorithms tailored for this final state.

A crucial aspect of this analysis is the identification of hadronic T decays, where the
DeepTau algorithm plays a key role. DeepTau2017v2p1, used in Run 2, was trained solely
on Monte Carlo (MC) simulations, leading to discrepancies between data and MC that
required correction through scale factors. This thesis introduces the implementation
and evaluation of DeepTau2018v2p5, an updated version incorporating adversarial
machine learning techniques to mitigate these mismodeling effects at the training
level. By training on both MC and real collision data, DeepTau2018v2p5 aims to reduce
systematic uncertainties and improve T identification, ultimately enhancing the sen-
sitivity of searches involving hadronic T decays. Testing DeepTau2018v2p5 on Run 2
data is crucial to validate its performance in well-understood datasets and ensure
compatibility with previous analyses.

The 95% Confidence Level (CL) upper limit on the HH production cross section are
set as a function of resonance mass, under the two spin hypotheses is presented. At
the time of writing, the analysis is still under review, and the statistical analysis has
been performed with a blind approach, meaning only expected results are presented,
and the actual observed data is excluded. The goal is to document the methodology,
results, and implications of this search, contributing to the ongoing exploration of the
Higgs sector beyond the Standard Model.

The theoretical framework and motivations for this search are introduced in Chapter 1.
Chapter 2 describes the LHC and CMS detector used to acquire the analyzed data. The
sophisticated algorithms used to reconstruct and identify the physical objects (charged
lepton, neutrino and jets) from the collected data are summarized Chapter 3. Chapter
4 describes the final state and the analysis strategy, from the trigger requirements to
the physics objects selection and the events categorization. The data composition and
modelling are discussed in Chapter 5. The estimation of the systematic uncertainties
is presented in Chapter 6. Finally, the statistical analysis techniques adopted and the
results are reported in Chapter 7.

3Throughout the thesis, the 7,7, 7,7, and 7,7, final states are labeled as et,, u7, and 7,7, respec-
tively.
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Chapter 1

Theoretical framework and experimental
state of the art

The Standard Model (SM) of particle physics is a renormalizable Quantum Field Theory
(QFT) describing all known fundamental particles and three of the four fundamental
forces: strong, weak, and electromagnetic. It represents the most rigorous and experi-
mentally validated framework of particle physics to date.

The SM completeness was confirmed with the 2012 discovery of the Higgs boson by
the ATLAS and the CMS experiments at the LHC, marking the observation of its final
predicted component. However, the SM is not without limitations.

Discrepancies with experimental observations and astrophysical phenomena, as well
as unresolved theoretical questions, suggest the existence of physics Beyond Standard
Model (BSM). Extensions to the SM scalar sector provide promising avenues for ex-
ploring such new physics, with the Higgs boson playing a central role. In particular,
double Higgs production is pivotal for probing the scalar sector structure, as it directly
relates to Higgs self-interactions and offers a means to uncover BSM effects.

This chapter provides an overview of the theoretical framework, highlighting the
importance of studying Higgs pair (HH) production in both the SM and BSM physics
and of the current status of the experimental results for Higgs and double Higgs
production. In Section 1.1, the SM framework is introduced; Section 1.2 provides
the description of the Spontaneous symmetry breaking (SSB) with a specific focus
on the Brout-Englert-Higgs (BEH) mechanism, the Higgs boson and its properties
and couplings. Then, Section 1.4 discusses the phenomenology of single Higgs boson
production at the LHC. The production of Higgs boson pairs is reviewed in Section 1.5,
covering both the SM predictions and the context of BSM scenarios, with a detailed
focus on the Warped Extra Dimensions theory (WED), as it predicts the resonances
searched in this thesis. Finally, Section 1.6 summarizes the experimental status of H
and HH searches at the LHC.
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1.1. The Standard Model of particle physics

The Standard Model (SM) of particle physics [4,5] describes the microscopic world in
terms of its fundamental constituents and their interactions. It provides an elegant
theoretical framework for three of the four fundamental forces - the electromagnetic,
the weak and the strong interactions — and the elementary particles that constitute
matter. However, the SM does not incorporate the gravitational interaction, as gravity
is negligible at subnuclear scales.

Fundamental particles in the SM are represented by fermion fields of spin-1/2, which
are grouped into two families: leptons and quarks. Each family consists of three
generations, with each generation containing a doublet of two particles. This structure
applies equally to particles and their antiparticles'.

Fermions across generations share identical properties, differing only in their masses.
These mass differences arise from their varying coupling strengths to the Higgs scalar
field (H), as discussed in Section 1.2.1.

The lepton doublet in each generation comprises a charged massive lepton and a
neutral particle known as a neutrino. The electric charge of leptons is expressed
as a fraction of the elementary electromagnetic charge ¢>. In the SM neutrinos are
considered massless®.

Similarly, quark doublets consist of two types of quarks (flavors) with fractional electric
charges of +2/3 and -1/3, respectively. Quarks are massive and interact via both the
strong and electroweak forces. Unlike leptons, quarks possess an additional property
called color charge, which comes in three types: “red” (R), “green” (G) and “blue”
(B). This property governs their interaction through the strong nuclear force. Quarks
do not exist as free particles in nature; instead, they combine to form color-neutral
states known as hadrons. Hadrons are classified into mesons, which consist of a
quark-antiquark pair, and baryons, which are composed of three quarks.
Experimental evidence confirms the existence of six quark fields and six lepton fields,
amounting to 12 fermion fields and fixing the number of SM generations at three.
Stable visible matter in the Universe is composed of first-generation fermions: up
and down quarks, electrons, and neutrinos. Particles from the second and third
generations, except neutrinos, decay rapidly into first-generation particles. Thus, the
known Universe is predominantly made of first-generation particles. The remaining
particles described by the SM are typically produced in particle accelerators, energetic
cosmic-ray collisions, or existed in the early Universe. Due to their short lifetimes,
these particles play no significant role in the present-day Universe.

Fermions interact via the exchange of spin-1 bosons, which mediate the SM fundamen-
tal forces. The photon () mediates electromagnetic interactions among all charged
fermions, excluding neutrinos, which are electrically neutral. Eight massless and elec-

! Antiparticles have the same mass, spin, and lifetime as their corresponding particles but opposite
charges.

The elementary charge is approximately e ~ 1.602 x 10~1°C

3Experimental evidence from neutrino flavor oscillations demonstrates that neutrinos have tiny but
non-zero masses. These modifications to the SM are discussed in [6,7].
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trically neutral gluons mediate the strong nuclear interaction among quarks, carrying
combinations of two color charges. The W* and Z bosons mediate the weak nuclear
interaction, which involves all fermions.

The final component of the SM is the Higgs boson, a neutral spin-0 particle associated
with a scalar field. Through the mechanism of SSB, the Higgs field imparts mass to
both fermions and gauge bosons (discussed in Sections 1.2.1 and 1.2.1).

A summary of the experimental properties of the quark and lepton families, force
carriers, and the Higgs boson is presented in Fig. 1.1.

1st 2nd 3rd generation Higgs
standard matter unstable matter force carriers boson
AN AN A AN
(7 —— — I
2.3 MeV 4:/(%3 1.28 GeV 4:/%3 173.2 GeV Q/O/ZD ¢&— charge
<— colors <3
&
—~ u C t mass g
_Cl’; e
o O up 4 charm , top ] €— spin g
/2 1/2 1/2 e
E o S VAN Y, W, &
S|
- =
s = (18 Mev 2 (95 ey 20 ((a7Ge @ -1 X 2
S % % % % g o,
= 1)
= S S, =
g g
= g
S ramoe @
L down i) | strange izf bottom i12) gluon f 2
\S % s
- — . R = 2
(511 kev D (1057 Mev N (1 Gev ) = <4
[«}
o ~
€ T gl
— g g
& g
@ =1
» @ electron muon tau photon ~ o8
5 = 1/2) L 1/2 1/2) 1 S
2.3 < \ % g
—_ /;
% g ( <2eV ) ( < 190 keV' ) ( < 18.2 MeV' h 80.4 GeV 1 91.2 GeV @
= -
5 1Y 1% 1Y +
- e v T g
=.
\ € neutrino ) 4 neutrino ) 7 neutrino ) . | /
~ ~
12 fermions 5 bosons
(412 anti-fermions) (+1 opposite charge W)

increasing mass —

Figure 1.1: Summary diagram of all the SM particles: the fermions (on the left), which are the
matter particles, are divided into quarks (in violet) and leptons (in green), while
the bosons (on the right), are classified into gauge bosons, i.e. the carriers of the
interactions (in red) and the scalar Higgs boson (in yellow). For each particle, the
mass, electric charge and spin values are reported.

The gauge theory (in Section 1.1.1) and the SSB in gauge theories (Section 1.2)
form the backbone of the SM, each grounded in distinct but interrelated theoretical
principles.
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1.1.1 Standard Model as a gauge theory

The SM is a renormalizable QFT that accurately describes all observed phenomena at
subnuclear scales. It unifies the strong and electroweak forces and includes a scalar
sector responsible for the BEH mechanism (Section 1.2.1), which breaks the electroweak
symmetry. This mechanism generates the masses of quarks, leptons, the W= and Z
bosons, and introduces a new spin-0 boson: the Higgs boson.

The foundation of the SM lies in its lagrangian density?, a concise formulation of the
theory that governs the dynamics of particles and interactions. The SM’s interactions
arise from the principle of local gauge invariance under the non-Abelian symmetry
group SU(3)c x SU(2)r x U(1)y, representing the strong and electroweak interactions.
To satisfy gauge and Lorentz invariance, vector bosons are introduced as the force
carriers.

Throughout this discussion, natural units are used, with i = ¢ = 1. Energy, mass, and
momentum are measured in eV and multiples.

The strong interaction is described by Quantum Chromodynamics (QCD),
a quantum field theory based on the gauge symmetry group SU(3)c. This group
features eight generators, represented mathematically by the Gell-Mann matrices,
which correspond to eight physical gauge fields known as gluons. The quark field of
the flavour f is a color triplet of SU(3)c. Gluons mediate the strong force by coupling
to the color charge of quarks. Unlike photons, gluons themselves carry color charge.
This unique feature arises from the non-Abelian nature of the SU(3)c group and
allows gluons to interact among each other. To preserve the gauge invariance, gluons
and quarks are massless in the QCD formulation.

The strength of the strong interaction is determined by the strong coupling constant,
as(Q), which depends on the energy scale Q. This scale dependence gives rise to two
hallmark features of QCD: color confinement and asymptotic freedom [8,9].

At low energy scales (Q = Agcp ~ 200MeV), the strong coupling constant a;
becomes large, leading to the phenomenon of color confinement. In this regime, the
force between quarks increases with distance. As a result, quarks cannot exist as
free particles and are instead bound together into color-neutral composite particles
known as hadrons: baryons, composed of three quarks and mesons, consisting of a
quark-antiquark pair. The color confinement explains why free quarks have never been
observed in nature and why visible matter is composed entirely of confined states [10].

At high energy scales (Q > Aqcp), the strong coupling constant a5 decreases due
to the renormalization group behavior of the SU(3)¢ gauge symmetry group and the
effects of virtual particles in quantum loops. This phenomenon, known as asymptotic
freedom, implies that quarks and gluons interact weakly at short distances or high
energies, behaving almost as free particles. Asymptotic freedom is crucial for enabling
perturbative calculations in high-energy processes, such as those occurring in hadronic
collisions at the Large Hadron Collider (LHC). Unlike the electroweak interactions, the

“4For simplicity, the term "lagrangian density" will be referred to as the "lagrangian” throughout this
discussion.
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SU(3)c symmetry remains unbroken at all experimentally accessible energy scales,
even after the introduction of the BEH mechanism (Section 1.2.1), leaving gluons
massless. Details of the construction and properties of the QCD lagragian can be found
in [11].

The electroweak theory, developed by Glashow, Salam, and Weinberg in the
1960s, unifies the electromagnetic and weak interactions.

The electromagnetic interaction is described by Quantum Electrodynamics (QED),
and is governed by the U(1)., symmetry, with the electric charge as its generator and
the photon (A,,) as its gauge boson. For further details, see [12]. The photon is massless
as a consequence of the gauge invariance, and it is not self-interacting because of the
abelian property of the group.

The weak interaction arises from the SU(2); symmetry and is mediated by the
charged W+ bosons and the neutral Z boson, affecting particles with a non-zero
isospin charge. Experimental observations of parity violation in weak interactions are
included into the theoretical framework. Left-handed fermions form SU(2); doublets,
while right-handed ones are singlets [5]. This distinction implies that left-handed
and right-handed fermion field components transform differently under local gauge
transformations.

The electroweak theory is based on the requirement of local gauge invariance of
the lagrangian under the SU(2); x U(1)y symmetry group [13,14].

The SU(2);, gauge group is a non-Abelian symmetry associated with weak isospin (I3).
Gauge invariance under this group results in the presence of three gauge bosons fields,
W;, (i =1,2,3). Fermion fields with left-handed chirality are represented as SU(2);.
doublets, while right-handed fermions are SU(2);, singlets and do not interact with
the W;; fields.

The U(1)y gauge group is Abelian and corresponds to weak hypercharge (Y). A single
gauge boson, By, arises from U(1)y gauge invariance and interacts with both left- and
right-handed fermion fields.

The generators of the SU(2); and U(1)y groups are, respectively, the weak isospin
operators, [ = (I, I, I3), and the weak hypercharge Y. Gauge invariance associates
the W;i bosons with the weak isospin generators, while the B, boson is linked to the
hypercharge generator.

Both quarks and leptons are structured into three generations (or families), each
consisting of SU(2);, left-handed doublets, while right-handed chiral fermions remain
singlets under the SU(2); x U(1)y group, as summarized in Tab. 1.1. This distinction
ensures that weak interactions violate parity (P-symmetry), as they act exclusively
on left-handed particles. Experimentally, the mass eigenstates of down-type quarks
do not coincide with their weak eigenstates. The mixing between these two bases is
described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix [5], which quantifies the
probabilities of flavor-changing transitions between quark generations.

The electroweak charge, known as the hypercharge, unifies weak and electromag-
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Type  1stgen. 2stgen. 3stgen. I3 Y Q
uL CL tL l l g
Quarks 2 3 3
o) \s) \o) \-3) 1) 4
Ur CR R 0 % %
dR SR bR 0 — % — %
Ve L U]/,,L Vr L % -1 0
Leptons
er, UL 1], — % —1 —1
€Rr UR TR 0 —2 —1
ve, R v, R vT, R 0 0 0

Table 1.1: The SM fermion fields according to the SU(2),, representation, with left-handed
doublets and right handed singlets, and their SU(2);, x U(1)y quantum numbers:
the third component of the weak isospin, I3, the electroweak hypercharge Y and the
electric charge Q.

netic charges through the Gell-Mann-Nishijima relation [15]:

Y
= — I
Q=5+h

where Q is the electric charge, I3 is the weak isospin component, and Y is the weak
hypercharge.

At this stage, by comparing experimental currents with those required in the La-
grangian to describe electroweak interactions [], it is evident that the gauge fields
W;; and B, do not directly correspond to the physical mediators of the electroweak
interactions. Instead, the physical bosons are given by linear combinations of these
gauge fields:

1 W3_ /B W3—|— /B
wi - Lowizind), 7, - SEh 8N
V2 JsTrg? VsTrg?

where g and g’ are the electroweak coupling constants for SU(2); and U(1)y, respec-
tively. To reproduce the observed electromagnetic current, these couplings relate to the
electromagnetic coupling e via the Weinberg angle 0y (experimentally measured [?]),
as follows:

(1.1)

e = gsin(Oy) = ¢’ cos(By). (1.2)

Notably, in the original formulation of the SM, right-handed neutrinos were ex-
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cluded, as neutrinos were assumed to be massless. However, the observation of
neutrino oscillations in 2016 [6] demonstrated that neutrinos do have mass. Extensions
of the SM incorporating neutrino masses often introduce right-handed neutrinos. Since
neutrinos oscillate, the mixing between weak and mass eigenstates is described by the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [16]. This mixing enables neutrino
flavors to change as they propagate, further highlighting the parity-violating nature of
weak interactions, which act exclusively on left-handed particles.

The Glashow-Salam-Weinberg model unifies electromagnetic and weak interactions

within the SU(2); x U(1)y symmetry group. However, in the SM, the electroweak
and strong interactions initially treat the W and Z bosons, as well as all fermions, as
massless. This assumption arises because directly including mass terms for gauge
bosons and fermions fields in the Lagrangian would violate gauge invariance. However,
experimental evidence contradicts this, as the W and Z bosons, along with nearly all
fermions, are observed to be massive [17]. Many theoretical approaches were proposed
to address this issue. The breakthrough came in 2012, when the ATLAS and CMS
collaborations at CERN announced the discovery of the Higgs boson [1,2], confirming
the validity of the BEH mechanism as the source of mass for observed fermions and
gauge bosons. The BEH mechanism introduces a scalar field, ¢, governed by a potential
V(¢). Through the Spontaneous symmetry breaking (SSB) (Section 1.2), this scalar
field breaks electroweak symmetry and generates mass for the W* and Z bosons as
well as fermions [18-23], providing a consistent theoretical explanation for how these
particles acquire mass while preserving gauge invariance.
A detailed discussion of the BEH mechanism and its role in generating particle masses
is presented in Section 1.2.1. This framework underpins the understanding of the
Higgs boson as a fundamental component of the Standard Model and a cornerstone in
explaining the masses of elementary particles.

1.2. Spontaneous Symmetry Breaking

The BEH mechanism, also known as Higgs mechanism, is based on the spontaneous
symmetry breaking for a complex scalar field. Particles acquire mass through the
interaction with this field after the SSB. Assuming a complex scalar field, ¢(x), with

the form: ,

¢(x) ﬁ(flh(x) +iga(x)), (1.3)
undergoing to the potential:
V(9) = 1 (¢'9) + A (979)%, (1.4)



CHAPTER 1. THEORETICAL FRAMEWORK AND EXPERIMENTAL STATE OF THE
ART

where the first term is “mass like”, and the second one drives the self interactions of
the scalar field, the lagrangian is expressed as:

L=T—V(p) = (0,9")(0"p) — 1> (p'¢) — A9 9)?
1

1 1 1 (1.5)
= 5 (0u91) (3"1) + 5 (0pp2) (3"2) — 512 (97 + 3) + JA(9] +¢3)°

For the potential to have a finite minimum A > 0, whereas on y? sign there is no
constraint. If 42 is chosen to be positive, the potential has a paraboloidal shape and
the minimum value is for ¢ = 0, as shown in the left panel of Fig. 1.2. On the other
hand, if #? < 0 the minimum lays on the circumference

P2+ @5 = —uP /A = 0P, (1.6)

implying an infinite set of possible values, which is shown in the right panel of
Fig. 1.2 [15]. In the hypothesis of u? < 0, the spontaneous symmetry breaking occurs

V
(9) Vo)

92
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04 Lt \/

Figure 1.2: The V(¢) potential for u? > 0 (left) and 2 < 0 (right). [15]

by choosing any of the points in the ¢;, ¢» plane verifying Eq. 1.6. The v quantity is
called Vacuum Expectation Value (VEV). Since all points are physically equivalent in
principle, for calculation simplicity it is convenient to use the point (¢1, ¢2)min = (v,0):

1 v

(Pmin = E(‘Pl,mim + i(PZ,min) - ﬁ (1.7)

The excitations of the field, which describe physical particles, are obtained by consider-
ing perturbations of the field ¢ around the vacuum state:

¢(x) = —=(o+7(x) +ig(x)) (1.8)

Sl
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Recomputing £ using Eq. 1.8, substituting y?> = —Av? (obtained from Eq. 1.6), and
simplifying, the largangian will have the form:

1

£=3

A
[@um)(0n) + (8,8) (2"2)] — Av*y® + 0" = Viue(9) (1.9)
The term Av?j? corresponds to a massive boson raised from the vacuum state
excitations, with n,, = v2Av2. On the other hand, the ¢ corresponds to a massless
boson. The term %04 is a constant and it’s not physically relevant. Finally, the Vj,;(¢)
contains the interaction terms with triple and quartic vertices between 1 and ¢ and self

couplings, as shown in Fig. 1.3:

A A A
Vit (¢) = Avn® + 1174 + 154 + Aoné? + 5;72§2 (1.10)
n n n ' . ¢ n 9
’I, \\ ’/, \\ ,I, ’I’ \\ ,I,
n---« Av u ) ) A N -—-« Ao Rl A
\\ e \\ ,’ \\ \\ ,, \\
n n n ¢ 4 ¢ n 4

Figure 1.3: The scalar interactions obtained by breaking the symmetry for a complex scalar
field [15].

When the symmetry is broken by the choice of a ground state, a massive boson
and a massless one are introduced. The 1 excitations are in the direction where the
potential is (to first order) quadratic and describe the scalar massive boson. In contrast,
the particle described by the massless scalar field ¢ corresponds to excitations in the
direction where the potential does not change, as a consequence of the Goldstone
theorem [24]: this massles scalar particle is known as Goldstone boson.

1.2.1 The Brout-Englert-Higgs Mechanism

The BEH mechanism consists in the SSB applied to a scalar field where also local
invariance under the SU(3); x SU(2); x U(1)y group is required [18-23] and in
the finel stap an unitary gauge is applied to reabsorb the three unwanted massless
Goldstone bosons arising from the symmetry breaking, giving mass to the W* and Z
vector bosons, while the photon remains massless, in agreement with the unbroken
U(1)em symmetry, and originating a new scalar massive particle, the Higgs boson.
Considering then the interaction of the Higgs field with the fundamental fermions also
the mass of the experimentally massive constituents are generated.

In the minimal Higgs model the field ¢ is a self interacting SU(2); complex doublet
with two components (with four degrees of freedom): one must be neutral, ¢°, and the
other, 1, must be charged such that ¢*¢~ =1, with ¢— = (¢ 7)1, to give masses to
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both neutral and charged bosons.
o= [T 2 L(PT (1.11)
¢’ V2 ¢3 + iy

Lpen = (9"¢)t(9up) — V(¢) (1.12)

To preserve the invariance under local SU(2); x U(1), gauge transformation, the
partial derivative d,, will be redefined:

With

Lot Y
dy — Dy =9y + i85 W, +ig EB” (1.13)

Where: 0 (a = 1,2, 3) are the three Pauli matrices, the generators of the SU(2) group,
g and g’ are the weak couplings associated to the W, and B, gauge bosons. Finally,
Y is the hypercharge defined as Y = 2(Q — T3). The hypercharge of the doublet is
therefore 1.

Assuming the same expression of the potential in Eq. 1.4, being the most general
SU(3)c x SU(2)r x U(1)y, and, as in the previous section, imposing A > 0 to have a
finite minimum and p? < 0, the minima lie on the circumference of Fig. 1.4:

T , :1 2 2 2 2 :__V2
¢mm¢mm 2 (4)1 + 472 + 4)3 + (P4) 2

N g

(1.14)
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Figure 1.4: A schematic illustration of SSB via the BEH mechanism. The surface represents
the Higgs potential, and the ball indicates the transition from an unstable local
maximum to the continuum of ground states. [25]

When a particular vacuum is chosen for ¢ in Eq. 1.14, corresponding to ¢3 = v and
$1 = ¢ = ¢4 = 0, the Higgs field acquires a VEV, leading to SSB. This is expressed as:

1 (0 , —1?
Pmin = NG with o= - (1.15)
0

10
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where the parameter v represents the VEV of the Higgs field and determines the
scale of electroweak symmetry breaking. This choice of vacuum state breaks the
original SU(2); x U(1)y symmetry down to the electromagnetic U(1).n subgroup,
ensuring the conservation of electric charge, while the Goldstone theorem predicts the
emergence of massless bosons. Since three out of the four generators of SU(2); x U(1)y
are broken, three massless Goldstone bosons arise as a consequence. The expansion
of the Higgs field around the ground state of the SU(2); doublet (Eq. 1.17) can be
parametrized as:

1 io; 0 1 0
x) = —exp | —0'(x =ut— , 1.16
"= p(z ( )> (U+H(x)) V2 (U+H(x)) e

where H(x) and #'(x) are four real scalar fields. The 6(x) fields are three massless
Goldstone bosons, whose existence is predicted by the Goldstone theorem. These
massless fields, not observed in nature, can be removed with the following unitary
gauge transformation (UTU = 1):

0
P — ¢'(x) = Up(x) = % ( i )) (1.17)

After this transformation, only the real scalar field H(x) remains associated to the
physical particle Higgs boson and ensures that the fields appearing in the Lagrangian
correspond to the physical particles.

Substituting the covariant derivative from Eq. 1.13, ¢ from Eq. 1.17, as well as the
physical W, Z, fields introduced in Eq. 1.1, into Eq. 1.12, the BEH Lagrangian can be
rewritten as:

EBEH = 8"H(8VH) — %(ZAUZ)HZ

2
8OV - 4 L (& +8%)7 H 1.18
+[(2>W Wy + 5582717, (14 (1.18)
Ay A
o 3_ tr4 o4
AvH 4H+4v

Higgs and vector bosons masses
The first line is the Klein-Gordon equation of the Higgs scalar field, that has a mass:
m%{ = 2\0? = 2]/12 (1.19)

Higgs mass is is a free parameter of the model, directly related to the scalar potential
parameter yu, and there is no theoretical prediction for it within the SM.
The second line of Eq. 1.18 describes the interactions of the weak bosons with the

11
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Higgs field. There are a HWW and a HZZ interactions from the 2H/v term and a
HHWW and a HHZZ interaction from the H?/v? term.

From the spontaneous symmetry breaking in the Higgs mechanism, the masses of
the physical electroweak bosons are:

s = 82 gy = V& " (1.20)
2 2

It can be noted that the A, field (the photon) remains massless, and this is due to

the unbroken U (1), symmetry. The three Goldstone bosons, eliminated by the gauge

transformation (Eq. 1.16), became the longitudinal polarization components of the

W= and Z vector bosons. Initially massless, with only transverse polarizations, these

bosons acquired mass through the BEH mechanism.

Higgs self-interactions

The third line of Eq. 1.18 shows that cubic and quartic self-interactions of the Higgs
boson are predicted. The BEH potential can be rewritten in terms of a trilinear and a
quadrilinear coupling as:

V(H) = %m%{HZ + AggaH® + Aggpr H* — iAv‘*, (1.21)
with
Any = Ao = ’Z—:if (1.22)
and R ,
AHHHH = 1= % (1.23)

And from Eq. 1.19 the expression of A is:

_ My

202

Higgs boson self-interactions are directly linked to the scalar potential parameters
and fully determined by the Higgs mass and VEV, making their precise measurement
a key test of the Standard Model. Unlike weak boson self-interactions, which arise
from gauge symmetry, Higgs self-interactions originate purely from the scalar sector
and are responsible for the Higgs boson mass. The BEH potential includes a constant
term that, while irrelevant in the SM, contributes to vacuum energy and is linked
to the cosmological constant governing the Universe curvature. However, the SM
prediction for this constant contradicts astronomical observations, suggesting the need

A (1.24)

for a quantum theory of gravity or a mechanism to reduce the Higgs vacuum energy.

12
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Fermions masses

Fermions have been assumed to massless until now. The spontaneous symmetry
breaking allows also fermions to acquire mass through interactions with the Higgs
tield: the Yukawa interactions.

As for bosons, also fermionic mass terms are not invariant under SU(2); x U(1)y, as
the mass term would have the form:

—mp = —m(PLPr + PrYL) (1.25)

Due to the chiral nature of the SU(2); symmetry group, the transformation properties
of left- and right-handed chiral states are different, and hence Eq. 1.25 is not gauge
invariant.

The fermions obtain mass via the interactions with the Higgs field, known as Yukawa
interactions:

ﬁYukawa - _fldiqu_Li(l’de - flui,qui(PCuRj - i:lgi,]ZLi(PeR]' + ]’l.C. (126)

where: ¢c = i(72<]>+, qL, {1 are the quark and lepton SU(2); doublets and ug, dg, er are
the SU(2); right handed singlets of up and down type quarks and charged leptons,
and h.c. stands for hermitian conjugate. Finally, the fld,-,]»/ i;lui,]’ and fz&.’j are 3 X 3 matrices
in the quarks and leptons family phase space®. It is interesting to notice that the
leptonic term equivalent to fzui,jq L,Pcu R; is absent. This is because the vy transforms
as singlet in all the known interactions, so with the current knowledge and energies
reached at colliders, there is no proof of its existance.

After the spontaneous symmetry the scalar doublet and its conjugate have the form:

o= " peln) — (2T, (1.27)
v+ H(x) 0

then the Eq. 1.26 will contain mass terms and interactions between fermions and the
Higgs boson. The mass terms have the form:

Mdijd_Lide + M“ijaLiuRj + MZI-]-ZLiKRj (1.28)

Where M fij? with f = u,d, ¢, are non-diagonal mass matrices: M fi = h £ 0 /2. To
have the physical terms corresponding to fermion masses, a rotation is applied to the
My,4,0),; matrices that diagonalizes also the Higgs-fermions interactions. In this way;,
My, — yidij and the fermions will acquire mass defined as:

i0
my, = y—ﬁ (1.29)

Where y; are defined as Yukawa couplings which also quantifies the strength of the

5The indices i,j = 1,2, 3 refer to the three families of the up/down type quarks or charged leptons.
J P ype q g P
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fermions interactions with the Higgs boson.

The experimental measurements evidence a large gap between the the fermion masses,
hence the range of couplings values with the Higgs boson is remarkably large, spanning
from y; ~ (1) for the top quark to y,, < 10~!!, without any specific reason. One of
the most relevant limitations of the SM is that the couplings are not deterministic but
come directly from the experimental measurements and limits on the particle masses,
as discussed in Section 1.3.

Higgs boson interactions

Expanding Eq. 1.18, the terms containing Higgs couplings with fermions, bosons and
self coupling:

= A
L= —gusrffH+ AgunoH® + %m + 6y V, VI <gHVVH + gH’;VVHz) (1.30)
with Ay and Aggyy defined respectively in Eq. 1.22 and Eq. 1.23, and:

m 2m? 2m?
SHff = 7f SHVV = TV S8HHVV = U—ZV

where V = W*, Z and oy =1 for W+and 1/2 for Z.

As a result, the dominant mechanisms for Higgs boson production and decay involve
the coupling of H to W, Z and/or the third generation quarks and charged leptons.
For Higgs bosons production at hadronic colliders, one of the main production process
is the gluon fusion (Section 1.4). The Higgs interactions with gluons at Leading Order
(LO) are induced by a one-loop process where the H couples to a virtual tf pair
(with minor contribution from lighter quarks). Likewise, the Higgs boson couplings
to photons is also generated via loops, although in this case the one-loop diagram
involves a virtual W W™ pair.

Stability of the Higgs boson potential

The BEH mechanism has two free parameters: the VEV v, which sets the electroweak
symmetry-breaking scale and the Higgs boson mass my. The VEV can be determined
using the experimental value of the Fermi constant and the Eq. 1.20 for the mass of
the charged vector bosons. From the expression of the Fermi constant it is possible to
get the value of v:

Gr _ 8w 2 1

72~ BME = V= (1.31)
The Gr value is determined with a precision of 0.6 ppm from muon decay measure-
ments [26], and substituting it in Eq. 1.31 one gets v ~ 246 GeV. If the VEV is obtained
by the Gr measurement, on the self-coupling parameter, A (defined in Eq. 1.24), the
only constraint is the requirement of A > 0 to have a finite minimum, but there is no
prediction for it, and therefore also for the Higgs mass value. The discovery of the
Higgs boson with mpy ~ 125GeV (Section 1.4.1) has crucial implications for the SM,
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especially for understanding the stability of the Higgs potential at high energy scales.
From the experimentally determined values of the VEV and mp, one gets A ~ 0.13
and |u| ~ 88.4GeV.

At energies above the electroweak scale (E > 246 GeV), the electroweak symmetry
remains unbroken, and the gauge bosons W', and B, are massless, indicating a unified
electroweak interaction. Below this scale, the BEH mechanism spontaneously breaks
this symmetry, distinguishing the weak and electromagnetic interactions. The weak
bosons (W*, Z) acquire mass, while the photon (A,) remains massless, reflecting the
unbroken U(1),, symmetry. The physical W+, Z, and y bosons are linear combina-
tions of the gauge fields W;'l and B,: At low energies, the weak and electromagnetic
interactions manifest differently, consistent with experimental observations [27]. The
unification of these interactions within the electroweak framework remains one of the
greatest successes of the SM.

1.3. Limits of the Standard Model

The SM is often assumed to be valid up to the Planck scale (Mp,;,cx ~ 10GeV) due to
its remarkable consistency with experimental observations and its ability to describe
particle interactions with high precision across a wide range of energy scales. However,
the SM has several limitations:

¢ It does not account for gravitational interactions, which are described by general
relativity. The quantization of gravity has proven to be non-renormalizable in a
perturbative sense, making it incompatible with the SM framework.

¢ The SM lacks an explanation for baryogenesis, leaving the observed matter-
antimatter asymmetry in the Universe unexplained.

* The description of particles and interactions provided by the SM accounts of only
~ 5% of the total matter and energy in the Universe, addressing only the particles
and their interactions directly observed. The remaining portion, composed of
dark matter and dark energy, falls outside the scope of the SM.

¢ There is no theoretical justification for the existence of three fermion families
and for the wide range of coupling constants and masses observed among
these families. In fact these SM parameters (masses, couplings, charges) are not
predicted by the theory but must be determined experimentally, with no insight
into the implications of their values.

e The observation of neutrino oscillations in 2016 [6] demonstrated that neutrinos
do have mass [7]. Like quarks, neutrinos exhibit mixing between their weak
interaction states and mass eigenstates, governed by the PMNS matrix [16]. This
leads to the oscillation phenomenon, which changes the flavor of neutrinos. So to
account for neutrino oscillations, the PMNS matrix is included, but the theoretical
basis for this inclusion remains unclear.

¢ In the SM the Higgs boson mass, mpy, is another free parameter. There is
no theoretical prediction for its value. Additionally, mpy is highly sensitive to
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quantum fluctuations involving extremely large energies, leading to the hierarchy
problem, discussed in Section 1.3.1.

These unsolved problems of the SM suggest that it may not be the definitive theory
of particle physics. BSM theories could address these limitations, preserving the SM
predictive successes while explaining new phenomena at higher energies.

1.3.1 The hierarchy problem and naturalness

The cutoff scale is an energy threshold beyond which a physical theory is no longer
considered valid or complete. It marks the energy where new physics, corrections,
or unknown phenomena are expected to emerge, requiring a more fundamental
description. The SM cutoff scale is set to the Planck scale (A ~ 10 GeV). This is a
pragmatic choice based on its theoretical robustness and experimental success, but
it also serves as a framework to probe the limits of the current state-of-art physics
understanding and search for new physics.

The hierarchy problem highlights a profound inconsistency between the small ob-
served mpy value and the large quantum corrections it should receive due to contribu-
tions from virtual particles at high energy scales. Specifically, these corrections scale
quadratically with the cutoff energy A, leading to contributions as large as A?. This
creates a severe fine-tuning problem, as the bare Higgs mass must cancel these large
corrections almost exactly to yield the physical mass.

So either nature involves an extremely precise fine-tuning of parameters to cancel these
corrections — a scenario that is considered unnatural - or there exists new physics at
or near the TeV scale to regulate these corrections.

The concept of naturalness requires that a theory should not involve extreme fine-tuning
of parameters. This implies that the quantum corrections to my should not vastly
exceed its observed value.

Several extensions to the SM aim to address the hierarchy problem while restore
naturalness. The Super symmetry (SUSY) [28] introduces superpartners for all SM
particles, which contribute opposite-sign quantum corrections to the Higgs mass. This
can cancel the quadratic dependence on A?, leaving only logarithmic corrections, and
the Higgs mass is stabilized naturally if superpartners exist at the TeV scale, making
them potentially observable at the LHC. In some models, the problem is addressed
by introducing a WED [29]. The large scale difference between the Planck scale
and the TeV scale is explained geometrically via the warp factor. Composite Higgs
models assume that the Higgs is not an elementary particle but a bound state of more
fundamental constituents. This can alleviate the sensitivity to high-energy scales.

If no new physics exists near the TeV scale, it raises the possibility that fine-tuning is a
fundamental feature of nature, or that alternative frameworks, like anthropic reasoning
in the multiverse, might explain the small Higgs mass [17].

These considerations motivate the searches at LHC of new physics at the TeV scale.
In this thesis, the proposed search for new resonances decaying in Higgs boson pairs
explore the WED scenario.
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1.4. Higgs boson phenomenology

1.4.1 Higgs boson discovery

The BEH mechanism received experimental confirmation in 2012 with the discovery of
the Higgs boson by the ATLAS and CMS collaborations at the LHC. This discovery,
based on data collected in proton-proton (pp) collisions at center-of-mass energies
of /s =7 TeV and /s = 8 TeV during LHC Run 1 (2010-2013), relied on analyses
targeting different H decays, particularly the two-photon (H — <) and four-lepton
(H — ZZ — 4/) final states. The experimental measurements by the ATLAS and CMS
experiments of the invariant masses of the decay products in these channels provide
clean signatures of the presence of the Higgs boson as a clear excess over background
in correspondance of 71, /4 ~ 125GeV, as shown in Fig. 1.5. The significance level of
these measurements are 5.90 and 50 respectively for ATLAS and CMS experiments,
leading to the announcement of the Higgs boson discovery on July, 4th 2012° [1,2].

Following its discovery, precise measurements of the Higgs boson mass (mp) and
properties were performed. A combined measurement at the end of Run 1 yielded
mpy = 125.09 £0.21 (stat) == 0.11 (syst) GeV [30]. Additional studies confirmed its spin-
parity as J¥ = 07 [31,32], and showed that its production cross-section, predominant
decay modes and couplings to fermions and bosons align minimal scalar sector
expected in the SM. A comprehensive summary of Run 1 measurements can be found
in [31,33,34]. ATLAS and CMS performed several other measurements using Run 2
data (2015-2018), but an overall combination of all available measurements with these
data across the two experiments has not yet been performed.

1.4.2 Single Higgs production at LHC

The left panel of Fig. 1.7 shows the SM Higgs boson production cross sections for the
dominant processes as a function of /s at the LHC. These proceses, in decreasing
order of cross section, are:

* The Gluon-Gluon Fusion (ggF), g¢ — H + X, the blue line of Fig. 1.7 (left). The
LO diagram of this process is shown in Fig. 1.6(a). It occurs via the exchange
of a virtual top quark, with contributions from other quarks being suppressed.
It has the largest cross section at LHC energies, with (T%Iio = 48.625%pb at
Vs = 13TeV for my = 125GeV [35].

* Vector Boson Fusion (VBF), q9 — qq + H, where gg can represent both quarks
and antiquarks (red line of Fig. 1.7 left). The LO diagrams are shown in Fig. 1.6(b).
Although its cross-section is smaller than that of ggF, VBF has a distinctive
signature, as the scattered quarks appear as two high-energy hadronic forward
jets (Section 3.3.4) with a large spatial separation and invariant mass. This

®The term “discovery” is a technical definition implying the provided measurement has a significance
level > 50, corresponding to a p—value < 3 x 1077.
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Figure 1.5: The diphoton invariant mass distribution with weighted by S/(S + B) and un-
weighted events (upper panels), and the four-lepton invariant mass distribution
for the ZZ — 4/ analysis compared to background expectations (lower panels)
obtained by CMS (left) and ATLAS (right). [1,2]

peculiar pattern aids in separating the VBF H production from background
processes when performing experimental data selection and analysis.
* Associated Production with a Vector Boson (VH), green and brown lines in
Fig. 1.7 (left): in this mode, the Higgs boson is produced in association with a
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weak gauge boson, V. = W or Z. The LO Feynman diagram of this process is
shown in Fig. 1.6(c).

* Top-Quark Associated Production (tfH), dark purple line in Fig. 1.7 (left). The
LO diagram of this rare process is shown in Fig. 1.6(e): it gives access to direct
measurement of top-Higgs Yukawa coupling (v:).

* Bottom-quark associated production (bbH), pink line of Fig. 1.7 (left). The LO
diagram of this rare process in shown in Fig. 1.6(e): it is suppressed by the
b quark mass, but at high energies, logarithmic corrections increase the cross
section. Moreover, in some BSM models where y,, is enhanced, it could become
the main production mode.

¢ Single Top-Quark Associated Production (tHq), liliac line in Fig. 1.7 (left). As for
the tfH process, also the tHq production gives access to y;, providing valuable
insights on the y; sign. This is due to the nearly complete destructive interference
between two significant contributions: one where the Higgs boson couples to a
space-like W boson (Fig. 1.6(f)) and another where it couples to the top quark

(Fig. 1.6(g)).

g
H
g
(@)
9 oo
t
9 o000
(d)
q q q q
W _H W< - _H
b g t b t

Figure 1.6: Main leading order Feynman diagrams contributing to the single Higgs boson
production: (a) ggF, (b) VBF, (c) VH from g4, (d) loop-induced VH from gluons, (e)
ttH/bbH and (f,g) tHq. [17]

1.4.3 Higgs decays

The Higgs boson couplings with SM particles can be investigated by considering the
different Higgs boson decay modes. The Higgs boson directly couples to all massive
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Figure 1.7: Left: SM Higgs boson production cross section as a function of the pp centre of
mass energy, /s, for different production mechanisms. In each curve the order of
perturbation theory is indicated. Right: branching ratios for the main decays of the
Higgs boson as a function of its mass, near the experimentally measured value of
mpy = 125GeV [36].

SM particles and to massless particles (gluons and photons) via intermediate loops.
The right panel of Fig. 1.7 shows the Higgs branching fraction as a function of the
Higgs boson mass, my. The main decay modes of the Higgs boson are the H — bb,
with the largest Branching Ratio (BR) (as the direct H — tf decay is not kinematically
allowed for my = 125GeV), H — VV* (with V=W™,Z), with one of the two bosons
produced off-shell, H — ¢¢, H — t71t~ , H — c¢¢ . Decays with smaller BRs involve
H — vy, H— pu"u~, H— Zv. The decays involving gluons and photons in the
final state are loop induced at LO, thus they provide indirect information on the
Higgs boson couplings to VV and tt in different combinations. The most relevant
decay modes and their corresponding BR with uncertainty are summarized in Tab. 1.2.
Fig. 1.8 illustrates the Higgs boson couplings to fermions and bosons as measured by
the CMS collaboration, as a function of the mass of each particle [37]. All currently
measured values are consistent with SM predictions.

1.5. Higgs bosons pair production

In Section 1.2.1, the Higgs boson self-coupling and its implications for potential stability
are discussed, in the hypothesis that the Higgs boson potential that induces the SSB
is the SM one. Any modification of the potential could impact the potential stability.
A direct measurement of the Higgs boson self-coupling is essential to determine the
exact form of the BEH potential, as well as to explore potential new physics beyond
the SM and to understand the Higgs field role in high-energy phenomena [38].
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Decay mode Branching Ratio (%) Rel. uncertainty

H — bb 582 x 107! A
H — WW* 214 x 1071 +1.5%
H— 1ttt 6.27 x 1072 +1.6%
H— 27" 2.62 x 1072 +1.5%

H — éc 2.89 x 1072 oo

H— vy 227 x 1073 +2.1%

H — Zvy 153 x 1073 +5.8%
H—utu~ 2.18 x 10~* +1.7%

Table 1.2: Higgs decays branching ratios” and the relative uncertainty for a SM Higgs boson
with my = 125GeV [17].
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Figure 1.8: A summary of the CMS measurements of the Higgs boson couplings to the other
fundamental particles, with the predictions by SM indicated by the dashed black
line. In the lower panel, the ratio between the measured coupling and the standard
model prediction is shown [37].

1.5.1 Standard model HH production at LHC

At LHC the rate of Higgs pair production is approximately 1000 times smaller than
single Higgs one, making a direct measurement extremely challenging. The cross
sections for the main double Higgs production mechanisms as a function of the pp
center-of-mass energy (+/s) are shown in Fig. 1.10, and the values of the cross sections
at LHC for /s = 13 TeV are shown in Tab. 1.3.
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The dominant Higgs pair production process in the SM is the Gluon-gluon Fusion
(ggF), the red line in Fig. 1.10, which at LO is induced through a quark loop, primarily
involving top quarks with smaller contributions from bottom quarks. This process
includes box and triangle diagrams, respectively left and right diagrams in Fig. 1.9(a),
with the latter involving the Higgs trilinear coupling Ayyy. The two LO diagrams
undergo to destructive interference, impacting the invariant mass distribution of the
Higgs pair, as shown in Fig. 1.11.

The double Higgs production via Vector Boson Fusion (VBF), the green line in Fig. 1.10,
has a smaller cross section than the ggF one. Nevertheless, it is easier to experimentally
identify due to its experimental distinctive signature, including two high-transverse
momentum component (pr) boosted quarks, which in the detectors correspond to two
forward and well separated hadronic jets (see Section 3.3.4). As shown in Fig. 1.9(b),
this mechanism includes at LO contributions where two Higgs bosons radiate off
virtual W or Z bosons, and diagrams where an off-shell Higgs boson decays into a
Higgs pair.

The Double Higgs bremsstrahlung off top quarks (tfHH), whose LO diagrams are
reported in in Fig. 1.9(d), has a very low cross section at LHC energies but increases
with energy, as shown in Fig. 1.10 (pink line).

The Double Higgs-strahlung (VHH) refers to the associated production of Higgs pairs
with a W* or Z boson. This process has a significantly smaller cross section than ggF
and VBF (purple lines in Fig. 1.10). The LO Feynman diagrams are shown in Fig. 1.9(c).

1.5.2 Double Higgs production beyond the SM

In Section 1.3 the limitations of the SM have been discussed, as well as the motivations
to search for new physics. This thesis investigates the double Higgs production, as in
SM context it allows direct access to the Higgs self coupling, A, and at the same time it
serves as a promising probe for many BSM scenarios.

From an experimental point of view, the deviations in the self coupling can manifest as
anomalies in production rates and/or in the production cross section. The experimental
searches focus on two different types of BSM signatures in Higgs pair production,
expressed as resonant and non-resonant production.

In the resonant HH production, a new heavy particle, X, decays into a Higgs
bosons pair, creating a distinctive peak in the HH system invariant mass distribution if
myx > 2mpy. This process, for some parameters values, could lead to an enhancement
in the Higgs pair production cross section and rate in correspondance of the resonance,
compared to SM predictions, making the anomaly potentially detectable even at LHC
energies and with data collected up to now. Many BSM models can be tested, from the
Minimal Supersymmetric Standard Model (MSSM) to the WED, which is the model
this thesis focuses on.

On the other hand, the non-resonant double Higgs production tests BSM models
predicting modifications to Higgs couplings arising from extended symmetries or new
processes that induce changes in quantum loops in the HH production. Experimentally,
this reflects in changes of the kinematics of the process and in the enhancement of the
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Figure 1.9: Main leading order diagrams contributing to Higgs pair production: (a) ggF, (b)
VBF, (c¢) VHH from 447 (d) loop-inducd VHH from gluons via top quarks. The
trilinear Higgs coupling contribution is marked in red [39].

HH production rate.

1.5.3 Non resonant pair production

Effective Field Theory (EFT) approaches describe the non-resonant scenario, modifying
or adding new Higgs interactions without introducing new particles [39]. These
interactions may include contact terms affecting the production signatures observed
at experiments. The central concept of the EFT approach is that interactions of
any complexity, occurring at short distances, can be systematically approximated
by a lagrangian with a finite set of parameters. This lagrangian offers an “effective”
description of any underlying physical model. Specifically for HH production, the
lagrangian is based on the SM one, supplemented with corrections represented by the
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Fig. 1.10: Production cross sections for Higgs pairs within the SM via gluon fusion, vector-boson
fusion, double Higgs-strahlung and double Higgs bremsstrahlung off top quarks. PDFALHC15
parton densities have been used with the scale choices according to Tab. 1.3. The size of the
bands shows the total uncertainties originating from the scale dependence and the PDF+a;
uncertainties. Tab. 1.3: Signal cross sections (in fb) for Higgs bosons pair (HH) production
including the available QCD corrections according to the recommendations of the LHC Higgs
Cross Section Working Group [39].

Tab. 1.3: Signal cross sections (in fb) for HH production with uncertainties. The A is defined in

Eq. 1.24.
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Figure 1.11: Higgs pair invariant mass distribution at leading order for the different contribu-
tions to the gluon fusion production mechanism and their interference. [39]

addition of local operators.

In a renormalizable lagrangian, all terms are operators with dimension d < 4.
Hence, the effects of BSM physics can be locally approximated by extending the SM
lagrangian to include higher-dimensional operators (4 > 4). These additional operators
are suppressed by powers of the BSM interaction scale M to lower their dimensions and
make them renormalizable. Given that dimension-8 (and higher) operators contribute
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minimally due to power suppression, and dimension-5 and dimension-7 operators
involve lepton number violation and neutrino mass terms (and can therefore be
disregarded for LHC processes), only dimension-6 operators O are relevant [40].
Thus, the EFT lagrangian takes the form:

L=Lout+) %O? (1.32)

where c; are the Wilson coefficients, which parameterize the contributions of BSM
physics. This yields a finite set of parameters describing the most general modifications
to the SM at short distances.

The EFT lagrangian can be re-expressed in terms of Higgs boson couplings, and the
relevant terms for ggF HH production are:

1 1
Ly = 5(0,HO'H) — Em%{Hz — KA AvH®

mi 2.2\
— = (v+xiH+ 2 H?) (futg + he) (1.33)

Bringing the introduction of three new BSM contact interactions at the gHH (cy),
§¢HH (c24), and ttHH (c2) vertices, while modifying the Higgs trilinear coupling (x,)
and the top Yukawa coupling (x;). Deviations from the SM can be expressed as the
ratio of the modified coupling to the SM expectation: k) = A/AM for the trilinear
coupling and «; = y;/yM for the top Yukawa coupling. These five new parameters
(kr, Kt, €2, g, and cp¢) describe the lower-level interactions shown in Fig. 1.12, where
modified couplings are highlighted in red [40]. Similarly, other new parameters arise
when expanding the lagrangian for other HH production mechanisms (as VBF, ttHH

)

(04S]

09

o
()

Figure 1.12: Feynman diagrams that contribute to non resonant Higgs boson pair production
via ggF at LO. The two upper diagrams correspond to SM-like processes, while
in the bottom row the diagrams correspond to pure BSM effects: (c) exploits the
contact interaction of two Higgs bosons with top quarks, (d) and (e) describe
contact interactions between the Higgs boson and gluons. [41]

To simplify the challenge of exploring all possible combinations of the EFT pa-
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rameters in experimental searches, a “shape benchmarks” strategy is utilized by the
ATLAS and CMS experiments. This approach classifies regions of the five-dimensional
parameter space with similar kinematic features by analyzing approximately 1500
sample points on a grid. From this analysis, 12 representative benchmark shapes are
defined, each corresponding to distinct kinematic topologies. This method enables a
model-independent investigation of non-resonant Higgs boson pair (HH) production,
accommodating various BSM scenarios, such as those involving extended scalar sec-
tors, vector-like quarks, or composite Higgs models. Further details are provided in
Ref. [41].

Even when focusing on a single EFT parameter, such as the trilinear Higgs coupling
(AgnHH), valuable insights can be gained. For example, variations in «,, the normalized
trilinear coupling, affect both the HH production cross section and its kinematics. These
variations lead to a minimum cross section at x, = 2.45, as illustrated in Fig. 1.13,
assuming all other EFT parameters are fixed to their SM values. Furthermore, «,
influences the invariant mass and transverse momentum distributions of the Higgs
boson pairs, which are critical observables for experimental analyses.
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Figure 1.13: Total cross sections at the LO and NLO in glsxtrshortQCD for HH production
channels, at /s = 14 TeV LHC as a function of the self-interaction coupling A. The
dashed (solid) lines and light- (dark-)colour bands correspond to the LO (NLO)
results and to the scale and PDF uncertainties added linearly. The SM values of
the cross sections are obtained at A /ASM = 1. [42]

1.5.4 Resonant pair production

This thesis presents an experimental search for resonant double Higgs production
through s-channel resonances that decay to SM Higgs bosons. The study focuses the
WED framework, specifially in the search of two predicted heavy resonances: the
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spin-2 graviton and the spin-0 radion. WED models are well-motivated extensions of
the SM, providing a natural mechanism to address several key problems, including the
hierarchy problem (see Section 1.3.1).

By stabilizing the extra dimension, the WED framework explains the separation of
physical scales with the geometry of the fifth dimension, where the localization of
tields within the extra dimension determines their respective physical scales in the
4D effective theory. The 5D WED fields can be expressed in terms of Kaluza Klein
(KK) modes, arising as massive excitations in the compactified extra dimension. Their
masses are determined by the geometry and compactification of the 5D space. The
first modes have masses naturally around the TeV-scale, resolving the Planck-weak
hierarchy problem. This ensures the KK modes play a role in stabilizing Electroweak
symmetry breaking (EWSB) and the possibility of being in the kinematic range allowed
for searches at LHC with a centre-of-mass energy of 13 TeV.

Moreover, the TeV-scale masses regulate quantum corrections to the Higgs boson mass,
preventing it from being destabilized by large radiative corrections from high-scale
physics.

Basics of the WED framework

The five-dimensional (5D) spacetime in WED has coordinates xM = (x#,y), where y =

0,1,2,3, M=0,...,5, and y is the 5th dimension coordinate 7. To avoid experimental
detection of the fifth dimension, y must be finite and it is compactified on an orbifold
S'/Z,, connecting two 4-dimensional subspaces within the (4 + 1)-dimensional space
time, also known as “3-brane”. Therefore the finite 5th dimension has a 3-brane at
each endpoint. The two 3-branes are defined as the UV brane (or Planck brane) at
y = 0, and the IR brane (or TeV brane) at y = 7tR, which is the “visible brane”. The 5D
bulk consists of a warped anti-de Sitter (AdSs) space [43]. In Fig. 1.14 an illustration of
the WED geometry is illustrated.

The AdSs geometry is driven by the presence of a negative bulk cosmological
constant, As < 0 in the solution of Einstein’s equations.This configuration allows
gravity fluctuations (gravitons) to be expanded in KK modes on the TeV brane, further
refining the relationship between Planck and electroweak scales.

The most general solution of the the 5D Einstein field equations for this configura-
tion yields a warped metric:

ds? = gundxMdxN = e7 2y, dxtdx" + dy? (1.34)

where 17, is the 4D Poincaré invariant Minkowski metric 7, = diag(—1,1,1,1),
o = k|y|, k is the AdSs space curvature, k ~ O(Mpj,cx), and y is the 5th dimension
coordinate, spanning from 0 to L = mrc. The 5D metric is not factorizable, but
rather the four-dimensional metric is multiplied by a “warp” factor which is a rapidly
changing function of an additional dimension, ¢e=2%¥. This warp factor effectively

7In this section, the capital Latin letters will be used to indicate the 5D coordinate indices, whereas
the Greek letters are used for the 4D coordinate indices.
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Figure 1.14: Schematic representation of the extra dimension in the Randall-Sundrum model.
The left plane is the UV “hidden” 3-brane, and the red one is the IR “visible”
3-brane. [44]

generates two distinct physical scales: the Planck scale Mp on the UV brane and a lower
scale Mpe L on the IR brane (where k is on the order of Mp). The compactification
scale rc is chosen such that the warp factor e~*F brings the Planck scale on the UV
brane down to the TeV scale on the IR brane [29], thus providing a natural solution
to the hierarchy problem by creating a separation of physical scales across the extra
dimension. A summary of the branes definition is provided in Tab. 1.4.

For example, the choice of kR ~ 12 bring the the electroweak scale to emerge on the IR
brane at approximately the TeV scale.

Brane uv IR

Y position y=0 y=L=nrc
Scale Planck TeV

4D spacetime hidden visible

Table 1.4: Summary of the 3-branes in the WED model.

The action can be written as:

4 +7tre
Sz—/dx/ dy\/—g

re

1
As + EMER +0(y) (M) — Lo))

(1.35)
+0(y — 7rc) (A (rre) — ﬁ(nrc))]

Where Ms5 is the 5D Planck scale and R is the five-dimensional Ricci scalar, constructed
from the five-dimensional metric g);y. Denoting the trace of the 5D metric as § = — g%,
the volume unity is [d°x\/—g. Finally, As, Ayand A,y are the cosmological
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constants in the bulk and on the branes, with A ) = e~kmre Aoy [29].
The metric solution in Eq. 1.34, is valid if the bulk and boundary cosmological

constants are related by:

_As (1.36)

—As
k== 1.37
24 M2 (1:37)

Here, M5 is the 5D Planck mass [29].

Obtaining;:

The quantum fluctuations around the classical metric solution give rise to 4D
tensor (spin-2 particle) ® two 4D vectors (spin-1 particles) ® one scalar component,
corresponding to a spin-0 particle:

h‘uv(x/ (P) h“ll,5(x/ (P)
hus(x,¢)  hss(x, ¢)

SgmN (X, ¢) = (1.38)

For the purposes of this thesis, the axial gauge is chosen, defined by fix h,5 = 0,
decoupling the dynamics of tensor and scalar perturbations. Moreover, the contribution
from spin-1 particles is not relevant for double Higgs production for spin conservation
and for theoretical arguments related to boundary conditions on the 3-branes [45]. The
perturbed space-time metric on on this gauge has the form:

ds2 — p—2erhssto(g.rc)) (Muv + €g My (x, ) ) dxt'dx’ + 1% (2 €, hss(x, ) + 1)%dg?. (1.39)

The tensor fluctuations hHV correspond to Graviton modes and the scalar fluctuation
(hs5) correspond to Radion mode. By expanding the gravitation fluctuations, h, (x,y),
in terms of KK modes:

(%, y) = Y Xt ()2 (), (1.40)
n=0

each 4D expansion mode is known as the n-th KK mode, corresponding to the wave
function of a particle in the effective four dimensional theory. The 5th dimensional
part, ¢, is defined as profile of the n-th mode. The profiles for all the known fields are
described by a combination of exponential and Bessel functions [29].

The zero mode of the Graviton field correspond to the mediator of gravitational force,
and its profile is &(y) « =%, localizing the 4D graviton on the UV brane.

Unlike the zero mode there is no freedom to delocalize the KK (nonzero) modes away
from the IR brane, thus the KK modes for all types of bulk fields are always localized
near the IR brane. This means that the coupling of an individual KK excitation to
matter or to other gravitational modes is set by the weak scale [29].

The KK gravitos have masses given approximately by m, ~ nke~krc TeV for n =
1,2,.... The first KK mode (n = 1) typically has a mass around the TeV scale, reflecting
the IR scale.
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The hs5 mode describes small fluctuations in the separation between two branes
and is effectively represented by a massless particle called the "radion." This mode is
associated with the presence of the IR brane, persisting even if the UV brane is removed.
To stabilize the inter-brane separation L at r¢c ~ 50/k without significant fine-tuning, a
stabilization mechanism is required. The radion corresponds to variations in the size
of the extra dimension and acquires mass via the inter-brane stabilization mechanism.

Two different scenarios

Depending on the specific scenario within the WED framework, SM particles are either
confined to the IR brane (Randall-Sundrum scenario [46,47]) or allowed to propagate
across the fifth dimension (“Bulk” scenario [48,49]). The propagation probability of
the fermions, bosons and KK-gravitons are represented in Fig. 1.15, respectively in the
RS1 scenario (left panel) and in the Bulk scenario (right panel). The bulk scenario is
particularly compelling as it addresses both the Planck-weak hierarchy problem and
the fermion masses hierarchy.

Light quarks

Massless gauge bosons

KK graviton KK graviton

Planck TeV Planck TeV

Figure 1.15: Localization of fields on the branes, in different scenarios: RS1 (left) and bulk
(right). The x-axis represents the 5th dimension with the Planck brane on the left
and the TeV brane on the right. The y-axis is the probability density. [29,50].

The SM is now fundamentally 5-dimensional [45,51], but its lightest modes appear
as the familiar 4D SM particles, with phenomenological properties deriving from their
extra-dimensional wavefunctions.

Fig. 1.16 illustrates this setup, highlighting the warped geometry, UV and IR branes,
bulk fields, and hierarchical localization of SM particles.

The Higgs boson resides near the IR brane, where the energy scale is warped
down to the TeV range as my o« Mse *L. This configuration naturally resolves the
Planck-weak hierarchy problem through the exponential warp factor, which explains
the large disparity between the Planck and weak scales.

The SM fermions exhibit hierarchical localization in the extra dimension, with
heavier fermions such as the top quark positioned closer to the IR brane. This lo-
calization reflects their larger Yukawa couplings, determined by the overlap of their
wavefunctions with the Higgs boson near the IR brane. Similarly, massive KK modes
of fermions, gauge bosons, and gravitons are localized near the IR brane, with their
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Figure 1.16: Warped extra dimensional model with SM fields in bulk (standard framework).
Schematic shapes of extra-dimensional wavefunctions for various particles (zero
modes and a generic KK mode) are shown [52].

masses set by the TeV-scale energy of the IR brane. From a 4D perspective, the apparent
weakness of gravity arises from the small overlap of the graviton wavefunction with
the IR brane.

This setup leads to unique phenomenological signatures, such as KK gravitons ap-
pearing as spin-2 resonances with TeV-scale masses, detectable at LHC through their
decay products. The radion, a scalar field associated with fluctuations in the size of the
extra dimension, also has a TeV-scale mass determined by the stabilization mechanism,
making it accessible in collider experiments [29].

This framework provides a robust mechanism for the SM flavor structure, with
fermion wavefunctions naturally generating hierarchical Yukawa couplings. The
AdS/CFT correspondence offers a dual interpretation, linking this structure to the
mechanism of partial compositeness, further enhancing the theoretical appeal of the
bulk scenario.

The free parameters for this theory include the graviton and radion masses (¢,
mpg) and the warping parameters (r¢c or k).

WED Phenomenology at LHC

In the following subsections, predictions for the production cross sections and decay
branching ratios of the bulk graviton (or simply graviton) (G*) and radion (R) are
given, with benchmark values of kL = 35 and Ar = 3TeV. These values have been
chosen since the results can be rescaled for other parameter choices using analytic
formulas [29]. The mass range considered for these predictions spans between 200 GeV
and 6.5TeV, which is Ecp;/2 for the LHC centre-of-mass energy considered in this
thesis (13 TeV).

31



CHAPTER 1. THEORETICAL FRAMEWORK AND EXPERIMENTAL STATE OF THE
ART

Graviton production cross section and decays

In Fig. 1.17, the cross sections for the graviton at LHC with a center-of-mass energy of
V/s = 13 TeV are plotted as functions of the graviton mass in both the RS1 and bulk
scenarios. The QCD-induced production mechanisms considered include gluon fusion
(GF) and quark fusion (QF). Electroweak (EW) processes include photon fusion (PF)
and production associated with two prompt jets (Xjj). Among these, gluon fusion (GF)
is the dominant production channel for the graviton (G*), and it is the production
mechanism explored in this thesis.

The uncertainty from the parton distribution functions (6ppr) becomes significantly
large for mg+ > 3 TeV.

10° -
106 RS1 k =0.1 LHC13 10° Bulk k = 0.1 LHC13
10°
103+ 10~
102" 1072}
107 107
5 5 107
e 10 2 10°°
5 4o N ® 10°%-
102l — PP(99)>G S 107
. 10
10—3 I pp (YV) >G 10—9
T pp>G'V \\ 107101 )
105} pp > G’ j j (EW induced) \\ 13:2’. pp > G j (EW induced) \\
200 500 1000 2000 5000 20 500 1000 2000 5000
mg (GeV) mg- (GeV)

Figure 1.17: Production cross sections in pb for the KK-graviton with k/Mp; = 0.1 in the
RS1 (left) and Bulk (right) scenarios. The red curves correspond to the inclusive
production, the green ones to the associated production with two jets, blue for
associated production with a vector bosons and the magenta ones to photonfusion
production. The NLO calculations are shown in continuous lines while the LO in
dashed. When the NLO QCD results is available the uncertainty bands correspond
to that calculation. [29]

The branching fractions for G* decays to SM particles are displayed in Fig. 1.18 for
both the RS1 (left) and bulk (right) scenarios. The thick curves correspond to the case
of a fully elementary top quark®, while the thin dashed curves assume no coupling of
G* to the top quark [29].

The localization of the SM matter fields for the graviton resonance impacts the kine-
matics of the signal and drastically modifies its production and decay properties [53],
so that a distinction of the RS1 and bulk models is necessary for G.

In RS1, with all the SM fields localized on the TeV brane, a heavy graviton would
decay to a wide range of final states with significant branching fractions as shown in
the left panel of Fig. 1.18, and constraints on the RS1 model are mainly obtained from

8The elementary top quark hypothesis assumes right-handed top quark localized very near the TeV
brane.
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fermionic channels [54].

In the bulk scenario, G* predominantly decays into pairs of massive particles, such
as gauge bosons and top quarks, particularly when mg+ > 1TeV. This behavior moti-
vates searches for bulk gravitons that couple to pairs of Higgs bosons. The maximum
branching fraction to a pair of Higgs bosons is below 10% under the hypothesis of an
elementary H boson, as shown inthe right panel of Fig. 1.18. Accordingly, the HH final
state is usually not the most important one for placing constraints on the bulk model,
where the largest sensitivity arises from searches in WW, ZZ, or tt signatures. However,
the branching fraction to HH can reach 25% if the top quark coupling becomes small,
such that investigations of HH signatures are necessary in the context of bulk models,
because the branching fractions are very model dependent.

1 : : 1
RS1
— g9
0.100; — qq 0.100}
— 2z
14 I (14
@ 9.010! 1 @ 0.010}
— WW
— vy
0.001; — 0.001;
hh -
_/'¥'_’
500 1000 5000 10* 500 1000 5000 10*
MGr(GeV) MGr(GeV)

Figure 1.18: Branching fractions of G*. Left: RS1 scenario. The symbol q stands for the sum of
light quarks (u; d; s; ¢; b), while | represents the sum of the three flavors of leptons
(e; u; T) or neutrinos. Right: Bulk scenario comparing two hypothesis of fermion
embedding. The branching ratios are independent of k parameter. [29]

Radion production cross section and decays

The radion is predicted to be the lightest particle in certain scenarios, exhibiting
similarities to a heavy Higgs boson under the narrow width approximation. Thus the
production and decay behavior of the radion can often be studied using techniques
developed for heavy Higgs bosons. However, specific production mechanisms—such
as VBF and vector boson exchange (VX)—reveal distinct differences in its behavior.
Differently from the gravitons, the physics of the radion depends only very weakly
on the choice of the model [55], which obviates the need to distinguish the RS1 and
bulk possibilities for the radion. More details on WED models can be found in [29].
Fig. 1.19 presents the production cross section for the radion, assuming kL = 35
and Ag = 3TeV, in both the bulk (solid lines) and RS1 (dashed lines) scenarios. With
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Figure 1.19: Left: Production cross sections in picobarns for the Radion, with kL = 35 and
AR = 3TeV. The GF (red) and VBF (Green) production modes for both to bulk
(continuous lines) and RS1 (dashed lines) scenarios, for LHC at /s = 13 TeV.
Right: Radion total width and branching fractions. The continuous lines stand for
the RS1 scenario while the dashed ones for the bulk scenario [29]

these fixed parameters, bulk terms significantly impact radion production: they double
the gluon fusion (GF) production rate across the entire mass spectrum, while leaving
VBF production unaffected. This suggests only a minor influence on the differential
distributions. In this thesis the production mode considered for Radion is the GF.

Regarding decay characteristics, the radion has been extensively studied [55-58],
particularly in terms of its total width and branching ratios. As shown in Fig. 1.19, the
total width T is inversely proportional to A% but the individual branching ratios are
not sensitive to it.

In Fig. 1.20, the individual branching fractions for the radion are shown, using
kL = 35 as a benchmark. Generally, the radion exhibits a strong preference for decays
into massive particles, with branching fractions to bosons increasing significantly with
radion mass. In contrast, decays to fermions are relatively suppressed at higher radion
masses, with decays to top quark pairs becoming particularly rare for mg > 1TeV.

The branching ratios demonstrate a low sensitivity to variations in the bulk param-
eter kL, indicating stability in the decay patterns across different model setups. The
dominant R decay modes are into pairs of massive gauge bosons, H bosons, and top
quarks, as shown in Fig. 8 (right). Since the couplings are determined by the masses of
the final-state particles, and these masses arise from the H boson localized on the TeV
brane, the RS1 and bulk couplings are identical at LO. For large resonance mass my,
the corresponding widths are

[(R—WW) 1 m
I'(R— HH)=T(R — ZZ) = =X 1.41

which can be compared to
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B 2 45
(R — ) = — <ﬂ> X (1.42)
8t \my ) A
For large radion masses, the branching fraction to HH is approximately 25%,
independently on Ar because the contribution from decays to tt is suppressed by
(m¢/mx)?. This makes the R — HH channel an important one in the search for a
radion resonance [50].
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Figure 1.20: Radion branching fractions to bosons and fermions. The dashed lines stand for
RS1 scenario, while the continuous ones for the bulk. The figure on the right is a
zoom of the figure on the left, following the same legend. [29]

1.6. State of art of Single Higgs measurements

After 10 years of the Higgs boson discovery, the CMS and ATLAS collaborations
accumulated a huge statistics during two LHC runs, Run 1 (2010-2013 at /s = 7 TeV
and /s = 8 TeV) and Run 2 (2015-2018, at /s = 13 TeV).

The results with Run 2 data are reported in the 10 years ATLAS and CMS papers [37,59].
The relevant points of these updated results with higher energy and statistics are:

* The possibility to increase the precision in the already measured channels, as
shown in Fig. 1.21, where the distribution of the decay products of the H —
Z7* — 4¢ and H — <7y channels are shown respectively in the left and right
panels [37].

* The inclusion of new unexplored channels, as the H — WW* in Fig. 1.22a
and the evidence of H — Z+7 combining ATLAS and CMS measurements, in
Fig. 1.22b [37,60].

* The first measurements or evidences for H — ff, where f = 7,b, u [37].
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study of the decay channel H — 7y (left) and the invariant mass distribution of
four charged leptons targeting the study of the decay channel H — ZZ* — 4/
(right) [37].
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Left: The background-subtracted transverse mass mr distribution targeting
the study of the decay channel H — WW*. In red the SM predictions for
mpy = 125.38GeV. The grey band is the 1 standard deviation uncertainty in
the background subtraction [37]. Right: the Z+v invariant mass distribution. Differ-
ent mz, ranges are used in CMS and ATLAS analyses, only the common subrange
is shown. The data distribution is weighted by In(1+ S/B), where S and B are the
observed signal and background yields in the 120 + 130 GeV interval. The lower
panelshows the background-subtracted results [37,60].

1.7. State of art of double Higgs measurements

and se

arches

Double Higgs production is a very rare process at the LHC, so it is critical to study
different final states of Higgs decays. The \éa6rious Higgs decay channels provide a wide
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range of ongoing research using complementary techniques to maximize sensitivity
and allow to explore a wide space of anomalous coupling parameters. Combining
the results of these different final states is essential to achieve maximum sensitivity in
double Higgs production.

1.7.1 Double Higgs decay channels

The choice of decay channels where to study HH production demands a trade-off
between BR and background contamination, therefore there is no single “golden
channel”. Channels with the highest BRs, such as final states involving b-quark
pairs, are significantly affected by substantial background noise, particularly from
multijetQCD processes.

Fig. 1.23 displays the BRs for various HH final states, excluding rare combinations
with negligible BR. At LHC, two experiments include the search of Higgs boson pair
production as one of the main goals of their physics programme: ATLAS and CMS
(Section 2.1.1).
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Figure 1.23: Summary of the branching fractions for the main HH final states, assuming the
SM Higgs boson with mpy = 125GeV [61].

Currently, several decay channels are under investigation at ATLAS and CMS:

e HH — bbbb: despite this is the final state with the largest branching fraction
(BR ~ 34%), it is not the most sensitive channel as it is affected by a large
contamination which mimic the signal signature, mainly due to QCD process
with multiple jets (QCD multi-jet) background. However it can profit from the
larger signal yield to probe mass regions up to mppy ~ 3 TeV.

* The HH — bbtT channel has a branching fraction (BR ~ 7.3%) lower than that of
HH — bbbb, but it provides a cleaner and more efficient signature thanks to the
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H — t"7~ decay. While this channel is affected by background contamination
from QCD multijet and tt processes, it represents a compromise between two
extreme cases: HH — bbbb, which has the highest branching fraction but suffers
from an overwhelming QCD multijet background, and HH — bb+y7y, which offers
a very clean signature but has a significantly lower branching fraction due to the
H — 77 decay.

e The HH — bbVV (with VV = WEWT or ZZ) channel has a relatively high total
branching fraction (BR ~~ 28.1%) and experiences lower background contamina-
tion compared to the HH — bbbb final state. However, it is significantly affected
by background from the to tt process. Typically searches focus on the very clean
VV — 2£2v decay mode, although the total branching fraction is approximately
an order of magnitude lower (BR ~ 2.7%).

e The HH — bb7y7y channel has a very small branching ratio (BR =~ 0.26%), but the
clean signature of the photon pairs and of their kinematic results in a high signal
selection efficiency and purity.

The decay channels listed above represent those expected at LHC to be the most
sensitive, and their combination offers the broadest coverage of possible HH topologies.
In particular, the first three channels provide the largest sensitivity to A. Nevertheless,
the collaborations have explored several other decay modes that, with the current
dataset, yield significantly weaker sensitivity. During LHC Run 2, the increased center-
of-mass energy and consequently the higher predicted HH production cross-section
has opened new possibilities for HH searches. However, there is still potential to be
unlocked in some of these other channels as more data are collected in the ongoing
Run 3 and in the future LHC runs, when those decay channels become less statistically
limited.

The HH — bbtT channel

As mentioned before, HH — bbtT channel is a very promising channel thanks to the
relatively high branching ratio and reasonably clean signature compared to other decay
channels, thanks to the H — 777~ decays.

Since T leptons can decay into either leptons or hadrons, searches must target various
final states. The main challenge in reconstructing and identifying these final states
is the presence of neutrinos, which prevents a complete reconstruction of the event,
and the significant background noise, both requiring to improve current reconstruction
and selection techniques. However, HH — bbtT, as highlighted in several studies,
provides optimal sensitivity for BSM scenarios in both resonant and non-resonant HH
signal hypotheses [38,62].

In this thesis, the HH — bbtT channel is investigated across three distinct final
states: the “fully hadronic” channel HH — bbT1,1,, where T;, represents a T lepton
decaying into hadrons plus a v; (referred as hadronic tau’) and the “semileptonic
channel” HH — bbt1;,, where one T lepton decays into an e or u (denoted as T,

9or, equivalently hadronically decaying tau.
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and referred as leptonic tau) plus their associated neutrinos, while the other decays
hadronically (7,). The fully hadronic channel accounts for 42% of the Higgs di-tau
decays, while the semileptonic channel occurs in 46% of cases.

The characteristics of the bbtT decay channel, along with the primary background
contributions, are detailed in Section 4.1 and throughout the remainder of this thesis.

1.7.2 HH production experimental searches

The cross section for HH production predicted by the SM is extremely small, making
it undetectable at the LHC with current data. As a result, experimental searches set
upper limits on the production cross section.

Several HH searches for the non-resonant and the resonant production have been
performed by both the CMS and ATLAS collaborations at the LHC.
The latest results on BSM HH searches are presented in the following.

Non-resonant HH production

Both ATLAS and CMS are deeply involved in these searches, exploiting many final
states and focusing on ggF and VBF HH production, setting 95% Confidence Level
(CL) limits on the production cross section and on the coupling modifiers involved in
the Feynman diagrams for each production mode.

In the following, the latest results on HH production cross section and on «, are shown.
A more complete set of limits set to the coupling modifiers and EFT parameters are
available in the ATLAS paper [63] and CMS Physics Analysis Summary [64].

Fig. 1.24 shows the 95% CL observed (expected) upper limit on the inclusive production
cross section relative to the SM expectation, in searches using different final states
and their combination, obtained from CMS (left) and ATLAS (right). These results are
obtained analysing proton-proton collisions data produced between 2016 and 2018
at the LHC a centre-of-mass energy of 13 TeV and collected by the two experiments.
Assuming all the coupling modifiers to be 1 (SM couplings), the values found by CMS
for observed (expected) limits are 3.5 (2.5), while ATLAS ones are 2.9 (2.4).

In Fig. 1.25, the combined expected and observed 95% CL upper limits on the HH
production cross section from CMS (left) and ATLAS (right), expressed as a func-
tion of x, which is left free to vary, while the other coupling modifiers are fixed to
the unity (SM couplings). CMS set 95% CL exclusion limit to HH production cross
section for values of x, outside the range between -1.39 and 7.02 (expected range is
—1.02 < k) < 7.19). The same results are obtained from ATLAS, constraining «, to be
in the interval —1.2 < k) < 7.2 (expecting —1.6 < k) < 7.2).

The theoretical cross section predictions (red curves) display a characteristic dip near
SM values (when all coupling modifiers are set to 1) due to destructive interference
between contributing amplitudes in the two Feynman diagrams in Fig. 1.9(a). Experi-
mental limits (black lines) strongly depend on «,, reflecting the impact of interference
effects on the total cross section and kinematic properties of HH events. These kine-
matic changes influence the efficiency of signal detection, emphasizing the interplay
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H + HH results

ATLAS and CMS combined single-Higgs (H) and double-Higgs (HH) analyses with
minimal statistical overlap, enabling a global fit framework to simultaneously constrain
k) and other coupling modifiers. This combined approach enhances constraints
on x, compared to HH-only analyses, assuming all other Higgs couplings match
their SM values. The combination of single-Higgs and double-Higgs data from the
ATLAS experiment yields observed (expected) constraints on x, of —1.4 < x) < 6.1
(=22 < k) < 7.7) at 95% CL in a less model-dependent fit, as shown in left and
right upper panels of Fig. 1.26 for observed and expected results. All other coupling
modifiers remain consistent with SM predictions within uncertainties. This combined
analysis allows for a more general interpretation, simultaneously constraining x, and
other Higgs couplings based on the data [65].

The combination of event categories enriched in single-H and HH events at CMS [66]
leads to the exclusion of values of «, outside the interval —1.2 < k), < 7.5 at 20 CL. This
result is compatible with the expected range of -2.0 < x, < 7.7 under the assumption
that all other Higgs boson couplings are equal to their standard model predicted values.
Relaxing the assumption on the Higgs couplings to fermions and vector bosons the
observed (expected) x, interval is constrained to be within —1.4 < x) < 7.8 (-2.3 <k,
< 7.8) at 20 CL.

HH resonant production

Resonant searches at CMS and ATLAS target a heavy, spin-0 X or spin-2 G resonance,
which has a narrow-width compared to the experimental mass resolution. The spin-0 X
resonance corresponds to the radion and the spin-2 resonance is denoted as G, having
the graviton in mind.

Fig. 1.27 presents the upper limits on the resonance production cross section
(c(pp — X/G — HH)) as functions of the resonance mass for both spin-0 (left)
and spin-2 (right) hypotheses. The exclusions in terms of the cross section reach
values as low as 0.2 fb for both spin scenarios. The highest sensitivity at low masses is
achieved through the diphoton search, while at high masses the searches involving
boosted topologies provide the best sensitivity. The results of the statistical combi-
nation is depicted by the red lines. These combined results are shown separately in
Fig. 1.28, along with the £1 and +2 standard deviation intervals for the expected limits
in green and yellow respectively. No deviation exceeding 2 standard deviations from
the expected limits is observed. Significant improvements in sensitivity are achieved
relative to the best individual channels in the radion mass range mx ~ 0.5 <+ 1TeV,
where multiple channels contribute approximately equally to the combination. Below
0.32TeV and above 0.8 TeV, the combination sets the strongest observed limits to date
on resonant HH production. These results are obtained combining the CMS searches
in different channels.

The results of the individual searches and their combinations are interpreted within
specific models. In Fig. 1.29 the HH searches are used to extract limits to the WED

41



CHAPTER 1. THEORETICAL FRAMEWORK AND EXPERIMENTAL STATE OF THE

o 14— T B e wl4r———1 1 7 T T
x [ ATLAS —— 68%CLHH+H [ ATLAS —— 68%CLHH+H
[ Vs=13TeV, 126—139 fo-' ==* 95%CLHH+H 1 [ Vs=13TeV, 126—139 fo' == 95%CLHH+H
1.3 Allother k fixed to SM T o 1.3 Allother k fixed to SM T e
r Observed — 68% CL HH ] r Expected SM — §8% CL HH
F ==+ 95% CL HH B F ==+ 95% CL HH
12__ : Y¢ SMoprediction ] Y% SMoprediction ]
H I qp BestftHH+H o oqp BestftHH+H
[ ! ]
1.1F = \ 3 [ - ~ 4
[ H ' i 1
L I 1
L 1
[ H / K
1 lI / ] / ]
N ] , ]
L /) V4 i ’ i
L \ PRe 4 Pid 4
0.9+ - - .
L ! | i
-10 10 15 20 10 15 20
Ka Kx
CMS 138 fb' (13 TeV)
g 13— )
t Observed — single-H comb.
12; Ky = Kpy =1 HH comb. B
T — single-H and HH comb.
T 1
1.0F .
0.9; +5M b
[ + Best fit value
0.8r —68.3%CL (16) |
¥ +95.4% CL (20) 1
07 N TS S IS S ST T Y S T [ S S S S ST S
-5 0 5 10 15
Ky

Figure 1.26: Top: ATLAS observed (left) and expected in the SM scenario (right) constraints
in the x) VS x; plane from single-Higgs (blue) and double-Higgs(red) analyses,
and their combination (black). The solid (dashed) lines show the 68% (95%) CL
contours. The double-Higgs contours are shown for values of x; smaller than
1.2. The observed constraint for the single- and double-Higgs combination for
k¢ values below unity is slightly less stringent than that for the single-Higgs fit
alone due to the slightly higher best-fit value for this coupling modifier. Bottom:
CMS observed two-dimensional likelihood scans of (k,,k;) comparing the full
combination of single-H and HH (red) to the combinations of only single-H (blue)
or only HH (yellow) channels [66].

parameters. In the left panel, the lower limits on the bulk radion ultraviolet cutoff
parameter Ag, as a function of the radion mass mg, and upper limits (right) on the
parameter k = k/Mp; [46] of the spin-2 bulk graviton G, as a function of mg. Excluded
areas are indicated by the direction of the hatching along the exclusion contours

The resonant ATLAS HH searches set 95% CL limits on resonant HH production
cross-section, (X — H), and shown in Fig. 1.30 in the bbyvy, bbtt and bbbb final
states, and their statistical combinations.

The bbyy search demonstrates the highest sensitivity at low masses, while the
bbtt 1~ search dominates in the 350 + 800 GeV range, and the bbbb search is the most
sensitive at higher masses, highlighting the complementarity of these three search
channels.

The combined results are consistent with the predictions from the SM backgrounds
across the tested mass range of myx from 250 GeV to 5TeV. The right panel of Fig. 1.30
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Figure 1.27: Observed and expected 95% CL upper limits on the cross section ¢ for the produc-
tion of a (left) spin-0 resonance X and (right) a spin-2 resonance G at CMS. The
results of the individual analyses presented in this report and the result of their
combined likelihood analysis are shown. The observed limits are indicated by
markers connected with solid lines and the expected limits by dashed lines. [50]
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Figure 1.28: HH-Combination observed and expected 95% CL upper limits on the cross section
o for the production of a spin-0 resonance X (left) and a spin-2 resonance G (right),
via gluon-gluon fusion at CMS, as obtained from the combined likelihood analysis
of all contributing individual analyses presented in this report and shown in
Fig. 1.27. In addition to the limit from the combined likelihood analysis the 68
and 95% central intervals for the expected upper limits in the absence of a signal
are shown as coloured bands. [50]

shows the local p-value as a function of mx for a narrow resonance decaying into a pair
of SM Higgs bosons. The largest deviation is observed at mx = 1.1 TeV, corresponding
to a local significance of 3.3¢, driven primarily by the bbt™ 7~ channel. The global
significance of this excess is estimated to be 2.10, using the method outlined in Ref [68].
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Figure 1.30: Observed and expected upper limits (left) at the 95% CL on the resonant Higgs
boson pair production cross section and local p-value (right) as a function of the
resonance mass myx at the ATLAS experiment. The symbol /1 denotes a SM Higgs
boson with my = 125 GeV [67].

The observed (expected) upper limits range from 0.96fb to 600fb (1.2fb to 390 fb),
depending on mx.
So far there is no observation of any deviation from the SM prediction. However,
searches for resonant Higgs boson pair production are crucial as they provide a direct
probe of new physics, including scenarios with heavy resonances such as extended
Higgs sectors, WED, or new gauge interactions.
A breakthrough in this area would not only reveal new fundamental particles but also
provide critical insights into the structure of EWSB and the potential enhancement of
Higgs self-coupling, which is key to understanding the stability of the electroweak
vacuum.
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Chapter 2

The experimental apparatus

The search presented in this thesis uses proton-proton (pp) collisions data collected
by the Compact Muon Solenoid (CMS) detector at the Large Hadron Collider (LHC)
between 2016 and 2018 at a centre of mass energy of /s = 13TeV. This chapter
provides an overview of the LHC structure and operation (Section 2.1) and of the CMS
detector (Section 2.2), focusing on its subdetectors and features that are relevant for
the analysis presented in this thesis.

2.1. The Large Hadron Collider

The LHC [3] is a circular collider hosted by CERN, an international research laboratory
located on the French-Swiss border near Geneva, founded in 1954. It is the largest
and most powerful particle accelerator ever built, housed in a 26.7 km-long tunnel at a
depth ranging from 45 to 170 m below ground level. Constructed within the tunnel
previously used by the Large Electron Positron Collider (LEP), which operated from
1989 to 2000, the LHC consists of eight straight sections and eight curved arcs, with
four main Interaction Points (IP).

At the LHC, collisions occur between proton beams and heavy ions, such as oxygen or
lead. The collider is designed to achieve center-of-mass energies of up to 14 TeV for pp
collisions, while heavy-ion collisions can reach up to 7 TeV for oxygen-oxygen (O-O)
interactions and 5.5 TeV for lead-lead (Pb-Pb) interactions.

The LHC is the final stage of the CERN accelerator complex, shown in Fig. 2.1. To
reach a beam energy of /s = 6.5 TeV, protons undergo multiple acceleration stages:

* Protons are produced via hydrogen ionization and injected into the 36 m-long
Linear Accelerator (LINAC 2), where they are accelerated up to 50 MeV.

¢ They are then transferred to the Proton Synchrotron Booster (PSB), a circular
accelerator with a diameter of 50 m, reaching a centre of mass energy of 1.5 GeV.

¢ Subsequently, protons enter the Proton Synchrotron (PS), a circular accelerator
with a circumference of 628 m, accelerating them to 25 GeV. At this stage, the
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The CERN accelerator complex
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Figure 2.1: The CERN accelerator system: the acceleration steps for protons and ions are
represented by the light and grey triangles. Many accelerator lines are present as
well as many beamlines, from radioactive ion beams to neutrons, and muons [69].

protons are grouped into beams, structured into 2808 bunches, each divided
in bunches with 25 ns time-separation and then split into 2808 bunches with a
nominal number of protons per bunch of 1.15 x 10!

¢ The last acceleration step before the injection in the LHC is Super Proton Syn-
chrotron (SPS), a 6.9 km-circumference accelerator where proton are injected after
they reach the maximum energy at the PS. In SPS they reach the centre of mass
energy of 450 GeV.

¢ Finally, the beams are injected into the LHC, composed of two rings where
protons circulate in opposite direction. These beams are kept in separate vacuum
chambers within the main arcs and share a common region at the IPs. Inside the
LHC, protons are further accelerated up to 6.5 TeV per bunch'.

The beam acceleration up to collision energy is performed by superconducting radio-
frequency (RF) cavities located in a dedicated cavern. These cavities are tuned to

IThroughout this thesis, unless otherwise specified, numerical values refer to the data-taking period
between 2016 and 2018, part of the so-called Run2 (2015-2018), as these data have been analyzed in this
work.
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oscillate at 400 MHz, shaping the beams into proton bunches and distributing the tim-
ing signal to all LHC experiments. The CERN injector complex provides high-intensity
bunches that meet the stringent requirements of the LHC in terms of transverse beam
size and longitudinal characteristics. Beams are kept in two counter-rotating orbits
within the LHC rings by 1232 superconducting dipole magnets powered by an 11 kA
current. Each magnet weighs approximately 35 tons and measures 15m in length.
To maximize the proton density at the collision points, the beams are focused by 392
quadrupole magnets, whose length spans from 5 to 7 meters. Additional magnets,
including sextupoles and octupoles, are placed along the accelerator to correct the
tield geometry. The LHC magnet system relies on well-established technology based
on Nb-Ti Rutherford cables and operates at a temperature of 1.9 K, achieved using
a superfluid He* cryogenic system. The magnets generate fields exceeding 8T [3].
The proton beams complete 11,245 revolutions per second while traveling in separate
beam pipes. The time interval between successive bunches is 25ns, corresponding to a
nominal bunch-crossing frequency of 40 MHz. However, due to missing bunches intro-
duced during beam injection from the SPS to the LHC, the effective average crossing
frequency is reduced to approximately 30 MHz. Under these conditions, electronic
readout systems must be capable of operating at these frequencies to prevent the loss
of potentially significant collision events.

2.1.1 The LHC experiments

Four main experiments are installed around the IPs, where proton bunches colli-
sions occur. Compact Muon Solenoid (CMS) [70] and A Toroidal LHC ApparatuS
(ATLAS) [71] are two general-purpose experiments. Their physics programs span a
wide range of topics, including high-precision Standard Model (SM) measurements
(focusing on Higgs boson, top quark, and electroweak physics), studies of CP violation
(especially in B mesons), and searches for new physics such as vector-like quarks,
supersymmetry, high-momentum signatures, and resonances.

The LHCb (LHC beauty) experiment [72] is a forward spectrometer designed for preci-
sion studies of CP violation in beauty and charm hadrons, flavor-changing neutral and
charged currents, exotic and conventional hadron spectroscopy, electroweak physics
tests, and direct searches for new particles.

Finally, ALICE (A Large Ion Collider Experiment) [73] is dedicated to studying heavy-ion
collisions and the properties of the quark-gluon plasma.

In addition to these main experiments, several other experiments are positioned along
the collision points:

e TOTEM (TOTul cross section, Elastic scattering and diffraction dissociation Measurement
at the LHC) [74], which performs precise measurements of the pp interaction
cross section and in-depth studies of proton structure using detectors placed on
both sides of the CMS IP.

e LHCf (LHC forward) [75] focuses forward particles using two detectors positioned
along the LHC beamline, 140 meters from the ATLAS IP.
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* MoEDAL (Monopole and Exotics Detector At the LHC) [76], located near the LHCb
experiment, whose main purpose is to search magnetic monopoles.

* Close to ATLAS there are FASERv and SND@LHC, two experiments oriented to
neutrino physics study searches for light new particles [77-79].

2.1.2 Luminosity at the LHC

The instantaneous luminosity is one of the most important parameters for accelerating
machines like the LHC. The event production rate for specific process, R, is defined as:

R=Lc (2.1)

where ¢ is the production cross section of the process, and L is the instantaneous
luminosity. It is expresses in cm~2s~! and depends solely on the intrinsic characteristics
of the accelerator. For a circular collider like the LHC, assuming a Gaussian beam
distribution?, the instantaneous luminosity depends on the machine parameters as
follows:

[ — Nyniny ) frev')’F
4rtey B*

Here:

¢ N, is the number of bunches.

* n1 and ny are the number of particles per bunch. For protons in the LHC,
ny = 1y = ny.

* frev is the bunch revolution frequency in the LHC.

e B* is the value of the B function at the IP, and it determines how narrowly the
particle beams are focused at that point.

® ¢, is the normalized transverse beam emittance.

* 7 is the relativistic factor, accounting for the protons’ relativistic energy.

e Fis a geometric factor that corrects for the beam crossing angle at the collision
points, .. It depends on 6. as well as on the longitudinal and transverse beam
spread sizes, 0, and oy, which characterize the Beam Spot (BS), the luminous
region where beam collisions occur.

During Run 2, the LHC achieved peak instantaneous luminosities of 2 x 103 cm 25!

for proton beams and 10?” cm~2s~! for lead-ion beams at the CMS and ATLAS experi-
ments.
Table 2.1 summarizes the design values of the beam parameters.

The instantaneous luminosity value decreases during an LHC run. The beam
lifetime, defined as the time after which the beam intensity for luminosity production
reaches 1/e of its initial value, ideally lasts over 80 h. However, in practice, the average

2This is a good approximation for most hadron colliders, as radiation and other effects that could
alter the distribution are usually negligible.
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Parameter Description Run 2 value
Vs centre-of-mass energy 13 TeV
N number of bunches 2808

np proton population per bunch 1.15 x 10!

np,  lead ions population per bunch 7 x 107

frev revolution frequency 11,245 Hz
€n transverse beam emittance 3.75 ym
B* B function at IP5 0.55 m
¢ beam crossing angle 285 prad
Oxy BS transverse size 16.7 ym
0y BS longitudinal size 7.55 cm

Table 2.1: LHC parameters during Run 2 pp collisions.

lifetime of stable beams® is ~ 10 h. This reduction is due to continuous beam losses

caused by proton interactions with residual gas that has escaped the vacuum of
the beam pipe, the limited efficiency of correction and focusing systems leading to
Coulomb scattering of protons traveling together or in different bunches at IPs, and
general operational errors. Once the beam intensity decreases to 1/e of its nominal
value, the beam is dumped, and a new cycle begins.

During a certain data taking period T, the number of produced events for a given
process is obtained by integrating over time the Eq. 2.1:

T T
N:/ Rdt:a/ Ldt = oL 2.2)
0 0

where L is the integrated luminosity, which represents the total luminosity delivered
to an experiment over the time interval T. It allows estimating the number of events
for both interesting process and of its backgrounds* are produced in an experiment
over a certain time.

The delivered luminosity is the total amount of potential collision data provided by
the collider to an experiment and depends only on machine parameters. Conversely,
the relevant quantity for analysis is the recorded luminosity, which refers to the fraction
of the delivered luminosity that is effectively collected and declared good for data
analysis.when all subdetectors, triggers, Data Acquisition system (DAQ), and physics
objects reconstruction show the expected performance.

Figure 2.2 illustrates the instantaneous luminosity (upper panel) and the delivered and

3Beams are defined as “stable” when they are aligned, squeezed, focused, and finally steered to
collide head-to-head.

“Throughout the thesis, processes that mimic the searched signature but are not of primary interest
will be referred to as backgrounds, while the process of interesty is defined as the signal.
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recorded integrated luminosity (lower panel) during Run 2 data-taking period at the
CMS experiment.

Section 2.5 provides a description of the luminosity measurement techniques adopted
at CMS.

Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC
25
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Figure 2.2: LHC performances during Run?2 at /s = 13TeV. Upper panel: Peak delivered
instantaneous luminosity VS day. Lower panel: Integrated luminosity VS year. In
the latter, the blue histogram corresponds to the delivered integrated luminosity
from the LHC while yellow one corresponds to the luminosity recorded by the
CMS detector under stable beam conditions [80].

2.1.3 Pileup at the LHC

At high luminosities, essential for precision measurements and searches for rare or
Beyond Standard Model (BSM) phenomena, the number of interactions per bunch
crossing increases significantly. The multiple interactions arising during a bunch
crossing event are collectively referred to as pile-up (PU); when they originate from
different bunch crossings, they are categorized as out-of-time PU. The PU represents
the average number of simultaneous interactions per bunch crossing and, in the case
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of pp collisions, is given by:

pp
<PU = £ %l
np frev
where Uﬁlzl represents the cross section for inelastic pp collisions.

To efficiently identify the primary hard interaction associated with a given event

amid PU interactions, the most energetic collision is selected. This method assumes
that the probability of multiple pp interactions producing significant physics processes
in the same bunch crossing is negligible.
However, the PU implies the overlap of signals of several interactions in the detector. A
precise understanding and modeling of this phenomenon is crucial, as it degrades the
performance of the CMS detector in reconstructing physics objects (Chapter 3). Conse-
quently, dedicated techniques are developed to mitigate the detrimental effects of PU.
During Run 2, an average of 34 pp interactions per bunch crossing was reconstructed,
with peak values exceeding 50, as illustrated in Fig. 2.3.
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Figure 2.3: Distribution of the average number of interactions per crossing (pileup) for pp
collisions in 2015 (purple), 2016 (orange), 2017 (light blue), and 2018 (navy blue).
The overall mean values and the minimum bias cross section is also shown. These
plots use only data where all CMS sub-detectors were flagged to be ok for any kind
of usage in physics analysis, and the "LHC standard" values for the minimum bias
cross sections, which are taken from the theoretical prediction from Pythia (Section
5.1) and should be used to compare to other LHC experiments [80].

2.1.4 LHC Operations

The first pp collisions at the LHC occurred on September 10, 2008, at a center-of-mass
energy of /s = 7 TeV, marking the beginning of Run 1. This energy was later increased
to v/s = 8 TeV, and Run 1 lasted until early 2013. After a two-year shutdown (LS1),
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Run 2 started in 2015 with pp collisions at /s = 13 TeV. The data-taking period for
Run 2 officially ended on October 24, 2018, initiating another long shutdown (LS2).

On July 5, 2022, ten years after the announcement of the Higgs boson discovery, the
LHC resumed pp collisions at /s = 13.6 TeV, marking the beginning of Run 3. This
phase will continue until the end of 2025, aiming to achieve an integrated luminosity
of 300 fb~! by its conclusion.

Following Run 3, a new long shutdown (LS3) will take place, leading into the
HiLumi-LHC (HL-LHC) era. The operational phases are defined as Phase 1 (LHC),
covering up to the end of Run 3, and Phase 2 (HL-LHC), for subsequent runs. The
baseline peak luminosity for HL-LHC is projected to be 5 x 10** cm~2s~!, with an
ultimate luminosity goal of approximately 7.5 x 103 ecm~2s~1. The total integrated
luminosity for the entire HL-LHC operation is expected to reach 3000 fb~! under the
baseline scenario and 4000 fb~! in the ultimate scenario.

Before the HL-LHC Phase 2 begins, significant upgrades are planned for all exper-
iments. Major upgrades for the LHCb and ALICE experiments were implemented
between Run 2 and Run 3, whereas substantial upgrades for CMS and ATLAS will
occur during LS3, in preparation for HL-LHC Run 4. The LHC machine upgrades for
Phase 2 include the installation of new superconducting quadrupole magnets at the
ATLAS and CMS IPs, along with compact superconducting cavities (“crab cavities”)
designed to enhance luminosity performance.

LHC / HL-LHC Plan ( HiLumi )

LARGE HADRON COLLIDER

LHC HL-LHC
it —i
] — | s T
EYETS LS2 13.6 Tev  1213E] 13.6 - 14 TeV
13 TeV —— — — CNEI QY
Diodes Consolidation
splice consolidati cryolimit LIU Installation d
7 TeV 8TeV_ “hutton collimators ineraction inner triplet e
— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
T\ A T\
[ | | ot | o | o [ zor | 2 | o0 ]
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ST — I'umi | 2xnominal Lumi, ALICE - LHCb 2x nominal Lumi il uparade
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Figure 2.4: HL-LHC schedule [81].
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2.2. The CMS Experiment

The CMS experiment is a general-purpose detector with cylindrical symmetry, located
at the LHC collision point IP5 in Cessy (FR) [70]. As of 2024, the CMS collaboration is
one of the largest scientific collaborations in history, bringing together approximately
6107 members from 256 institutions across 58 countries.

In 2012, the CMS and ATLAS collaborations announced the discovery of the Higgs
boson, a milestone in modern physics that demonstrated the capabilities of these
experiments. Since then, Higgs physics has become a central research focus in the CMS
physics programme, including studies of both single and double Higgs production.
Moreover, the large dataset expected to be collected during Phase 2 may enable direct
measurements of the Higgs boson’s self-coupling.

The advanced technologies of the CMS subdetectors and its sophisticated two-
level trigger system (Section 2.4), combined with state-of-the-art software tools, allow
for precise particle reconstruction and identification. These capabilities enable high-
precision tests of the SM, Higgs boson studies, and the exploration of BSM theories,
such as Warped Extra Dimensions theory (WED),the theory at the basis of the search
conducted in this thesis, searches for Super symmetry (SUSY), Vector-Like Quarks
and Long-Lived Particles. Moreover, CMS conducts competitive B-physics analyses,
compared to dedicated experiments such as LHCb and Belle II, and heavy-ion physics
studies.

2.2.1 CMC coordinate system and useful quantities

The CMS experiment adopts a coordinate system centered at the nominal collision
point, with the y-axis directed upward and the x-axis radially pointing inward to the
LHC ring centre. Consequently, the z-axis extends along the beam direction towards
the Jura mountains from the IP [82].

Given the detector cylindrical shape, a cylindrical coordinate system (r, 0, ¢) is con-
venient to use. The azimuthal angle ¢ is measured from the x-axis in the transverse
plane and the polar angle 6 is measured from the z-axis. A schematic view of these
coordinate systems is shown in Fig. 2.5.

7= —00
LHCb

ATLAS

— ALICH

(a) (b)

Figure 2.5: Scheme of CMS cartesian (Fig. 2.5a) and cylindrical (Fig. 2.5b) coordinate systems.
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Momentum components

The momentum of a particle in the cartesian representation consists of a longitudinal
component (longitudinal momentum component (pz) ) along the beam axis and a
transverse component transverse momentum component (pr) defined as:

pr =/ P2+ 13

Differences in pr are invariant under boosts along the z-direction.

Pseudorapidity

The polar angle 6 can be conveniently expressed in terms of the pseudorapidity #:

n=—In (tan g) (2.3)

The use of 1 instead of 6 is convenient since both 7 and differences in # (Ar) are
invariant under a Lorentz boost along the z-axis and at the same time both are
dependent only from kinematics. In fact, pseudorapidity can also be defined in terms
of the particle momentum:

1 |P|+PZ)
:—1n — |, 2.4
=3 (|p|—pz @4

For ultra-relativistic particles (E ~ |p|),which is a valid approximation at LHC energies,
pseudorapidity closely aligns with rapidity Y:

_1 E+ psc
Y = 2ln (E — po) (2.5)

where c is the speed of light in vacuum.

The pseudorapidity 7 is commonly used to identify three detector regions relative to
the beamline: the barrel region (|17 < 0.9), the overlap region (0.9 < |y| < 1.2), and the
endcap regions (|n| > 1.2). A r — z view of one quadrant of the CMS detector is shown
in Fig. 2.6 with the red lines denoting the #(6) coordinates.

Lorentz invariant distance

As for pseudorapidity, also azimuthal angle differences (A¢) are invariant under a
Lorentz boost along the z-axis. Thus, Ay and A¢ can be exploited to define Lorentz
invariant distance between two particles in the detector:

AR =/ (Ag)2 + (D)2, (2.6)

Also in this case this definition is convenient, especially thanks to the cylindrical
symmetry This variable is also used to define a longitudinal boost invariant cone
aroung a single particle in order tu study nearby activity around it.
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Figure 2.6: Layout of a CMS quadrant in the r — z plane. The red lines denote the corresponding
values of 17 and 0. Image took from [83].

Beam Spot (BS)

The luminous region near to the coordinates origin, where two proton beams intersect
each other, is defined as BS. A typical width value of this region is 16 pm and 100 pm
along x and y directions respectively, while its length in z direction is approximately
15 cm. The BS location plays an important role during the event reconstruction as it is
the origin for all pp interaction products.

2.3. The CMS detector components

The CMS detector features a high-field, large-bore superconducting solenoid, which sur-
rounds a silicon tracker, a lead-tungstate scintillating-crystal electromagnetic calorime-
ter, a brass-scintillator hadron calorimeter, and muon detectors. Forward sampling
calorimeters extend the detector coverage to high pseudorapidity values (57| < 5),
ensuring hermeticity. The detector has a length of 21.6 m, a diameter of 14.6m, and a
total weight of 14 000 t.

Designed to handle high event rates and short bunch crossing times, the CMS detec-
tor achieves precise momentum resolution for all charged particles, with a particular
focus on muon identification. The strong magnetic field, generated by superconducting
technology, provides the necessary bending power for accurate momentum measure-
ments. Additionally, the detector delivers excellent electromagnetic energy resolution,
enhancing photon and electron identification. The finely segmented hadron calorimeter
enables precise measurements of missing transverse energy. By combining calorimetric
data with tracking information, the detector effectively distinguishes between neutral
and charged hadronic components.

All detector components and front-end electronics, especially those near the in-
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teraction region, are designed to withstand high radiation levels, ensuring minimal
performance degradation throughout the LHC operation. These features collectively
enable the CMS detector to maintain high efficiency and precision under the extreme
conditions of the LHC [82].

2.3.1 Tracker

The CMS tracker [84,85] is a cylindrical structure measuring 5.8 m in length and 2.6 m
in diameter, with a layered structure incorporating different arrangements of silicon
sensors to optimize particle tracking. It is designed to precisely measure trajectories
and momenta of charged particles in high-energy pp collisions, for particles with pr
between 1GeV and 100 GeV and within |7| < 2.5. The layout of the original inner
tracking system is shown in Fig. 2.7.

The entire tracking system employs silicon technology, which provides high granularity
and detection efficiency, with a low material budget to minimize multiple scattering
effects. Silicon detectors also feature fast response times and radiation tolerance, mak-
ing them suitable for high-speed particle tracking in a high-density environment. The
modular structure of the tracker facilitates scalability and maintenance. The tracker is
placed within the superconducting solenoid which produces a nearly uniform mag-
netic field of 3.8 T (Section 2.3.5), essential for pr measurements of charged particles
by bending their trajectories. Although the tracker is equipped to handle high particle
flux (~ 107 particles per second at a radius of 10 cm), challenges such as track overlap
and primary and secondary vertices identification require sophisticated reconstruction
algorithms to achieve excellent precision.

The tracker system covers the region up to || < 2.5 with a radius r < 1.2m around
the beam pipe and for |z| < 2.7m. The innermost section of the tracker consists of
silicon pixel sensors, while the outer regions have silicon detectors aranged in strips.
Both sections are further divided into barrel and endcap regions. The high level of
precision makes silicon detectors ideal for placement in the region closest to the beam
pipe, wher there are the highest particle densities.

The pixel detector technology offers low occupancy, high spatial resolution, allowing
to perform an accurate vertex reconstruction thanks to their extremely fine granular-
ity. It contains ~ 66 millions of pixels with an area 100 x 150 pm?, and for a total
area of about 1 m? [82]. Its readout consists in approximately 16000 chips, which are
bump-bonded to the detector modules. Double-sided modules are built from two
single-sided modules glued back-to-back at a stereo angle of 100 mrad between the
strips to enhance the spatial resolution by providing a measurement in r — ¢ and r — z
coordinates [86]. The passage of a charged particle in the pixel detector produces
a signal in the neighbouring pixels, which is used to reconstruct hits. The shapes
of these clusters are analyzed and fitted to achieve a precise hit position, typically
with a resolution on the order of 10 um in r — ¢ plane (the transverse direction) and
20 +40pm in z (the longitudinal direction), depending on 7.

The strip detectors cover a larger area beyond the pixel detector. Their design
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reduces the number of read-out channels while maintaining good resolution, as the
occupancy decreases with the particle flux following a 1/r? dependence. They consist
in more than 15,000 modules mounted on carbon-fiber structures. Strip modules can
be single- or double-sided, containing about 9.6 million silicon sensors in total [70].
The strip modules feature different geometries [87,88].The strip hit resolutions vary
from 23 to 52 pm in the r — ¢ plane and 23 pm in the z direction, depending on the
distance from the beam axis and 7.

The tracker modules are housed inside a temperature controlled outer support tube. To
mitigate radiation damage, the pixel and strip detectors are operated at temperatures
of approximately —15°C and —20°C, respectively. An efficient cooling system is
used to dissipate the heat generated by the on-board electronics, ensuring optimal
performance and longevity of the detectors.

The pixel and the strip detectors are described in the following.
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Figure 2.7: Schematic view through the CMS tracker in the r — z plane; it is symmetric about
the horizontal line r = 0, so only the top half is shown here. The tracker centre,
corresponding to the approximate position of the pp collision point, is indicated by
a star. Green dashed lines help to understand which modules belong to each of the
named tracker subsystems. Strip tracker modules that provide 2D hits are shown
by thin, black lines, while those permitting the reconstruction of hit positions in 3D
are shown by thick, blue lines. The latter actually each consist of two back-to-back
strip modules, in which one module is rotated through a “stereo” angle. The pixel
modules, shown by the red lines, also provide 3D hits. Within a given layer, each
module is shifted slightly in » — ¢ or z with respect to its neighbouring modules,
which allows them to overlap, thereby avoiding gaps in the acceptance. Image
taken from [89].

Pixel Trackers

* Pixel Barrel (BPIX): The innermost section of the CMS Tracker features three
concentric pixel layers located at radii of 4.4, 7.3, and 10.2cm. These layers
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consist of silicon pixel sensors approximately 285 pm thick. The BPIX includes
768 modules, ensuring high granularity and hermeticity in the r — ¢ plane.

* Pixel Forward (FPIX). At each endcap there are two disks extending from 6 to
15 cm in radius, positioned at |z| = 34.5cm cm and |z| = 46.5 cm arranged in a
turbine-like geometry with 24 blades rotated of 20 °C with respect to each other,
resulting in a total of 672 pixel modules with 7 modules in each blade.

Phase-1 pixel detector The original pixel tracker has been completely replaced during
the technical stop at the end of 2016, with a completely new system able to sustain
an instantaneous luminosity of 2 x 103*ecm 257!, and high PU environment [90].
Fig. 2.8 shows a comparison between the old pixel detector and the new one; it has
an additional layer per region, for a total of four disks in the barrel region and three
in the endcaps. Moreover, the new pixel detector is closer to the beam pipe, and it
is designed to be lighter (together with the support structure) than the previous one,
reducing at same time the material budget. All these characteristics improved the track
reconstruction, thanks to the addition of redundancy to mitigate hit losses [91].

BPIX FPIX
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upgrade _. L2
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Figure 2.8: Layout of the CMS Phase-1 pixel detector compared to the original detector layout,
in longitudinal view [90].

Strip Trackers

¢ Tracker Inner Barrel (TIB): Located between 20 and 55 cm in radius and extend-
ing to |z| < 65cm, the TIB features four layers of silicon microstrip detectors.
These sensors are 320 pm thick with strip pitches ranging from 80 to 120 pm. The
tirst two layers use stereo modules for r — ¢ and r — z planes.

e Tracker Outer Barrel (TOB): Positioned at r > 55cm and |z| < 110 ¢cm, the TOB
consists of six layers of 500 micrometer thick silicon sensors with strip pitches
of 120 to 180 um. Due to lower radiation levels, these layers provide stereo
measurements.
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Figure 2.9: Material budget of the Phase-1 tracker for a charged particle originating from the
interaction point, shown as a function of 7. The left panel represents the material
budget in terms of radiation length (Xj), while the right panel shows it in nuclear
interaction length (A) [92].

¢ Tracker Endcap (TEC): This subsystem comprises nine disks on each side, ex-
tending from 120 < |z| < 280 cm. Modules are arranged in rings centered on the
beam line, with strips oriented toward it. Sensor thickness varies from 320 um for
the innermost rings to 500 pm for the outer ones, with stereo modules in some of
the rings; the pitch size between layers spans from 96 to 143 pum.

e Tracker Innter Disks (TID): Positioned between the TIB and TEC, the TID
features modules arranged in rings centered on the beam line. The first two rings
are in a stereo configuration. The sensor thickness is 320 um, with a pitch size
between layers from 97 to 143 um.

Tracker Performance

Despite operating under high instantaneous luminosities, the tracker performs effi-
ciently, meeting the stringent requirements of the physics program. While crucial for
precision measurements, the material composition of the tracker introduces effects such
as multiple scattering, energy loss, photon conversions, and electron bremsstrahlung,
which complicate trajectory and momentum measurements. Therefore, optimizing the
material budget is essential for enhancing detector performance.

The material budget is typically expressed in terms of radiation length (Xy) and
nuclear interaction length (A). The thickness of the silicon sensors traversed by a
charged particle varies with pseudorapidity (1), as illustrated in Fig. 2.9. At small ||,
the material budget is approximately 0.35 X, increasing to 1.8 Xj in the transition
region between the barrel and endcap, and then decreasing to 1.1 X at |y| ~ 2.5.

The combination of silicon pixel and strip detectors enables precise reconstruction
of charged particle trajectories (tracks) by detecting energy deposits in the sensitive
regions of the tracker modules (hits).
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2.3.2 The Calorimeters

The inner tracker is surrounded by the calorimetric systems: the Electromagnetic
Calorimeter (ECAL) and the Hadronic Calorimeter (HCAL) [93,94]. Their primary
goal is to accurately measure the energy and the direction of electrons, photons, and
hadrons produced in pp collisions.

Both calorimeters were designed to meet compactness requirements, as they are
situated within the superconducting solenoid. At the same time, they are required to
reach high granularity, fast response times, and resistance to radiation.

The ECAL is designed to provide precise measurement of incoming electrons and
photons energies and directions, while hadrons typically traverse the ECAL volume
without being stopped.

To handle hadrons, the HCAL is designed to absorb their energy and measure it. It
plays a critical role in the reconstruction of final states involving hadronic jets or non-
interacting particles like neutrinos. Its hermeticity and full geometrical coverage enable
the determination of missing transverse energy (MET, defined in Section 3.3.6) in
events. Additionally, HCAL provides independent energy measurements that enhance
the identification of muons, electrons, and photons as detected by the ECAL and the
muon system (Section 2.3.6).

Due to their fast response times, both the ECAL and HCAL are crucial for triggering
purposes, especially for triggers targeting the identification of high-energy objects such
as electrons, photons, and jets, which may be a signature of potentially interesting
physics events.

In the following, detailed descriptions of ECAL (Section 2.3.3) and HCAL (Section
2.3.4) are presented.

2.3.3 The Electromagnetic Calorimeter (ECAL)

The CMS ECAL was designed to detect the Higgs boson decay channel H — <7y, which
was crucial for its discovery. To achieve accurate measurements of the invariant mass
of the photon pairs, both energy and angular resolutions are essential, particularly
for distinguishing closely located photons and reducing background from ¥ — 7+
decays.

The ECAL is a homogeneous and hermetic calorimeter covering a region up to |1| < 3,
composed of lead tungstate (PbWQ,) scintillating crystals, 61200 in the barrel and 7324
in each endcap. When photons and electrons interact with the crystal material, they
produce a particle shower, depositing their energy primarily through ionization and
excitation of the material. This process generates scintillation light, and signals from
individual crystals are used to convert this light into energy measurements. Adjacent
energy deposits are grouped into clusters, representing the total energy from a single
particle interaction.

Lead tungstate was selected for its high density (0 = 8.28 g/cm®), small radiation
length (Xy = 0.89 cm) and Moliere radius (Ay = 2.2cm), along with its rapid light
emission (80% of light in ~ 25ns) and highly radiation hard (up to 10Mrad). The
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small Moliere radius provides good two-shower separation (particularly in high PU
environment) by reducing the area over which the energy is summed. The PbWO,
light yield is 30y /MeV necessitates the use of high-gain fast and radiation tolerant
photodetectors, wchich can operate inside the CMS magnetic field and are not sensitive
to particle traversing them. Silicon Avalanche Photodiodes (5iAPDs) are employed in
the barrel region, while Vacuum Photodiodes (VPTs) are used in the endcaps.

The ECAL consists of several subsystems: the ECAL Barrel (EB), the ECAL Endcaps
(EE) at the two sides, and a sampling ECAL preshower (ES) in front of EE with high
granularity suited for discriminating neutral pions from prompt photons. The layout
of the ECAL is shown in Fig. 2.10.

¢ The ECAL Barrel (EB) has an internal radius of 1.29m and is divided in 36
supermodules, each long half of the barrel length, covering up the region |17| <
1.48. The crystals are 23 cm, corresponding to 25.8 X, with a superficial area of
21.8 x 21.8 mm?, and are tilted at 3° ;

e The ECAL Endcaps (EE) cover the range 1.48 < || < 3.0 and are located at
|z| = 3.154m. In each endcap there are two aluminum semicircular plates which
include structural units of 5 x 5 crystals, called “supercrystals”. They are 22 cm
long, corresponding to ~ 24.7 Xy, and have a superficial area of 28.6 x 28.6 mm?.

e The ES is placed in front of the EE in the 1.653 < || < 2.6 region, to enhance
photon identification capabilities, and in particular to optimize the 71° detection.
It is a sampling calorimeter made by two planes of silicon strip detectors with
1.9 mm pitch and absorber lead disks of 2Xj and 3X/ depth, respectively.

The transverse granularity of Ay x A¢ is 0.0175 x 0.0175 in the barrel, while in the
endcaps the value is the same of the barrel for the first 7 towers of the EB, decreasing
to of A x A¢ ~ 0.05 x 0.05 for the last 5 towers.
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supermodule _
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Figure 2.10: Fig. 2.10a: Layout of the CMS electromagnetic calorimeter, showing the barrel

supermodules, the two endcaps and the preshower detectors [95]. Fig. 2.10b:
Geometric view of one quarter of the ECAL [96].
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The ECAL energy resolution for electrons up to energies between 20 and 500 GeV
in beam tests can be expressed as [93]:
OF a b

T = UG ® EGer) ©° 2.7)

The three contributions correspond to the stochastic fluctuations (a), electronic noise
(b), and constant term (c), respectively. The stochastic term includes contributions
from the shower containment, the number of photoelectrons and the fluctuations in
the gain process. The noise term of corresponds to a single channel noise of about
40MeV. The constant term, which dominates the energy resolution for high-energy
electron and photon showers, depends on non-uniformity of the longitudinal light
collection, energy leakage from the back of the calorimeter, single-channel response
uniformity and stability. Estimations ofthe contributions of these terms to the energy
resolution based on the beam testresults and simulations is shown in Tab. 2.2.

Contributing term Barrel (|| = 0) Endcap (|| = 2)
stochastic term, a 2.7% 5.7%
Total noise term, b (MeV) 210 MeV 915MeV (ET = 245MeV)
Total constant term, ¢ 0.55% 0.55 %

Table 2.2: Contribution to the energy resolution in barrel and endcap, assuming constant
luminosity operation. The values for the noise term correspond to the energy
reconstructed in a 5 x 5 crystal array [93].

2.3.4 The Hadronic Calorimeter (HCAL)

The ECAL is surrounded by the HCAL, whose purpose is to measure the energy of
charged and neutral hadrons, as they typically pass through the ECAL, where only
~ 30% of their energy is deposited, before being absorbed in the HCAL [97,98].

The HCAL is a sampling calorimeter, alternating between absorber and active material
layers, and consisting of four sub-detectors: the the HCAL Barrel (HB), HCAL Endcap
(HE) and Hadron Forward (HF) are placed inside the magnet; as the CMS solenoid coil
restricts the available space immediately after the ECAL, the HCAL system features
also the Hadron Outer (HO) to improve the hadron shower containment for high
energy hadrons, placed outside the magnet coil.

Its almost hermetic design and shower containment are driven by the need to achieve
a precise measurement of the Missing Transverse Energy (MET) (Section 3.3.6), a
good energy resolution for hadronic jets (Section 3.3.4) and to minimize the muon
misidentification, strongly reducing the punch-through hadrons in the muon chambers
(Section 2.3.6).

Figure 2.11 shows a schematic layout of one quadrant of the CMS detector where
HCAL subsystems are indicated.
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Figure 2.11: Longitudinal view of one quadrant of the CMS in the r — z plane. The HB, HE,
HO and HF components of the HCAL detector are highlighted. The tracker and
ECAL sub-detectors are visible in the inner part of the detector and the muon
chambers are visible in the outer part [70].

e The HCAL Barrel (HB) covers the || < 1.4 region and extends radially from
r = 1.77m up to r = 2.96m; 18 identical wedges, each segmented in four
azimuthal angle (¢) sectors, shape the two parts in which the barrel is divided.
The active medium in the scintillator is composed of 70000 tiles, connected to
wavelength shifter fibres that collect the emitted light. The tiles placed in the
same ¢ region are grouped in scintillating units, called tray. Scintillators, with
thickness 3.7 — 9 mm,interspace the absorbing layers. The absorber consists of
a front steel plate, 40 mm thick, 8 brass plates 50.5 mm thick plus other 6 brass
plates 56.5 mm thick and finally a 75 mm thick back steel plate. The two steel
plates in the front and the back of the HB are used to ensure structural strength.
The effective thickness in units of nuclear absorption length, A, seen by a hadron
entering in the barrel grows as 1/ sin(0), reaching 10.6A; at || = 1.3.

¢ The Hadron Outer (HO) covers the same 7 region as the HB, located outside
the magnet coil, which uses the coil as an additional absorber to catch the tails
of hadronic showers escaping from the HB and avoids the misidentification of
muons. It contains 10 mm thick scintillators and is divided into five 5 regions,
each called ring and covering 2.54 m along z. The central ring has two layers of
scintillators at radial distances of 3.82m and 4.07 m respectively, divided by a
19.7 cm thick piece of iron (the tail catcher iron). All other rings have a single
scintillator layer at a radial distance of 4.07 m. The additional absorber material
of the HO corresponds to an interaction length of about 1.4}/ sin(6). The HO
allows increasing the minimal interaction length of the HCAL at 7 = 0 to 11.8A;.

e The HCAL Endcap (HE) extends the coverage to 1.3 < |¢| < 3, and is divided into
two sections: eight internal and five external towers with different granularities.
Its hermetic structure consists of 79 mm thick brass plates with 9 mm gaps to
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accommodate the scintillators, providing a total interaction length of ~ 10A;.

e The Hadron Forward (HF) is located at |z| = 11.2m and covers the extreme
forward regions to 3.0 < |y| < 5.0. It is placed outside the muon chambers.
It is designed to resist to the very high particle fluxes in an high luminosity
environment, which in the region 4.5 < || < 5.0 results in a radiation dose
that approaches 100 Mrad/year for the design LHC operating luminosity. The
HF is composed of a 1.65m long cylindrical steel absorber (=~ 10A;), and the
active part uses radiation hard quartz fibres made of a fused silica core and
polymer hard-cladding. In the transverse direction, the HF forms a ring around
the beam line with an inner radius of 12.5cm and an outer radius of 1.30m. The
HF photodetectors, readout system, and electronics were upgraded at the end
of 2017 [99]. The HF detector initially used photomultiplier tubes to collect
the Cherenkov light, which have been replaced by multi-anode tubes to reduce
the rate of anomalous signals; thanks to the introduction of precision timing
measurements and longitudinal depth segmentation, the pattern recognition
capabilities in the HCAL were improved, granting an additional handle for
background rejection.

The HCAL provides significant granularity in the # — ¢ plane, with a typical tower
size of Ay x A¢p = 0.087 x 0.087 for || < 1.6, equivalent to the area of a 5 x 5 array of
the ECAL crystals, which ensures precise spatial resolution for energy measurements.
In the forward regions (57| > 1.7), the granularity is reduced to 0.175 x 0.175 due to
the large area and extreme particle flux. In the following a more detailed description
of HCAL sub-detectors is given.
The combined ECAL and HCAL energy resolution is parametrized with the relation:
0E a
E  \/E(GeV) o
where, in analogy to Eq. 2.7, a accounts for the stochastic term, and b for effects that are
non-linear with the energy. Both parameters are obtained in beam-test measurements,
yielding a = 85% (a = 198%) and b = 7% (b = 9%) in the barrel (endcap) region.
Despite the larger stochastic term in the forward region, the energy resolution remains
similar, as jets tend to be much more energetic in this region [100].

2.3.5 Superconducting Solenoid

One of the key features of the CMS detector is the superconducting solenoid, which
generates a strong magnetic field of 3.8 T [101]. This field is crucial for precise charge
and momentum measurements of particles produced in collisions.

The CMS magnet consists of a superconducting solenoid surrounded by an iron return
yoke. It uses a high-purity aluminum-stabilized conductor and employs indirect
cooling via thermosyphon, along with complete epoxy impregnation—technologies
previously demonstrated in the ALEPH and DELPHI experiments at LEP and H1 at
HERA. To handle the high magnetic field, current, and stored energy, a four-layer
winding design was adopted. This design incorporates a novel conductor with a larger
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cross-section, capable of withstanding an outward pressure (hoop stress) of 64 atm.
The Rutherford-type cable is co-extruded with pure aluminum to act as a thermal
stabilizer.

The solenoid itself is composed of four layers of NbTi superconducting wire. With a
length of 12.5m and a diameter of 5.9 m, the solenoid provides a uniform magnetic
field across the central region of CMS, which is crucial for consistent particle tracking.
A cryogenic system cools the solenoid to an operational temperature of approximately
4 5K using liquid helium. The cooling is essential to allow the magnet to carry the
large electrical currents (18.5kA) required to generate the 3.8T field, as shown in
Fig. 2.12, without significant resistance.
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Figure 2.12: Map of the predicted |B| field (left) and field lines (right) for a longitudinal section
of the CMS detector by a magnetic field model at a central magnetic flux density
of 3.8 T. Each field line represents a magnetic flux increment of 6 Wb [102].

The solenoid features a cold bore diameter of 6.3 m, housing the inner tracking
system, ECAL, and most of the HCAL. This design minimizes interference from
magnetic components, preserving the precision of energy measurements.

To reduce radiation and interaction length while maximizing space for the inner
tracking system, electromagnetic calorimeter, and most of the hadronic calorimeter,
the solenoid employs a relatively thin coil design with a radial thickness of 0.312m.
This design optimizes space utilization without compromising performance.

The magnet operates with an high energy density of about 11.6kJ/kg. To maintain
stable operation and prevent damage to the coil, the cryogenic system must meet
stringent requirements, ensuring a temperature margin of 1.8 K above the operating
temperature.

The magnetic field loop is closed by a massive iron yoke weighing approximatively
107 t. This yoke, designed for structural support, consists of five barrel wheels and
six endcap disks, which also host the muon chambers. The return field, around 1.8 T,
directed opposite to the main field within the solenoid, helps improve the momentum
resolution of muons by bending their trajectories in the opposite direction as they pass
through the tracking and muon detection regions (Section 2.3.6). This dual bending
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effect enhances the overall precision of muon charge and momentum measurements.

2.3.6 Muon System

The muon system is designed to identify muons and measure their charge and trans-
verse momentum (pr ) in the range from 1GeV to 1TeV. In this range, muons traverse
the entire detector volume, while most other interaction products are absorbed by the
ECAL and HCAL. For this reason, the muon system is located outside the supercon-
ducting solenoid, making it the outermost component of the CMS detector [103].
Beyond muon identification and momentum measurement, the muon system also
plays a crucial role in triggering thanks to its excellent time resolution, enabling fast
muon detection and precise bunch crossing identification. The system [70,102] covers
the pseudorapidity range |77| < 2.4 and consists of gaseous detectors embedded within
the layers of the steel flux-return yoke. This arrangement allows a traversing muon
to be detected at multiple points along its trajectory. Three types of gas ionization
chambers form the core of the CMS muon system: Drift Tube Chambers (DT), Cathode
Strip Chambers (CSC), and Resistive Plate Chambers (RPC). Together, they achieve a
muon reconstruction, identification, and isolation efficiency greater than 95% [104].
Additionally, in 2017, supplementary Gas Electron Multipliers (GEM) were installed
to enhance performance in the forward region. The layout of these detectors in one
quadrant of the CMS detector is shown in Fig. 2.13.
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Figure 2.13: Schematic view of one-quarter of the CMS detector. The DT, CSC and RPC stations
are shown in green, blue and red, respectively [102].
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Drift Tube Chambers (DT)

In the barrel region, where the neutron-induced background is minimal, the muon
rate is low, and the 3.8 T magnetic field is uniform and mostly contained in the steel
yoke, drift chambers with standard rectangular drift cells are used. These chambers,
known as Drift Tubes (DTs), cover the pseudorapidity range || < 1.2. The DT system
consists of 250 chambers arranged in 5 wheels along 1. Each wheel is divided into four
layers (“stations”) interspersed among the flux return plates, positioned at distances of
4.0,49,59, and 7m from the beam axis. In the r — ¢ plane, the DTs are arranged in 12
sectors, each spanning a 30° azimuthal angle.

Each of the first three stations contains 8 layers of chambers, arranged in two groups
of 4 to measure the muon coordinate in the » — ¢ bending plane. Additionally, 4 layers
provide a measurement in the z direction along the beamline. The fourth station does
not include z-measuring layers. To maximize angular resolution, the two sets of four
layers in each station are placed as far apart as possible.

To eliminate dead zones in efficiency, the drift cells within each chamber are staggered
by half a cell width relative to their neighbors. This arrangement enhances time
resolution by enabling the use of simple meantimer circuits for efficient standalone
bunch-crossing identification.

The number of chambers per station and their orientation were optimized to ensure
high efficiency in linking muon hits across different stations into a single track while
effectively rejecting background hits. Each DT chamber consists of rectangular drift
cells measuring 1.3 x 4.2cm? with a length of 2.4m. These cells are filled with a gas
mixture of Ar (85%) and CO; (15%). A uniform electric field and constant drift velocity
of approximately 55 um/s are maintained by placing electrodes at the top and bottom
of each cell, while cathodes are positioned along the sides. The position of a muon
traversing the chamber is determined by measuring the drift time to the anode wire.
Each drift cell achieves a spatial resolution of approximately 200 um, leading to an
overall resolution of about 100 pm in the r — ¢ bending plane and 150 ym in the z
direction for an entire station.

All DTs are coupled with one or two RPCs, as described in Section 2.3.6. High-pr
muons can traverse up to 6 RPCs and 4 DTs, producing up to 44 measured points in the
DT system. These measurements are crucial for accurately reconstructing muon tracks,
particularly for high-pr muons, which are more likely to have small pseudorapidity
values.

Cathode Strip Chambers (CSC)

The endcap regions, where the background rates are higher than in the barrel and the
magnetic field is non-uniform, are equipped with CSCs.

A CSC consists of 6 layers of anode wires and cathode strips, filled with a mixture of Ar
(45%), CO;, (50%), and CF4 (10%), each measuring the muon position in 2 coordinates.
The gas is ionized as the muon passes through the chamber, and the induced signals
are combined to provide a precise measurement of the muon position.
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Each endcap section consists of 4 CSC stations perpendicular to the beam and in-
terlayered between the magnet flux return plates. In each CSC station, 6 layers of
approximately perpendicular anode wires and cathode strips provide efficient muon
tracking and robust pattern recognition for background rejection. Both cathodes and
anodes are readout delivering r — ¢ and 7 measurements, respectively. The anodes
also provides good time resolution, which is used to identify the beam-crossing time of
a muon. Cathode strips are positioned radially and provide a precision measurement
in the r — ¢ plane. Anode wires provide a measurement in the radial direction. To
ensure continuous muon detection, most CSCs overlap. The CSC stations have r — ¢
resolution of about 75 + 150 ym and a z resolution of about 200 pm. The anodes also
provides good time resolution (= 3ns), which is used to identify the beam-crossing
time of a muon.

Additional RPCs (described in next section) are deployed in the endcap regions to
resolve any ambiguities in the CSC measurements.

Resistive Plate Chambers (RPC)

The RPCs are double-gap chambers operating as gaseous detectors in avalanche mode,
in an high electric field achieved using High Pressure Laminate (HPL, commonly
known as Bakelite) electrodes with a high bulk resistivity. They are formed of resistive
2 mm thick layers interlaid with a mixture of gas: 95.2% of freon (CoHyFy) 4.5% of
isobutane i — C4Hjp used as a quencher gas to reduce streamer formation, and 0.3% of
sulfur hexafluoride (SFs) to control the background electrons. The RPCs are installed
in both the barrel and the endcap regions. When traversed by a muon, an electron
cascade is triggered by the high electric field inside the volume and is read out using
strips oriented along z in the barrel and r in the endcap regions. There are 4 RPC
regions in the barrel and 3 in the endcaps.

Although the spatial resolution is coarser with a strip pitch of ~ 1cm and no seg-
mentation in the orthogonal direction, these detector provide further information for
tracks ambiguity resolution. In addition, being faster than the DTs and CSCs, with
a perfect time resolution better than ~ 1.5ns, RPCs ensure a robust bunch crossing
identification and efficient triggering.

Gas Electron Multiplier (GEM)

They introduced in the endcap region 1.6 < |y| < 2.4 at the end of 2017 to increase
the muon system redundancy in these regions. The technology used is the GEM [105],
which can accomplish the same physics goals of the RPCs in a high radiation environ-
ment.
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2.4. The CMS Trigger and Data acquisition sys-
tem (TriDAS)

At the design luminosity of £ = 103 cm~2s71, the LHC bunch crossing frequency
is 40MHz as beams are spaced by 25ns. This corresponds to a collision rate of
approximately 100 million events per second from proton-proton (pp) interactions.
This collision rate is many orders of magnitude higher than what any data acquisition
system can record, in particular for CMS it can afford a maximum of 1kHz. Moreover,
while the total pp cross-section is about 80 mb, many processes of interest, such
as Higgs boson production, have significantly smaller cross-sections. Even with
increased data storage capacity, filtering the most relevant events is crucial to reduce
computational costs and optimize data analysis.

To handle this enormous event rate, a robust DAQ and trigger system is employed to
preselect events in real-time, determining whether to store or discard each event. The
CMS trigger system must be highly efficient at selecting potentially interesting physics
signals, which occur much less frequently than non-interesting events. This is achieved
through a two-level trigger system: the Level 1 Trigger (L1T) [106], which reduces the
rate to a maximum of 100 kHz, and the High Level Trigger (HLT) [107], which further
reduces it to approximately 1 kHz.

The DAQ system [108] is designed to efficiently manage the enormous data volume
generated while ensuring stable operation under extreme high-luminosity conditions.
It works in close collaboration with the trigger system to manage and process the
enormous amounts of data generated.

The L1T is a hardware-based trigger that employs custom electronics to perform
event selection using information from the calorimeters and muon systems. Since it
does not use the full detector information, it must operate with high efficiency while
maintaining a low false rejection rate. Events accepted by the L1T are forwarded to
the HLT. It has access to complete detector information and employs sophisticated
reconstruction algorithms, which are simplified and optimized versions of offline event
reconstruction, to further refine event selection. These algorithms run on a dedicated
computing farm consisting of approximately 22,000 CPU cores, allowing for rapid
event processing and filtering.

Once an event is selected by the L1T, the data is transferred to the DAQ system, which
collects data fragments from all subdetectors and assembles them into a complete
event. This real-time process, known as event building (EVT), ensures that fully
reconstructed events are available for further processing in the HLT.

After HLT processing, which reduces the event rate to approximately 1kHz, the DAQ
system transfers the selected events to long-term storage for detailed offline analysis.
Additionally, the DAQ system regulates data flow to prevent buffer overflows. If the
incoming data rate exceeds the processing capacity of the HLT or storage, the DAQ
can temporarily buffer the data or implement predefined strategies to control the event
flow.
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2.4.1 The Level-1 Trigger (L1T)

As particles collide inside the CMS detector, the subdetectors generate raw data, which
are digitized and temporarily stored in the front-end electronics of each subdetector.
The L1T system exploits information coming from ECAL, HCAL and muon systems,
receiving a reduced version of raw data from the front-end electronics in real-time
to quickly analyze a simplified version of the event and apply the selection, using
information such as energy deposits or hit patterns. The L1T has ~ 3.8 ps after each
beam crossing to decide whether to keep or reject an event.

At the L1 stage, the event undergoes to three steps in sequence: local, regional, and
global.

* Local Trigger. At this stage, the calorimeters trigger takes energy deposits from
ECAL and HCAL and combines them into “trigger towers”>. Muon triggers use
track segments and hit patterns from all the muons subsystems. These signals
are defined as “Trigger primitives” (TP).

* Regional Trigger: TPs are further processed at the regional level, where calorime-
ter electron/photon candidates are defined (Regional Calo Trigger) and combined
DT/CSC tracks are identified assigned with physical parameters, as the pr (Re-
gional Muon Trigger).

* Global Trigger: The Global Calorimeter Trigger (GCT) and Global Muon Trigger
(GMT) combine regional information to form trigger objects like isolated e/
candidates (since no information from the tracker systems is available at this
stage, electrons and photons have almost the same experimental signature and
are reconstructed as e/<y objects), jets, hadronically decaying taus (7;,), and MET.
These information are sent to the L1 Global Trigger (GT), which decides if the
event should be accepted based on predefined algorithms.

Each trigger algorithm checks specific conditions, like energy thresholds, and if the
event satisfies at least one condition, the L1T accepts the event, forwarding it to the
HLT for further analysis.

2.4.2 High Level Trigger (HLT)

Events accepted by the L1T are transmitted to the DAQ system, which collects data
fragments from all subdetectors. The DAQ’s back-end electronics then assemble these
fragments into complete events before passing them to the HLT for further event rate
reduction, decreasing the rate from the maximum LIT accept rate of 100 kHz to an
output rate of around 1kHz, with a latency of approximately 350 < 1000ms. This
process is managed by event builder units within the back-end system, which oversee
the flow of data from the front-end electronics to the HLT.

In ECAL each trigger tower is composed of a group of 5x5 individual crystal cells in the barrel
region. In HCAL the trigger towers correspond to specific regions that match the ECAL geometry, with
each HCAL tower covering the same pseudorapidity and azimuthal angle range as a group of ECAL
crystals.
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The HLT primary goal is to identify and retain only the events that are potentially
interesting for physics analysis while discarding the rest. It operates using an Event
Filter Farm (EVF), a computing cluster composed of thousands of processor cores.
The EVF includes filter-builder units responsible for assembling event fragments into
complete events and filtering them. These units perform raw data unpacking, event
reconstruction, and trigger filtering.

During data-taking, the HLT reconstructs physics objects in real time, including jets,
muons, electrons, 1, and MET, collectively referred to as online objects. Specific identi-
fication criteria are then applied to these objects to select relevant events for physics
analyses. The reconstruction and identification processes utilize simplified versions of
the algorithms used for offline reconstruction, ensuring efficiency while maintaining
high-quality selection.

The HLT execution starts with local reconstruction and selection of data from the
calorimeter and muon systems, using Level 1 (L1) objects as seeds; this initial step re-
duces the event rate before the more CPU-intensive process of reconstructing complete
tracks in the tracker, which depends on the outcome of the first step.

HLT menu and paths structure

The HLT operates through “HLT paths” organized in a detailed menu. Each path
consists of sequences of reconstruction and selection steps that refine physics objects
based on events that have already passed the L1T. This method helps reduce the data
rate while retaining significant events for analysis. Each path is designed for specific
event signatures relevant to studies like searching for top quarks, Higgs and vector
bosons. To optimize computational resources, not all HLT paths are executed for every
event. Instead, execution is guided by the results of the L1T, allowing multiple L1
algorithms to seed a single HLT path, ensuring efficiency while preserving sensitivity
to rare event signatures.

Event Selection and Trigger Information Each HLT path can be in one of four states:
it can run, accept, reject an event, or encounter an error. These states are encoded into
two bits (since four states can be represented with 2 bits), stored in the trigger bits of
the data files. For data analysis purposes, to ensure an event has passed through a
specific trigger path, the corresponding trigger bit must indicate the “accepted” status.

Real-Time and Offline Reconstruction The HLT performs real-time reconstruction of
physics objects, which are referred to as online objects. Due to the limited time window
for decision-making (350 = 1000 ms), the HLT uses fast, simplified algorithms that
prioritize speed over precision. However, once the events are stored for offline analysis,
the objects are reprocessed using more accurate algorithms that incorporate data from
all CMS subdetectors, resulting in what are known as offline objects. These are more
finely reconstructed with complex algorithms prioritizing accurancy over speed, and
used for physics analyses.
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Triggers prescaling The CMS trigger system uses the prescaling rechnique to manage
triggers with high event rates and prevent memory saturation during data acquisition.
Trigger paths with low thresholds often select a large number of events, so a prescale
factor is used to randomly discard some of these events. This technique allows for
the collection of representative samples of less rare but still interesting events while
maintaining manageable data rates. It is especially beneficial for frequently firing
triggers that do not require high precision, thereby conserving resources for rarer,
critical events. However, in the search described in this thesis, no prescaling is applied.

Trigger paths in the X — HH — bb77 analysis

The trigger paths employed in the search presented in this thesis are specifically
designed to detect the T leptons coming from one of the two Higgs bosons (H — 77~
). These paths require the presence of an electron, muon or hadronic tau; other included
paths select a lepton pair made by either an electron or a muon paired with hadronic
tau or hadronic tau pairs. Each of these triggers must meet certain criteria, including
kinematic thresholds, quality of particle identification, and isolation requirements. Due
to the nature of the T decay, which involves the production of multiple neutrinos,
up to four in total, some of the energy from the decay is undetected. For this reason,
an additional trigger path requiring a certain amount of the MET is employed. This
MET threshold helps capture events where significant energy has escaped detection
along with the neutrinos. The various trigger paths used in this analysis ensure
comprehensive coverage and help maximize the detection of a potential H — v 7~
decays. Detailed descriptions of each of these trigger paths and their specific criteria
are provided in Section 4.4 of the thesis.

2.4.3 Software and Computing in CMS

The CMS experiment relies on a globally distributed computing infrastructure, the
Worldwide LHC Computing Grid (WLCG), to manage the vast data volume efficiently.
This system, structured in a tiered architecture, ensures efficient data handling and
accessibility for CMS collaborators worldwide (Fig. 2.14).

A key concept in CMS data organization is the Primary Dataset, which groups
events based on the trigger paths fired during data acquisition. Events selected by the
HLT are initially stored in RAW format, containing unprocessed detector signals. These
RAW events are sent to Tier-0 (T0) at CERN, where they are categorized into Primary
Datasets and processed into RECO (reconstructed) and AOD (Analysis Object Data)
formats. RECO data apply reconstruction algorithms to identify high-level physics
objects, while AOD is a streamlined format optimized for analysis. To further reduce
data size while preserving analysis-relevant information, additional formats such as
MiniAOD and NanoAOD are produced, facilitating efficient storage and analysis
workflows.

These datasets are stored on tape and distributed to Tier-1 (T1) centers for further
processing and analysis. T1 centers, located in various collaborating countries, handle
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Figure 2.14: The CMS data flow within the tiered computing system. Physics data are grouped
into Primary Datasets at Tier-0 and distributed across the WLCG for analysis and
storage.

dataset calibration, reconstruction, and long-term secure storage. They also manage
Monte Carlo (MC) simulation samples, which are produced at Tier-2 (T2) centers. T2
facilities, primarily located at universities and research institutes, provide the com-
puting resources needed for simulation, calibration, and user-driven data analysis.
The Primary Dataset structure ensures efficient handling of events relevant to specific
physics analyses, facilitating their targeted processing and distribution across the
computing tiers.

CMS Software Framework

The CMS software, CMSSW, has been developed to handle all aspects of data processing
and analysis within CMS. Written in C++ and Python, it provides a modular and
flexible framework centered around the Event Data Model (EDM), which organizes
event information into a C++ object container.

CMSSW integrates with the Primary Dataset system by enabling efficient processing
of RAW, RECO, and AOD formats, and storing outputs in ROOT files for further
analysis. Its object-oriented design ensures scalability and adaptability to the evolving
computational and physics needs of CMS.

2.5. Luminosity measurements at CMS

The luminosity measurement [109] is performed during special calibration runs, called
Van der Meer (VdM) scans [110], characterized by dedicated LHC setup with well
separated beam and using specific subsystems called “luminometers”. In general, the
measured rate from the luminometers is proportional to the instantaneous luminosity

73



CHAPTER 2. THE EXPERIMENTAL APPARATUS

via the oyjs proportionality constant:
R = LinstOvis (2.8)

Where 0y is called the visible cross section. The purpose of VdM scans is to measure
Ovis-

During VdM scans the two beams are separated and then moved across each other.
In head-on collisions, when there is no crossing angle and the beams collide with zero
relative separation, the istantaneous luminosity for a single colliding bunch i, £ __,
and can be expressed as:
B 5, 110 ofrey

Ll

= P P 2.9
metT 27y, 3, 29)

It depends on the beam overlap widths in the x and y directions, which are respectively

2y and X, on the number of protons in the bunch (n;'g’1 and ”;,2)' and on beam

revolution frequency in LHC, fey.

The values ¥ and ¥, are obtained by conducting two separate scans that vary the

beam separation and measure the rates in the x and y directions. The rates values are

fitted with double-Gaussian functions and X, and %, correspond to the widths .
Then Eq. 2.8 can be used to derive the oyis once the beam overlap widths are

estimated and o5 is obtained inverting the Eq. 2.8 and using Einst :

27X 2y
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Where R is the head-on collision rate. Knowing oyis and since Eq. 2.8 is valid under
all different beam conditions, measuring the rate allows to determine the luminosity in
regular physics fills, during which the beam overlap width cannot be measured with
the necessary accuracy, and not only in VdM scans. Once the Li,g is obtained, the
integrated luminosity can be computed integrating over time the instantaneous one, as
Ovis 1S @ constant term.

In practice, luminometers often show a nonlinear relationship with instantaneous
luminosity, PU, and external factors like the LHC filling scheme. To achieve accurate
measurements, these nonlinearities must be corrected. Moreover, before fitting to
extract Xy and X, it is essential to correct the raw measured rates for background in
the detector. This background contribution is estimated independently by analyzing
two special 5-minute periods during the VdM scan, when the beams were separated
by 60}, (Where o}, is the beam size) in both the x and y directions, ensuring that only
background sources, such as beam-induced background or detector noise, contribute.

2.5.1 Luminosity detection techniques at CMS

CMS employs specific detectors and techniques to monitor and measure the luminosity.
They are both subdetectors of CMS and dedicated detectors put along the beam axis
outside of CMS. The use of multiple luminometer provides independent and robust
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luminosity measurements, and measure the same quantity in different acceptance
ranges. Each luminometer computes the rate relying on specific quantities as hits,
tracks, vertices.

The analysis of luminosity is conducted in two distinct ways. It can be performed
online, in real-time, on a bunch-by-bunch basis, providing high precision in a short
timeframe. Alternatively, it can be done offline using raw data that have already been
collected, which typically allows for greater precision but involves analyzing data per
fill over a longer duration.

Online measurements exploit the following techniques and tools:

* Pixel Luminosity Telescope (PLT) [111]: a silicon pixel detector installed at
1.75m from the interaction point, at |#| ~ 4.2 and is made of 16 “Telescopes”,
8 at each side of CMS. Each telescope is made of 3 silicon pixel planes. The
luminosity is measured by counting events in which all the planes register a hit,
producing an electric pulse at the collision rate. This initial signal is processed
using very fast custom hardware, ensuring excellent statistical precision and
effective background suppression. The complete data is then read out at a lower
rate.

¢ Fast Beam Conditions Monitor (BCM1F) [112], consisting of 4 half rings put
on both sides of CMS interaction point after the PLTs (~ 1.8 m). The adopted
technology is made by poly-crystalline (pCVD) diamond sensors and silicon
sensors and specific ASICs for readout, providing a response time of ~ 6.25ns.

* The HF detector is exploited too. Two algorithms are used: one based on the
fraction of occupied towers (HFOC), while the other relies on the sum of the
transverse energy (HFET).

* DT measurements, exploiting the muon stubs rate in the muon barrel track finder.
This technique provides stable and linear integrated luminosity measurements,
and therefore they can be used as complementary cross checks.

* RAMSES, a LHC detector used for radiation and environmental monitoring [113].
It is made of plastic ionization chambers coated with PE graphite, which detects
photons in a specific energy range. It does not make bunch-by-bunch measure-
ments, but as in the DT case, it is less affected by instability or nonlinearities,
thus is a good cross check for integrated luminosity measurements.

The PLT and BCMIF exploit a separate DAQ system (BRILDAQ), made of special
readout electronics capable of handling the 40 MHz collision rate and thus providing
very fast response. Also the DT measurements are available in the BRILDAQ.

The HF has a special readout to perform luminosity measurements, installed on all the
rings, even if only two HF rings are used for this purpose.

The online measurements allow for both instantaneous and integrated luminosity
estimation: PLT, BCM1F and HF perform bunch-by-bunch scans, thus measuring the
instantaneous luminosity, whereas DT and RAMSES give complementary information
on integrated luminosity.
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Offline measurements are performed on dataset using special trigger mode is to
cope higher data rate, which lasts 5 bunch crossings, requiring collisions but not any
specific event activity (“zero bias”). The following methods are employed:

* Pixel Cluster Counting method (PCC) [114], using the inner tracker with the
eclusion of the first layer. Giving the smaller bandwith and the high precision
achieved by the tracker, the PCC method provides stable measurements of
integrated luminosity over “lumi-sections” time (= 23 s). Luminosity is evaluated
considering the number of pixel clusters in the events.

¢ Vertex Counting (VTX). This method is employed for low PU luminosity mea-
surements, with negligible background, providing good profiles of beam shape
overlaps. The disadvantage is that the statistics is low, since it uses the same
dataset collected from the PCC method.

The offline methods provide only integrated luminosity measurements. In particu-
lar, the PCC method exhibits a very small dependence on PU and an excellent linear
detector response with the increasing of the luminosity.
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Chapter 3

Event reconstruction at CMS

The raw data collected by the Compact Muon Solenoid (CMS) detector in proton-
proton (pp) collisions are processed into high-level objects, such as tracks, vertices,
and calorimeter clusters. These high-level objects are then used to reconstruct physical
objects, including electrons, muons, tau decays involving hadrons (also referred to
as hadronic tau decays), jets, b-jets, and Missing Transverse Energy (MET), which are
essential for this analysis. This chapter provides a brief overview of the algorithms
responsible for converting subdetector signals into reconstructed physical objects and
assesses their performance.

3.1. Detector objects reconstruction

Each particle produced in pp collisions at CMS leaves a unique signature in the
subdetectors, as illustrated in Figure 3.1.

Muons (azure line in Fig. 3.1) lose only a small fraction of energy in the innermost
detector layers and are detected in both the tracker and the muon chambers. Electrons
(red line in Fig. 3.1) and photons (blue dashed line in Fig. 3.1) are absorbed within
the Electromagnetic Calorimeter (ECAL) (Section 2.3.3); however, only electrons leave
a visible trajectory in the tracker. Hadrons (green line in Fig. 3.1) pass through the
ECAL, depositing a small fraction of their energy, and release the majority of their
energy in the Hadronic Calorimeter (HCAL) (Section 2.3.4). The trajectories of their
charged components are recorded in the tracker. Neutrinos escape CMS undetected,
but their presence can be inferred from the transverse energy imbalance in the event.
Events accepted by the trigger system (Section 2.4) are reprocessed offline, using
more sophisticated and slow algorithms. Then the Particle Flow (PF) algorithm [115],
described in Section 3.3, combines the raw signals from the subsystems to reconstruct
and identify high-level detector objects, like tracks in in the inner tracker and in the
muon system, clusters in calorimeter and pre-shower, primary and secondary vertices
produced in the event (Section 3.1.2) with maximum efficiency and low background.
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The basic of the algorithms utilized for this purpose by both High Level Trigger (HLT)
and offline processing are briefly described in the following sections.
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Figure 3.1: A sketch of particles passing through the CMS detector in a transverse slice
of it, from the beam interaction region to the muon detector. The represented

muon and charged pion are positively charged, whereas the electron is negatively
charged [115].

3.1.1 Tracks

Within the tracker region, the nearly uniform magnetic field and minimal material
allows the trajectory of a charged particle to be modeled as a helix. The five parameters
used by CMS to determine track trajectory in this region are: dy, zo, ¢, cot(f) and
q/transverse momentum component (pr). The last parameter is ratio between the
charge of the track,q and its pr defined at the impact point (xg, yo, zo), the closest track
trajectory point to the nominal beam axis (z = 0); 6 and ¢ are respectively the polar
and the azimuthal angles of the track momentum vector at a given point point; dy is the
impact parameter of the track in the transverse plane, defined through the coordinates
of the impact point, dg = —x( cos ¢y + yosin¢y. The longitudinal component of the
momentum in the point of coordinates (xo, yo, z0), Pz, is directly related to cot(0):
pz = prcot(f). The trajectories of charged particles and its momenta are defined as
tracks. Figure 3.2 gives a visual picture of a part of the helix trajectory for a positive
charged track and the variable used to define the track parameters.

Accurate track reconstruction is essential for achieving high efficiency in vertex
reconstruction and precise momentum measurement. Track parameters are estimated
using the spatial positions of the charge deposits (hits) created by a charged particle
traversing the layers of silicon detectors. Due to high particle multiplicity within
the tracker, reconstructing particle tracks is a computationally intensive task. To
manage the combinatorial complexity, an iterative tracking approach is employed.
The core concept of iterative tracking is to identify the initial iterations on finding
the easiest tracks to identify—those with relatively high pr and originating near
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-y

Figure 3.2: Visual picture of a part of the helix trajectory for a positive charged track and the
variables used to define the track parameters. Readapted from [116]

the interaction region. After each iteration, hits associated with identified tracks
are removed from consideration, thereby reducing combinatorial complexity and
simplifying the subsequent iterations. This process allows later iterations to focus on
more challenging track types, such as those with low pr or significant displacement
from the interaction region.

Tracks are initially roughly reconstructed at the HLT level using hit information
from the tracker. The offline reprocessing begins with local reconstruction in the inner
tracker, where signals exceeding a certain threshold generate hits. These hits represent
estimated points of track intersections for charged particles within the silicon detector
layers. A local orthogonal coordinate system (u,v), defined in the plane of each sensor,
is employed to estimate the hit position and its uncertainties.

Subsequently, a transformation from the local to the global coordinate system is
performed accounting for discrepancies between the assumed and actual detector
positions, as well as surface deformations identified through the alignment procedure.
The detector element uncertainty is then combined with the intrinsic uncertainty of
the local hits.

During earlier reconstruction stages, some tracks may not be linked to actual charged
particles and are classified as fake tracks. To mitigate the fake rate, quality requirements
are imposed, evaluating parameters such as the number of hit layers, the final fit's x?
value, and the track’s compatibility with a primary interaction vertex.

The final reconstruction steps are intended to find tracks that originate outside the
Beam Spot (BS) and to recover tracks that were not reconstructed in earlier iterations.
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Iterative tracking procedure

The tracking process is divided into six iteration steps. The first three iterations (0-2)
reconstruct prompt tracks originating near the BS, while the remaining three iterations
(3-5) reconstruct non-prompt tracks with origins outside the BS [89].

Within each iteration, the Combinatorial Track Finder (CTF) algorithm, an adaption of
the combinatorial Kalman Filter (KF) [117,118], is used with configuration parameters
tailored to each specific iteration. The CTF algorithm consists of four logical steps [89],
which are applied to progressively refine and identify track candidates through each
stage of reconstruction:

* Seeding: the initial trajectory parameters and uncertainties are determined using
seeds formed from two or three hits in the pixel detector from different layers.

¢ Pattern recognition/track finding: Seed trajectories are extrapolated to all tracker
layers to search for compatible outer hits, updating traversed material and track
parameters iteratively. A backward search identifies duplicate tracks using a
trajectory cleaner, which retains the best track based on the highest number of hits
and the lowest x? value.

* Track fitting: The trajectory is refined using “inside-out” and “outside-in” KFs.
The first filter processes hits from the inner layers, increasing uncertainties, while
the second smooths results from the first, yielding helix parameters for further
extrapolation.

¢ Track selection: applies quality requirements to reject fake tracks which are not
associated with a charged particle. These criteria are optimized in function of py,
17, and the number of hit layers in the tracker.

Track reconstruction performance

The track reconstruction performance is evaluated in terms of tracking efficiency (the
fraction of simulated charged particles that can be associated to the reconstructed
tracks), fake rate (fraction of reconstructed tracks that are not associated with any
simulated particle) and track parameters resolution.

Both the offline and HLT performances have been assessed using tt simulated samples
corresponding to the 2016 — 2017 data, with an average pile-up (PU) of 35 [119,120].
Track reconstruction was updated to take advantage of the enhanced features of the
upgraded pixel detector introduced at the beginning of 2017.

For high-purity quality tracks with || < 2.5 and |dy| < 3.5 cm the efficiency exceeds
85%, as shown in Figure 3.3 (left). The fake rate as a function of pr is shown in Figure
3.3 (right). The fake rate is lower across all pr and # ranges in the 2017 simulations.

Fig. 3.4 shows the resolution of the transverse (dy, left) and longitudinal (z, right)
impact parameters as a function of 7. In all cases tracking performance for the 2017
show that the upgraded pixel tracker significantly enhances the impact parameters
resolution. Most inefficiency is due to the tracks produced by pions and kaons,
which undergo elastic and inelastic nuclear reactions, and electrons, which loss energy
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Figure 3.3: Track reconstruction efficiency (left) and fake rate (right) as a function of recon-
structed track pr for 2016 and 2017 detector configurations [119,120].

through bremsstrahlung [89]. The tracking performances at HLT are shown in Fig. 3.5.
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Figure 3.4: Track dj (transverse impact point, left) and d, (longitudinal impact point,right)
resolutions as a function of the simulated track 7 for 2016 and 2017 detector
configurations [119,120].

The contributions to the total efficiency from the different tracking iterations are shown
in the different colors. The initial three iterations are shown in shades of blue while the
contribution of the doublet recovery iteration is shown in violet. The performance that
would be achieved with a perfect detector is shown as a red line. The efficiency is robust
against the presence of PU, decreasing only slightly with the number of additional
interactions. The performance of the doublet-seeded recovery is also independent of
the PU conditions.
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Figure 3.5: Tracking efficiency as a function of the number of PU interactions and simulated
track pr respectively in left and right [121,122].

3.1.2 Primary Vertex reconstruction

The precise reconstruction of all pp interaction vertices within an event allows for the
clear distinction between the primary hard-scatter interaction vertex and the additional
particles generated by PU collisions. Accurate identification of the Primary Vertex
(PV), together with supplementary information of secondary vertices (coming from
subsequent particle decays), plays a critical role in determining the properties of
physical objects, such as hadronic jets originating from b-hadrons (Section 3.3.4), where
the displacement between the primary and secondary vertices is one of the most
relevant features for their identification.

The reconstruction is carried out using the available reconstructed tracks and is
comprised of three steps [84,85,89]:

* Tracks selection: Tracks that meet specific quality criteria and are compatible
with originating from the BS.

* Clustering: The selected tracks are then clusteredat in groups based on a possible
common vertex at their point of closest approach to the center of the BS through
a deterministic annealing algorithm [123].

 Fitting position for each interaction vertex. The position of each vertex is
determined by fitting the associated tracks using an adaptive vertex fitter [124].

The primary vertices, which are spatially separated along the beam axis, are ranked
according to the quadratic sum of the transverse momenta of their associated tracks,
Y p%. The PV with the highest Y p? is identified as the hard-scatter vertex, the one
used in analyses, while the remaining vertices are classified as PU vertices.
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Vertex resolution

For the data recorded by CMS from 2016 to 2018, the number of pp interactions
(number of reconstructed vertices) per bunch crossing are reported in Figure 3.6 .
The performances have been evaluated using tt simulated samples corresponding to
the 2016 — 2017 data, featuring an average PU of 35. Similar results are obtained on
data [119]. The transverse and the longitudinal PV resolution depends on the number
of associated tracks, as shown in Fig. 3.6: in both case the resolution ranges from 10 to
100 pm. Overall, the 2017 detector configuration shows better performance than 2016
one.
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Figure 3.6: Vertex transverse (left) and longitudinal (right) resolution as a function of the
number of tracks used in the vertex fit for the 2016 (blue) and 2017 simulated
tt samples [119,120].

3.1.3 Calorimeter clusters

Clusters are formed from energy deposits in the cells of the calorimeters (Sections 2.3.3
and 2.3.4). The clustering algorithm in the calorimeters serves four main purposes:
detecting and measuring stable neutral particles, distinguishing them from charged
hadron energy deposits, reconstructing electrons and their bremsstrahlung photons,
and improving energy measurements for charged hadrons with poorly determined
track parameters.

The clustering process is customized for particle-flow reconstruction to ensure high
efficiency, even for low-energy particles, and to separate nearby energy deposits. It
employs an iterative clustering technique that follows the typical lateral profile of the
shower. Clustering is performed separately in each subdetector (ECAL barrel/endcaps,
HCAL barrel/endcaps, and preshower layers), while in the Hadron Forward (HF),
energy deposits from individual cells directly define clusters.

The process begins by defining a cluster seed, which is a calorimeter cell with an
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energy deposit exceeding a predefined threshold and higher than that of neighboring
cells, which can be the four closest (sharing a side) or the eight closest (including
those sharing only a corner). In the ECAL endcaps, the seed cells must also meet an
additional energy threshold due to varying noise levels. After seeds are identified,
clusters are grown by iteratively adding neighboring cells with energy above a noise-
based threshold. One topological cluster may contain more than one seed. Therefore,
to refine cluster reconstruction, an expectation-maximization algorithm is used based
on a Gaussian-mixture model. This model assumes that the energy deposits in the
cluster cells arise from several Gaussian distributions corresponding to the number of
seeds. Key parameters of the model include the amplitude and the mean coordinates of
each Gaussian, while the width is fixed based on the calorimeter type. The algorithm
iteratively estimates the expected energy fraction in each cell due to each Gaussian
and updates the model parameters based on maximum likelihood, adjusting these
parameters until convergence is reached, at which point the final cluster positions and
energies are assigned.

3.2. Physical Objects

Historically, at hadron colliders, object reconstruction in collision events was carried
out by analyzing signals from specific subdetectors. This straightforward approach
can be significantly improved by correlating data from all detector layers, allowing for
the reconstruction of final state particles using comprehensive information from all
subsystems. This method is known as the Particle Flow (PF) approach. This was first
developed and implemented by the ALEPH experiment at Large Electron Positron
Collider (LEP) [125], and it is currently driving the design of detectors for potential
tuture colliders.

3.3. Particle Flow

The PF algorithm [115] in CMS aims to reconstruct and identify all stable particles
produced in pp collisions by optimally combining information from all subdetectors.
A key feature enabling this integration is the fine spatial granularity of the detector
layers. Without this, coarse-grained systems may merge signals from different particles,
reducing the ability to distinguish and reconstruct them. The segmentation of CMS
subdetectors ensures efficient separation of particle signals.

The algorithm starts with the low-level information (hits in the silicon tracker, hits
in the muon system and energy deposits in the calorimeters) to build the PF basic
elements: tracks (Section 3.1.1), muon tracks (Section 3.3.2) and calorimeter clusters
(Section 3.1.3). Each element undergoes standalone reconstruction for optimal precision.
Charged-particle tracks are reconstructed iteratively in the inner tracker (Section 3.1.1),
while muon tracks are first identified using pattern recognition and linear fitting in
the Drift Tube Chamber (DT) and Cathode Strip Chamber (CSC) subsystems. These
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are later combined with hits from Resistive Plate Chamber (RPC) and refitted using a
Kalman filter [117,118] to form the so called standalone muon tracks (Section 3.3.2).
Clustering algorithms (Section 3.1.3) reconstruct the position and energy of calorimeter
deposits.

The PF basic elements serve as input for reconstructing higher-level detector objects,
including primary and secondary vertices and fundamental physics objects: muons,
electrons, photons, and neutral and charged hadrons. The algorithm first connects
multiple PF elements originating by a single particle across the different subdetectors
into composite structures, known as PF blocks, by forming geometric links.

These links are only created between neighboring elements. The quality of these
connections is quantified using a link distance parameter. Once the PF blocks are
formed, they are used to identify individual particles, known as PF candidates, which
serve as the foundation for the reconstruction of higher-level objects for physics
analyses, such as jets, hadronically decaying taus (7;,) and MET.

Link algorithm

In the CMS detector, a single particle generates multiple PF elements across various
subdetectors. A linking algorithm reconstructs the particle by connecting these ele-
ments, with accuracy depending on detector granularity and particle density. However,
material interactions before the calorimeters and muon system can cause trajectory
deviations and secondary particle production, limiting full reconstruction.

To optimize computation, the algorithm links only the nearest neighbors in the (7, ¢)
plane using a k-dimensional tree. A distance parameter quantifies link quality, and
elements are grouped into PF blocks through direct or indirect connections.

Tracks are first extrapolated from its last recorded hit in the tracker, then it is extended
to the ECAL preshower (ES) layers, the ECAL (at depths where a typical electron
shower peaks), and the HCAL (at one interaction length). The track is linked to a
cluster if its projected position falls within the cluster area, which is determined by
the union of all its calorimeter cells in the (7 — ¢ for HCAL and ECAL Barrel (EB),
or x — y plane for ECAL Endcap (EE) and ES). The cluster area is expanded by up
to one cell size to account for detector gaps, shower maximum uncertainties, and
multiple scattering effects in low-momentum particles. If multiple clusters are linked
to a single track, or vice versa, the closest link is selected. Additional links between
charged particle tracks and calorimeter clusters are established to take into account
Bremsstrahlung by electrons. In this case, tangents to the tracks are extrapolated
to the ECAL from the intersection points between the track and each of the tracker
layers, if the extrapolated tangent position is within the boundaries of a cluster, as
defined above, then the cluster is linked to the track as a potential Bremsstrahlung
photon. Additionally, photon conversion is handled by linking two tracks associated
with an electron-positron pair if their combined direction matches the extrapolated
track tangent. Calorimeter cluster-to-cluster links connect HCAL to ECAL clusters and
ECAL to ES clusters when the more granular cluster falls within the envelope of the
less granular one. The link distance is also defined as the distance between the two
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cluster positions, in the (7, ¢) plane for an HCAL-ECAL link, or in the (x, y) plane for
an ES link. The closest link is retained when multiple connections exist. ECAL clusters
are linked to superclusters if they share at least one ECAL cell.

Charged-particle tracks can also be linked through a shared secondary vertex for
nuclear-interaction reconstruction, provided the vertex includes at least three tracks
and meets an invariant mass threshold. Finally, inner tracker tracks are linked to muon
system tracks to form global muons (Section 3.3.2). A global fit is performed, and the
two tracks are linked if the x? of the fit is below a threshold. If multiple combinations
satisfy this condition, the one with the lowest x? is chosen.

PF Particle Reconstruction and Identification

The PF algorithm efficiently processes events due to the high granularity of the sub-
detectors, ensuring that each PF block contains only a few elements from one or a
small number of particles. This design allows the logic of the algorithm to remain
unaffected by the event’s particle multiplicity, with computing time scaling linearly.
The PF particles are reconstructed and identified using the PF blocks obtained from
the linking algorithm. The reconstruction proceeds iteratively, and once a PF particle
is identified, the corresponding elements are excluded from further iterations.

The reconstruction sequence follows a well-defined order. Muon candidates are
identified first, and their associated tracks and clusters are removed (Section 3.3.2).
In the second iteration, electron reconstruction and identification follows, combining
data from the inner tracker and calorimeters (Section 3.3.3). Due to significant tracker
material, electrons frequently emit bremsstrahlung photons, and photons often convert
into eTe™ pairs, leading to further bremsstrahlung emissions. The aim of the electron
reconstruction is to collect the energy of all bremsstrahlung photons. Because of these
similarities in tracking and energy deposition, photon and electron reconstruction are
performed together.

At this stage, tracks with a pr uncertainty exceeding the calorimetric energy resolution
expected for charged hadrons are masked, reducing the rate of misreconstructed tracks
at high pr . On average, this requirement rejects about 0.2% of the tracks in multijet
events, with only 10% of these being genuine high-momentum hadrons, whose ener-
gies are better measured in the calorimeters than in the tracker.

Following this, the remaining elements in the PF block are used to identify and re-
construct charged hadrons, neutral hadrons, and photons originating from parton
fragmentation, hadronization, and decays in jets (Section 3.3.4). Hadrons undergoing
nuclear interactions in the tracker material, which produce secondary particles, are
reconstructed separately. If an incoming track is identified, it is used to refine the
reconstruction but is otherwise ignored in subsequent steps of the PF reconstruction.
Finally, once all PF blocks have been processed and all particles have been identified, a
global event description is obtained, and a post-processing step is performed to further
refine the reconstructed event.
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3.3.1 Leptons

Isolation

Distinguishing between prompt leptons produced in the primary hard interaction (e.g.,
in decays of W, Z, or Higgs bosons) and non-prompt leptons from the weak decay
of particles produced during hadronization (e.g., decays of heavy-flavor hadrons) is
essential. Prompt leptons are typically isolated, with minimal nearby energy deposits,
as they emerge from the primary interaction. In contrast, non-prompt leptons are
often surrounded by hadronic activity from the hadron’s decay, leading to less isolation
and larger energy deposits in their vicinity. Lepton isolation helps distinguish these
by measuring the energy or momentum around the lepton.

When using all the PF candidates the isolation is usually quantified by estimating
the total pr of the particles inside an isolation cone of size AR around the direction
of the lepton and is function of the sums of pr of PF charged and neutral hadrons

(pCTthEd and pleriril=had yegpectively), of PF photons (pT) and PU corrections (pr}ile_up )-
It is indicated with I, and is defined as:
I =Y pheed | max [0, (2 pheutral L §™ 57 p?le’”’”ﬂ 3.1)

Where the p?le*up refers the neutral PU contribution, which depends from the nature
of the lepton as in the isolation cone contribution from PU is different. In the case of
the electron the neutral PU is the major contribution, e.g. from photons in the ECAL
(Section 2.3.3), while muons primarily deal with charged PU particles, corrected using
vertex association techniques and a smaller neutral energy contribution.

CMS uses the PF relative isolation variable Izd to assess the isolation for leptons like
electrons, muons. This variable is defined as the ratio of the lepton isolation and the
transverse lepton momentum pgT:

It =— (32)

In the case of muon, the isolation is:

= b om0 (DA Eat-a )| 6o
h*,HS h*,PU
The detrimental effect of PU, which spoils the isolation, is mitigated by considering
only charged hadrons linked to the hard-scatter (HS) vertex, while neutral contributions
from PU are estimated using charged hadrons from PU vertices. The factor A = 0.5 is
applied to account for the neutral particles coming from PU vertices in a cone around
the lepton. This factor approximates the ratio of neutral particles to charged hadrons
produced in pp collisions. The corrected energy sum from neutral particles is limited
to being positive or zero. Electron isolation is determined and validated using similar
techniques, and the use of smaller exclusion cone to remove contributions from the
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electron bremsstrahlung. In this analysis, the PF relative isolation is employed to
categorize muons and electrons as either “isolated” (Iso) or “non-isolated” (Nonlso).

3.3.2 Muons

Muons with pr above 5GeV typically pass through the inner tracker, leaving hits, then
traverse the calorimeters with minimal energy deposition, before reaching the muon
chambers and leave additional hits. This allows high-pr muons to be reconstructed
independently in both the inner tracker and the muon system, improving the ability to
distinguish muons from hadronic activity and providing more accurate measurements
of their momentum, particularly for high-pr muons.

Muon Reconstruction

Muon reconstruction begins at the Level 1 Trigger (L1T), where Trigger Primitives (TP)
(Section 2.4.1) from CSCs, DTs, and RPCs generate muon candidates with a rough
measurement of their pr. At HLT the process employs full detector information for
improved muon identification. The use of simplified versions of the offline algorithms
allows to reduce computing time and resources. In the offline reconstruction, candidate
muon tracks are initially reconstructed separately in the inner tracker (tracker muons)
and the muon system (standalone muons). Based on these objects, three reconstruction
approaches are used:

* The standalone muon tracks reconstruction relies solely on the muon chambers.
It begins by constructing track segments in the DT and CSC chambers using
pattern recognition and linear fitting techniques. The track segments are then
combined with RPC clusters and refitted using a Kalman filter [117] to form
standalone muon tracks (see also Section 3.3).

¢ Tracker Muon Tracks are reconstructed extrapolating tracks in the inner tracker
with pr > 0.5GeV and || > 2.5GeV from the inner tracker to the muon system
(“inside-out”). If the extrapolated track position aligns within the uncertainties
with at least one muon segment, the corresponding track is identified as a tracker
muon.

* Global muon tracks: each standalone muon track is matched to a tracker track
if the parameters of both tracks, when propagated to a common surface, are
compatible (the “outside-in” method). Once a match is established, the hits from
both, the inner tracker and the standalone muon system, are combined. These
combined hits are then used to perform a joint fit with the KF [117] resulting
in the creation of a global muon track, which exploits information from both
the tracker and the muon system to improve the overall track resolution and
accuracy.

The high efficiency of the tracker track and muon segment reconstruction guarantees
that ~ 99% of the muons produced within the geometrical acceptance of the muon
system are reconstructed either as a global muon track or as a tracker muon track, or
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both. If global and tracker muons share the same track in the tracker, they are merged
into one candidate. Tracker muons are efficient in areas of the CMS detector with less
instrumentation and for low pr muons, but they often only match segments in the
innermost muon station, increasing the risk of misidentification due to hadron shower
remnants. Global muon reconstruction, which incorporates standalone muon tracks,
enhances efficiency for muons passing through multiple stations, thereby reducing
misidentification rates. This method also improves the pr measurement of global
muons, particularly for those with pr > 200 GeV. In contrast, standalone muon tracks
have poorer momentum resolution and a higher presence of cosmic muons compared
to global or tracker muons.

Muon identification

Muon Identification (ID) in CMS relies on several key variables to achieve the desired
balance between efficiency and purity for different analyses. These variables assess the
quality of the track fit (x?), the number of hits in the tracker or muon system, and the
degree of matching between tracker tracks and standalone muon tracks. The muon
segment compatibility is determined by propagating the tracker track to the muon
system and evaluating how well it matches in terms of position and direction. The
algorithm returns a score between 0 and 1, with 1 indicating a perfect match.

For further verification, a kink-finding algorithm breaks the tracker track into segments
and compares them. A significant (x?) indicates a mismatch between the track
segments. Other variables, such as compatibility with the primary vertex (the point of
origin of the muon), are also considered.

CMS uses various identification strategies depending on the analysis objectives:

* Loose Muon ID is optimized to identify prompt muons from the primary vertex
and those from light/heavy flavor decays. Loose muons are selected by the PF
algorithm (Section 3.3) and are either tracker or global muons.

* Medium Muon ID, designed to identify for prompt muons and those from
heavy flavor decays. Medium muon is a loose muon satisfying stricter track
quality requirements, such as using hits from more than 80% of inner tracker
layers. Depending on whether the muon is a tracker or global muon, segment
compatibility and track fit quality constraints vary, targeting an overall efficiency
of 99.5% for muons from W and Z bosons.

¢ Tight Muon ID: aims to suppress muons from decays in flight and hadronic
punch-through. A tight muon is a loose muon with hits in at least six tracker
layers (including one pixel hit) and must be reconstructed as both a tracker and
global muon. Segment matching in at least two muon stations is required for the
tracker muon. The global muon fit must have x2/ Ny, . Stringent vertex com-
patibility conditions are applied (e.g., tight muon transverse impact parameter
|dxy| < 0.2cm and longitudinal impact parameter |d;| < 0.5cm).

* Soft Muon ID, designed to tag low-pr muons, particularly in B-physics. A soft
muon is a tracker muon which must meet strict tracker track purity and segment
matching criteria, but looser requirements for compatibility with the primary
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vertex (e.g., |do| < 0.3cm and |zg| < 20 cm). Developed specifically for B-physics
studies, this ID is loosely compatible with the primary vertex.

¢ High-pr Muon ID, optimized for pr > 200GeV muons. High momentum
muons must pass the same requirements as tight muons, but the x? requirement
on the global muon fit is removed to account for radiative effects at high pr.
Instead, a relative pr uncertainty of o(pr)/pr < 30% s applied to ensure accurate
momentum measurement.

These muon identification categories provide a flexible framework for selecting
muons in various CMS physics analyses, each optimized for different physics goals.
In this thesis the Medium Muon ID for background rejection (third lepton veto, see
Section 4.5) and the Tight Muon ID for signal selection (Section 4.6.1) are used.

Muon efficiency

The total efficiency for muons is measured using the Tag and Probe (TnP) method in
the Z — uu simulated samples, beginning with tracker tracks as probes. The total
efficiency is computed by factorizing it into four components [104]:

€1 = €track X €recotID X €ISOITD) X Etrg (3.4)

The €y,ck is the traking efficiency, computed on tracker track muons. The second term
comprises the reconstruction and ID efficiency, including the matching of this muon to
the tracker track. The €150 1p) is the isolation efficiency computed relatively to a fixed
ID. The last term is the trigger efficiency. The application of Equation 3.4 is dependent
on the specific needs of each analysis. If an analysis does not require isolation €150 1p)
is removed from the equation and eyg is computed relative to reconstructed muons
without an isolation requirement.
Figure 3.7a shows the €,k as a function of muon 7 for the full Run2 data divided by
the data-taking periods. The efficiency is shown for tracker and global muon tracks
collections: a good agreement of the tracking efficiency is observed for 2018, 2017 and
2016 after the new APV setting.
Tight and loose Isolation (Iso) Working Points (WP) are defined to achieve efficiencies
of 98% and 95%, respectively [126].
The analysis presented in this thesis targets prompt isolated muons requiring a Tight
ID and a Tight isolation for muon candidates. Criteria for muon Tight Iso will be
defined in Section 4.6.1.
An example of the efficiency for Tight ID muons €yeco+1p as a function of pr is shown in
Fig. 3.7b for 2018 data and simulated samples [127], while an example of the combined
efficiency €1so|m) as a function of pr muon is shown in Fig. 3.8a for 2016 data and
simulated samples [126].

In the analysis, one of the trigger path used requires a single muon with pr >
24 GeV with a muon candidate satisfying the criteria of Tight ID and Tight Iso (Section
4.6.1). One example of the trigger efficiency for this trigger path with full Run 2 data
sample of Z — up [129] is shown in Fig. 3.8b.
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Figure 3.7: Fig. 3.7a: Full Run 2 muon tracking efficiency as a function of pseudorapidity # for
global and tracker tracks [128]. Fig. 3.7b: Tight lepton ID efficiency as a function of
pr for 2018 data and Monte Carlo (MC) [127].
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Figure 3.8: Fig. 3.8a: Tight Isolation efficiencies vs muon py, with respect to Tight ID with 2016
data [126]. Fig. 3.8b: efficiency of combined L1T and HLT requiring isolated single
muon with pr > 24 GeV as a function of offline muon pr for full Run2 data [129].
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3.3.3 Electrons

Electrons deposit almost all of their energy in the ECAL, and produce hits in the tracker
layers. Electron reconstruction is performed by a multi-step process that exploits both
the ECAL and the inner tracker information, whereas the identification employs both
cut-based and machine learning based algorithms. The reconstruction and identifcation
at HLT (described in Section 2.4.2) use similar techniques to offline ones, with the
difference that algorithms running at HLT are limited by the CPU time (260 ms), thus
are simplified and more conservative selection criteria are applied.

Electron Reconstruction

As an electron traverses the material before reaching the ECAL, it may undergo
bremsstrahlung radiation, leading to the emission of photons that can subsequently
convert into electron-positron pairs. Consequently, the electron arrives at the ECAL
as a shower of multiple particles rather than a single one. Electron and photon recon-
struction within PF exploits available PF blocks after muon reconstruction, combining
inner tracker and ECAL information to improve momentum estimation.

The reconstruction algorithm begins with cluster formation, where ECAL crystals
with energy above a threshold (~80 MeV in the EB, ~300 MeV in the EE) are grouped
into clusters [115]. The highest-energy cluster in a region serves as the seed cluster,
requiring a minimum deposited transverse energy ET > 1 GeV. Energy deposits may
be shared between clusters, and a Gaussian shower profile determines the fractional
assignment of energy. Superclustering follows, merging ECAL clusters within a
defined geometric window around the seed to account for photon conversions and
bremsstrahlung losses. The Gaussian Sum Filter (GSF) track fitting algorithm is
applied subsequently. Due to its computational cost, seeding is performed first, using
either ECAL-driven or tracker-driven methods. ECAL-driven seeding selects Super-
Clusters (SC) based on energy and matches them to inner tracker seeds. Tracker-driven
seeding matches generic tracks ! to ECAL clusters using selection criteria and a Boosted
Decision Tree (BDT). ECAL-driven seeding is highly efficient for high-energy, isolated
electrons (>95% for Et > 10 GeV), while tracker-driven seeding recovers low-pr and
nonisolated electrons (~50% for pr > 3 GeV), improving efficiency in less precise
ECAL regions (e.g., barrel-endcap transitions). The GSF tracking algorithm reconstructs
electron trajectories from both types of seeds. The track parameters evaluated at each
successive tracker layer are used by the KF algorithm to iteratively build the electron
trajectory,applying a Bethe-Heitler distribution to model electron energy loss [130].
Once KF track candidates are formed, a GSF fit refines the parameters, approximating
energy loss with Gaussian distributions [89]. A dedicated algorithm [131] identifies
tracks from photon conversions into eTe™ pairs. Reconstructed objects (ECAL clusters,
SCs, GSF tracks, and conversion tracks) are imported into the PF algorithm, which
links them into particle flow blocks. These blocks resolve into electron and photon

!In this case “generic tracks” refer to the collection of tracks (not specific to electrons) selected with
pr > 2 GeV, reconstructed from hits in the tracker through the KF algorithm [117,118].

92



CHAPTER 3. EVENT RECONSTRUCTION AT CMS

objects based on a GSF track or an SC. A BDT classifier associates GSF tracks with
ECAL clusters, incorporating track kinematics, SC observables, and matching variables.
For tracker-driven electrons, only the BDT determines the association.

Electrons and photons present a unique challenge in the PF framework due to
their composite nature, consisting of multiple clusters and tracks. Misidentifications,
such as hadronic components in jets being reconstructed as e/< objects, can affect
jet energy measurements. A common “loose” selection helps distinguish electrons
and photons from hadronic components. A BDT classifier, incorporating shower
shape, isolation, and tracking information, applies separate models for isolated and
nonisolated cases. Additional criteria, such as the energy-to-momentum ratio (E/p),
hadronic energy fraction (H/E), and track-based variables, refine the selection. Photon
candidates must be isolated and exhibit shower shapes consistent with genuine photons.
Misclassified objects undergo further reconstruction, reinterpreting their elements as
neutral or charged hadrons or nonisolated photons, ensuring robust electron and
photon reconstruction within the PF framework [132].

Electron identification

Electrons are identified as primary charged-particle tracks linked to ECAL energy
clusters. The primary background sources include electrons from photon conversions,
jets misidentified as electrons, and electrons from semileptonic decays of b- and c-
quarks. At CMS the electron ID is performed with either a cut based or a Multi Variate
Analysis (MVA) technique. In this analysis, a BDT is used. Furhter details on MVA
techniques and BDT are reported in Appendix A.1.3. This MVA technique exploits a
variety of observables, including the amount of bremsstrahlung radiation, transverse
energy density within an isolation cone, geometrical and momentum matching between
the electron trajectory and associated clusters, and shower shape observables.

Two different MVA ID taggers are provided: the Electron MVA-Nolso, and the Electron
MVA-Iso, which includes among the observables the three components of PF isolation,
due respectively to charged hadrons, neutral hadrons and photons, in the training.
In both cases the training is performed on Z + Jets MC samples under 2017 detector
condition [132]. The MVA IDs output is a real number in the interval [—1, 1] defined
in such a way that the genuine electrons have a tendency to obtain higher output
values, while the non-genuine electrons obtain lower output values with a bigger
probability. They are used as a discriminant for classifying electron candidates, with a
tixed threshold set to balance identification efficiency and misidentification probability.
Three WPs are set for both Iso and Nonlso MVA ID taggers: wp90 and wp80, defining
1 regions where the signal efficiencies in each category are, respectively, about 90%
and 80%, and wpLoose, with a high overall efficiency of 98%. Details on WP definition
are reported in Appendix A.1.2.

In the analysis presented in thesis, the following MVA ID taggers and WPs are adopted:
MVA-Iso-WP80, MVA-Nolso-WP80 and MVA-Iso-WP90 (Section 4.5 and Section 4.6.1).
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Reco and ID Performances

In the left panel of Fig. 3.9 the reconstruction efficiency as a function of # is shown for
2017 data; the region 1.44 < || < 1.57 corresponds to the transition region between
the barrel and endcap regions of ECAL and is not considered in physics analyses.
The right panel displays the performance of MVA-Nolso (red) and MVA-Iso (green)
in terms of Receiver Operating Characteristic (ROC) curves (see Appendix A.1.9).
A comparison with the sequential selection approach, where the BDT and isolation
criteria are applied consecutively (blue), demonstrates that the BDT trained with
isolation variables provides a significant advantage, particularly at higher selection
efficiencies.
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Figure 3.9: Left: Electron reconstruction efficiency vs 1 2017 data. The vertical bars on the
markers represent the combined statistical and systematic uncertainties. Right: ROC
curves for the electron MVA ID trained with and without the isolation variables
(red and green), compared to an optimized sequential selection using the BDT
without the isolations plus a cut on the combined isolation (blue) [132].

3.3.4 Jets

In pp collisions, quarks and gluons are produced and quickly fragment due to confine-
ment, leading to hadronization, which forms a collimated “spray” of hadrons. These
unstable hadrons then decay into stable particles, which, along with those formed
during hadronization, move toward the detector. This series of particles creates a
concentrated energy deposit in the calorimeter, known as a hadronic jet. A visual
representation of this jet in CMS is shown in Fig. 3.10.

Jet reconstruction

One of the main challenges in analyzing jets from hard collisions is recovering the
initial energy, momentum, and potentially the type of partons produced. Through the
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Figure 3.10: Sketch of a jet produced during a pp collision.

reconstruction of the jets the total energy and the momentum of these partons can be
measured and using tagging algorithms the type of parton originating from the hard
collision can be inferred.

At CMS jets are reconstructed by clustering PF candidates using the Anti-kt (AK)
algorithm [133,134]. This algorithm iteratively combines nearby PF candidates based
on a metric designed to produce jets with an approximately conical shape, clustered
around the hardest particles in the event. The jet cone size is determined by the
distance parameter R at which the algorithm operates. The AK algorithm is robust
against infrared and collinear effects, meaning it is unaffected by soft radiation or
collinear parton splitting.

To form a jet two quantities, the distances between pairs of entries (d;;) and a parameter
used to represent distance between an entry and the beam line (d;p), are updated in
each step and are defined as:

RN AR%].
dij = min(pr>(i), pr°(7) X =3 (3.5)

and
dip = pr° (i) (3.6)

If d;p is smaller than min]-(dij), entry i is promoted to reconstructed jets and excluded
from the further iterations. Otherwise, entry i and ;' = arg(min;(d;;)) are merged into
new entry i’ and the algorithm proceeds to the next iteration. The algorithm stops
when all jet-candidates are promoted to the reconstructed jets or when min(di]-, dig) is
below a threshold d.;;.

Two types of AK reconstructed jets are identified in CMS, according to the cone
size R: AK4 Jets with R = 0.4, and AKS Jets with R = 0.8, which will be also referred
as resolved and boosted jets respectively. AKS jets are particularly important for a high
mass particles (Higgs boson, W and Z, and Beyond Standard Model (BSM) high mass
resonance) produced with high p7, decaying into hadrons. The jets produced in these
decays are collimated and often too close together to be resolved individually. In this
analysis, both AK4 and AKS8 have been used, based on the final state topologies being
studied.

The algorithm for the jets reconstruction can be run also using only calorimeter infor-
mation, resulting in “calorimeter jets”, which are used in the triggers. In contrast, the
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PF algorithm (Section 3.3) reconstructs jets by identifying individual particles—such
as charged hadrons, neutral hadrons, photons, and leptons—using combined infor-
mation from the calorimeters, tracker, and muon detectors. The reconstruction of jets
using PF particles benefit from improved energy resolution, a response closer to the
true jet energy, and enhanced mitigation of PU effects, as charged PF candidates not
originating from the primary vertex are removed before clustering of jets by the use
of two algorithms [135]: Charged Hadron Subtraction (CHS) and PileUp Per Particle
Identification (PUPPI).

Pileup mitigation

To avoid the inclusion, during the clustering, of particles coming from PU interactions,
various PU mitigation techniques are used at CMS, notably CHS and PUPPI, briefly
described in the following [135].

Charge Hadron Subtraction (CHS) exploits tracker information to exclude charged
particles linked to PU vertices from jets, but because the tracker has limited coverage
in 1, further jet energy corrections are required to account for charged PU outside the
tracker acceptance and neutral PU everywhere. However, these corrections affect the
jet four-momentum but do not modify its shape or sub-structure, making the CHS
algorithm less suitable for AKS jets, which have more complex internal structure.

PileUp Per Particle Identification (PUPPI) To address the CHS limitation, an al-
ternative PU mitigation technique, PUPP], is utilized [136]. PUPPI calculates the
probability that each particle, charged or neutral, originates from the primary vertex
in each event and adjusts particle energy accordingly. As a result, objects clustered
from hadrons—such as jets, missing transverse momentum, and lepton isolation—are
expected to be less affected by PU with PUPPI. Figure 3.11 illustrates CHS and PUPPI
schematically.

Reconstructed Jet Charged Hadron Subtraction (CHS) Pileup Per Particle Identification (Puppi)

Pileup Interesting Pileup Pileup Interesting Pileup Pileup Interesting Pileup
vertices vertex vertices vertices vertex vertices vertices vertex vertices

Figure 3.11: Sketch of PU suppression techniques. Solid (dashed) lines refer to charged (neutral)

PF candidates. The weights applied by the PUPPI algorithm are represented by
thin lines [137].
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Figure 3.12: Left: Data-to-simulation offset correction in 2016-2018 for Legacy reconstruction.
Right: Data-to-simulation comparison for the jet response dependence on pr
[138].

Jet energy corrections and resolution (JEC, JER)

The primary goal of jet reconstruction is to obtain accurate information about the
properties of the original parton, such as its energy [138]. Various experimental effects,
however, can lead to distortions in the measured jet energy. Additionally, a precise
simulation of jet energy distribution is essential. Thus, Jet Energy Corrections (JEC)
are applied to adjust the four-momentum of jets in both data and simulations. These
corrections include two main components: the Jet Energy Scale (JES) and the Jet Energy
Resolution (JER) corrections [139]. The JER correction involves a sequence of multiplica-
tive factors applied to the jet four-momentum to account for various effects, including
pile-up mitigation and adjustments for the non-linear detector response, particularly in
real data. Discrepancies between data and simulation, as well as potential differences
in the reconstructed energy of light jets (originating from u, d, s quarks and gluons)
and heavy-flavor jets (originating from c and b quarks), are also corrected.

The JER correction improves the pr resolution in simulations by smearing the recon-
structed jet pr [139]. If a reconstructed jet can be matched to a generator-level jet, a
direct scaling is applied to match the jet pr resolution to that observed in data. If no
match is found, stochastic smearing is applied, using a Gaussian distribution centered
at zero with a width derived from data to simulate the resolution effects.

Two examples of the JES estimation for the first step, the PU offset corrections (left),
to the application of subsequent uncertainties and finally the absolute pr residual
corrections (right) are shown in Fig. 3.12
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Jet identification

Even after applying CHS or PUPPI and the jet corrections, reconstructed jets may
still contain PU and noise jets originating from calorimetric noise or leptons mis-
reconstructed as jets. Identifying and rejecting these jets is essential for all CMS analyses
targeting jets or MET in the final states, including this analysis. To suppress the noise
and PU jet contribution, this analysis uses two specific identification techniques: the
PU Jet ID and the Noise Jet ID [135,140]. In the following, a brief description of each
identification method adopted will be provided.

Noise Jet ID, or simply Jet ID, is a PF based jet discriminator aiming to discriminate
between noise and physical jets [140]. It exploits jet energy fraction and multiplicity
variables, which are sensitive to different sources of noise coming from ECAL and
HCAL. Three PF jet ID Working Point (WP, see Appendix A.1.2) are defined: loose,
tight and tight lepton veto. Details on the WP definitions are presented in [140]. In
the analysis presented in this thesis, the jets are required to pass tight lepton veto WP,
ensuring that jets originating from calorimetric noise are removed and the rejection of
mis-reconstruction of lepton candidates. The efficiency and the background rejection
of this discriminator is estimated via the TnP technique (see Appendix A.2) in dijet
events, and it is computed for AK4 jets with CHS for PU mitigation. The jet criteria
for all WPs allow to reject residual noise from the calorimeters, retaining 98 + 99.9%
of genuine jets, i.e., jets initiated by genuine particles rather than detector noise. The
background rejection is above ~ 98% for |57| < 3, which is the region of interest for the
analysis [135,140].

Pileup Jet ID PU jets can be divided in two categories: Quantum Chromodynamics
(QCD)-like jets, referring to the PU Jets originating from a single PU vertex, and
stochastic PU jets, originating from multiple different PU vertices. The PU mitigation
techniques exploit tracking information about the primary vertex to remove the charged
tracks associated to the PU vertices, redunging the QCD-like jets pr of ~ 2/3. In order
to remove the remaining ones, mostly constitued by stochastic PU jets, a multivariate
technique is implemented, the PU]JetID (PU Jet ID). It is based on a BDT trained with
12-15 input variables related to the jet and to the event. It is applied on CHS jets, since
the PUPPI algorithm intrinsically suppresses PU jets better by rejecting more charged
and neutral particles from PU vertices before jet clustering. In this analysis, an explicit
requirement on the PU Jet ID to pass the Loose WP has been applied for jets with
pr < 50GeV; it ensures the 99% (95%) efficiency for || < 2.5 (|| > 2.5), as shown in
Fig. 3.13.

b-jets

The identification of jets from the hadronization of b-quarks, also known as b-tagging,
is crucial for the analysis presented, as one of the two Higgs bosons decays into b-jet
pairs. Discriminating b-jets from jets produced by light quarks or gluons relies on
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Figure 3.13: PUJetID mistag rate as a function of its efficiency for jets in different 7 ranges,
for jet pr € [20,50] GeV in a Z plusjet event sample, for the 2016, 2017 and 2018
simulated samples. Image took from [141].

the distinctive properties of b-hadrons: their long lifetime (~ 1.5ps) and relatively
large mass (~ 5GeV). The long lifetime leads to charged tracks with large impact
parameters and secondary vertices displaced by several millimeters from the primary
vertex, both of which are strong discriminants. A b-jet decay representation is shown
in Fig. 3.14. Additionally, b-hadrons carry more of the parton momentum and produce
collimated decay products with higher invariant mass. Around 25% of b-hadron
decays are semi-leptonic, resulting in high-pr leptons relative to the jet direction —
another feature useful for b-jet tagging. In CMS, several machine learning algorithms
have been developed to create powerful b-tagging tools. In the analysis presented
in this thesis, the final state includes two b-quarks: the DeepJet b-tagger is used to
classify AK4 jets originating from b-quark hadronization while the ParticleNet-MD
tagger is applied to identify AKS jets originating from bbar pairs produced in Higgs
decays, which are detailed in Section 4.7. A summary of these algorithms and their
performance is provided below.

The Deep]Jet algorithm, also known as DeepFlavour [142], is a multi-class flavour
tagging algorithm, based on multivariate analysis and exploiting Deep Neural Network
(DNN) (see Appendix A.1.6). DeepJet exploits the full information of all the jet
constituents, in addition to charged and neutral particles, secondary vertices, and
global event variables simultaneously. In total, it takes in input 16 (6) features of
the 25 leading charged (neutral) PF Jet constituents. These features include track
kinematics and fit quality information, secondary vertex displacement and relative
uncertainties with respect to the primary vertex; in addition, 12 features of the vertices
(for a multiplicity of maximum 4 candidates), including the decay length significance.
Finally, 6 global variables containing jet-level information such as the jet kinematics,
the number of tracks in the jet, as well as the number of secondary vertices in the
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7 Jet

Figure 3.14: A basic 3-jet event where one of the reconstructed jets (blu cone toward upper
right) comes from the b-quark hadronization. The secondary vertex is highlighted
in orange. The other two jets are light jets or coming from different quarks
hadronization processes; in all the cases the arrows correspond to the tracks inside
the jet. The transversal and longitudinal impact parameters are highlited in red.
This image is an original creation by the author.

jets are added too. The training is performed on a large dataset made by simulated
events from QCD and top quark pair production. The output consists in 6 nodes,
allowing it to perform b-tagging, c-tagging and quark/gluon tagging. In Fig. 3.15
the comparison between the deepJet and the previous algorithm used, DeepCSV, are
shown. The DeepFlavour performs better than DeepCSV in all jet pr range. Moreover,
former jet-tagging algorithms, as DeepCSV had the quarks and gluon classes merged,
as usually done in flavor tagging. For Deep]Jet though are individual classes. For the
Deep]et tagger, three WPs are defined: loose, medium and tight, corresponding to
misidentification rates of 10%, 1% and 0.1%. In the analysis, when performing event
categorization, the Medium WP is required for resolved jets coming from the H — bb
candidate.

The ParticleNet-MD [144] is a mass-decorrelated version of the ParticleNet, a machine
learning algorithm based on a graph neural network (GNN see Appendix A.1.8) de-
signed to identify hadronic decays of highly Lorentz-boosted particles like top quarks
and W, Z, and Higgs bosons by classifying their decay modes (e.g. X — bb, X — c¢,
X — q7).

Unlike traditional methods that view jets as fixed structures, ParticleNet treats them
as unordered point clouds of particles, characterized by features such as 7, ¢, pr
, and charge. A key aspect of ParticleNet is the EdgeConv operation, which builds
dynamic graphs based on particle positions, enhancing representations by analyzing
k-nearest neighbors in the 7 — ¢ plane. This approach captures spatial correlations
while ensuring permutational invariance, allowing for a consistent representation
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Figure 3.15: Performance of the DeepCSV and DeepFlavour b-jet identification algorithms
expressed as ROC curve (see Appendix A.1.9), in terms of the b-jet misid prob-
ability and b-jet ID efficiency. The curves are obtained on simulated tt events
using jets within || < 2.5 and with pr >30 GeV (up) or pr >90 GeV (down). The
performances of DeepCSV with the 2016 detector (Phase 0) are also shown [143].

regardless of particle arrangement.

The algorithm processes two input lists for each jet: particle features and vertex infor-
mation, treating each particle as a point in high-dimensional space. Through successive
EdgeConv layers, ParticleNet constructs graphs that evolve spatial relationships among
particles, producing new latent representations that capture the jet’s structure. The
ParticleNet tends to modify background jets mass distribution, making it similar to
the signal one. Therefore also in this case a mass-decorrelated version of the tagger,
the ParticleNet-MD algorithm has been introduced. In this way the tagger does not
sculpt the jet mass distributions, thereby enabling the use of the jet mass in the back-
ground estimation. For each AKS jet the algorithm outputs four probability-like scores:
P(X — bb), P(X — c¢), P(X — gg),and P(QCD). In this thesis an ParticleNet-MD
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discriminator, Dy, is used to tag H boson candidate decay in bb, defined as

P(X{P)
P(XpP) + P(X3ED)

Dy, = (3.7)

The Dy, WPs of High Purity (HP), Medium Purity (MP), and Low Purity (LP) are
defined as H — bb signal jets at efficiencies of 40%, 60%, and 80%, respectively,

according to the common WP choices adopted in various CMS physics searches. Thec
corresponding values of the Dy, discriminator are summarized in Tab. 3.1. Figure

Year LP MP HP
2016-preVFEP | 0.9883 | 0.9737 | 0.9088
2016-postVFP | 0.9883 | 0.9735 | 0.9137
2017 0.9870 | 0.9714 | 0.9105
2018 0.9880 | 0.9734 | 0.9172

Table 3.1: WPs defined at fixed efficiency values. The WPs are determined in four data-taking
eras separately [145].

3.16 presents a comparison of the AKS8 identification performance of ParticleNet-
MD Dy, against QCD background, alongside previous taggers used by CMS. The
Machine Learning (ML) based taggers, ParticleNet-MD bbVSQCD,DeepDoubleBvL and
DeepAK8-MD bbVSQCD, significantly outperform the cut based one, double-b. Moreover,
ParticleNet-MD outperforms above all the taggers.

3.3.5 Taus

Tau leptons have a mean lifetime of about 2.9 x 10~ 13s, thus they decay before reaching
the detector, away from the primary interaction point creating a secondary vertex. The
decays are categorized as either leptonic or hadronic. In leptonic decays (1;), the T
lepton decays into an electron or muon along with two neutrinos (one from the 7 itself
and one associated with the electron or muon), accounting for approximately 35.2% of
cases. These decays are reconstructed as an electron (%) or muon (1), though they are
challenging to differentiate from other electron and muon sources. Additional selection
criteria are applied to select high pr, prompt taus, as detailed in Section 3.3.2 for T,
and in Section 3.3.3 for 7,. Almost all of the remaining (~ 64%) are semi-leptonic T
decays, where the 7 is reconstructed as a hadronic jet. These are often referred to as
hadronic T decays (7).

The hadronic decay modes of Tab. 3.2 are reconstructed at using the algorithms Hadron-
Plus-Strips (HPS) [146, 147] for reconstruction and DeepTau [148] for identification, as
explained below.
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Figure 3.16: Comparison of the performance of the H — bb identification algorithms in terms
of ROC curves (see Appendix A.1.9) for H — bb signal jets versus the inclusive of
QCD jets background, using simulated events in the 2018 data-taking conditions.
Performance is shown in the 450 < pr < 600 GeV (left) and pr > 600 GeV (right)
regions [145].

Decay mode Resonance B (%)
Leptonic decays 35.2

T — e Velr 17.8

T — P Vylr 17.4
Hadronic decays 64.8

T~ = h vy 11.5

T — h 1, p(770) 25.9

v = h 7%, a1 (1260) 9.5

T~ —h hth v, a1(1260) 9.8

7~ = h h*th 7%, 48

Other 3.3

Table 3.2: List of T lepton principal decays with their branching ratios in percentage. Values
taken from the updated PDG in [149].

T;, reconstruction

Hadronically decaying taus are first reconstructed at trigger level: in the L1T 7,
reconstruction calorimeter data organized into trigger towers are used to identify tau
candidates. At the HLT the T, reconstruction is organized in two level, exploiting
calorimeter jets around Level 1 (L1) seeds and also pixel track based isolation for the
tirst stage (L2) and then including the PF tau candidates at the next stage (L3), applying
also addintional cuts to enhance the purity of tau selection. The offline reconstruction
of hadronic tau decays of Table 3.2 starts taking in input the PF AK4 jets. For each
jet the HPS algorithm combines PF charged hadrons within the cone with associated
“strips” in ECAL from neutral pions in the cone.
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The ¥ mesons promptly decay into pairs of photons, which have a high probability of
converting into e*e™ pairs as they traverse the tracker material. The large magnetic
field of the CMS solenoid leads to a spatial separation of the e*e™ pairs in the 5-¢,
plane, spreading the energy deposit in the ECAL due to neutral pions in a region
narrow in 77 and wide in ¢, referred to as a “strip”.

The strip reconstruction starts by centering a strip on the most energetic electromagnetic
particle within the PF jet. The algorithm then searches for other electromagnetic
particles within a window of size Ay and A¢ parameterized by the pr of the clustered
PF candidates, varying from 0.05 to 0.15 and from 0.05 to 0.3 respectively, centered
on the strip center. If other electromagnetic particles are found within that window,
the most energetic one gets associated with the strip and the strip four-momentum is
recalculated. The procedure is repeated until no further particles are found that can be
associated with the strip. Strips satisfying pr > 1 GeV are finally combined with the
charged hadrons to reconstruct individual 7, decay modes.

Multiple 1, hypotheses are considered per each jet. Each hypothesis includes one or
three charged particles and 0-2 strips, and corresponds to the expected signature from
one of the 7, decay modes listed in Tab. 3.2: h*, h* 7%, h* %7, h*h*hT and h*h* KT
70 [148].

The four-momentum of each 7, candidate is calculated by summing the four-momenta
of the associated charged hadrons and 7’ candidates in a specific decay mode. To
choose between possible combinations of strips and charged hadrons within a jet,
tche last step of reconstruction defines the selection of one reconstructed 7, candidate
among all the possible ones. The following quality criteria are applied to all the
reconstructed 7, candidates for a jet:

¢ Mass Compatibility: The mass of the reconstructed 1;, candidate must align with
expected resonance masses:

— For the h* ¥ mode, it should match the p(770) resonance.

— For the h*71°7% and h™hTh™ modes, it should match the a;(1260) resonance.

— For the h*hTh* " mode, compatibility with the p(1450) resonance is re-
quired.

* Charge Assignment: The charge of the 7;, candidate should correspond to £1
unless a charged hadron is missed; in such cases, the charge is determined based
on the higher pr of the detected charged hadrons.

* Signal Cone Criteria: All reconstructed particles (charged hadrons and 7") must
be located within a defined signal cone relative to the 7, momentum, constrained
between 0.05 and 0.1.

Among the reconstructed T1;, candidates that meet these criteria, the candidate with the
highest pr is selected for further analysis. This candidate can then be discriminated
against quark or gluon jets, electrons, and muons, which is crucial for isolating T,
signals in high-energy collision data. The charged hadron candidates inside the AK4
used are required to be compatible with originating from the hard primary vertex and
with a pr > 0.5GeV.
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All particles in an 7 — ¢ cone of radius AR = 0.5? around the jet axis are considered
for the next steps of the T, reconstruction.

T, reconstruction performances

Fig. 3.17 displays the fraction of reconstructed decay modes for generated 1), candidates
with pr > 20GeV and || < 2.3. The HPS algorithm successfully reconstructs most
7, decays in targeted modes, with non-reconstruction rates of 11% for h* and 25%
for h*7°. The overall reconstruction efficiency is about 90%, mainly constrained
by the accurate reconstruction of charged hadron tracks. For decay modes with no
missing charged hadrons, charge assignment accuracy is high, reaching 99% for average
Z — 7T events, 98% at pr ~ 200GeV, and 92% at pr ~ 1TeV. However, in cases
with missing charged hadrons, recovery rates drop to 19% of the T~ — h™hTh v,
decays and 13% of the T~ — h~hTh~ %7 decays, with charge assignment accuracy
decreasing to around 70% making these events unsuitable for analyses with charge
requirements, like in this thesis.
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Figure 3.17: Decay mode confusion matrix. For a given generated decay mode, the fractions of
reconstructed T, in different Decay Mode (DM)s are given, as well as the fraction
of generated T, that are not reconstructed. Decay modes with the same numbers
of charged hadrons and one or two 7t¥ are combined and labelled as “7t%s” [148].

T, identification

As for the b-jets, the T, identification (and its reconstruction) plays a very important
role in this thesis, since the final state investigated has two taus, coming from the decay
of one of the two Higgs bosons.

The T identification at CMS is performed via a multiclass identification algorithm,
DeepTau [148], based on a convolutional deep neural network (DNN, see Appendix
A.1.6). The algorithm takes as input the information from all reconstructed particles

Zwhere AR is defined in Eq. 2.6.
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in the proximity of a 7 candidate, combining low-level features, which are the recon-
structed PF particles (electrons, photons muons, charged and neutral hadrons) and
high-level ones as the 1, candidate four momentum, charge, and number of charged
and neutral particles used for its reconstruction, the compatibility of the leading T,
track to come from the primary vertex and also its probability to come be an electron,
n and ¢ distributions of the energy reconstructed in the strips, PU in the event. Most
of the input variables are standardized and truncated, to avoid outliers. Two grids in
7 x ¢ around the 7;, candidate are defined, an inner and an outer one.Three different
subnetworks are created that independently process the inputs from the high-level
variables, the outer cells, and the inner cells. The training was performed including
different simulated processes with taus in the final state to make the training as much
as possible independent on the process containing the 7, in the final state: production
of Z and W bosons associated with jets, tt production, heavy gauge bosons decaying to
leptons Z" — ¢¢ (with ¢ = e, 1, T;), and the production through the strong interaction
with final states containing several jets (QCD-multijet), since this process is the most
relevant source of background for 7, misidentification. The outputs from the three
subnetworks are concatenated and passed through four fully connected layers with
200 nodes each and then to a final layer with four nodes that yield outputs. A soft-
max [150] activation function is applied to get the probabilities for each 7;, candidate
to come from each of the four classes (e, yu, Yjet, and yz,). At the end four outputs are
provided in form of probability for the candidate to be a 13, an electron, a muon or a jet.
From these probabilities, discriminators are defined: DeepTauVSe, DeeplauVSmu and
DeepTauVSjet, which are respectively against electrons, muons and jets. The expression
of each discriminator is given by:

Dy (y) = yTyJ: m (3.8)

with a € {jet, u,e}. To evaluate the performances of the training and avoiding biases,
efficiencies are computed on H — TT samples, which have not been included in
the training, and for taus with py € [30,70]GeV. Based on the efficiency and the
background rejection targets, several WPs are defined for each discriminator, going
from VVVLoose to VVTight, which are summarized, for each discriminator, in Tab. 3.3.
These target efficiencies for deepTauVSJet range from 40% to 98%, for deepTauVSmu they
are between 99.5% and 99.95% and finally for the deepTnuVSmu they are in the range
between 60% and 99.5%.

VVTight VTight Tight Medium Loose VLoose VVLoose VVVLoose

D, 60% 70% 80% 90% 95% 98% 99% 99.5%
D, — — 99.5%  99.8%  99.9% 99.95% — —
Diet 40% 50% 60% 70% 80% 90% 95% 98%

Table 3.3: Target 7, identification efficiencies for the different working points defined for the
three different discriminators [148].
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T, identification with DeepTau performance

The DeepTau discriminators performance is evaluated through ROC curves for two
pr ranges: 20 < pr < 100 GeV and pr > 100 GeV. Simulated sample sources for
each plot are indicated, with DeepTau working points marked as filled circles. For
comparison, previous identification algorithms working points are shown with vertical
bars representing statistical uncertainties.

The electron discriminator D, achieves T, efficiencies exceeding 90%, with misidenti-
fication rates between 0.3% and 8%, as shown in Fig. 3.18. The muon discriminator,
Dy, can reject up to ten times more muons at 99% T, efficiency, increasing 1, efficiency
by about 0.5% for comparable background rejection. The performances are shown
in Fig. 3.19. Finally, as shown in Fig. 3.20, the jet discriminator, Dj, reveals higher
efficiency for quark jets from W+jets processes compared to the tt samples, which
contains more gluon and b-quark jets.

This discriminator reduces jet efficiency by a factor of over 1.8 compared to the previous
method based on MVA, with further reductions at higher T, efficiencies.
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Figure 3.18: Electrons VS for genuine T, efficiency, for simulated T, to pass the MVA [151]
and D, discriminators. The 7, candidates are reconstructed in one of the 7, decay
modes without missing charged hadrons [148].

3.3.6 Missing Transverse Energy (MET)

The missing transverse energy s (also referred as MET or pi when indicating
its magnitude) is calculated as the negative vector sum of the transverse momenta of
all reconstructed PF particles [152]. MET is crucial in analyses because a substantial
pTiss value often signals the presence of neutrinos or other elusive BSM neutral parti-
cles that do not interact with the detector.

In the search presented in this thesis, X — HH — bbtt , pMi* is especially important

due to the presence of neutrinos from the two 7T decays and eventually from the
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Figure 3.19: Muons VS genuine T, efficiency for simulated 7, to pass the cutoff-based and D,
discriminators [148].

hadronization of b-quarks into b hadrons, providing a distinctive signature for this de-
cay process (Section 4.1). Since p¥* calculation exploits the transverse momenta of all
the particles in the event, its accuracy is particularly sensitive to detector performance
and PU effects, making it prone to anomalously large values in some events.

To ensure a good quality of the reconstructed g7, jet energy corrections are prop-
agated to the " replacing the raw jet momenta, g7 """, in the p7"** computation

with corrected jet momenta of all reconstructed PF particles:

]\]jets

ﬁ%llSS,COI‘I‘ — I—ijISS,I'aW . Z (p’%O’]IT _ I—j‘T,]) (3.9)
j=1

The sum is over jets with pr > 15GeV. To remove the overlap of jets with electrons
and photons, jets with more than 90% of their energy associated to the ECAL are not
included in the sum. In addition, if a muon reconstructed using the outer tracking
system overlaps with a jet, its four momentum is subtracted from the four momentum
of the jet, and the JES correction (Section 3.3.4) appropriate for the modified jet
momentum is used in the p2s* calculation. To estimate its uncertainty, the uncertainties
in the momenta of the all reconstructed objects are propagated to piss by varying the
estimate of each PF candidate pr and recomputing the s

The JEC uncertainties are less than 3% for jets within the tracker acceptance and reach
up to 12% for those outside. The JER uncertainties typically in the range 5 < 20%.
The uncertainty in the unclustered energy is evaluated based on the momentum
resolution of each PF candidate, which depends on the type of the candidate. The
largest contributions to the unclustered energy uncertainty are due to the PF neutral
hadrons and PF candidates in the HF. As it depends on several objects, the total
uncertainty on the piss measurement is expected to vary with the event topology.
The MET is sensitive also to the entire detector readout. For this reason dedicated
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Figure 3.20: Efficiency for quark and gluon jets to pass different tau identification discrim-
inators versus the efficiency for genuine 73, for simulated taus that pass the
MVA [151] and Dj,; discriminators. The upper two plots are obtained with jets
from the W+jets simulated sample and the lower two plots with jets from the
tt sample [148].

filters are applied to remove anomalous high-pTss events, which can arise because of a
variety of reconstruction failures or detector noise and inefficiency. The filters include:

¢ Calorimeter filters, based on the isolation, electronic signal shape and timing in
HCAL, or on noisy crystals and non-functioning electronics in the ECAL.

* Beam halo filters,which remove events with energy deposits along a line with
constant ¢, sometimes matching the muon CSC signals attributed to beam halo
particles.

¢ Reconstruction filters, which veto events with poorly reconstructed high energy
charged hadrons or muons, by looking at tracks with low quality and very

high-pr.
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MET reconstrution performance

The reconstruction performances of pTiss are usually measured in events with Z /7 +

jets, with Z — up or Z — ee where no genuine MET is expected. In such events the
MET resolution is dominated by the hadronic activity, since the momentum resolution
for leptons and photons is order 1%, compared to 5 — 20% for the jet momentum
resolution. The MET for Z — upu + jets events is shown in the upper left panel of
Fig. 3.21, the peak value is at about 30 GeV. In the Z — uu + jets topology one can also
measure the pis performance by comparing the momenta of the vector boson to that
of the hadronic recoil system. The hadronic recoil system is defined as the vector pr
sum of all PF candidates except for the muons from the Z. The hadronic recoil vector is
projected along the z-axis to evaluate the response, and the orthogonal component, as
well as the difference between the recoil along the axis and the Z pr provide a similar
estimate of the pTis resolution, as shown in the right and left lower panels of Fig. 3.21.
The intrinsic resolution, after removing the PU contribution, is ~ 10 GeV for both the

components of the recoil.

The (BT — Br(4)) quantity

For the first time in this search, a MET trigger has been introduced, inspired by
earlier high-mass bbt 7~ studies [153]. Unlike other triggers, centrally provided scale
factors (SFs, see Appendix A.3 for the definition) for MET triggers are unavailable,
necessitating their derivation as part of this analysis. Details of this procedure are
described in Section 6.1.7.

Evaluating the efficiency of MET triggers is particularly challenging because MET
includes contributions from all objects in the event by its definition. Consequently,
there is no independent dataset (2.4.3 for dataset definition and Section 4.2 for the
datasets used in this search) that serves as a non-overlapping reference point to define
the denominator for efficiency calculations. Such a reference dataset, often termed
“orthogonal”, is critical for avoiding biases from overlaps with regions used for other
purposes in the analysis, such as MC corrections or specific search regions.

To overcome this challenge, the contribution of muons is removed from the MET
definition, introducing a modified quantity called MET-noyu, which is defined as:

MET-nop = B — Br(n). (3.10)

This modified quantity, referred to as MET-noy, matches the standard pTssin
scenarios where no muons are present in the 77 final state. Furthermore, the MET
trigger used in this analysis specifically targets MET-noyu (Section 4.4), making it both
a more appropriate and consistent choice for this study. This approach ensures that
the MC correction calculations remain statistically robust and free from phase-space
overlap biases.
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Figure 3.21: Distributions of pf*in Z — up (upper panel), parallel (lower panel, left) and
transverse components (lower panel, right) of the hadronic recoil, in data and

simulation. [152]
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Chapter 4

The X — HH — bbtT analysis strategy

The study of Higgs boson pair production in the bbt™ 7~ decay channel necessitates
the ability to identify and reconstruct various types of final state objects and use them
effectively to select signal-like events. This involves the reconstruction of H — 71~
and H — bb decays and the strategic use of their properties to distinguish signal
events from background ones. These processes and techniques collectively define the
analysis strategy, which serves as the cornerstone of the HH — bbtT search.

This chapter presents the analysis strategy introducing first the experimental challenges
associated with the bbt" 7t~ decay channel and the distinctive signatures of signal
processes and the primary sources of background. Section 4.1 introduces the final states
explored in this analysis, highlighting the particles of interest and their experimental
signatures. Sections 4.2 and 4.3 provide an overview of the collision data utilized
in the analysis and the Monte Carlo (MC) simulated processes used to model the
data composition. These considerations put the basis for the analysis strategy, which
is detailed in subsequent sections. The event selection workflow, applied to both
experimental data and simulations, is designed to maximize signal sensitivity while
filtering out non interesting events. It is organized into four key elements: trigger
requirements, objects selections, event categorization, and the definition of phase space
regions optimized to maximise the signal presence (or other processes in some cases).
Each step builds upon the previous one, employing increasingly sophisticated criteria
to reject non-interesting events. Trigger requirements serve as the initial level of event
selection, ensuring relevant events are stored for further offline analysis. These are
described in Section 4.4. In addition to triggers, the selection process includes quality
cuts that impose strict criteria on the reconstructed final state objects, discussed in
Section 4.5. These refined objects are then used to form H — 7t~ and H — bb
candidates, detailed in Sections 4.6 and 4.7 respectively. After applying the full selection
workflow, the remaining events are classified into distinct channels, categories, and
phase-space regions exploiting the reconstructed masses of the H — 777t~ and H — bb
candidates, as well as their kinematic properties. The motivations and definitions of
these subdivisions are presented in Section 4.8.
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Note: Throughout the thesis, processes that mimic the searched signature but
are not of primary interest will be referred to as backgrounds, while the process of
interesty is defined as the signal.

4.1. The HH — bbtt final state

In the CMS detector, the bbtt 7~ final state particles cannot be directly observed.
This is because b-quarks undergo hadronization, forming hadronic jets (as described
in Section 3.3.4), while T leptons decay into neutrinos and lighter particles, such as
leptons (muons or electrons) or quarks. Consequently, their reconstruction relies on
identifying muons, electrons, or hadronic taus, described in Sections 3.3.2, 3.3.3, and
3.3.5, respectively. Additionally, the presence of Missing Transverse Energy (MET),
discussed in Section 3.3.6, is a key feature due to neutrinos produced in the decays of T
leptons and during b-quark hadronization. Thus, even if this Higgs bosons pair (HH)
final state is more clean with respect to fully hadronic ones (as discussed in Section
1.7.1), it poses non trivial experimental challenges, such as reconstructing tau leptons
and identifying hadronic jets coming from b quarks, so the use of precise particle
reconstruction and identification techniques is crucial. The possible T+ 7~ final state
topologies are: T.Te, TeTy, TeTh, TuTy, TuTh, and 1,1, with 1, = T — Llvyvr (€ = e, u) and
T, = T — V¢ + hadrons representing leptonic and hadronic decays respectively. In the
following, the channels will be indicated as ee, ey, ey, up, ut,, and 7, respectively.
The X — HH — bbtt search presented focuses on a subset of these final states,
referred to as channels, where one of the two T leptons decays hadronically (7,): ety
uT,, and 7,1y, covering approximately 88% of all Tt7~ decays.

Fully leptonic final states are excluded due to their lower branching fractions and
higher background levels. However, they are used for different purposes such as
data/MC agreement studies and the estimate of some MC corrections.

4.2. Datasets

This search uses proton-proton (pp) collisions data at /s = 13 TeV recorded by the
CMS experiment between 2016 and 2018, for a total integrated luminosity of ~ 138 fb 1.
Data and simulations are split in 4 eras: 2016preVFP and 2016postVFP!, 2017 and 2018;
the recorded luminosities in these eras are respectively 19.5, 16.8, 41.5, and 59.8 b1,
For each era, only the pp runs certified good for physics are employed.

Data and simulations are provided in the form of primary datasets (Section 2.4.3),
designed to efficiently record at the same time interesting processes characterized
by different final state objects. This analysis uses four primary datasets, respectively

IThe 2016 year is split in two eras due to the substantial change in detector conditions between them.
In the 2016preVEP (also referred as 2016HIPM or 2016 APV) era, the strip tracker had a lower signal-to-
noise ratio and fewer hits on tracks due to saturation effects in the readout chip under high-luminosity
conditions. This was mitigated in the 2016postVFP (also referred as 2016) era by changing the feedback
preamplifier bias voltage (VFP) [154].
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targeting one muon (SingleMuon), one electron (SingleElectron), one tau (Tau) or the
presence of MET (MET).

Both MC and data are part of an important improvement in data quality after a re-
processing occurred during the Long shutdown 2 (LS2). This reprocessing, defined
“Ultra-Legacy” (UL), includes enhanced Electromagnetic Calorimeter (ECAL) calibra-
tion and improved energy resolution, in order to achieve optimal performance [155].

4.3. Signal and backgrounds contributions

Data are compared with simulations of background processes. If the signal is present
and the MC simulations are accurately modeled, statistical inference combined with
the inclusion of systematic uncertainties can reveal a statistically significant difference
between the observed data and the background-only simulation. This makes accurate
modeling of both the background and signal processes essential for performing reliable
statistical analyses and obtaining precise results. A detailed description of the MC
simulations, including their production and cross sections, is presented in the next
chapter.

Signal simulations play a crucial role in defining the analysis strategy. They are
used to determine the trigger paths to include, establish selection criteria for the
relevant objects to maximize signal acceptance while rejecting irrelevant events and
define the phase-space regions most sensitive to the signal.

Background processes are divided into “irreducible” and “reducible” types. Ir-
reducible backgrounds arise from processes that produce the same final state as the
signal, while reducible backgrounds include processes with different final states that
can mimic the signal due to misidentification of objects. Although particle Identifica-
tion (ID) taggers and event selection strategies target very low misidentification rates,
some processes, such as Quantum Chromodynamics (QCD) multijet production, have
a production cross section orders of magnitude larger than the signal, contributing
significantly to the overall background.

The primary source of irreducible background is the top-quark pair (tt) production,
particularly in the decay channel tt — WEW¥ — bb/*(Fvy, with (£ = e, u, 7). This
background, described in Section 5.2.2, impacts all channels and requires a dedicated
phase-space region to validate the data/MC agreement and ensure accurate simulation,
as reported in Section 4.8.3.

The second most relevant irreducible background, discussed in Section 5.2.3, is the
Drell Yan (DY) Z — (*{T + jets, particularly the ones coming from the process
Z +bb — (*{F + bb. The DY background modelling relies on MC simulations and
is validated in a specific control region for data/MC validation, described in Section
4.8.3.

The most significant reducible background arises from QCD multijet processes, where
quarks and/or gluons jets are misidentified as hadronically decaying T leptons or
b-jets. This background particularly impacts in the 7,7, channel, while its contribution
to other channels is smaller due to stringent selection criteria for light leptons that
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enhance rejection rates. Unlike other backgrounds, QCD background modelling relies
on a data-driven technique, detailed in Section 5.4.

Another reducible background includes W boson production in association with jets
(in Section 5.2.4). Finally, minor contributions, both reducible and irreducible, from
rarer processes are also considered (see Sections 5.2.5-5.2.10).

4.4. Trigger selection

Trigger requirements are applied to both data and MC simulations. The adopted High
Level Trigger (HLT) trigger paths for each era are summarized in Tab. 4.1, Tab. 4.2,
and Tab. 4.3. For each event passing a specific trigger path, both online and offline
objects must meet certain criteria. Online objects selections are typically indicated by
the trigger path names, offline objects cuts are detailed in Section 4.6. Additionally,
there must be a match between online and offline objects, as discussed in Section 2.4.2.

Trigger Channel HLT path name

. HLT_DoubleMediumCombinedISoPFTau35_Trk1_eta2p1_Reg*2
diTau 7T,

HLT_DoubleMediumIsoPFTau35_Trk1_eta2p1_Reg*2

. HLT_VLooseIsoPFTaul20_Trk50_eta2pl
SingleTau T Ty, UTy, €Tp
OR HLT_VLooseIsoPFTaul40_Trk50_eta2pl

MET Ty Th, Ty, €Ty | HLT_PFMETNoMu120_PFMHTNoMul20_IDTight

SingleMu W, HH HLT_IsoMu24 OR HLT_IsoTkMu24

HLT_IsoMul9_eta2pl_LooseIsoPFTau20
CrossMuTau U, OR HLT_IsoMul9_eta2pl_LooseIsoPFTau30
OR HLT_IsoMul9_eta2pl_LooseIsoPFTau20_Singlell

SingleEle eTy,, ee HLT_Ele25_eta2pl_WPTight_Gsf

HLT_Ele24_eta2pl_WPLoose_Gsf_LooseIsoPFTau20
CrossEleTau ety OR HLT_Ele24_eta2pl_WPLoose_Gsf_LooseIsoPFTau20
OR HLT_Ele24_eta2pl_WPLoose_Gsf_LooseIsoPFTau20_Singlell

Table 4.1: HLT trigger paths for 2016 and 2016 HIPM eras.

4.5. Event selection

To enhance the signal presence and minimizing the background contributions, some
requirements are applied to the events and the reconstructed objects. The selection
flow is inherited from the non-resonant HH — bbTT analysis [156] but it has been
optimized to maximise sensitivity to the resonant signals. The event selection workflow
follows these steps:

2The HLT trigger paths labeled with the * symbol are dependent on the run number but it is omitted
for simplicity.
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Trigger Channel HLT path name
HLT_DoubleTightChargedIsoPFTau35_Trkl_TightID_eta2pl_Reg
diTau T OR HLT_DoubleTightChargedIsoPFTau40_Trkl_eta2pl_Reg
OR HLT_DoubleMediumChargedIsoPFTau40_Trkl_TightID_eta2pl_Reg
SingleTau Ty Ty, Wi, €Ty | HLT_MediumChargedIsoPFTaul80HighPtRelaxedIso_Trk50_eta2pl
MET Ty Th, Ty, €Ty | HLT_PFMETNoMu120_PFMHTNoMul20_IDTight
SingleMu UTy, Uu HLT_IsoMu24
CrossMuTau UTh HLT_IsoMu20_eta2pl_LooseChargedIsoPFTau27_eta2pl_CrossL1
SingleEle ety, ee HLT_Ele32_WPTight_Gsf
CrossEleTau ety HLT_Ele24_eta2pl_WPTight_Gsf_LooseChargedIsoPFTau30_eta2pl_CrossL1
Table 4.2: HLT trigger paths for 2017 era.
Trigger Channel HLT path name
HLT_DoubleMediumChargedIsoPFTauHPS35_Trkl_eta2pl_Reg* 2
diTau - HLT _DoubleTightChargedIsoPFTau35_Trkl_Tight ID_etanl_Reg*2
OR HLT_DoubleTightChargedIsol’-’FTauZLO_Trkl_e1:a2p1_Reg*2
OR HLT_DoublezMediumChargedIsoPFTauZLO_Trkl_TightID_etanl_Reg*2
SingleTau Ty Th, WTjy, €Ty, | HLT_MediumChargedIsoPFTaul80HighPtRelaxedIso_Trk50_eta2pl
MET T Ty, Ty, €Ty | HLT_PFMETNoMu120_PFMHTNoMul20_IDTight
SingleMu UTy, U, ey | HLT_IsoMu24
CrossMuTau U, HLT_IsoMu20_eta2pl_LooseChargedIsoPFTau(HPS)27_eta2pl_CrossL1
SingleEle eTy, ee, ey HLT_Ele32_WPTight_Gsf
CrossEleTau ety HLT_Ele24_eta2pl_WPTight_Gsf_LooseChargedIsoPFTau(HPS)30_eta2pl_CrossL1

I. An initial filter is applied to data samples to select the luminosity sections

Table 4.3: HLT trigger paths for 2018 era.

3

corresponding to runs considered good for physics analyses.

II.

A set of filters for MET noise cleaning is applied to both data and simulations,

following centrally distributed recommendations reported in Sect 7.7.5 of [157].

II1.

A general pre-selection is first applied to the leptons, followed by the trigger

selection (see Section 4.4) and more stringent offline requirements. Further details
of lepton selection process are discussed in Section 4.6.1.

IV.

The next step is the H — 777~ candidate identification, performed via the

H — t" 7~ pair assessment algorithm, described in Section 4.6.2. At this stage

3A lumisection is a time interval of 23.3 s serving as a unit for recording luminosity, monitoring data
quality, and organizing the vast amount of collision data produced during each run. The 23.3 s duration
of a is chosen to balance the need for precise luminosity measurements and practical data management,
providing sufficient granularity for monitoring collision data and detecting anomalies while remaining
manageable for storage and processing.
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events are separated in different channels according to the final state leptons
coming from the H — 777~ decay.

V. Events with additional electrons or muons passing the requirements reported in
Tab. 4.4 are discarded. This condition is defined as third lepton veto.

VI. Subsequently, the presence of at least either two AK4 resolved jets or one AKS8
merged jet meeting specific selection criteria, is required to identify the H — bb
candidate, as outlined in Section 4.7.

pr(GeV) |yl |dz|  |dyl ID

e > 10 <25 <0.2 <0.045 MVAIsoWP90

u > 10 <24 <02 <0.045 (TightID OR MediumID)

Table 4.4: Third lepton veto selection. The electron and muon ID are introduced in Sections
3.3.3 and 3.3.2.

During the entire selection, the isolations of electrons and muons are the Particle
Flow (PF) relative isolation (PF RelIso03), defined in Eq. 3.2, whereas hadronically
decaying tau isolation relies on the DeepTauVS]Jet tagger, introduced in Section 3.3.5.

4.6. The H — 71t candidate reconstruction

4.6.1 Lepton selection

The requirements imposed on offline leptons can be divided into three groups: general
pre-selection, trigger-dependent selection and channel-dependent requirements. These are
applied sequentially.

The general pre-selection consists in the application of “general” quality cuts to
leptons, summarized in Tab. 4.5. These criteria are based on standard recommendations
from the CMS collaboration, optimized for analyses targetting prompt leptons, and are
independent of both the data-taking era and channel.

The trigger-dependent selection depends on applied triggers and eras. Each recon-
structed offline object matched with its corresponding online trigger object (within
AR < 0.5) and satisfy the 77 and transverse momentum component (pr) thresholds
specified by the HLT trigger path fired in the event:

° p‘;rffli”e > p%nline + p(%ffset ,
e || < |[y°"ine|, if the trigger path includes # requirements.

of fline online

Here, py and p7"""¢ represent the pr of the offline object and the pr threshold

of the online trigger object, respectively. The offset (pf}f f Set) depends on the lepton
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pr (GeV) |n|  |dz|  [dyy] Iso D

MVAIsoWP80
e > 10 <25 <02 <0.045 PF RellIso03 < 0.3

OR MVANoIsoWP80

U > 15 <24 <02 <0.045 PF RelIso03 < 0.3 TightID

VSe > VLoose WP
T > 20 23 <02 VSjet > VVVLoose WP

- VSmu > Tight WP

Table 4.5: General selection applied to offline leptons before the H — 777~ candidate selection.

The electron, muon and hadronic tau ID are introduced in Sections 3.3.3, 3.3.2 and
3.3.5.

type: it is 2GeV for electrons and muons and 5GeV for 1;,. The values are chosen

conservatively based on the trigger turn-on curves, ensuring triggers are fully efficient.

For example, in 2018 the events fired by the
HLT_DoubleMediumChargedIsoPFTauHPS35_Trkl_eta2pl_Reg trigger require online taus
with pr > 35GeV and || < 2.1 matched with offline taus with pr > 40GeV and
In| < 2.1.

Since also the MET trigger is included, some cuts on MET-noy (defined in Section 3.3.6)
are also applied at this stage. The offset value for the pTiss trigger is 10 eV.

The lepton and MET-noy trigger based cuts are summarized in Tab. 4.6a, where the
first column lists the trigger names, with the corresponding trigger paths reported
in Tables 4.1, 4.2, and 4.3. For some trigger path, the pr thresholds are dependent
on the data-taking era, and these are provided in Tab. 4.6b. These era-specific and
trigger-driven requirements define the so-called validity regions.

pr(l1) (GeV) [n(41)] pr(l2) (GeV) In(£2)]
2.5 (2016) 2.5 (2016)
pr (e) OR pr ()
2.1 (2017, 2018) 2.1 (2017, 2018)
>25 <21 AND > 35 <21
>pr (1) <24 OR >pr (W) <24 pr (GeV) | 2018 | 2017 | 2016
> 22 <21 AND > 25 <21 e 33 33 26
> 40 <21 AND > 40 <21 u 26 29 26
> pr (Th) <21 OR > pr (Th) <21 T 190 | 190 | 130
MET-noy > pr (MET) MET | 150 | 150 | 130
(a) (b)

Table 4.6: Tab. 4.6a Offline lepton/MET-noyu (defined in Section 3.3.6) requirements based on
trigger selection. The electron, muon and hadronic tau ID are described in Sections
3.3.2,3.3.3, and 3.3.5. The validity regions names correspond to the trigger names in

the first column of trigger tables (Tab. 4.1, 4.2 and 4.3). Tab. 4.6b: era-dependent pr

/MET-nopu values used in Tab. 4.6a.
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The channel-dependent requirements are applied when events are split in channels
depending on the H — 7+~ final state leptons types and are reported in Tab. 4.7.

4.6.2 The H — T"1 pair assessment

In addition to the lepton selection, the possible H — 777~ candidates are defined
by selecting all the pairs of leptons passing the previous selections and separated
by AR < 0.4, where AR is defined in Eq. 2.6. The final H — t"1~ candidate is
then chosen with the “pair assessment” algorithm inherited from the H — tF7~
analysis [158]. This algorithm evaluates candidate pairs legs* based on the following
criteria, listed in decreasing priority order:

I. First leg isolation: The candidate pair with the most isolated first leg is chosen.

II. Firstleg pr : if two or more pairs have the same first leg isolation, the pair having
the first leg with highest p7 is selected.

III. First leg |#|: in the case where two or more pairs have the first leg with same
isolation and pr the pair having the first leg with highest |#| is considered.

IV. Second leg assessment: if there is still ambiguity among two or multiple pairs,
the same sequence of criteria is applied to the second leg of the pair.

Events not passing the pair assessment algorithm are discarded. Once the H — 7+~
channel is defined, channel-specific selection requirements are applied. These are
summarized in Tab. 4.7.

4.7. The H — bb candidate definition

The H — bb decay is reconstructed requiring at least either two AK4 “resolved” jets
or one AK8 “merged” jet passing the selection criteria listed in Tab. 4.8. The resolved
jets passing this selection are assigned a score by the HH-bTug tagger, a dedicated
machine learning based algorithm aiming to identify the jets coming from the H — bb
decay. The HH-bTag algorithm was developed in the context of the non-resonant
analysis [156] and has been retrained for this analysis and optimized for the resonant
X — HH — bb7t search; details on the HH-bTag algorithm are reported in Appendix
B. The two resolved jets with the highest HH-bTag score are used to form the the
H — bb candidate and are saved for further analysis.

The definition of the H — bb candidates using either two resolved or one boosted
jet are concurrent. This will be discussed in detail in next section, but it is important
to remark that the events always have only one H — bb candidate, either resolved or
boosted.

4The first leg refers to a specific lepton in the pair, which is chosen based on the channel. For et,and
ey, the first leg is the electron. For uTy,it is the muon, and for ee, yp and 7,7, one either of the two
e/ u/ 7, respectively can serve as the first leg.
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Channel Leg number Iso ID
1 (e) PF RelIso03 <0.15 MVAIsoWP80
ety
2 () -
1 () PF RellIso03 < 0.15 -
HTh
2 (1) -
1 (1) VSJet > Medium -
Th'Th
2 () -
1 (e) PF RelIso03 <0.15 MVAIsoWP80
ee
2 (e) - MVANoIsoWP80
1 (n) PF RellIso03 < 0.15 -
KH
2 () -
1 (e) -
ep
2 () -
Table 4.7: Channel-dependent leptons requirements applied after the H — 77~ candidate
selection.
pr (GeV) ||  AR(jetleptons) Other
JetID = 2
AK4 jets > 20 <25 > 0.5
pr >50GeV OR PuJetID
AK8jets >250 <25 > 0.8 Mso ftdrop > 30 GeV

Table 4.8: Jet selection applied before the H — bb candidate selection. The JetID and PuJetID
respectively refer to the Noise and pile-up (PU) Jet identification algorithms intro-
duced in Section 3.3.4, whereas the the soft drop mass (msoftdrop) 1S a reliable estimate
of the mass for AKS8 boosted jets [159].

4.8. Event categorization

After the selection the surviving events are divided into various subsets based on the
phase space of different observables. The following definitions for event classification
are adopted:

¢ Channels refer to the 77 final state, categorized based on the leptons types. The
channels used to extract the signal are et,, u7,, 7,7, while ee, ey, py are used to
validate MC/data agreement.

* Categories classify events based on the bb candidate jets and their b-tagging
discriminants. The most general category is referred to as the baseline category.
Depending on the number of resolved b-jets or the presence of an AK8 H — bb
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jet, events are further classified into Resolved 2b category (res2b), res2b, or
boosted categories. Details are provided in Section 4.8.1.

Trigger application regions are defined to handle trigger-related MC corrections.
These regions are non-overlapping (orthogonal) subsets of events, classified
combining different validity regions, as described in Section 4.8.2.

Signal and Control regions are determined by combining channel definitions
with specific requirements on the invariant mass of lepton pairs and bb candidates.
Control Regions (CR) are insensitive to the signal and are used for tasks such
as validating MC/data agreement and in some cases estimating MC corrections.
The Signal Region (SR) corresponds to the phase space sensitive to the signal,
where the final fit is performed. Detailed definitions are provided in Section
4.8.3.

QCD regions are defined to estimate the contribution of the QCD multijet
background using a data-driven method. These regions are categorized based on
the second lepton leg isolation and charge-sign conditions. Both the regions and
the method are described in Section 5.4.

4.8.1 Categories

The jets passing the selection discussed in Section 4.7 are used to define categories
for the event classification. Initially the events belong to the most general category,
the baseline category. From there, events are categorized in the res2b, boosted and
Resolved 1b category (reslb) categories, based on the following requirements:

L.

II.

II1.

IV.

Resolved-2b (res2b) category: events are first checked to see if both AK4 resolved
jets associated with the H — bb candidate pass the DeepFlavour b-jet tagger at
the Medium working point (WP, see Appendix A.1.2), corresponding to a 1%
misidentification rate as defined in the b-jet paragraph of Section 3.3.4. Events
meeting this criterion are assigned to the res2b category.

Boosted category: events not meeting the above requirement are checked for the
presence of at least one AKS jet. If an AKS jet is found, the event is classified as
a boosted candidate. To promote the event to the boosted category, the AKS jet
must pass the Loose Purity (LP) Working Point (WP) of the pNetMD Jet Tagger,
Dy, defined in Eq. 3.7. If multiple AKS jets satisfy this condition, the jet with
the highest Dy, value is selected. Boosted candidate events that fail the pNetMD
requirement are discarded.

Resolved-1b (res1b) category: events that do not fall into either of the above
categories are checked for the presence of exactly one AK4 jet passing the Medium
WP of the DeepFlavour b-jet tagger. If this condition is met, the event is assigned
to the res1b category.

The non-boosted candidate events containing two resolved jets (independently on
their DeepFlavour tagger values) fall into the inclusive category. This category is
not considered for the signal extraction.
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Events that do not meet the criteria for any category are discarded. The event catego-
rization process is summarized in Fig. 4.1.

H(bb) has 2 jets passing deepFlavour Medium
WP?

Is there a AKS8 jet?

H(bb) has 1 jet

AKS8 Jet passes .
passing

Dwy low purity

Wp? deepFlavour

Medium WP?

Yes\l/ J[NO Yes\L \L No

Boosted N/C Res1b N/C

Figure 4.1: Event categorization scheme. In this scheme N/C stands for Not Condisered for
the signal extraction process.

4.8.2 Trigger application regions

Differences in trigger efficiencies between data and MC simulations must be taken into
account to ensure statistical accuracy and reliable signal extraction. These differences
arise from factors such as hardware performance, software algorithms, and detector
modeling. In CMS, Scale Factors (SF) are applied as multiplicative corrections to align
MC trigger efficiencies with those observed in data. A more detailed overview of the
SFs definitions and usage in HEP is provided in Appendix A.3. In general, the SFs
correct these discrepancies to maintain the consistency of physics analyses, as will be
explained in Section 6.1 The requirements applied to offline leptons in Tab. 4.6 define
the validity regions, the phase-space regions within which SFs are centrally provided
for individual trigger paths®. When two or more trigger paths are fired by the offline
objects (e.g., Ty, electron, muon or MET) in an event, there are two statistically valid
approaches to handle the phase-space overlap [160] and correctly apply the associated
SFs: either re-evaluating the efficiencies and SFs accounting for the overlap or defining
orthogonal regions to apply the SFs independently. In this analysis, the first approach
is adopted to manage the overlap between single-electron/muon trigger paths and
electron/muon + T, trigger paths, defining the “Legacy® region”. The triggers SFs
evaluation for MC samples is described in Section 6.1.7. In addition, two trigger
paths targeting high-pr taus (SingleTau) and MET have been introduced in this search,
and the motivation are discussed in Appendix C. To handle their SFs correctly, the

>Outside each validity region, SFs are not available for the corresponding trigger path.
®The term “Legacy” refers to the trigger paths and their associated application regions as defined in
the non-resonant counterpart of this analysis [156].
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second approach is applied, defining three orthogonal application regions: the Legacy
region, the Single Tau region, and the MET region. These regions are constructed by
combining one or more validity regions with offline selection and triggers summarized
in Tab. 4.6. This approach prevents double counting and ensures efficient and accurate
SF application throughout the analysis. A summary of the application regions is
presented in Tab. 4.9

Region Name Channel Trigger(s) Definition
ety HLT_SingleEle OR HLT_eTau OR
Uty HLT_SingleMu OR HLT_muTau OR
. Ty Ty HLT_diTau
Legacy region
ee HLT_SingleEle
uu HLT_SingleMu
ey HLT_SingleEle OR HLT_singleMu OR
SingleTau Region | eT,, ut,, T, HLT_SingleTau NOT in Legacy region
_ NOT in Legacy region
MET Region ety, U, Ty HLT_MET

AND NOT in SingleTau region

Table 4.9: Trigger application regions definition. The orange colored labels correspond to the
validity regions requirements reported in Tab. 4.6.

4.8.3 Data and simulation agreement checks

To define a phase space sensitive to the signal while also enabling validation of
statistical methods and data/MC agreement in regions not sensitive to the signal,
events are divided into multiple orthogonal regions: a signal region (SR) and several
control regions (CRs). These regions are determined based on channels and constraints
on the invariant masses of H — "7~ and H — bb candidates.

In the case of the H — 777~ candidate, due to the presence of two neutrinos from
the T decays in the final state, the invariant visible mass, m(T‘;iS), calculated using the
visible T products, does not peak at the correct position and does not allow for the
discrimination of the h — 1,73, signal from the background, particularly in the case of
Z — 1,7,. In order to improve the mass resolution, the Compact Muon Solenoid (CMS)
collaboration developed the SVFit algorithm [161], which exploits the information of
pTiss and the visible products of the T decays, is used.

SVFit is a likelihood-based algorithm that reconstructs the invariant mass of the leptons
pair coming from the H — 777~ candidate, m(TS}VFit), recovering the missing transverse
energy information on an event-by-event basis. Further details on the algorithm and
performances are reported in Appendix D. Fig. D.4 shows the H — 7+ 7~ candidate

pair distributions of the invariant visible mass, mg‘;is)(Fig. 4.2b) and the invariant mass

reconstructed by SVFit, m(TSTVFit) (Fig. 4.2a) for signal X — HH — bbtt , in the spin-0
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and m = 700 GeV hypothesis (in blue) and Z — 77 plus jets (in red) events. The same
distributions comparison for the other signal channels are reported in Appendix D.
The improvement in discrimination power due to SVFit is clearly visible.

CMS Simulation Preliminary 138.8 o', all (13 TeV) CMS Simulation Preliminary 138.8 fb™!, all (13 TeV)
0 0040 T T T T T T T ] g 0.040 T T T T ]
§ r — my =125 GeV é — my =125 GeV 1
1 0,035 mz = 91 GeV 4 @ o035 mz = 91 GeV B
; + HH - bbt (mx =700 GeV) + HH > bbTt (my=700GeV) ]
0.030F + DY B 0.030F + DY B
0.025?— + 4 oo02sf f
0.020f -+ 4 oo20F - E
r T 4+ 1
0.015F . B 0.0151- N *+ 1
[ + - ]
0.010[- -~ 41 ootof + + E
r .t 1
0.005F + i 4 oo00sf + | E
£ - i S . . _ﬂt‘t‘ e it . . ]
0000 5o 700 50 Soo g 300 350 0000 5 100 i 200 250 300 350
m$Y(GeV) mys(GeV)
() (b)
. . . . . . (SVFit) /13- .. . .
Figure 4.2: Distributions of SVfit invariant mass,m;; " (Fig. 4.2a) and visible invariant mass

(vis

Mot )(Fig. 4.2b) of the T pair candidates in the 7,7, channel, for X — HH —
bbtT (for spin 0 and mx = 700GeV, in blue) and Z — 7T + Jets (“DY”, in red).
Distributions are renormalized to the unit area.

The H — 771~ candidates are reconstructed via the m(TSTVFit) in signal channels

(ety,uT, and 1, 7), while for the other channels (which are used only for CR definition)

the m(T‘?S)is used, calculated using the visible T decay products as these channels are

needed only for data/MC checks and the algorithm running the m&STVFit) production is
computationally heavy.

For H — bb candidates in the resolved categories the invariant mass of the resolved jet
pair seected in Section 4.7 is used, whereas for the boosted categories the soft drop
mass (Msoftdrop) [159], a reliable estimate of the mass for AK8 merged jets [159], is used;
in both cases the H — bb candidate mass is indicated with my,y,.

The SR is optimized for signal sensitivity, whereas the CRs are used to validate
data/MC agreement for key backgrounds such as DY and tt. Additional CRs are
introduced in subsequent chapters, tailored for specific tasks such as estimatingQCD

contributions, computing MET trigger and ParticleNet SFs.

In the plots presented throughout this chapter showing data/MC distributions, the
data are displayed as points with error bars representing their uncertainties. The filled
histograms indicate the different contributions, with the following color code applied
(from top to bottom):

* QCD: Orange ( ).

DY: Light Blue ( )-

tt: Dark Green (reference).

W+Jets: Light Pink ( ).
Single top (ST): Cyan ( )-
Single Higgs (H): Yellow ( )-
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Diboson (VV): Dark Violet (reference).
Triboson (VVV): Lavender ( )-
EWK: Drably Olive (reference).

TTX: Red (reference).

These plots are designed to facilitate a clear comparison between the observed data
and the simulated contributions.

-
SR
Y
i & [70’150] GeV = > Include at least 70% of%
mfye [80,170] GeV \_ signals
s TTCR
Orthogonal to SR
Entire phase space
No >  Exclude 90% DY
Mg’ € [70,100] GeV' R i > 80 GeV' Raurg I tl?Y(t:I:S"/ f DY
Yes Yes anu e at leas xS
N No
. ) > N/C

Figure 4.3: Regions definition scheme. In this scheme N/C stands for Not Condisered for the
signal extraction process.

The signal and control regions, illustrated in Fig. 4.3, designed with uniform definitions,
across all eras and channels, are summarized in Tab. 4.10. A consistent set of mass cuts
is applied to both boosted and resolved categories, balancing simplicity and efficiency.

The Drell-Yan Control Region (DYCR) is defined to check the data/MC agreement
for the DY simulations. To account for this background modelling (Section 5.2.3),
three different DY MC sets have been included: the inclusive DY Z plus Jets processes,
and the same processes binned in pr and in jet multiplicity. To correctly treat those
simulations which have phase space overlapping, a stitching procedure, described
Section 5.3.1, is adopted. To check the correctness and the validity of the stitching
technique, as well as the modelling of the DY MC sets, the Drell Yan Control Region
(DYCR) is defined. It uses events in ee and uu channels, which are by construction

orthogonal to the SR with a mg‘gs)range chosen to include at least 68% of the inclusive

DY events. The DYCR conditions on channels, categories and mg‘fs) are reported in
Tab. 4.10.

The distributions of relevant observables in DYCR are reported in Appendix E. Some
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Region channels categories m.(GeV) my,(GeV)
| € [70,150]

DYCR ee, up inclusive, reslb, res2b, boosted € [80,100] -
]

SR eTy, UTn, ThTh reslb, res2b, boosted € (80,170

ee, Uy res2b, boosted ¢ [70,100 -

TTCR ep res2b - -
eTy, U res2b, boosted ¢ [80,170] ¢ [70,150]
T inclusive, res2b ¢ [80,170] ¢ [70,150]

Table 4.10: Mass ranges, channels and categories defining the signal regions and the control
regions enriched in DY (DYCR) and tt (TTCR) background processes. For the ee
(vis)

and pp channels the mq.is the my; 'whereas for the et,,u7, and 7,7, channels

(SVFit)
MegiS myy .

examples are shown in Figures 4.4 and 4.5, for leptons and b-jets/MET observables
respectively.
The following considerations can be done:

* In reslb/res2b categories, the electrons pr spectrum presents some fluctuations
especially at high p7, as shown in the upper panel of Fig. 4.4. These suggest
that this background source can suffer of some mismodelling at high pr even
if dedicated MC set binned in pt are included (Section 5.2.3). However, the
fluctuations remain within 5 < 10% and can be accounted for once systematic
uncertainties and MC statistical uncertainties are incorporated.

¢ There is a more relevant disagreement in the muons pr spectra especially for pr
2 100 GeV), suggested by the lepton distributions for the yp channel in the reslb
and res2b categories respectively in the bottom right and left panels of Fig. 4.4.
This is probably due to the same issue faced for electrons, however it is enhanced
because the muon tight ID scale factors are less reliable at high pr (Section 6.2.1).

¢ In the reslb and res2b categories the agreement is good in the entire pr spectrum
of the b-jets and in the part of the my, spectrum selected for the SR.

® The MET-noyu (Section 3.3.6) presents a good agreement in the inclusive category,
whereas in the reslb/res2b categories (see Appendix E) the agreement tends to
be worse, but still within &~ 15%. This behaviour could be also related to the
corresponding misbehaviour of the muons at high pr as the muon ID tagger
becomes inefficient.

Discrepancies between data and MC simulations are observed for high-pt leptons,
suggesting potential mis-modeling in the high-pr DY samples. This persists even
after applying the stitching technique to enhance statistics in the tails of distribution.
Howewer, the stitching method used in this study is a simplified version of more ad-
vanced techniques, as discussed in Section 2, which may introduce some inefficiencies.
To mitigate this issue, systematic uncertainties associated with DY modeling and lepton
taggers will be incorporated into the analysis (Section 6.2.1).
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Figure 4.4: Leptons observables in the DYCR. Upper panel shows the first and second electron
pr in ee channel in the left and right respectively. The same distributions are shown
in the lower panel for the yu channel.

The tt control region (TTCR) is defined to perform data/MC agreement checks for
the most important source of background: the top-antitop quark pair production. The
reason of this CR definition is that the observed pr spectra of top quarks in ¢f data were
found to be significantly softer than predictions from MC simulations based on either
Leading Order (LO) or Next to Leading Order (NLO) matrix elements interfaced with
parton showers. This discrepancy was first noted in Run 1 and later confirmed in Run
2 by ATLAS [162]. This effect is believed to arise, at least partially, from the absence of
higher-order corrections in the theoretical predictions. For instance, approximate Next-
to-Next Leading Order (NNLO) predictions in perturbative QCD [163] demonstrated
an improved agreement with data. Despite calculations at higher order [164-166]
have further refined the theoretical description, though a residual discrepancy remains
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Figure 4.5: Jets observables and MET-noy in the DYCR. Upper panel shows the first and first
b-jet pr and the MET-noy (defined in Section 3.3.6) distributions in the ppu channel
in the left and right respectively. In the lower panel the second b-jet and the mass
of the resolved H — bb candidate are shown for the ee channel.

and its origin is not yet fully understood. Possible explanations include missing
higher-order QCD and/or electroweak corrections, contributions from non-resonant
production of tf-like final states (e.g., §¢ — bbuvev), or potential unknown effects.
The CMS recommendations for analyses involving tf backgrounds require to evaluate
the impact of top-quark pr mismodelling in a signal-depleted and tf-enriched CR
by assessing the data/MC agreement for key distributions. If the agreement falls
within existing statistical and systematic uncertainties, no additional corrections or
uncertainties are necessary. These motivate the definition of the tt Control Region
(TTCR).

The requirements defining the TTCR are described in Tab. 4.10.
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* The entire phase space in the ey channel is analyzed, as it is already highly
enriched in this process. This channel is not considered for the signal extraction
and it not used in other control regions (Tab. 4.10), ensuring no overlaps with
SR and DYCR. This allows the complete mg\fs)range to be explored, enabling a
clearer understanding of lepton behavior and tt contributions in the mass range
of mg‘gs)of the signal region, while remaining within orthogonal phase space.

¢ In the ee and pup channel, not included in the signal search thus orthogonal to
the SR, the TTCR is designed to exclude the 90% of the DY samples are excluded
and to ensure the orthogonality also with the DYCR, my, ¢ [70,100] GeV. In
these channels, the m; range is sufficiently broad to explore portions of the m;
region of interest for the SR, similarly to the ey case.

¢ Finally, in e1;, u7, and 7,77, channels, the mass intervals ensure orthogonality
with the SR while excluding by design the 95% of DY backgrounds and the 90%
of the signals. These channels are used to validate the choice of the SR m;
interval definition as the mismodelling of tt contribution becomes relevant at
high m?f) values.

In Fig. 4.6, examples of the ee, ey, and pup distribution in the TTCR (Tab. 4.10) are
shown. The mypp, and m¢; spectra relevant for the SR, presented in the upper panel of
Fig. 4.6, exhibit good agreement between data and MC simulations. Conversely, the
lepton and b-jet pr spectra show a slightly soft trend consistent with the known tt
pr spectrum in MC issue. However, in this case, the deviations are relatively small
(< 10%), making additional reweighting or further corrective actions unnecessary to
stabilize the effect.

When considering the signal channels, the TTCR remains orthogonal to the SR by
inverting the cut on m.. Furthermore, even though only the res2b category is used
(Tab. 4.10), and thus only a fraction of the available statistics is considered for each
channel, the region remains sufficiently enriched with tt events to allow for an accurate
modeling of the tt contribution.

Considering the e1;, and 1, channels, the b-jet and leptons distributions in Fig. 4.7
show an evident tt mismodelling is evident. This was expected, being in the high

m&?“ mass tails - though brings differences in data/MC are < 10% also in these

channels. However, these differences at high mg‘;is) values motivate the choice of
applying the mass cuts to both maximise the signal acceptance and while avoiding
larger mismodelling. Finally, it is interesting to observe the distributions of the leptons
and b-jets observables in the 7,7, channel in this region, as they are enriched both
in tt in the res2b category and in QCD in the inclusive category. In particular, the
QCD process uniformly contributes in all the m(TVTiS) range, motivating the data/MC
agreeement checks in this region. Therefore the events in TTCR and 7,7, channel
can give insight on both the tt background modelling and on the data-driven QCD
estimation (discussed in the Section 5.4). In Fig. 4.8 two esemplificative distributions
are shown for the res2b category in the top panels, whereas the lower panels provide
two examples of inclusive category distributions of the first b-jet and lepton p7. In the

res2b category the difference between data/MC becomes more relevant at high m-,
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Figure 4.6: Distributions of different observables in the TTCR, in the res2b category. The
invariant masses of the H — 777~ and H — bb candidates are shown in the upper
panel for ey and pp channels respectively. In the lower panel the first lepton nd

second b-jet are shown in the pp and ee channels respectively.

however the agreement is still reasonable in the whole lepton pr range.
In the QCD enriched inclusive category the data/MC agreement is good.
Other the distributions are shown in the Appendix F.

The Signal Region includes channels with one hadronic tau (7;,) as second leg (e,

1Ty, or T, Ty). It is defined by simultaneous conditions on m

(SVFit)
TT

and my,,, optimized

to maximize signal sensitivity, designed to cover at least the 70% of all signals and at the
same time to avoide the inclusion of low-mass resonances and potential mismodeling
in the high-mass tails, and to reducing background contamination. Two distinct mass
intervals are defined based on the different categories: the resolved and boosted mass

intervals.
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Figure 4.7: Distributions of different observables in the TTCR, in res2b category. The invariant
masses of the 7T and bb candidates are shown in the upper panel for e7;, (left) and
uT, (right) channels respectively. In the lower panel the first lepton nd second b-jet
are shown in the e7;, (left) and u7, (right) channels.

The SR conditions on channels, categories, my, and m(TSTVFit) are reported in Tab. 4.10.

In Figures 4.15,4.16 and 4.17 some graphical examples of the squared cuts applied
on m&i"“t) and my;, are shown, respectively for ety ut,and 7,7, channels. The right
panels show some signal examples with different values of the resonance masses/spin,
whereas the left panels show the same cuts on the main background contribution (tt)
showing the acceptance to the signals and at the same time the rejection power of these
cuts for the most important background source.

The data/MC agreement check is performed also in the signal region, considering
observables non sensitive to the signal. A complete set of the distributions is presented

in Appendix G, and some examples are shown in Figures 4.9, 4.10 and 4.11 for the
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Figure 4.8: Distributions of different observables in the TTCR, in the 7,7, channel. The upper
panel shows the second lepton pr and m, distributions in the res2b category,
whereas in the lower panel the first bjet and the H — bb invariant mass for
resolved jets are shown in the inclusive category.

ety, U7, and T, T, channels respectively. From these, it is possible to conclude that the
overall data/MC agreement in signal channels is acceptable, since the fluctuations are
within 5% far from the statistical error bands.

The et1;, channel reveals a potential mismodeling at intermediate pr values for
electrons. This issue, previously observed in the TTCR - for instance, in the lower-left
panel of Fig. 4.7 - generally remains within 5% (occasionally reaching up to 10%, as
illustrated in the distributions provided in Appendix G). Despite this observation,
there is no compelling evidence necessitating corrections to the electron energy scale
or a specialized approach to address this mismodeling. Observables related to H — bb
candidates, such as resolved and merged jets, and invariant mass distributions, display
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an overall good agreement between data and simulation. Similarly, distributions for
the second lepton show consistent data/MC agreement.
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Figure 4.9: Distributions of different observables in the SR, in the et;, channel. In the upper

panel the first b-jet and the H — bb invariant mass, whereas the lower panel shows

the first lepton pr and mS™ distributions in the signal sensitive categories.

In the uT1, channel, within the relevant mass ranges and categories, the data/MC
agreement is generally satisfactory. The MET-nou (Section 3.3.6) distribution shows
a slight trend consistent with the known tt pr spectrum issues. However, these
deviations remain within 5% (occasionally reaching 10%, as shown in Appendix G).
Observables associated to resolved and boosted jets, and invariant mass distributions,
show strong agreement between data and simulation, as do those for the second lepton.

The 1,75, channel, however, presents the most significant challenges due to its final
state involving four hadronic jets. This channel is dominated by QCD background,
making accurate modeling of this background as well as the choice of the DeepTauVS]et
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Figure 4.10: Distributions of different observables in the SR, in the T, channel. The upper
panel shows the resolved H — bb invariant mass and the boosted AKS jet pr
, whereas the lower panel shows the MET-noyu (defined in Section 3.3.6) and the
first lepton pr distributions in the signal sensitive categories.

discriminator WP (see AppendixA.1.2 for WP definition) critical for this analysis. The
shown distributions indicate discrepancies in data/MC agreement, particularly at
high p1, where the QCD contribution appears to be underestimated. To address this,
dedicated corrections have been derived for the QCD contributions (Section 6.2.3) for
the signal extraction.

4.8.4 The introduction of DeepTauV2p5

As discussed in Section 4.6, the DeepTau algorithm (Section 3.3.5) has been employed
for tau selection, providing crucial discrimination against muons, electrons, and jets.
In the event selection and H — 777~ candidate reconstruction, DeepTauV SJet score
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Figure 4.11: Distributions of different observables in the SR, in the 7,7, channel. The upper
panel shows the second b-jet and the AK8 boosted jet transverse momenta, whereas
in the lower panel the first lepton and second lepton pr distributions are shown,
in the signal sensitive categories.

has been specifically utilized to define tau lepton isolation, playing a central role in
ensuring a high-purity selection of hadronic taus.

However, when performing data/MC agreement checks in both the signal and control
regions for channels involving hadronically decaying taus, non-negligible discrepancies
emerge between data and MC distributions, particularly in the 7, 7,channel. This
channel presents the greatest challenge for event reconstruction due to the presence of
multiple hadronic jets and pTsS, leading to substantial QCD multijet contamination.
Accurate event reconstruction in this channel requires precise modeling of all MC
contributions and a reliable QCD estimation strategy.

Several factors contribute to these discrepancies. The QCD background estimation
method (Section 5.4) carries inherent uncertainties, particularly in high-purity tau
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regions. Additionally, limitations in MC modeling of dominant background sources
such as DY and tt introduce systematic mismatches. A crucial component influencing
these differences is the performance of hadronic tau identification itself. Despite the
advanced approach of DeepTau, residual discrepancies between data and simulations,
coupled with the QCD background, indicate that refinements are necessary to achieve
a more precise agreement in tau-related observables.

In fact, the most relevant data/MC+QCD mismatches are observed in Tj,-related
distributions, as exemplified in the lower-left panel of Fig. 4.11. These deviations
suggest a possible performance limitation of the DeepTauVSjet tagger, motivating
the need for improvements. To address these challenges, the updated discriminator
DeepTau2018v2p5 has been introduced, offering enhanced tau identification capabilities.
The same observables, now analyzed with DeepTau2018v2p5, are shown in Fig. 4.13,
with a full set of distributions provided in Appendix H. One of the central goals of
this thesis is to present, for the first time, a direct comparison between two versions of
the DeepTau algorithm: DeepTnu2017v2p1, the first deployed version, and the upgraded
DeepTau2018v2p5. This preliminary study is of critical importance as it provides a
tirst insight of the DeepTau developments using Run 2 data, before its full deployment
for analyses which will use Run 3 data. This validation is fundamental for ensuring
that DeepTnu2018v2p5 successfully enhances discrimination power, reduces systematic
uncertainties, and improves data/MC agreement, ultimately strengthening future CMS
analyses.

Given that the 7, 7,channel is the most affected by these changes, the comparison in
this study focuses exclusively on this channel. However, a natural extension of this
study would be to include all channels containing at least one hadronic tau, providing
a more comprehensive assessment of the impact of the updated DeepTau algorithm.

DeepTnu2018v2p5 introduces several key refinements, detailed in Appendix H, that
significantly improve both performance and data/MC agreement. In particular, it
features a more sophisticated treatment of high-purity 7, candidates, effectively reduc-
ing discrepancies in critical kinematic regions. By benchmarking these improvements
against DeepTau2017v2p1, this study provides essential insights into the evolution of
tau identification algorithms and their pivotal role in advancing CMS physics analyses.

The following presents distributions of the same non-signal-sensitive observables
previously shown for DeepTau2017v2p1, now obtained using DeepTnu2018v2p5 while
applying the same event selection and reconstruction criteria. This direct comparison
enables a rigorous assessment of the two Deeplau versions. The fully leptonic channels
(ee, ey, and pp) are excluded from this analysis since the tau discriminator is not
employed in their event selection and reconstruction.

The distributions are shown separately for the TTCR and SR, enabling a de-
tailed evaluation of DeepTnu2018v2p5’s impact in different event categories. The
improved agreement observed in these comparisons underscores the importance of
DeepTnu2018v2p5 in refining tau lepton selection and reducing systematic biases. These
findings strongly suggest that integrating DeepTau2018v2p5 into the analysis framework
is a crucial step toward achieving a more precise and robust measurement of CMS
processes involving hadronic tau decays.
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Distributions in the TTCR
As illustrated in the following distributions (the full set is provided in Appendix H),
the known tt issue is still evident in the TTCR, particularly in the subleading 7, distri-

bution. However, the data/MC agreement is significantly improved when employing
DeepTau2018v2p5 instead of DeepTuu2017v2p1.
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Figure 4.12: Distributions of different observables in the TTCR, in the 7,7, channel, with the
new version of the DeepTau algorithm (DeepTau2018v2p5). The upper panel shows

the second 7, and the MET-nou pr in the tt enriched res2b category. The lowe

panel shows the mgVFit)and the distance between the two 1, leptons (AR) in the

QCD enriched inclusive category.

This improvement becomes particularly evident when comparing Fig. 4.12 with
Fig. 4.8 (corresponding to DeepTau2018v2p5 and DeepTau2017v2p1, respectively). In the
res2b category, the subleading 7, pr distribution shows a more accurate agreement,
especially in the mid-low pr range, still exhibiting the expected tt effect (pr softer in
data than in MC). Additionally, the MET-noyu distribution shows improved agreement
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across the full range, though some discrepancies persist at high values. Despite these
improvements, the tt issue remains a compelling reason to exclude this region from
the signal extraction phase space.

On the other hand, the inclusive category, enriched in QCD background, offers
valuable insights into the QCD estimation (Section 5.4). The bottom distributions in
Fig. 4.12, particularly m&i"“t) and AR(Ty,17,), further demonstrate the impact of using
DeepTau2018v2p5. When compared with the corresponding distributions obtained with
DeepTau2017v2p1 in Fig. 4.8, the improvement in data/MC agreement, particularly
when including QCD contributions, is evident, reinforcing the benefits of the updated

DeepTau version.

Distributions in the SR Fig. 4.13 shows the same distributions of Fig. 4.11 obtained
using DeepTuu2018v2p5 in the event selection and reconstruction. The presented
distributions reveal persistent data/MC discrepancies, particularly at high py, where
the QCD contribution appears to be underestimated. To mitigate this, dedicated
corrections have been derived for the QCD contributions (Section 6.2.3) to improve the
signal extraction.

A similar trend to the TTCR is observed in the SR, as shown by comparing Fig. 4.13
with Fig. 4.11 (corresponding to DeepTau2018v2p5 and DeepTau2017v2p1, respectively).
The following considerations can be done:

¢ In the reslb category, data/MC agreement is significantly improved across nearly
all observables (see Appendices G and H for further comparisons). Only a few
cases exhibit discrepancies similar to the previous selection.

* The boosted category, though limited in statistics, also shows signs of improved
agreement.

¢ In the res2b category, discrepancies persist in most 7, and b-jet observables, but
their magnitude is reduced with DeepTau2018v2p5. This category is particularly
impacted by QCD and tt backgrounds and applies b-jet discriminator cuts on
both resolved jets, thus some remaining inefficiencies may arise from a combi-
nation of QCD estimation uncertainties, the tt issue, and the b-jet discriminator
performance. These factors suggest that further refinements in these areas would
be beneficial for future analyses.

In Fig. 4.14 other esemplificative observables are compared directly between the two
approaches. Focusing on the key observables that define the SR for both resolved and
boosted categories, the implementation of DeepTau2018v2p5 consistently leads to better
data/MC agreement. These results indicate that even if the selection and reconstruction
techniques can still be refined, the adoption of DeepTau2018v2p5 represents a valuable
contribution to improve the tau leptons selection and discriminations against fake ones,
potentially enhancing the sensitivity of the analysis.
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Figure 4.13: Distributions of different observables in the SR, in the 7,7, channel, with the new
version of the DeepTau algorithm (DeepTnu2018v2p5). The upper panel shows the
second b-jet and the AKS8 boosted jet transverse momenta, whereas in the lower
panel the first lepton and second lepton pr distributions are shown, in the signal
sensitive categories.
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Figure 4.14: Distributions of different observables in the SR, in the 7,7, channel, with the new
version of the DeepTau algorithm (DeepTau2018v2p5). The upper panel shows the
second b-jet and the AKS8 boosted jet transverse momenta, whereas in the lower
panel the first lepton and second lepton pr distributions are shown, in the signal
sensitive categories. 140
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Chapter 5

Data composition modelling

Accurate modeling of the phenomenology of physical processes and their interaction
with the CMS detector is fundamental to defining and optimizing the analysis strategy.
Signal and most part of background processes rely on simulation using Monte Carlo
(MC) techniques with state-of-the-art generators and precise theoretical calculations,
with the exception of the Quantum Chromodynamics (QCD) multi-jets production,
estimated via a data-driven method. The data composition modelling plays a critical
role in optimizing the analysis strategy, comparing observed data to predictions, and
searching for the presence of a signal. This chapter describes the modeling the physics
processes which contribute to the amount of observed events in data, as well as the
simulation tools and techniques used for this purpose. It outlines both simulation-
based and data-driven techniques (e.g. in Section 5.4) employed to describe the data
composition.

An overview of the simulation workflow and the main MC generators is presented
in Section 5.1. Sections 5.2.1 - 5.4 describe the signal and background processes,
emphasizing techniques like data-driven estimation of QCD processes and combining
multiple simulation sets.

5.1. Event simulation and data formats in CMS

To prepare data and simulation samples for physics analyses at CMS, several processing
steps are performed. Fig. 5.1 provides a schematic overview the processing chain for
both recorded data and simulated samples.

The Generation (GEN) step uses one of the available event generators to simulate a
specific physical process originating from beam collisions.

The simulated events considered in this analysis have been generated using two
approaches: a General-Purpose Generator, which simulates both the event and the
hadronization process, or a Matrix Element (ME) Generator, which generates events at
the parton level paired with a general-purpose generator to handle the hadronization
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step. In the following, the generators used to produce the MC samples for this analysis
are described:

* PYTHIA [167] is a general purpose event generator widely used in high-energy
physics to simulate collisions involving electrons, protons, photons, and heavy
ions at Leading Order (LO) accuracy. It incorporates theoretical models and
algorithms for various physics processes, including hard and soft interactions,
parton distribution functions, initial and final state parton showers, multiparton
interactions, fragmentation, and particle decays.

* MAGRAPH5_AMC@NLO [168] is a ME generator designed for both Standard Model
(SM) and Beyond Standard Model (BSM) studies. It provides tools for cross-
section calculations, the generation of hard events and their matching with event
generators. It combines the MAGRAPHS and AMC@NLO generators, along with a
variety of tools essential for event manipulation and analysis enabling the simu-
lations at LO accuracy for any user-defined Lagrangian, and at Next to Leading
Order (NLO) accuracy for QCD corrections in SM processes. Additionally, it can
compute matrix elements at both the tree and one-loop levels.

* POWHEG [169-171], a ME generator aiming to perform accurate particle collisions
simulation, combining NLO perturbative QCD calculations with parton shower
algorithms to model both hard scattering processes and softer emissions.

Both POWHEG and MAGRAPH5_AMC@NLO are used in conjunction with general purpose
generator PYTHIAto simulate both the hard interaction and subsequent parton showers
and hadronization processes. The interaction of particles produced by collision with the
Compact Muon Solenoid (CMS) detector is modeled using the GEaNT4 toolkit [172,173].

The Simulation (SIM) step consists in simulating the response of the detector,
electronics and trigger system, including also the pile-up. It provides an output similar
to the actual data collected by the detector.

The Reconstruction (RECO) step is applied to both simulated and real data, recon-
structs the events and serves as the final stage of sample preprocessing.

The format used for analysis, for both MC simulations and real data, is the
NanoAOD [174]. These are ROOT [175] files containing a compact subset of GEN+SIM+RECO
information, tailored for physics analyses. Further details on the CMS data format are
reported in Section 2.4.3.

5.2. Modelling

The processes contributing to the data, which are modeled using MC simulations, are
presented below. For each mechanism, the most relevant contributions in the data
composition are highlighted. Along with the simulation details, the cross section for
each process is also reported.
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Figure 5.1: Schematic view of the processing chain in CMS for data and simulated events. The
arrows describe the direction of the flow of information.

5.2.1 Signal

The resonant X — HH — bbt7 signal samples have been modeled with MAGRAPH5_AMC@NLO
as ME generator and pyTHIA for showering and hadronization. The events are simu-

lated at LO precision. Samples are generated under the assumption of a narrow width
resonance, with a negligible width compared to the experimental detector resolution.

Two set of signal simulation are considered, depending on the resonance spin hypothe-

ses: spin-0, radion-like, and spin-2, bulk graviton-like particles. For each hypothesis, 25

mass points spanning from 250 GeV to 3 TeV are considered, for a total of 50 samples

sets. The cross section considered for this process is normalized to 1 pb.

5.2.2 tt

One of the main background sources originates from tt — WTbW~b process. This
background relies on MC simulation produced with the ME generator POWHEG and
pYTHIA at NLO precision.

The tt simulations are divided in three groups to cover all the W bosons decays: the
so-called fully leptonic decays, where both W bosons decay in a lepton plus neutrino
(W — flvy, with ¢ = ¢,u,T), the most relevant background for this analysis from
tt processes; the semi-leptonic decays, where one W decays in leptonplus neutrino and
the other decays in a pair of quarks (W — g4’); finally the fully hadronic decays, where
both W decay in quarks pairs, the least important process among the tt contribution.
The last two processes are suppressed thanks to the high capability of DeepTauVS]et
discriminator (Section 3.3.5) for the hadronic tau ID. The cross section considered
for the inclusive process is o(tt)= 833.9pb [176]. The Branching Ratio (BR) for the
W boson hadronic and leptonic decays are respectively BR(W — qq’) = 0.6741 and
BR(W — lvy) = 0.3259, with values taken from [177] assuming BR(t — Wb) = 1. In
order to check the data/MC agreement, a dedicated control region has been defined
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(Section 4.8.3).

5.2.3 Drell-Yan: Z+]Jets (DY)

Another dominant source of background comes from the Z+Jets Drell Yan (DY) events.
This background contribution relies on MC simulation, modeled via the
MAGRAPH5_AMC@NLO as ME generator and rYTHIA as general purpose one, at NLO
precision. Three sets of MC simulation have been considered to account for this
background: the inclusive sample, samples binned in the transverse momentum of the
Z boson, transverse momentum component (pr) (Z), and in the number of jets (Njs).
The reason of this choice is to have a more precise modelling of this background and to
have higher statistics to reduce statistical uncertainties in the tails of distributions. To
properly combine the different MC sets, the simplified stitching technique described in
Section 5.3.1 is adopted. The cross sections for each MC set are shown in Tab. 5.1. As
for the tt processes, also for the DY background a dedicated control region has been
defined to check the the agreement between data and the MC combined samples.

5.2.4 W¥+Jets (W)

The associated production of a leptonically decaying W boson (W — fv, with
¢ = e, p, 7) together with hadronic jets is simulated via MAGrAPH5 using the MLM
technique for jet merging, at LO precision [178,179].

In this analysis the contribution of W + jets background is highly suppressed since,
at the most, only one real T comes from W decay and in this case the other three jets
in the event must be misidentified as a T plus two b-jets, but this happens with a low
probability since the object identification criteria for both leptons and jets are highly
performing. Three sets of samples are considered to include this process: the W+]ets
inclusive production, the W+N jets (N=1,2,3,4) binned in the number of jets together
with the W boson, and the samples binned in hadronic transverse energy (HT). As for
the DY background, the different MC sets are combined via the simplified stitching
technique described in Section 5.3.1. The cross sections for each MC set are shown in
Tab. 5.1.

5.2.5 Electroweak W*/Z + 2 Jets (EWK)

Electroweak production of W or Z bosons associated with two jets relies on the
MAacGrarH5 and PYTHIA generators combination. The LO cross sections are obtained
from the MC generator and their values used for the normalization in this analyses
are: o(WT — £77 + 2 jets) = 39.05pb, c(W+ — ¢y, + 2 jets) = 32.05pb, 0(Z — (/T
+ 2 jets) = 10.65pb and 0(Z — (vv + 2 jets) = 6.215 pb.
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5.2.6 Single Higgs (H)

The background sources involving single Higgs considered for this analysis are: gluon
gluon and vector boson fusion single Higgs production with in both cases the Higgs
boson decays are splitted in H(ZZ*), H(WW*) and H(t7). The associated production
of single Higgs with a vector boson (VH) or a pair of top quarks (ttH) can emulate the
final state of interest, therefore also these samples are considered. The ttH production
is splitted in two subsamples having as final states either a pair of tau leptons or a pair
of b quarks. The VH processes are splitted in W*H and ZH with the Higgs boson
decaying in two tau leptons or b quarks as in the ttH case, and also considering the
W*WT decays. These samples are generated considering my = 125GeV. In all the
cases, the MC samples are produced at NLO via PowHEG and pyTHIA. The cross
section adopted to normalize these samples are reported in Tab. 5.2.

5.2.7 Single Top (ST)

In this analysis, the background contribution coming from single top quark events
is mainly due to the the t-channel single top production and to associated produc-
tion of a single top and a W boson. The MC samples are produced at NLO via
POWHEG and PYTHIA and are normalized to the Next-to-Next Leading Order (NNLO)
theoretical cross sections: o(t,t — channel) = 136.02pb, o(t,t — channel) = 80.95pb,
o(t+t,tW) = 71.7 pb. They are obtained from [180].

5.2.8 Double Vector bosons (VV)

To account for vector bosons pair production, WW, WZ and ZZ samples are considered.
In all the cases, the inclusive decays are taken in account. The samples are modeled via
pyTHIA. The cross section considered for those processes are: c(W*WT) = 118.7 pb at
NNLOQCD [181], c(W*Z) = 46.74pb and ¢(ZZ) = 15.99 pb at NLO [182].

5.2.9 Triple Vector bosons (VVV)

Triple vector bosons production is included considering inclusive WWW, WWZ, WZZ
and ZZZ samples. As for the VV samples, also in this case the modelling is performed
via AMC@NLO and pYTHIA. The cross section considered for those processes are:
0(ZZ2Z) =0.01476 pb, c(WZZ) = 0.05709 pb, c(WWZ) = 0.1707 pb and c(WWW) =
0.2158 pb. These are all taken from the CMS MC generator tool, the CMS Cross Section
DataBase (XSDB).

5.2.10 tt + X (TTX)

The associated production of top quark pairs togheter with other particles can emulate
the signal final states, e.g. if the two top quark decay hadronically in two b quarks
and the other particles have tau leptons in the final state. However, they represent a
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very small contribution due to their small cross sections. The sources of background
included are: the top quark pair production associated to:

e double vector boson (tt VV);

¢ Higgs plus vector boson (tt VH);
¢ double Higgs production (tt HH);
* two gluons (tt gg);

* one gluon and jets (tt g + jets);

* asingle top and jets (tt t + jets);

e associated tW production (tt tW);
¢ another top quark pair (tt tt).

All the processes taken into account are simulated with MAGRAPHS_AaMC@NLO and
pYTHIA. The cross sections of these samples, as well as their accuracy and the reference
used for the analsis are reported in Tab. 5.3.

5.3. MC simulated events

To correctly account for data composition contributions from processes relying on MC
simulations, for each proces (proc) the following weight is applied to the j-th generated
event:

. oproc . ., 8en,proc
wMC,proc . L-s w] (5.1)
]' - N&en,proc pu . gen,proc :
Yi—o (W -wy )

Where:

¢ L is the integrated luminosity.

* sP7%¢ is the cross section of the process. When a simulated process targets a
specific final state, the cross section is multiplied by the final state branching
fraction. Moreover, when processes are taken into account combining multiple
MC (Section 5.3.1), the final expression of s”"°¢ is reported in Eq. 5.2.

o N8YWPIC js the number of generated events of the simulated process, before
applying any selection.

o WP is the weight assigned to the event by the MC generator.

* The denominator contains the sum over the generated events of the products of
wP* and ws“P°¢ weights applied to the original sample without any preselection,
where w*, ensures that the pile-up (PU) distributions in simulation matches the
one in data'

5.3.1 The simplified stitching technique

When accounting for the DY ad W*+]Jets backgrounds, different MC production sets
have been used. When considering different MC production schemes, the overlap of

IThese weights are calculated comparing the PU profile in data and simulation. These are centrally
provided by the CMS Collaboration.
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Process o (pb) Precision Reference
W+Jets (inclusive) 61526.7 NNLO [183]
W+Jets (inclusive) 66680 NLO XSDB
W+Jets (inclusive) 53870 LO XSDB
W+ 1 Jets 8927 LO XSDB
W+ 2 Jets 2809 LO XSDB
W+ 3 Jets 826.3 LO XSDB
W+ 4 Jets 544.3 LO XSDB
W+Jets HT 70-100 GeV 1264 LO XSDB
W-+Jets HT 100-200 GeV 1256 LO XSDB
W-+]Jets HT 200-400 GeV 335.5 LO XSDB
W+Jets HT 400-600 GeV 45.25 LO XSDB
W+Jets HT 600-800 GeV 10.97 LO XSDB
W+Jets HT 800-1200 GeV 4933 LO XSDB
W+Jets HT 1200-2500 GeV 1.16 LO XSDB
W+Jets HT > 2500 0.008 LO XSDB
Z + Jets (inclusive) 6077.22 NNLO [183]
Z + Jets (inclusive) 6424 NLO XSDB
Z +0Jets 5090 NLO XSDB
Z+1]Jets 983.5 NLO XSDB
Z +2Jets 353.6 NLO XSDB

Z +Jets pr (Z) 0-50 GeV 1485  NLO XSDB
Z +Jets pr (Z) 50-100 GeV 3974  NLO XSDB
Z + Jets pr (Z) 100-250 GeV 972 NLO XSDB
Z + Jets pr (Z) 250-400 GeV 3.7 NLO XSDB
Z + Jets pr (Z) 400-650 GeV  0.51 NLO XSDB

Z +Jets pr (Z) > 650 GeV  0.0047  NLO XSDB

Table 5.1: Cross sections used for Z/W + Jets backgrounds. The XSDB is CMS MC generator
tool.
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Process o (pb) Precision Reference

gg H — tF 1~ 3046 NNLO [184]
VBFH — tt7t— 0237 NNLO [184]
goH, H(ZZ¥),202q  0.193 NNLO [184]
gegH, HWW*), 2/2v 0.102 NNLO [184]
VBE H(WW*), 202y 0.086 NNLO [184]
WTH— tht™ 0.053 NNLO [184]
W-H - ttr 0.033 NNLO [184]
ZH -ttt 0.055 NNLO [184]
ZH,H — bb, Z(¢/) 0056 NNLO [184]
ZH,H —bb,Z(qq) 0356 NNLO [184]

WTH+Jets, HWW) 0872  NLO XSDB
W-H+Jets, HWW) 05445 NLO XSDB

ZH+Jets, HWW) 09595 NLO XSDB
ggZH, HWW), Z(¢/) 0.003  NNLO [184]

Table 5.2: Cross sections used for Higgs processes. The XSDB is CMS MC generator tool.

Process o (pb) Precision Reference

tt WW 0.092 LO XSDB
tt WZ 0.004 LO XSDB

tt ZZ 0.002 LO XSDB

tt WH 0.002 LO XSDB

tt ZH 0.001 LO XSDB

tt HH 0.001 LO XSDB

tt + t + Jets 0.0004 LO XSDB
tt +tW  0.0007 LO XSDB
tt tt 0.008 LO XSDB

tt + g+ Jets 3.757 LO XSDB
tt gg 0.017 LO XSDB

Table 5.3: Cross sections used for tt +X backgrounds. The XSDB is CMS MC generator tool.
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the phase space has to be taken into account properly weighting the cross section of
each separated contribution, and this is done with the stitching method [185]. This
analysis uses a “simplified” version of this method, defining the stitched cross section
for each set of MC samples as follows:

NNLO

1 o
si(proc) = (TZ-NLO/LO(PVOC) N (;T}\C]—ZLO (5.2)

incl

Where:

e 0;(proc) is the cross section of the specific process (e.g. DY+1]Jet).

¢ K is the number of simulation sets, e.g. in the DY it is either 2 or 3 as shown in
the next paragraph.

¢ all samples are normalized by applying the ratio of inclusive cross sections at
NNLO and NLO (e.g. the inclusive DY cross section) 0’1.]:1] g Lo/ 01.17\17 CLZO. The NNLO
cross sections are derived from theoretical predictions, while the NLO/LO are

taken from the CMS cross section database.

DY stitching

The DY contribution is modelled combining the inclusive sample, the samples binned
in the transverse momentum of the Z boson, pr (Z), and the samples binned in the
number of jets (Njs). The inclusive cross section for the DY is available at both NNLO
and NLO precision, and the binned ones are available at NLO precision. The modified
stitched cross section for DY MC sets is:

NLO | l . Tinel . (5.3)

Where

2 ifp¥"(Z) = 0GeV
Pt (Z) (5.4)
3 otherwise

The value of K shold be 3, but the lowest pr (Z) binned sliced samples were found out
to have a bug in the production, requiring 0 < pr(Z) < 50GeV, hence the events with
Z boson produced at rest are excluded.

W+]Jets stitching

The W+Jets contribution modelling relies on the combination of the inclusive sample,
the samples binned in the transverse hadronic energy, HT, and the samples binned
in the number of jets (Njes). The inclusive cross section for the W+Jets is available at
both NNLO and NLO precision, while the cross sections of the binned samples are
available only at LO precision. When combining the W+Jets MC sets, the stitching
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cross section is defined as:

s; =0 l . Ui]’\gw' (5.5)
i=0 g oNIO
Where
1 ifNjys =0
K=4 2 ifHT <70GeV (5.6)

3 otherwise

As for the DY case, also for W+]Jets combination, K can have different values based
on the phase space. The reason is that the binned sample with 0 jets was not available,
and that the samples binned in HT are provided with the lowest bin of HT = 70 GeV.

5.4. The QCD background estimation

Another source of background in this analysis arises when the non-prompt, fake
leptons are selected, coming from the QCD multi-jet events; although this is a reducible
background, its cross section is several order of magnitude greater than the signal one
(~ pb/mb) therefore it still remains one of the most relevant background contributions.
The most affected channels and categories are the ones with two hadronic taus (7,1,)
and resolved jets (Resolved 1b category (reslb), Resolved 2b category (res2b)).

This background does not rely on the simulations as it is difficult to model due to
the complex and poorly understood nature of QCD processes, moreover MC simula-
tions are impractical due to the large sample size required. Non-perturbative effects
such as hadronization and parton showering are difficult to simulate precisely, and
generating sufficient statistics for the tails of QCD multijet production is computation-
ally prohibitive. The high multiplicity of particles in QCD events, dominated by gluon
exchanges, creates a vast and intricate phase space that is computationally expensive to
model accurately. Moreover, QCD background simulations are limited by uncertainties
in theoretical models, MC generators, and detector effects like resolution, calibration,
and PU, making them unable to fully replicate experimental data.

To address this limitations and properly estimate this source of background, a data-
driven technique has been adopted: the ABCD method. It consists in the measurement
of the transfer factor in dedicated control regions after removing all well simulated
processes and creating shape templates on which match the mismodelled background,
assuming similar behavior for QCD processes in signal and control regions. There-
fore, the phase space is splitted in four different regions (signal region + 3 sideband
regions), defined by requiring the failure/passing of two selection criteria, which for
this analysis are the lepton isolations and charges. When applying isolation cuts on
leptons during the event selection, described in Chapter 4, leptons will be classified as
Isolated (Iso) and Not Isolated (Non-Iso). These definitions are reported in Tab. 5.4.
On the other hand, when separating the phase space according to lepton charges, if
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the leptons have the same charges, the region will be labeled with Same Sign (SS), and
conversely when the leptons will have different charge signs, the label will be Opposite
Sign (OS).

® The region A is the Signal Region (SR), where both leptons are isolated and have
opposite charge signs, therefore this can be also defined as OS-Iso.

* The region B is populated by events with both leptons isolated, but with the
same charge sign, SS-Iso.

¢ Regions C and D contain events with the non-isolated second lepton and respec-
tively opposite and same charge signs between the lepton pair, so they will be
referred as OS-Non-Iso and SS-Non-Iso.

A schematic view of the regions definition is shown in Fig. 5.2.

=

Z C D
é OS non-iso SS non-iso
g

g

2

| A :
3 OS iso SS iso
=

L

> Signal region

Opposite sign ~ Same sign

Figure 5.2

Figure 5.3: Schematic representation of signal and sidebands regions for QCD data-driven
estimation.

The MC simulated background contributions are subtracted to the data in every
region separately in order to obtain the contribution of the remaining QCD multi-jet
background. The choice of the isolation range for the Non-Iso regions is determined
by the fact that biases affecting the shape, when isolation is too far from the signal dis-
tribution, or a too low statistics sample, affecting the uncertainties on the background
(yield and shape), when the range is too narrow, must be avoided. The differential
distribution of the multijet background (shape), can be taken arbitrarily from either
region B or region C without compromising the quality of data modeling with MC.
However, this choice significantly impacts the treatment of systematic uncertainties.
Incorporating shape uncertainties into the analysis requires defining an alternative
template for the QCD multijet differential distribution. The QCD model in the signal
region is obtained by extrapolating from the OS Non-Iso control region (region C),
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where the primary background is QCD. The QCD yield in the signal region is cal-
culated using an extrapolation factor for each b-tag category in the B and D regions,

following the relation:

Ny = Nc- z—i (5.7)
The shape and yield ratios are calculated after the subtraction of the other simulated
backgrounds. In this analysis, the yield is taken from the region C and the shape is
taken from the transfer factor in the other two regions. The upper and lower templates
for the QCD shape uncertainty, discussed in Chapter 6, are chosen considering the

transfer factor Nc/Np and multiplying by the yield in region B.

Lepton Iso Non Iso
Electron PF RelIso03 < 0.15 0.15 < PF RellIso03 < 0.3
Muon PF RelIso03 < 0.15 0.15 < PF RelIso03 < 0.3

Tau DeepTauVSJet WP > Medium VVVLoose < DeepTauVSJet WP < Medium

Table 5.4: Iso and Non-Iso leptons definitions. Iso and Non-Iso leptons definitions. Electrons
and muons conditions are based on the Particle Flow (PF) relative isolation, defined
in Eq. 3.2, whereas hadronically decaying tau isolations rely on the DeepTauVSjet
algorithm, described the T, Identification (ID) section.
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Chapter 6

MC Corrections and systematic
Uncertainties

While they are powerful tools, Monte Carlo (MC) simulations have several limitations,
which arise mainly from modeling of hard scatter physics, e.g. leading order sim-
ulations may fail to accurately describe complex processes, and detector response.
These limitations result in differences in performance related to object identification,
reconstruction, and trigger efficiency between simulated and real data, affecting the
sensitivity of the signal extraction. To mitigate these discrepancies, a comprehensive
set of corrections is applied to the MC simulations to improve the agreement with
observed distributions. The application of these MC corrections is discussed in the
first part of this chapter. Despite these corrections, residual disagreements may remain,
particularly in observables that are not sensitive to the signal. Such discrepancies are
treated as potential sources of systematic uncertainty. Additional sources of systematic
uncertainty include theoretical approximations (e.g., missing higher-order effects), ex-
perimental factors (e.g., detector calibration), and statistical uncertainties arising from
the data-driven methods used to model the QCD plus jets background. The systematic
uncertainties considered in this analysis for the signal extraction are described in detail
in the second part of this chapter.

6.1. MC corrections

These corrections are applied on an event-by-event basis or as multiplicative factor to
the total yield of a specific process. The MC corrections re-weight the simulated events
and can take the form of Scale Factors (SF), detailed in Appendix A.3, or weights.

Scale factors are determined by comparing selection efficiency (especially for triggers
and analysis related selection) in data and MC simulations. They address discrep-
ancies in detector modeling, reconstruction, or other experimental effects, ensuring
simulations more accurately represent real experimental conditions. The majority of
SFs used in this analysis is provided centrally by the CMS subgroups which provide
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also triggers and particle Identification (ID) taggers, and are valid in certain phase
space regions, which define the most inclusive requirements to the objects applied in
this analysis, as described in Chapter 4.5. In addition to SFs, different types of weights
are applied to correct for mismatches in effects such as pile-up (PU) profile differences
between data and simulation, or L1 trigger prefiring probabilities. These weights are
centrally provided. Thus after the event selection (Chapter 4.5) and the application of
MC corrections, the number of events, NProc weighted g given by:

ichted Niot MC,proc k
roc, weighted __ ’ .
NP ghted — Y " w} |k| w! (6.1)
j=1

Where the j index runs from 0 to the number of selected events (Niot), w]MC is the
weight applied to the j-th MC event of process before any selection (defined in Eq. 5.1)
and w;‘ is the weight applied to the j-th event to account the k-th MC correction. The
MC corrections considered in this analysis are described in the following sections.

6.1.1 Pileup corrections

The PU modeling involves reweighting simulated events to match the PU distribution
observed in data. Rather than a reweight based on the number of reconstructed primary
vertices, the simulation uses the true number of PU interactions. This approach helps
avoid biases that could arise from inefficiencies in reconstruction or event selection.

6.1.2 L1 prefiring

In 2016 and 2017, an issue with the Electromagnetic Calorimeter (ECAL) timing
adjustment was not properly communicated to the Level 1 Trigger (L1T) Trigger
Primitive (TP), described in Section 2.4.1. As a result, a significant portion of high
1 TPs were incorrectly associated with the previous Bunch Crossing (BX). Since two
consecutive BXs cannot simultaneously trigger the L1T, this led to missing TPs in
BX=0. Consequently, events effectively acts as self-vetoes when a substantial amount
of ECAL energy is found in the pseudorapidity region 2. < || < 3. The impact of
this effect strongly depends on # and transverse momentum component (pr), with a
pre-firing rate exceeding 50% for jets with pr of several hundred GeV in the region
275 < || < 3.

For the muon system, the BX assignment of a trigger muon candidates can be inaccurate
due to the limited time resolution of the muon system detectors. This issue was
particularly pronounced in 2016 but also affected the 2017 and 2018 data to a lesser
extent. The resulting pre-firing rate remains approximately uniform and impacts
nearly the entire range, with a weight between 0% and 3%.

This prefiring effect is not modeled in simulations, the event weights accounting for
these effects are centrally provided.
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6.1.3 Pile up Jet ID

To address potential discrepancies between data and simulations in the performance
of the PUJetID tagger, designed to distinguish prompt jets from those originating
from PU interactions (as described in Section 3.3.4), a set of SFs is centrally provided
by the CMS collaboration. Scale factors are determined by comparing the tagger’s
performance in data and simulations samples of Z plus jets events, and are provided
as a function of jet 7 and pr.

6.1.4 Leptons reconstruction and ID efficiencies

When working with multivariate discriminators which use many observables, the
reconstruction/identification efficiencies in data and simulations will be different,
mostly due to a not perfect modelling of the reconstruction and/or taggers observables
distributions in simulations. In the following, MC corrections for electron and muon
reconstruction and ID are described.

Electrons: reco, ID and Iso

For electron selection and veto the MVAIsoWP80, MVAIsoWP90 and MVANoIsoWP80 taggers,
described in Section 3.3.3, are applied. The SFs that account for difference in efficiencies
in data and MC samples are provided centrally by the CMS collaboration and depend
on the specific Working Point (WP) chosen. They are provided as a function of electron
n and pr. The SFs measurement is performed on Z — ee + jets samples with the Tag
and Probe (TnP) method (see Appendix A.2).

Muons: reco, ID, Iso

In Section 3.3.2 the muon efficiency definition has been introduced. The muon effi-
ciencies are computed with the TnP method (see Appendix A.2) on Z — uu events
and, if not otherwise specified, the tag is a muon selected with the Single Muon trigger
(as defined in Tab. 4.1, 4.2 and 4.3), satisfying requirements on pr, isolation and ID
(the same described in Tables 4.5 and 4.7) and matching with the online trigger muon.
Three different sets of SFs are applied to muons:

* Reconstruction SFs, computed considering as probe a tracker muon with require-
ments on pr and longitudinal and transeverse impact parameters. The SFs are
provided for candidate muons with 10 < pr < 200GeV as a function of muon 7
and with pr > 200GeV in function of muon # and |p|.

* Muon ID SF: in this case the probe muon is a global muon satisfying |dxy| <
0.2cm and |dz| < 0.5cm. To pass, the probe must additionally satisfy the
specified WP, which in this case is the tight muon ID. Scale factors are provided
as a function of muon # and pr.

¢ Isolation SF: since the isolation efficiency is computed relatively to a fixed ID
working point (Section 3.3.2), and in this analysis Tight ID and Iso requirements
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are applied, the SFs are computed on the probe muon passing the same ID and
Iso criteria. Also in this case the SFs are centrally provided in bins of muon 7%
and pr.

6.1.5 DeepTau MC corrections

Different WPs of the DeepTau algorithm (Section 3.3.5) are employed for the H — 77~
candidate selection, as described in Section 4.6. To account for data/MC differences
of the DeepTau algorithm performances, SFs are provided by the CMS subgroup that
studies the tau objects, the Tau Physics Object Group (POG).

* DeepTauVSJet SFs: Provided for multiple WPs (e.g., Loose, Medium, Tight),
these SFs are computed with a fixed DeepTauVSEle WP and depend on T, observ-
ables such as pr, Decay Mode (DM), and matching to generated particles. In this
analysis, for each DM the SFs p1 dependence is modeled using linear functions.

* DeepTauVSEle SFs: Address discrepancies in data/MC for genuine electrons
misidentified as hadronic taus. These SFs, derived from Z — ee plus jets events,
are provided separately for barrel and endcap regions with binning based on
ECAL geometry.

¢ DeepTauVSMu SFs: Account for data/MC differences in genuine muons misiden-
tified as hadronic taus. Derived from Z — upu plus jets samples, these SFs are
binned by 7, reflecting the CMS muon and tracker systems geometries.

6.1.6 b-jet tagging MC corrections

The statistically correct treatment of b-jet taggers application is essential to enhance
the signal sensitivity while minimizing biases in the final fit, addressing performance
differences between data and simulations. The CMS B Tagging and Vertexing (B-
Tagging and Vertexing (BTV)) subgroup provides dedicated taggers (DeepFlavor and
ParticleNet) and their corrections.

b-jet tag Shape Scale Factors

The b-jet SF are evaluated using the IterativeFit method, which determines b-tagging
SFs by calibrating the output of the DeepJet b-tagger to correct discrepancies between
data and simulations. The method relies on flavor-enriched regions: tt-enriched
regions are used for heavy flavor jets (b- and c-jets), while Z-plus-jets enriched regions
are used for light flavor jets (udsg-jets). The SFs are provided in bins based on the jet
p1 1 and the b-tagger output.

In each region, MC efficiencies are normalized to match data, ensuring that the SF
only impacts the shape of the b-tagger output distributions. After subtracting the
contamination from other jet flavors in data, the data/MC ratio is computed to extract
the SFs. Since the contamination itself depends on the SFs, this procedure is repeated
iteratively until convergence is reached. The final SFs depend on pr, 77, and the b-tagger

157



CHAPTER 6. MC CORRECTIONS AND SYSTEMATIC UNCERTAINTIES

output and are applied to correct tagging efficiencies and mis-tag rates in simulations.
Since the SFs modify only the shape of the b-tagger distributions, the total event yield
must remain preserved before and after the application b-tag selection criteria, as
discussed in the following section.

b-jet tag Shape Calibration

Jet SFs depend on prt, 7, and the b-tagging discriminant D. The b-tag event weight

Wevent 1S calculated as:
Njets

Wevent = H SF(Di/ Pt,is 7’]1’)/ (6.2)
i

where i indexes the selected jets. To maintain consistency, the sum of event weights
before and after b-tag selection must remain identical. A correction factor r is applied:

. 2 Whpefore

y =
Z Wafter

(6.3)
This correction ensures consistent event yields and is computed separately for each jet
multiplicity bin in high-multiplicity analyses.

ParticleNet Corrections

The boosted category is defined by applying a cut on the AKS jet ParticleNet mass
decorrelated score, Dy, (Section 4.7). This selection is essential for identifying boosted
objects but requires corrections to ensure an accurate data/MC agreement. The BTV
POG provides SFs for “signal-like” jets, applied to jets matching a Higgs or Z boson
decaying to a bb pair [145]. Thus no SFs are available for jets coming from other
processes, as in some background samples the jets may not correspond to signal-like
structures (e.g., X—bb). Therefore, independent corrections for these background
processes are needed. These corrections have been estimated in the context of this
analysis for the dominant backgrounds processes, Drell Yan (DY) and tt, as a function
of the AKS8 jet pr.

6.1.7 Trigger corrections

Legacy triggers

The “Legacy triggers”, summarized in Tables 4.1, 4.2 and 4.3, correspond to the ones
previously used in the non-resonant analysis [156].

For the et;, and uT, channels, single-lepton triggers are combined with cross-lepton
triggers (e/u + T;,) using a logical OR. When multiple triggers are active in a phase-
space region, the overall trigger efficiency must be calculated accounting for the logical
OR, avoiding overcounting events firing multiple triggers.

Considering the logical combination of N triggers, the probability of at least one trigger
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tiring for the j-th event is given by [160]:

N

P] =1- I—! [1 — xi]-ei(ﬁj)] P (64)

where ¢; is the i-th trigger efficiency depending on variables 4;, and x;; is the trigger
bit (described in Section 2.4.2).

For ut, and et;, channels, SFs are calculated for the logical OR of the single-lepton
and cross-lepton triggers. Assuming independence between the two legs® of the cross
trigger, the efficiency is expressed as:

Eff = ¢, + eper — eecepy, (6.5)

where ¢ is the single-lepton trigger efficiency, ¢/ represents the cross-lepton trigger
efficiency for the e or u leg, and e; denotes the cross-lepton trigger efficiency for the 1,
leg. The term ¢; |, represents the single-lepton efficiency provided that the same lepton
leg fired the cross trigger.

The terms in Equations 6.5 can be visualized in terms of Venn diagrams as shown
in Fig. 6.1. Unlike the others, the term ¢;, in Eq. 6.5 is not centrally provided and

Single lepton trigger Cross lepton-tau trigger

Pass single
& cross

Pass single

€€EULI0)
— T

€1« |L)

Figure 6.1: Venn diagram illustrating the single- and cross-trigger phase-spaces together with
their intersection.

estimating it would require prior knowledge of the triggers used by each analysis and
the storage of all possible combinations, which is impractical. However, a reasonable
approximation of 7, = 1 can be done, because the leptons requirements for the single
lepton trigger and for the lepton leg of the cross trigger are very similar. The final term

!As already mentioned in Section 4.6.2 first leg refers to a specific lepton in the pair, which is chosen
based on the channel. For et,and ey channels, the first leg is the electron. For ytyit is the muon, and
for ee, yp and T, 7, one either of the two e/ /T, respectively can serve as the first leg.
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of Eq. 6.5 is thus simplified to e/e;. Rare inefficiencies may result in e, > ¢/, resulting
ingy =1, butey, #1.

Using Bayes’ theorem, /¢, can be rewritten as €€y, which reduces to €.

To account for both scenarios and to rely only on centrally provided SFs, the efficiency
of the logical OR of the single and cross lepton triggers can be rewritten as:

Eff = ¢ + €per — min(eg, €/)er. (6.6)

This formulation avoids the introduction of additional terms and reduces potential
uncertainties in scale factors.

For the 7,75, channel, di-tau trigger efficiencies and SFs are derived from Z — 77 —
1y Tvr events using a TnP method (see Appendix A.2). These efficiencies depend on
the # and pr of T;, objects. SFs are applied event-by-event to MC events in the Legacy
region (Section 4.8.2).

Single Tau Trigger

Flat SFs for the singleTau trigger are provided by the Tau POG for regions where
trigger efficiency plateaus, defined as 10 GeV above the 7, pr threshold (130 GeV for
2016 and 190 GeV for 2017/2018). These SFs are applied to MC events in the Single
Tau region (Section 4.8.2).

MET trigger

The Missing Transverse Energy (MET) trigger, optimized for high-mass resonance
studies, is included in this analysis. Its efficiency is measured using orthogonal single-
muon triggers and validated with the up channel. Efficiency curves are modeled
with sigmoid functions, and SFs are derived as the ratio of data to MC fits. These are
applied event-by-event to MC events in the MET region (Section 4.8.2) to account for
trigger variations across years.

6.2. Systematic uncertainties

Systematic uncertainties are essential in this analysis, as they quantify potential biases
in modeling, reconstruction, and event interpretation after the application of all MC
corrections.

These uncertainties are divided into two categories: normalization uncertainties and
shape uncertainties. They are incorporated as nuisance parameters in the final fit for
the signal extraction, ensuring a robust interpretation of the results.

Normalization uncertainties affect the total yield, while shape uncertainties require
event-specific weights or modified templates to account for their impact on the distri-
bution of the variable used for the signal extraction. In the following, the systematic
uncertainties included in the analysis are described.
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6.2.1 Normalization Uncertainties

Normalization uncertainties affect the overall yield of a given process, whether signal
or background, scaling the total event yield uniformly across the phase space and are
simpler to model compared to shape uncertainties. They are treated by applying a
multiplicative factor to the event yield, which accounts for all normalization effects.
These factors are typically modeled using a log-normal prior (InN) in the statistical
framework. The log-normal distribution ensures that the scaling factors remain positive,
a requirement for yield-based uncertainties.

Luminosity

The luminosity measurements with their uncertainties are centrally provided by the
Compact Muon Solenoid (CMS) subgroup focused on luminosity studies (LUM-POG).
Two groups of uncertainties are included: the uncertainties uncorrelated, one per
era, for a total of 3 uncertainties and the 2016-2017-2018 and 2017-2018 correlated
uncertainties, therefore resulting in 2 uncertainties. Their values span from 0.2% to 2%.

Theoretical uncertainties

Theoretical uncertainties arise from the choice of the PDF set according to the rec-
ommendations of [186], the uncertainty on a;, the renormalization and the Quantum
Chromodynamics (QCD) factorization scale, and the electroweark corrections. These
are related to theoretical estimation of cross sections and branching fractions for signal
and background processes and are reported in Tab. 6.1 with the references.

Final state branching fraction
Two different normalization systematics are obtained propagating the theoretical
uncertainties on the Higgs decays [184] assuming mp = 125 GeV:

o B(H — bb) = 0.5824 + 0.65%theory) tg;;oﬁijg(mq) 078 ()
o B(H — 1) = 0.06272 T118%(theory) T095%(m,) & 0.62%(xs)

The total uncertainties are (+1.25%, —1.27%) for the H — bb decay, and +1.65% for
the H — 77 decay.

Cross sections

Both signal and background simulated samples are affected by uncertainties related to
the imperfect knowledge of their cross sections, impacting the simulation modelling.
The theoretical uncertainties on the cross sections for the background processes are
reported in Tab. 6.1.

Leptons reco, ID and Iso efficiencies

The uncertainties on electron and muon identification and isolation efficiencies, hence
on SFs, are obtained by shifting their values by their statistical uncertainties, obtaining
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Process PDF (%) | as (%) | QCD scale (%) Ref.
ggH +£19 | £26 +39 [187]
qqH +21 | £05 o4 [187]

ttH +3 +2 8 [176,187]
ZH +13 | £09 +38 [187]
WH +17 | £09 iy [187]
W + Jets +3.7 o8 [183]
DY +0.2 +2 [183]
tt +2.5 24 [183]
ST, t channel, t ﬂ:g s [180]
ST, t channel, 2 +1 [180]
ST, tW 4238 23 [180]
HW + Jets +2 XSDB
HZ + Jets +0.8 XSDB
EWK W/Z + Jets +0.8 XSDB
WW M [183]
77 7 [182]
WZ iy [182]
VVV +0.3 XSDB

Table 6.1: Uncertainties on the PDF theoretical calculation, a5, QCD scale theoretical calculation.
From the 6th row of the table, uncertainties from PDFs and «; are combined and
from the 12th row all the theoretical uncertainties are combined. The XSDB is the
CMS MC generator tool.

normalization uncertainties spanning between 0.1% and 3 % for muons, and between
1% and 10 % for electrons.

However, residual discrepancies have been observed during data/MC checks in the
DYCR (Section 4.8.3) at high pt for both electrons and muons. For muons, the residual
discrepancies in spectra are more pronounced than those for electrons, which remain at
acceptable levels. As suggested from the CMS Muon POG an additional 5% uncertainty
is included.

PileUp Jet ID efficiencies

Uncertainties on the PU jet identification efficiencies and SFs are centrally provided
by the CMS subgroup Jet and MEt (JME) POG, taking care of jets and MET studies
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(providing taggers and algorithms). The SFs and their uncertainties depend on the jet
pr and 77, and are applied on an event-by-event base. The SFs uncertainties are obtained
by varying their values by their statistical uncertainty, resulting in a normalization
uncertainty between 0.1% and 0.2%. Examples of the PUJetID systematics (weights
+10, where ¢ is the standard deviation in each bin) on the distribution of M?}}F it
(Section 7.1), the observable used for the signal extraction in the resolved categories,
are shown in Fig. 6.2, for the 2018 era, in the 7,7, channel for the Resolved 2b category
(res2b) in the left panel, and for the 2016HIPM era, in the e7;, channel for the Resolved
1b category (reslb) in the right panel.

CMS Simulation Preliminary 59.83 fb-!, 2018 (13 TeV) CMS Simulation Preliminary 19.5 fb~', 2016_HIPM (13 TeV)
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Figure 6.2: MNZFit (M in the figure) distribution varying the PUJetID normalization of +1¢

around the central value. In each panel the era, category and channel are reported.

DeepTau corrections uncertainties

For the DeepTau tagger, all the SF and their uncertainties are centrally provided by the
Tau POG.

The SFs for the DeepTauVSEle and DeepTauVSMu taggers are separated into different
1 regions according to the ECAL and muon systems geometries respectively. Each
region has an associated uncertainty. These uncertainties are dominated by statistical
sources, with values ranging from 0.1% to 1%. The uncertainties in the SFs are treated
as uncorrelated across years and 7 bins, i.e. considering one uncorrelated nuisance
parameter per year and per 7 bin.

Two groups of uncertainties are associated with the SFs for the DeepTauVSJet discrimi-
nator, depending on pr (73).

e For 20 < pr(t;) < 140GeV, the SFs are derived using a simultaneous fit of
Z — 17,7, and Z — up events. The associated uncertainties include: statistical
uncertainties on the two linear fit parameters, resulting in 32 uncertainties in
total (considering 4 DMs and 4 eras); systematic uncertainties, categorized as
tully correlated across eras and DMs (1 uncertainty), correlated between DMs but
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uncorrelated across eras (1 uncertainty per era, for a total of 4), and uncorrelated
across both DMs and eras (16 uncertainties, calculated as 4 DMs X 4 eras).

e For pr(1,) > 140GeV, the SFs are measured using off-shell W* — tv; events
across two pr bins: 140 — 200 GeV and > 200 GeV. The associated uncertainties
include two statistical uncertainties per era (one for each bin), totalizing 8 uncer-
tainties, systematic uncertainties which are fully correlated across bins and eras.
An additional extrapolation uncertainty accounts for the extrapolation of the SFs
to higher pr regions.

Triggers efficiency uncertainties

The uncertainties arising from the application of trigger SFs do not affect individual
objects but rather modify the overall event weight.

* For the di-tau trigger, the uncertainties are provided by the Tau POG and are
binned for each hadronic tau DM. When combining single-lepton and cross-
lepton triggers in the e1;, and u71, channels, the uncertainties are modified by the
assumptions made in the calculation of the trigger efficiencies: they are computed
per each leg propagating the uncertainties on data and MC efficiencies evaluated
considering the logical OR between triggers, as described in Section 6.1.7.

* Uncertainties from the MET trigger SFs are extracted from the fitted parameters
of the sigmoid function using error propagation for the data/MCs ratio.

* For the singleTau trigger, the uncertainties are provided from the Tau POG
toghether with the SFs.

6.2.2 Shape uncertainties

Shape uncertainties impact the distribution of the variables used for the signal extrac-
tion in the final fit, rather than the total yield. These uncertainties are modeled using
variations in templates or histograms, with Up and Down variations of +10;, with o;
being the standard deviation with respect to the central value of the j-th bin of the
variable distribution. Shape uncertainties are more complex to model as they require
the creation of new histograms or templates to reflect the variations.

L1 Prefiring

The Level 1 (L1) prefiring uncertainties correspond to the upward and downward
variations of the L1 prefiring weight. The uncertainty is taken as the square root of the
quadratic sum of 20% of the object prefiring probability and the statistical uncertainty
associated to the considered bin in the prefiring map for both electrons and muons.
Correction factors were computed from data and applied to the acceptance evaluated
by simulation.

In Fig. 6.4 two examples of the L1 prefiring systematics (up/down variated tem-

plates) on the distribution of Mﬁlﬁp it (Section 7.1) are shown, for the 2016 era, in the
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Figure 6.3: MKFit distributions (Mppy in the figure) varying the trigger normalization of +1¢
around the central value. The uncertainties are grouped for each offline object
selected by the trigger(s) in each region. In each panel the era, category, channel

and object are reported.

eT, channel and in the reslb category (Section 4.8.1) in the left panel, and for the 2017
era, in the u7, channel and in the res2b category (Section 4.8.1) in the right panel.

Pileup reweighting

The uncertainty on the pile-up reweighting technique is estimated varying the applied
pile-up weights value by their uncertainty (£10), reaching values up to 3%.

T, energy scale (TES)

T, Energy Scale (TES) is a correction applied to the energy measurements of 7, to
account for discrepancies between their measured and true energy. Uncertainties in the
measurement of the 7;, energy can impact the distribution of variables used to search
for a signal contribution.

The TES correction is determined using two distinct methods: for pr(7,) < 34GeV
it is derived from Z — tT — uT, events, while for pr(7,) > 170GeV it is estimated
from W* — T,v; events, as the produced hadronic taus are more energetics. In the
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Figure 6.4: Mﬁlﬁp it distributions (Mpp in the tigure) varying the L1 prefiring template of £1c
around the central value for each bin. In each panel the era, category and channel
are reported.

intermediate range of 34 < pr(1;,) < 170GeV, it is linearly interpolated between the
uncertainties of the low- and high-pr measurements. TES corrections are provided
per decay mode, with uncertainties decorrelated across data-taking periods and tau
decay modes. Four uncertainties are provided by the Tau POG to account for the
different tau decay modes considered in this analysis. When applying the uncertainty
for a particular decay mode, the shift is applied exclusively to the reconstructed T,
candidate matching with a generated MC true T;, decaying in that mode.

Lepton faking 7, energy scale

The energy scale for misidentified leptons, specifically electrons and muons faking
hadronic taus, is separately calibrated. The misidentified electron energy scale is
measured in Z — TT — eTy, events, using the visible mass (1yis) of the (e, 7;,) system
as the observable. These corrections are 7, decay-mode dependent and are treated as
uncorrelated across different decay modes and data-taking periods.

The Hadron-Plus-Strips (HPS) algorithm [146,147] identifies hadronically decaying
taus, but occasionally misidentifies electrons and muons as hadronic taus. For electrons,
this misidentification occurs primarily when one charged hadron is present, either
alone or accompanied by one 7°.

As shown in Tab. 3.2, the branching fraction for T hadronic decays involving only one
charged hadron is ~ 11.5%. In this case electrons can be misidentified as the charged
hadron coming from the T decay.

Additionally, ~ 26.0% of T hadronic decays result in a charged hadron plus a 0,
In such cases, an electron radiating a bremsstrahlung photon can mimic the energy
deposit of a 71, especially when e*e~ pair conversion occurs.

On the other hand, muons are less frequently misidentified as hadronic taus due to
their lower bremsstrahlung emission compared to electrons. Muon misidentification
is primarily observed in cases involving only one charged hadron. The uncertainty
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associated with the muon-to-tau misidentification energy scale is £1% across the entire
pr range, and it is uncorrelated across decay modes and data-taking periods.

CMS Simulation Preliminary 41.48 ™', 2017 (13 TeV) CMS Simuiation Preliminary 16.8 fb~', 2016 (13 TeV) 'CMS Simulation Preliminary 59.83 ', 2018 (13 TeV)
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Figure 6.5: MK7Fit distributions (Mppy in the figure) varying the shape template of 10 each

bin for the TES (left), Muon-faking-tau energy scale (center) and Electron-faking-tau
energy scale (right). In each panel the era, category and channel are reported.

Jet energy scale and resolution uncertainties

The uncertainties associated with both the Jet Energy Scale (JES) and the Jet Energy
Resolution (JER) are accounted for by shifting the jet response by +1c for each
source [188]. Both JES and JER systematics introduce shape uncertainties in the
response distributions of jet-related observables.

The JES corrections are applied to the measured jet energy in order to match the
true particle-level energy [138,139]. Due to the nonlinear response of the detector,
JES ensures precise jet energy measurements by mapping the energy deposition to
particle-level values. The JES uncertainties are characterized by various sources that
describe fully correlated variations for a given pr and 5. Any JES variation, J;gg, can
be expressed as a linear combination of these sources, with coefficients a; following
Gaussian distributions:

Sjes(pr, i) = Z“ifSJEs,i(PTﬂ?)

Here, the index i runs over the various JES sources, as detailed in Section 3.3.4. The
total JES uncertainty at any point is computed as the quadratic sum of all individual
uncertainty sources.

The JES uncertainties are centrally provided by the JME POG, and correspond to a
set of 11 is uncertainties, equally applied to AK4 and AKS jets, and propagated to the
MET too.

B-Tag shape SF uncertainties

Systematic uncertainties to the b-tag related SFs include:

¢ Jet Energy Scale (JES): SFs are derived using JES-shifted jets, propagating both
combined and individual JES source effects, ensuring that the scale factors reflect
these calibration effects.
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Figure 6.6: MX1Fit distributions (Mpy in the figure) varying the shape template of +1¢ each
bin for the JES. In each panel the era, category and channel are reported.

¢ Purity variations: Light-flavor and charm jets contamination in heavy- and light-
flavor regions is adjusted, varying its contribution by +20%. This is crucial to
discriminates b-jets from light jets and avoids errors in the b-tagging SFs caused
by misidentification.

e Statistical uncertainties are also considered, arising from fluctuations in data
and simulations. These uncertainties are treated by applying linear and quadratic
functions to the statistical variations in each b-tagging discriminant bin, ensuring
accurate SF propagation.

¢ Charm Jets uncertainties are handled separately to prevent mixing with b- or
light-flavor jet uncertainties; they are based on the total relative uncertainty for
b-jets.

When combining data from different years (2016-2018) in Run 2, following the
recommendations of JME POG, the JES, purity and charm systematics are correlated
across the years, while statistical uncertainties are uncorrelated.

6.2.3 QCD estimation uncertainties

The QCD multi-jet background contribution is determined from data in jet-enriched
regions using the ABCD method(Section 5.4). This background estimate is affected by
various sources of systematic uncertainty. To account for statistical fluctuations in the
jet-enriched regions, two normalization uncertainties and one shape uncertainty are
considered. Assuming the QCD background contribution is constant across all four
regions (A, B, C, and D), the following three uncertainties are defined:

¢ Shape uncertainty: The shape of the QCD background is estimated from region
C and normalized using the ratio C x B/D in the main analysis. To estimate the
shape uncertainty, a second histogram is constructed using the shape obtained
from region B. This histogram is then used to define the uncertainty on the QCD
shape.
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* Uncertainty on yield correction factor: The statistical uncertainty on the cor-
rection factor B/ D (Section 5.4) is treated as a normalization uncertainty. This
uncertainty is calculated as the square root of the quadratic sum of the statistical
uncertainties on the event yields in regions B and D.

6.2.4 Limited Size of MC Samples

The statistical uncertainty arising from the limited size of simulated event samples
is assessed for each bin and process using the method proposed by Barlow and Bee-
ston [189]. This method is designed to handle uncertainties in binned data, particularly
those stemming from simulations or data-driven techniques.

The approach introduces a Nuisance Parameter (NP), B, for each process j and bin
i. This parameter scales the expected yield by multiplying it with the expected number
of events in the i-th bin for the j-th sample. The nominal value of §;; is set to 1, then
in the fit procedure it is allowed to float following a prior distribution (e.g., Poisson,
binomial, or log-normal). While Barlow and Beeston assumed a Poisson distribution,
alternative choices such as a binomial or log-normal are also valid; the latter avoids
the possibility of parameters approaching zero.

Although this method introduces a significant number of nuisance parameters,
these can be efficiently managed using profile likelihood techniques, as the parameters
for each bin can be optimized independently.

Assuming a Gaussian constraint on fj;, with expectation value of 1 and standard
deviation o, the contribution to the Negative Log-Likelihood (NLL) in the i-th bin
for the j-th process can be expressed as:

—In(£)

Barlow-Beeston

. . oy B
= —miIn | ) Bjiji | + ) Bjinji + ) 2T (6.7)
] ) ] ji

Where 7; is the measured yield in the i-th bin, y;; is the expected yield for the j-th
process in the i-th bin .

During the minimization of the NLL (with other NPs fixed), a set of nonlinear equations
for B;; is obtained for each bin. These equations can be approximately solved using
iterative Newton-type methods or more sophisticated techniques. When performing
a profile likelihood using MINUIT [190] minimization, the Barlow-Beeston method
can be implemented by solving for B;; within the objective function, which computes
NLL for given parameter values. This implementation includes the contribution of §;;
deviations from unity to NLL.

However, challenges arise with this approach. Any minimization algorithm approx-
imates parameter values and the true function minimum. Near convergence, small
discontinuous jumps in f;; values or their contributions to NLL can confuse MINUIT’s
MIGRAD minimizer. This behavior may lead to a non-positive-definite covariance
matrix of the B;; parameters. In response, MINUIT may adjust the matrix, but this
often destabilizes the fit, sending parameters to extreme values. A complete resolution
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would require rewriting MINUIT. The full Barlow-Beeston method is not strictly neces-
sary to represent bin statistical uncertainties accurately. The critical factor is the overall
statistical uncertainty in the predicted number of events per bin, which can be repre-
sented with a single nuisance parameter per bin. Independent uncertainties for each
source in each bin, particularly Gaussian or Poisson uncertainties, can be combined
into a single parameter, thus obtaining a simplified expression of the contribution to

the NLL: . )
simplifie L — 1
—In(£) = —n;In(Bip;) + Bipi + Bi—1)7

6.8
Barlow-Beeston 20”[% ) ( )

Since this is the only term in the NLL that depends on the ; parameter, its value is
determined by minimizing the NLL, which involves solving a quadratic equation:

d(=In(£))
9P

where p; represents the total expected yield in the i-th bin (given the values of all other
parameters), 0, is the relative statistical uncertainty on §; and n; is the yield in the i-th
bin.

This simplified version, also known as “light” Barlow-Beeston approach is used in this
analysis to treat the statistical uncertainties due to the limited size of MC samples.

=0 = Bi+ (uiff,i - 1) Bi — nifféi =0, (6.9)

All systematic uncertainties considered in this analysis for the signal extraction fit
(Section 7.3) are summarized in Tab. 6.2.

2PU reweighting and cross section uncertainties are unified as they are included in the same step of
the analysis.
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Systematic Uncertainty CMS name Affecting
B(H — t1) BR_htt processes involving H — 17
B(H — bb) BR_hbb processes involving H — bb
Luminosity lumi_13TeV_x* -
PU reweighting + cross section? CMS_pu_lumi_MC_x -
g e reco/ID/Iso. CMS_bbtt_eff_e_x eT, channel
.'g u reco/ID/Iso. CMS_bbtt_eff_mu_x* uT, channel
o L1 prefiring CMS_11_prefiring_* 2016, 2016_HIPM, 2017 eras
g T, efficiency CMS_eff_t_id_x -
Z QCD normalization CMS_norm_qgcd_* QCD process
a5 contribution alpha_s processes involving H and t
PDF QCD contribution QCD_scale -
PDF pdf _x pdf-specific dependent process
pNet SFs CMS_bbtt_pnet_x boosted category
Trg. SFs CMS_bbtt_trigSF_x -
TES + u/e Fake Rate CMS_scale_t_x -
3 b-tag shape CMS_btag_x resolved categories
& PU jet id. CMS_eff_j_PUJET_id_x resolved categories
L JER CMS_res_j_x* -
JES CMS_scale_j_x* -
QCD shape CMS_scale_qgcd_x QCD process

MC statistics

autoMCStats low stat bins

Table 6.2: Summary of systematic uncertainties considered in the analysis. The first column
reports the systematic uncertainty, the second column containd the prefix of the
uncertainty group name adopted by CMS. Finally, the last column reports the specific
processes/years/eras affected by the uncertainty: unless otherwise specified, each

uncertainty affects all processes/years/eras.
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Chapter 7

Results

This chapter presents the results of the X — HH — bbtt search using the full Run
2 dataset collected at the CMS experiment. The discriminant observable and the
reconstructed masses of the X resonance, calculated for each final state, along with
the associated statistical and systematic uncertainties for the signal, background, and
observed data, serve as primary inputs for the statistical analysis. These inputs are
provided in the form of histograms, where the integrals of the distributions represent
the expected yields for the signal and background, and are included in a fit designed
to extract the signal contribution. The choice of the discriminant observable for the
statistical inference, hence the signal extraction, is described in Section 7.1.

A multi-dimensional likelihood fit of the distribution of the final observable chosen for
the signal extraction is done, with systematic uncertainties included in the likelihood
function as Nuisance Parameter (NP) that are allowed to vary during the fit. The
statistical procedure used is reported in Section 7.2.

Finally, the final results are shown in Section 7.3. The statistical procedure developed
by the LHC Higgs Combination Group [191], has been adopted by both the ATLAS
and CMS collaborations.

7.1. Discriminant observable

Resonances are characterized by their decay into specific final states, producing dis-
tinctive features in the invariant mass spectrum of the decay products. These features,
often manifesting as localized peaks of the cross section in correspondance of the
resonance mass, provide a direct and unambiguous signal of the existence of new
particles.

The invariant mass of the decay products is a highly sensitive observable in res-
onance searches, as it encapsulates the energy and momentum information of the
final-state particles in a Lorentz-invariant quantity. This property makes it a robust
parameter for distinguishing signal events from complex background processes. The
accurate reconstruction of the invariant mass is critical for identifying potential reso-
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nances and ensuring sensitivity to subtle signals that may otherwise be obscured by
noise or experimental uncertainties.

Reconstruction of the invariant mass typically involves several techniques, ranging
from simple calculations based on the visible decay products to more advanced
methods that incorporate corrections for detector resolution and missing energy. The
simplest approach uses only the visible decay products, while more sophisticated
methods account for Missing Transverse Energy (MET) or employ kinematic fits to
exploit known event topologies.

Three approaches for reconstructing the candidate resonance mass, Mx, have been
investigated. They come from different ways to estimate the 4-momentum of the
resonance (px) such that Mx = ||px]|.

Invariant Mass Using Visible Decay Products

The simplest method calculates the invariant mass using only the visible decay prod-
ucts, myis,. This approach involves summing the four-momenta of the H — bb and
H — 771~ candidates to compute the mass:

pﬁsj-l = PH(bb) + PH(z7) where

PH(bb) + PH(tt) = P, + Pv, T Pu + P

While straightforward, this method has limitations, as it neglects the contribution
of undetected particles, such as neutrinos, and is affected by detector resolution.
Consequently, m¥i%; often deviates significantly from the true resonance mass and
exhibits a broad distribution, making it less sensitive to the resonance signal.

Invariant Mass with Missing Transverse Energy
The second approach incorporates the missing transverse energy pIT’niSS , to account
for undetected particles. The reconstructed invariant mass, mzﬁsﬁr MET 'is calculated by

including the missing energy vector in the four-momentum sum:

vis+MET

Puu = PH(@b) + PH(r7) T Pmiss
vis+MET __ vis+MET
Myn = ‘ PuH H
This method improves upon mzﬁsﬁr MET by providing a closer approximation of the

resonance mass, particularly in events with significant missing energy. The inclusion
of pTiss reduces the width of the mass distribution and shifts the peak closer to the
resonance mass. This approach is especially effective for boosted event categories,
where decay products are highly collimated due to the resonance’s high transverse

momentum.

Invariant mass with kinematic Fit Procedure

The kinematic fit procedure represents the most advanced and precise method for
reconstructing the resonance mass. This technique is based on some physically rea-
sonable assumptions and exploits constraints from the event topology, such that in
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the kinematic parameter space that defines the resonance momentum px, only two
independent parameters are left free to float in the fit [192]. The two independent
free parameters chosen are the energy of the first T and b-jet candidates, Er; and Ej, .
In this algorithm, the two jets are assumed to be resolved, thus it is computed only
for resolved categories. Possible extensions to boosted ones are under study. The
following assumptions are made:

® The decay products of the two 7 leptons, originating from a Higgs boson, follow
the collinear approximation, since the T leptons are highly boosted as they
originate from an object that is heavy compared to their mass. This assumes that
the 7 leptons and their decay products are nearly collinear in the detector frame.

¢ The directions of all final-state objects are assumed to be accurately reconstructed.
The primary uncertainties are attributed to the energy reconstruction, thus
the errors on 7 and ¢ are negligible with respect to the energy reconstruction
uncertainties.

* The transverse momentum of the resonance is balanced with the reconstructed
transverse recoil, which is derived using the missing transverse energy, ErTniss,
from the event.

The masses of the taus and jets are constrained to the Standard Model (SM) Higgs
boson mass.
m(ty, ) = m(by,bp) = myg = 125GeV (7.1)

Then a global x? fit is performed on the the total chi-squared function which inglobes
all the kinematics of the event, defined as:
X = Xy + Xip + Xrecoi (7.2)
The b-jet energies related chi-squared term is given by:
2

Eiit Eineas
2 1,2 1,2
= == 2 7.3
Ao < Tby 5 > 73)

where E{ft and E;*°® are the fitted and reconstructed energies, respectively, and o},
1,2 1,2 12

is the energy resolution.

The original T lepton energies cannot be precisely measured due to the the presence of

at least two neutrinos involved in the decay of the T leptons. Therefore, the T lepton

energies are constrained by balancing the fitted pr x transverse momentum and the

reconstructed transverse recoil, P recoil-

The transverse momentum balance for the fitted resonance candidate is:

Sfit _ —fit —fit —fit — fit
PT,x = PT,b, T PT,0, T PT,5y T PT, 1 (7.4)
The measured transverse recoil is:

—meas _ —meas —meas —meas —~Vis,meas —~Vis, meas
PT, recoil = — (PT,miss +Pre, TP, +Pry  tPT > (7.5)
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It is possible to define therefore the residual vector, which contributes to the last term
of Eq. 7.2:

2 res, recoil —res, recoil
Xrecoil = Pr reC01l “Pr ’ (7'6)
where the residual vector is gy recoil _ ﬁf%t X4 pr o recoil and Veei is the covariance

matrix.

These constraints reduce the number of fit parameters to two: the energy of the leading
b-jet (E,) and the energy of the leading -lepton (E,), and the minimisation of Eq. 7.3
is performed by varying these two parameters, performed iteratively using Newton’s
method.

In some cases, when the momenta combination of the signal objects is significantly
incompatible with the mpy = 125 GeV hypothesis, the kinematic fit may not converge.
However, for the signal events, such cases are very rare. Therefore, to ensure that the
kinematic parameter space of the selected events are close to that for the signal, the
events for which the kinematic fit does not converge are rejected for both the data and
the simulations.

The fit provides the corrected 4-momenta the decay products within their uncertainties
to satisfy these constraints, which can be summed determining the resonance mass.
The mass of the X candidate estimated by the kinematic fit (mlﬁnﬁt) [192] is defined

from the fitted signal 4-momenta (pgﬁj) that minimizes Xiinfit:

fit fit fit fit

msfaft = ||+ pf o pft 4 i 77)

Performance comparison

The mXinfit has a better resolution than the m%"7, as shown in Figures 7.1-7.3 for
resolved categories, and, therefore, has a better discriminating power between signal
and background. For that reason, the distribution of m¥i"fit in the data and in the
modelled composition of the data sample have been chosen to be used in the final
model fit procedure, described in the next chapter, for the signal extraction.

Among the three methods, the kinematic fit achieves the highest precision, produc-
ing a narrow and sharp peak at the resonance mass for signal events. In comparison,
mYs; yields the broadest distribution, with significant deviations from the true mass,
while mzﬁg MET provides intermediate performance by incorporating missing energy.

For boosted event categories, the kinematic fit has not been implemented due to
computational complexity, leaving mU’S+MET as the standard approach. Despite its
limitations, mﬁsﬁ MET effectively 1dent1f1es resonances in such scenarios, though with

reduced precision compared to the kinematic fit method as shown in Fig. 7.4.

Performance Comparison

The mkinfit demonstrates superior resolution compared to ml;?Th, as illustrated in Fig-
ures 7.1-7.3 for resolved event categories. This enhanced resolution translates into
better discriminating power between signal and background. Consequently, the dis-
tribution of mkinfit both in the data and the modeled composition of the data sample,

has been selected for use in the final model fit procedure, which is described in the
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Figure 7.1: X mass distributions computed with KinFit algorithm (green), visible invariant HH
mass (red) and visible HH mass + MET (blue) for the et;, channel and resolved
categories. Left panel: Spin-2 hypothesis, Mx = 400GeV. Right panel: Spin-0
hypothesis, Mx = 750 GeV.
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Figure 7.2: X mass distributions computed with visible invariant HH mass (red) and visible
HH mass + MET (blue) for the u1, channel and resolved categories. Left panel:
Spin-0 hypothesis, Mx = 100 GeV. Right panel: Spin-0 hypothesis, Mx = 500 GeV.

next chapter for the signal extraction.

Among the three reconstruction methods, the kinematic fit offers the highest
precision, producing a narrow and well-defined peak at the resonance mass for signal
events. In contrast, mﬁSH results in the broadest distribution, exhibiting significant
deviations from the true mass, while mZ’H”ﬁr MET provides intermediate performance by
incorporating missing transverse energy into the calculation.

For boosted event categories, the kinematic fit has not been implemented due to

computational constraints, making m?FMET the standard approach in such scenarios.

Despite its limitations, mzﬁf{ MET effectively identifies resonances, though with reduced

precision compared to the kinematic fit method, as shown in Figure 7.4.

7.2. Statistical treatment

The statistical techniques employed to extract the signal or to put an upper limit to
the cross section consist in the application of a modified frequentist approach for
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Figure 7.3: X mass distributions computed with KinFit algorithm (green), visible invariant HH
mass (red) and visible HH mass + MET (blue) for the 7,7, channel and resolved
categories. Left panel: Spin-2 hypothesis, Mx = 900GeV. Right panel: Spin-2
hypothesis, Mx = 650 GeV.
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Figure 7.4: X mass distributions computed with KinFit algorithm (green), visible invariant HH
mass (red) and visible HH mass + MET (blue) for the boosted category. Left panel:
Spin-0 hypothesis, Mx = 1000 GeV. Right panel: Spin-0 hypothesis, Mx = 750 GeV.
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hypothesis test, also defined CLs method, initially developed at LEP and refined for
Higgs boson discovery at the LHC [191].

The procedure computes exclusion limits, performing a maximum likelihood fit on
the sensitive observables distribution (mXhft for resolved categories and Myi$™iss for
boosted category), and exploiting a test statistics based on the likelihood ratio under

two different hypotheses:

¢ The background-only hypothesis (Hy or Hj): There is no new particle (or not
enough data) thus the data composition is made of background processes only.

* The signal+background hypothesis (H; or H,): a signal is present indicating
the presence of a new particle, so the data are composed of both signal and
background processes.

The likelihood is built from the observables histograms, where the integrals of the
distributions represent the expected yields for the signal and background, and are
included in a fit designed to extract the signal contribution. The binned likelihood (see
Appendix A.4.2) can be expressed as:

R Npins 5 b: 5 nj N N
£ = 11 LN s @) 7.8)
=1 j

where Np;y; is the number of bins in the histogram, 7; is the observed count in bin j, s;
and b; are the signal and background yields.
The u is the signal strenghth, which quantifies the deviation of the parameter from the
SM one. From this expression it is clear that the two hypotheses are nested, i.e. Hy,
correspond to H;,; where no signal is observed (when p = 0).
Uncertainties in predictions are managed using Nuisance Parameters (NP) 6!, which
influence signal and background expectations, thus s and b depend on 6.
To properly account these uncertainties contributions, since they are treated as NP,
the likelihood profiling method is used, which integrates systematic errors into this
framework, with auxiliary PDFs constraining the likelihood and constructing test
statistic distribution.
Thus systematic uncertainties are represented by probability density functions (PDFs)
0(0|0) which can be interpreted as posteriors derived from auxiliary measurements
(e.g. calibrations, mathematical constraints, previous physics analyses. ..) via Bayes’
theorem, such that p(0]0) ~ p(9|0) - 19(6), where p(0|6) are the auxiliary measure-
ments and 71y(6) are the priors.
Typical pdfs for the systematics are the normal, log-normal, gamma distributions,
keeping flat priors 7rp(0). In this way, s. Thus, when including also the systematic
uncertainties, the resulting likelihood is defined as profile likelihood and its expression
is:

N [ (s (0) + ;(0))" Ny

L 0) =] - e~ (nsj(6)+b;(6)) . [T ri(6ile:) (7.9)
j=1 i=1

1From now on the vector symbol will be omitted for simplicity and the NPs will be labeled as 6 but
it is important to remind that they are a set of NP.
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To compare the compatibility of the data with the background-only and signal+background
hypotheses, the test statistic (see Appendix A.4.3) chosen is based on profile likelihood
ratio: A
_ L(data|p,0,)

Mi) = (datalp, B) (7.10)

where:

¢ the data are actual or toy MC data.

. 9}, is the Maximum Likelihood Estimator (MLE), defined in Appendix A 4.1, of
0 for a given y, thus £(data|p,0,) is the maximum likelihood for a fixed signal
strength ¢ and MLEs nuisance parameters 0,,.

e (1,0) are the MLEs such that £(data|f1, ) is the maximum likelihood across all
values of both y and 6.

L(data|p,8,)
L(data|ft,8)

The lower and upper constraints are applied to ensure that signal strength is zero or
positive to have physical meaning and that the confidence interval remains one-sided
and always includes the null hypothesis, respectively.

Upward fluctuations in the data, where fI > yu, are not considered evidence against the
signal hypothesis of strength . Instead, such fluctuations are treated as consistent with
the hypothesis. By applying these constraints, the analysis avoids detached intervals
that could include unphysical or contradictory results, focusing on excluding weaker-
than-expected signals (fi < ). Upward fluctuations are thus interpreted conservatively,
as they do not contradict the presence of a signal and may even support it.

The observed value of the test statistic, q;;bS, is computed for a given hypothesis:
in a first instance, the MLEs of the NPs are estimated via two separate maximum
likelihood fits on data, in the background-only hypothesis (1 = 0), yielding 6, and
in the signal+background hypothesis (x > 0), yielding éy. Then an unconstrained
maximum likelihood fit is done with both u and 0 free to vary, to find the overall MLEs
fi and @ that maximize £ (data|u, ), wit fi > 0 to ensure the signal strength remains
physically meaningful. Finally, the test statistic q;bs is evaluated in correspondance of
the obtained values under the two different hypotheses.

This value is compared against test statistic distributions derived from toy Monte Carlo

(MC) pseudo-data generated to construct pdfs under the two hypothesis f (7|, éﬁbs)

gu = —2In(A(n)) = —2In with 0<a<u (7.11)

and f (4,0, 0o). For the pseudo-dataset generation, the nuisance parameters are fixed
to their MLE (éﬁbs and égbs) for the two hypotheses respectively, but they are allowed
to float in fits needed to evaluate the test statistic.

A large value of the test statistic ngs indicates that the observed data is less consistent
with the signal hypothesis (@ > 0) compared to the background-only hypothesis
(u = 0). Conversely, a smaller value of q;}bs suggests that the observed data is more

compatible with the signal hypothesis.
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To obtain conservative results, two p-values (see Appendix A.4.6) are defined to be
associated with the actual observation for the signal+background and background-only
hypotheses:

1—py = P(qu > §°|Hy) = e S (10, 66" )day
0

Where p;,; is p-value for the signal+bacgkround hypothesis and py, is the probability
of obtaining a result less compatible with the background-only hypothesis than the
observed result. The CL;() is the ratio of these two probabilities:

Ps+b

CLs(p) p— (7.12)
If the distributions for the signal hypothesis and the background-only hypothesis are
well-separated, and H;; is true, then p;, will be very small. In this case, 1 — p, =~ 1,
and the confidence level CLs will approach the signal-plus-background hypothesis
probability pg,;,. On the other hand, if the two distributions largely overlap, then p;,
will be large, leading to a small value for 1 — p;,, which prevents CL; from becoming
too small and ensures that the significance is not overestimated. This ensures that the
null hypothesis is only rejected when there is strong evidence against it. The CL; is
then compared to the significance level (or simply significance, see Appendix A.4.7),
denoted as a, which represents the probability of rejecting the alternative hypothesis
(Hs1p) when the null hypothesis (Hy) is actually true, basically corresponding to the
false positive. For a fixed significance level (x), the Neyman-Pearson lemma (see
Appendix Section A.4.4) ensures that a selection criterion based on the likelihood ratio
minimizes the misidentification probability (8). To avoid rejecting the null hypothesis
in situations where the experiment has low sensitivity, the confidence level CLs must
satisfy:

1-CL; <CL or, equivalently
CL; >«

With @« = 1 — CL. When this condition is met, the signal hypothesis will be considered
excluded at the confidence level CL. When choosing, for example & = 0.05, the
probability that the signal+background hypothesis is incorrectly taken to be true is
5% if CLs < a while the signal+background hypothesis is excluded at a confidence
level of 95% if CLs > a. This method method gives conservative limits, i.e. the actual
confidence level is higher than (1 — «) [191].

Through this approach, model-independent 95% Confidence Level (CL) exclusion
limits are derived for the production cross-section of a massive X resonance, under spin-
0 and spin-2 hypotheses, multiplied by the branching fraction: ¢(g¢ — X) x BR(H —
bb,H — T 77), as a function of the mass My. Statistical and systematic uncertainties
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are incorporated into the analysis using log-normal and shape uncertainties, which
affect the shape of the discriminants. More details on the upper limit plots are provied
in Appendix A.4.10.

7.3. Upper limits on cross section

The statistical method employed in this analysis follows the modified frequentist
approach explained in Section 7.2, enabling the interpretation of p-values and CLs
as probabilities. However, to ensure an unbiased methodology and avoid selection
criteria based on signal-region data, the Compact Muon Solenoid (CMS) Collaboration
enforces a rigorous blinding procedure. Thus the analysis developments must be con-
ducted exclusively using simulated MC simulated events and sideband data, explicitly
excluding the signal region. As a result, this search for the HH — bbt™ 1~ channel
was performed in a blinded manner, preventing any influence of observed data in the
sensitive observables and regions. This approach guarantees an impartial estimation
of the expected limits and significance of the search while awaiting validation from the
CMS internal review process.

To assess the analysis sensitivity, an expected result is defined, typically requiring the
generation of pseudo-data (toys). Given the high computational cost of this process,
the Asimov dataset [193] is exploited as a more efficient alternative, where statistical
fluctuations are suppressed. Once the analysis is finalized and the greenlight for the
unblinding will be given by the CMS collaboration, data will be included into the
signal region and performing a maximum likelihood fit to extract the observed result.
Model-independent upper limits at 95% CL are set on the production cross-section of
a heavy resonance produced via gluon-gluon fusion (¢¢ — X), times the branching
fraction H — hh — bbt 1. These limits are derived without assuming a specific
theoretical framework, making them widely applicable to various Beyond Standard
Model (BSM) scenarios. The limits are evaluated for resonance masses (mx) ranging
from 250 to 3000 GeV, utilizing all available simulated signal samples. To ensure full
mass coverage, a linear interpolation technique is applied.

Despite being based solely on simulations, the obtained results demonstrate a

significant sensitivity improvement over previous searches, surpassing the constraints
set by earlier analyses [194]. This enhanced sensitivity highlights the robustness of the
analysis and its potential impact on future searches for new physics.
The upper limits on the production cross-section times branching ratio, are presented
in Figures 7.5-7.7, incorporating all channels, categories, and the full Run 2 dataset. In
Figure 7.5, the inclusive (left) and channel-separated (right) limits are shown under the
spin-0 (Radion) hypothesis, while Figure 7.7 presents the corresponding results for the
spin-2 (Graviton) hypothesis.

The limits split by channel confirm that the 77 channel provides the highest
sensitivity, as expected, reinforcing the motivation for comparing the performance of
different tau-identification algorithms. Specifically, a dedicated study was conducted
to compare DeepTnu2017v2p1 with the updated DeepTau2018v2p5 algorithm. While

181



CHAPTER 7. RESULTS

both versions yield similar exclusion limits, DeepTau2018v2p5 brings an important
improvement in the data/MC agreement, as discussed in Section 4.8.4. This results
underscores its reliability and suitability for future analyses, ensuring continued
improvements in search sensitivity.
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Figure 7.5: Left: Upper limits at 95% CL on the X — HH — bb7T cross section times the HH —
bbtt branching fraction for the et,+u1,+7,7, combined channels. Right: same
upper limits, comparing the e, u1, and 7,7, (blue, yellow, red) with the combined
result (grey). These results are shown for the spin-2 (Radion-like) hypothesis.
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Figure 7.6: Left: Upper limits at 95% CL on the X — HH — bb7T cross section times the
HH — bbtt branching fraction for the 7,7, channel using the DeepTau2018v2p5
for the analysis selection. Right: same upper limits, comparing the e, 7, and 7,7,
channels using the DeepTau2017v2p1 selection (blue, yellow, red) with the 7,7,
channel using the DeepTau2018v2p5 selection (grey). These results are shown for
the spin-2 (Radion-like) hypothesis.

These results mark an important milestone in the search for resonant Higgs boson
pair production, setting new constraints on possible BSM scenarios and paving the
way for future discoveries in high-energy physics.
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Figure 7.7: Left: Upper limits at 95% CL on the X — HH — bb7T cross section times the
HH — bbtt branching fraction for the et,+11,+7,7, combined channels. Right:
same upper limits, comparing the et u7, andt, 7, (blue, yellow, red) with the
combined result (grey). These results are shown for the spin-2 (Graviton-like)
hypothesis.
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Figure 7.8: Left: Upper limits at 95% CL on the X —+ HH — bbtt cross section times the
HH — bbtt branching fraction for the 7,7, channel using the DeepTau2018v2p5
for the analysis selection. Right: same upper limits, comparing the et 7, and 7,7
channels using the DeepTnu2017v2p1 selection (blue, yellow, red) with the 7,7,
channel using the DeepTau2018v2p5 selection (grey). These results are shown for
the spin-2 (Graviton-like) hypothesis.

7.4. Pulls and Impacts

A key step in validating the analysis is evaluating the impact of nuisance parameters
through pulls and impacts (see Appendix A.4.9). Fig.7.9 and Fig. 7.10 present the
leading 25 nuisances, highlighting the dominant sources of systematic uncertainty, in
the spin 0 and spin 2 hypotheses respectively. The systematic uncertainties names are
defined in Tab. 6.2. The dominant systematic uncertainties, arise from the theoretical
computation of the cross sections, the multijet background estimation, and jet and
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tau-lepton reconstruction.
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Figure 7.9: Some of the impact systematic uncertainties and relative impact on the signal
strength, in the Spin-0 hypothesis, considering mx = 700 GeV. The black points and
associated uncertainties report the deviation of the value of each nuisance 6 from
the maximum likelihood estimation with respect to their nominal value, divided
by its uncertainty (pull). The blue and red bars report the impact of each nuisance
parameter on the parameter of interest r (corresponding to y), and they denote
a positive and negative shift of the parameter by 1o, respectively. The top panel
reports the expected values obtained from an Asimov dataset, while the bottom
panel shows the observed values after the maximum likelihood fit of the data.
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Figure 7.10: Some of the impact systematic uncertainties and relative impact on the signal
strength in the Spin-2 hypothesis, considering mx = 700 GeV. The black points
and associated uncertainties report the deviation of the value of each nuisance
6 from the maximum likelihood estimation with respect to their nominal value,
divided by its uncertainty (pull). The blue and red bars report the impact of each
nuisance parameter on the parameter of interest r (corresponding to y), and they
denote a positive and negative shift of the parameter by 1o, respectively. The top
panel reports the expected values obtained from an Asimov dataset, while the
bottom panel shows the observed values after the maximum likelihood fit of the
data.

7.5. Final remarks

The derived upper limits show the great potential of the HH — bbtT channels in the
context of the search for new physics and set the stage for future analyses with larger
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datasets and improved analysis techniques.

Moreover, the integration of state-of-the-art machine learning techniques, such as
DeepTau, gives an example of the importance of improving the analysis methodologies
for maximizing the discovery potential of upcoming LHC runs.

As future data-taking periods will yield significantly larger datasets, ensuring optimal
performance of advanced identification algorithms becomes increasingly critical. The
demonstrated improvements in tau identification validate the importance of contin-
uously refining analysis techniques to maintain high-precision measurements and
enhance the sensitivity of searches for rare processes. This work underscores the
necessity of ongoing algorithmic advancements and meticulous validation, ensuring
that future analyses can fully exploit the amount of data anticipated in the next phases
of the LHC program.
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Conclusions and future prospectives

In this thesis, a search for resonant Higgs pair production in the bbt7 final state has
been presented. The analyzed data are taken from proton-proton (pp) collisions at
V/s = 13 TeV at the Large Hadron Collider (LHC) and collected by the Compact Muon
Solenoid (CMS) experiment during Run 2 (2016-2018). This search is of particular
interest due to its connection with Beyond Standard Model (BSM) theories, which
could offer insights into the current limitations of the Standard Model (SM).

The analysis was initially performed using only 2016 data, already demonstrating a
strong sensitivity [194]. This motivated the need to repeat the analysis with the full
dataset, incorporating newly introduced advanced tools for particle reconstruction and
identification. Several key improvements over previous analyses were implemented.
Among these, new neural networks were developed to identify b-jets from Higgs
boson decays (HH-Btag), classify objects such as DeepTau for tau leptons and Deep]Jet
for hadronic jets, and to perform event categorization using the ParticleNet algorithm.

To obtain the final results, the HH-kinFit invariant mass observable was exploited
to perform a fit on Monte Carlo (MC) simulations. Upper limits on the resonance
production cross section were derived at the 95% Confidence Level (CL) across a
mass range from 250 GeV to 3000 GeV, under both spin-0 (Radion-like) and spin-2
hypotheses (Graviton-like).

The results shown are based only on simulations, as the analysis is still under
review within the CMS collaboration and is not yet public. However, these results
already demonstrate the capability of this analysis to achieve high sensitivity when
incorporating the full Run 2 statistics and exploiting state-of-the-art tools for particle
reconstruction and identification. Although the sensitivity with the current dataset
remains insufficient for SM measurements and precise BSM studies in the double
Higgs boson system, the CMS detector’s capabilities, along with the advanced re-
construction methods and statistical tools employed, lay the groundwork for highly
precise measurements with additional data from future LHC runs.

A key aspect of the analysis was the study of the DeepTau algorithm for t-lepton
identification. While DeepTau2017v2p1 was used for the primary results, an important
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validation study was conducted using DeepTau2018v2p5. The results obtained with
DeepTnu2018v2p5 are consistent with those from DeepTuu2017v2p1 in terms of sensitivity,
but a significant improvement was observed in the agreement between data and MC
simulations. This enhanced agreement reduces the need for large data/MC correc-
tions, leading to more reliable background estimations and systematic uncertainty
reductions. Additionally, the validation of DeepTau2018v2p5 on Run 2 data provided a
crucial testbed for its implementation in Run 3 analyses, ensuring its robustness and
effectiveness in high-luminosity conditions.

With the upcoming high-luminosity phase of the LHC (HL-LHC), which will
collect approximately 3000 fb~! over the next decade at /s = 14 TeV, there will be an
unprecedented opportunity to study rare phenomena. HH production will be a top
priority for the LHC research program, as the collected statistics will be crucial for
probing the nature of double Higgs boson production, searching for deviations from
the SM, and setting more stringent limits on potential BSM signals. Among the various
decay channels, HH — bb7t is expected to play a crucial role in the challenging
measurement of oy, both within the SM and in the search for new physics.

The improvements in T identification with Deeplnu2018v2p5, demonstrated in
this study, will be instrumental in these future analyses. Its ability to provide a
better data/MC agreement and reduce systematic uncertainties ensures that upcoming
searches, particularly those in Run 3 and HL-LHC, will benefit from a more precise
and robust identification of hadronic T decays.
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Useful definitions

A.1. Machine Learning Models in Particle Physics

A.1.1 Multivariate Analysis (MVA)

Multi Variate Analysis (MVA) refers to the process of analyzing datasets with mul-
tiple variables (features) to make predictions or decisions. In particle physics, MVA
techniques are often employed for tasks such as classification and regression, aiming
to predict a label or a continuous value based on various input features (e.g., kine-
matic properties of particles). Common MVA methods include Neural Network (NN),
Decision Trees, and Boosted Decision Tree (BDT). The goal is to use these algorithms
to extract the most significant patterns from the input data and make more accurate
classification or regression.

MVA techniques are typically evaluated based on metrics like the accuracy of
classification (signal vs. background) and regression performance, often using methods
like the Receiver Operating Characteristic (ROC) curve to evaluate the quality of the
model’s predictions.

A.1.2 Working Point (WP)

A Working Point (WP) refers to a predefined threshold in classification algorithms
that determines the balance between efficiency (correctly identifying signal events)
and background rejection (correctly rejecting background or misidentified events). In
particle physics, the WP defines the target efficiency and false positive rate to optimize
the performance of a signal identification algorithm in a specific analysis.

WPs are crucial in tasks like jet flavor tagging or signal-event identification, where
different cuts or thresholds are applied to determine whether an event is considered
"signal" or "background." For example, a WP might define a target efficiency of 80%
for signal identification, while keeping background rejection above a certain level (e.g.,
90%).
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The WP is associated with a target efficiency, a chosen threshold for a particular
analysis, which may depend on parameters like transverse momentum (pr) and
pseudorapidity (7).

A good WP ensures that the signal identification performance remains consistent
across different physics analyses with similar background conditions. This helps in
making accurate comparisons between data and simulation and provides a reliable
approach for optimizing signal identification.

A.1.3 Boosted Decision Trees (BDT)

BDT are an ensemble learning method where multiple weak learners (usually decision
trees) are trained sequentially. Each new tree is trained to correct the errors of the
previous trees by focusing on the misclassified data points.

The final output of the BDT is the weighted sum of the outputs from all individual
decision trees:

n
yeor = Y &;T;(x), (A.1)
i—1

where:

* q; is the weight assigned to tree T;,
* Ti(x) is the output of the i-th decision tree for input x.

BDTs are particularly effective for classification tasks, such as distinguishing be-
tween signal and background in particle physics. In this case the output is a dis-
criminant, i.e. a continuous score, for classification of signal and background; their
separation is defined setting a WP.

A.1.4 Neural Networks (NN)

Artificial NNs are computational models inspired by the structure of the human brain,
designed to recognize patterns and relationships in data. NNs consist of multiple
layers of interconnected nodes, or neurons, each of which performs a mathematical
operation. The primary goal of an NNs is to map an input x (which can have many
dimensions) to an output y, often with fewer dimensions.

A simple NNs architecture consists of:

* An input layer, where the data enters.

* Hidden layers, where the input data is processed through weighted connections
and activation functions.

* An output layer, where the prediction is made.

The output of a node j in a layer is given by:

yi=f (Z wiix; + bj) , (A.2)
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where:

¢ x; are the inputs to the node,

wj; are the weights of the connections between the nodes,

b]- is the bias term for node j,

f is the activation function, such as the sigmoid function, ReLU (Rectified Linear
Unit), etc.

NNs can be used for both classification and regression tasks, and their performance
improves as the amount of training data increases.

A.1.5 Neural Networks vs. Decision Trees

Both NNs and Decision Trees (including BDTs) are widely used in classification
and regression problems in particle physics. While NNs excel at capturing complex
relationships in high-dimensional data, decision trees have the advantage of being
easier to interpret and implement, especially when physical insight is important.

A.1.6 Deep Learning and Deep Neural Networks (DNN)

Deep Learning refers to the use of Neural Networks with many hidden layers, known
as Deep Neural Networks (DNN). These networks are capable of learning increasingly
abstract features from data at each successive layer. The term "deep" refers to the large
number of hidden layers between input and output layers.

In a DNNSs, each additional layer allows the model to extract more complex and
higher-level representations of the input data. This makes DNNss well-suited for tasks
that involve large amounts of unstructured data, such as image recognition, natural
language processing, and even in particle physics for classification tasks.

The training process in DNNSss is similar to regular NNs but involves the optimiza-
tion of more parameters due to the increased number of layers.

A.1.7 Convolutional Neural Networks (CNN)

Convolutional Neural Networks (CNN) are a specialized type of deep neural network
particularly effective for image and signal processing. CNNs utilize convolutional
layers that apply filters (kernels) to input data in order to capture spatial hierarchies in
the data.

The output of a convolution operation is:

Yi= szj " Xi, (A.3)
i
where w;; are the filters applied to the input x;. CNNs include pooling layers (such

as max pooling) to down-sample the data, reducing the computational complexity
while retaining important features.
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CNN s are widely used in image recognition and have also found applications in
high-energy physics to analyze detector data.

A.1.8 Graph Neural Networks (GNN)

Graph Neural Networks (GNN) are a class of neural networks designed for data
that can be represented as graphs. In a GNN, nodes represent entities, and edges
represent relationships between those entities. GNNs are particularly useful when
data structures are inherently relational, such as in particle physics where interactions
between particles or events can be represented as graphs.

A simple GNN layer aggregates information from neighboring nodes and updates
the representation of each node based on this aggregation. Mathematically:

Rt = Update(hz()l),Aggregate({hl(]) cueN()})), (A4)
(1)

where h;’ is the feature vector of node v at layer /, and N (v) is the set of neighbors
of node v. This operation allows GNNs to capture relational information in complex
datasets.

A.1.9 Receiver Operating Characteristic (ROC) Curve

The ROC curve is a graphical representation used to evaluate the performance of
classification models. It plots the True Positive Rate (TPR) against the False Positive
Rate (FPR) for different threshold values.

Mathematically, the TPR and FPR are given by:

TPR — True Positives FPR — False Positives
~ True Positives + False Negatives’ ~ False Positives + True Negatives'

(A.5)
An ideal classifier would have a TPR of 1 and an FPR of 0, meaning it perfectly

identifies all positive samples without misclassifying any negative samples.
The Area Under the ROC Curve (AUC) is often used as a single metric to summarize
the performance of a classifier. A higher AUC indicates a better classifier.

A.2. The Tag-and-Probe Technique

The Tag and Probe (TnP) method is a data-driven technique widely used in particle
physics to measure the efficiency of particle detection, identification, and reconstruction.
This method uses events from well-known resonances, such as Z — ¢T¢~ (where /¢
represents a lepton, e.g., electron or muon), and evaluates detector performance by
selecting clean and unbiased samples from data.
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A.2.1 Concept

The T&P method leverages the decay of resonances into pairs of particles, where one
particle is designated as the tag and the other as the probe:

¢ Tag: A particle that is selected using stringent criteria to ensure high confidence
in its identification and reconstruction.

* Probe: The other particle in the event, selected with minimal or no bias, to
evaluate the efficiency of the detector’s criteria or response.

The invariant mass of the tag and probe system is required to match the mass of
the resonance being studied. For instance, for Z — ¢ ¢~, the invariant mass m,, must
satisfy:

|mgg — Mz| < Am, (A6)

where My is the mass of the Z boson and Am is a mass window chosen to include
the signal region while minimizing background.

A.2.2 Procedure

1. Select a clean resonance decay sample, such as Z — (¢,
2. Identify one particle as the tag, which must pass strict selection criteria.
3. Select the other particle as the probe, with minimal requirements to avoid bias.

4. Evaluate whether the probe passes the criterion under study, e.g., particle identi-
tication or trigger selection.

5. Extract efficiencies by analyzing the invariant mass distribution and separating
the signal from background.

A.2.3 Efficiency Measurement

The efficiency € of a given criterion is calculated as:

o N, pass

= , (A7)
N total

€

where:

* Npass is the number of probes passing the criterion under study.
® Niotal is the total number of probes in the selected sample.

To account for background contamination, the invariant mass distribution is ana-
lyzed. The signal yield is extracted using techniques such as a fit to the invariant mass
spectrum:

Nsignal(mff) = Ntotal(mff) - Nbackground(méﬁ)' (A.8)
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The corrected efficiency can then be expressed as:

Nsional
c — signal, pass ) (A9)
N, signal, total

where Nsignal, pass @nd Nsignal, total cOrrespond to the signal components of the passing
and total probes, respectively.

A.24 Applications

The T&P method is commonly used for:

* Reconstruction Efficiency: Evaluating the efficiency of reconstructing a particle’s
trajectory in the detector.

¢ Identification Efficiency: Measuring the likelihood that a particle is correctly
identified as a specific type.

* Trigger Efficiency: Estimating the probability that an event of interest is success-
tully recorded by the trigger system.

A.2.5 Advantages

¢ Data-Driven: The method uses real data, reducing reliance on simulations that
may have inaccuracies.

¢ Unbiased Probes: Minimal selection criteria on probes ensure unbiased measure-
ments.

* Versatility: Applicable across various particles and decay channels.

A.2.6 Challenges

¢ Background Contamination: Accurate background subtraction is essential to
avoid bias in efficiency measurements.

¢ Statistical Limitations: Precision depends on the size and purity of the resonance
sample.

A.3. Scale Factor in High-Energy Physics

In high-energy physics, Scale Factors (SF) are used to correct for differences in
efficiencies between data and Monte Carlo (MC) simulations. These efficiencies are
crucial for processes such as particle reconstruction, identification, and triggering.
The scale factor is defined as the ratio of the efficiency observed in real data to that
predicted by simulations:

SF — Sdata (A.10)

€MC

where:
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® €4ata is the efficiency measured from experimental data.
* epc is the efficiency obtained from MC simulations.

The efficiency € is the fraction of events or objects that pass a certain selection
criterion, relative to the total number of events or objects considered. This can be
expressed as:

where:

* Npass is the number of events or objects passing the selection criteria.
® Niotal is the total number of events or objects in the sample.

Once the scale factor is calculated, it is applied to the MC events to correct for
the discrepancies between data and simulation. Each event that passes the selection
criteria is assigned a weight equal to the scale factor:

w = SF (A.12)

In cases where the efficiency varies with kinematic variables such as transverse
momentum (pr) or pseudorapidity (1), the scale factor is determined in different bins
of these variables. The corrected number of events in a given bin can be calculated by
summing the scale factor weights for all events:

Nevents Nevents
Neorrected = Z w; = Z SF(pT,i/ 771) (A.13)
i=1 i=1

This method ensures that the simulation reflects the efficiencies observed in real
data, improving the precision of measurements and analyses in high-energy physics
experiments.

A.4. Statistical Concepts in Particle Physics

A.4.1 The likelihood function

Applied to a dataset x = {x1, x2,...,x,}, it returns the probability distribution function
(PDF) computed on data given the model parameters. For a dataset of n independent
observations x = {x1,x2, ..., X, }, the likelihood is the joint pdf:

(%) =T LF(xl6) (A19)
i=1

The likelihood represents a good estimator as it is consistent, efficient, robust and
with a bias approaching 0 with the increase of measurements.
In maximum likelihood estimation, the best-fit parameters 8 are those that maximize

the likelihood:
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0 = arg max L(0]x). (A.15)

A.4.2 Binned vs. Unbinned Likelihood

Binned Likelihood: In binned analyses, data is grouped into m bins. The likelihood
function assumes Poisson-distributed bin counts:

L£(9) = Im—[y’ ‘ yi, (A.16)

where:

e 1;: observed count in bin i,
® ui= [n;,; f(x]0)dx: expected count in bin i given model f(x|6).

Why the number of events in histograms bins are modeled as poissonian distri-
butions? Histograms represent discrete counts of events in bins. These counts are
modeled as Poissonian because:

* Event Independence: Each event is independent of others.

¢ Fixed Mean Rate: The mean number of events y in each bin is determined by
the underlying probability distribution.

¢ Low Probabilities: Individual events have a small probability of falling into a
specific bin, but many trials occur.

The Poisson probability of observing n events in a bin with expected mean y is:

ne—i
P(n;p) = . (A.17)

This distribution is appropriate for modeling rare and independent events, typical
in physics experiments. For large yu, the Poisson distribution approaches a Gaus-
sian, justifying why histograms with many entries appear normal-like. Unbinned
Likelihood: In unbinned analyses, the likelihood directly uses the individual data
points:

n

L(0) =T f(xil6). (A.18)

i=1
Unbinned likelihood retains all the data’s information but is computationally more
demanding.

A.4.3 Test Statistic

When comparing two hypotheses (e.g. to check if a signal of new physics is present in
the data composition), hypothesis test is performed. Considering two hypotheses are
defined as:
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* Null hypothesis (Hp): The data is consistent with the baseline or background
model, with no signal or effect.

¢ Alternative hypothesis (H;): The data suggests the presence of a signal or effect,
providing evidence for a model different from the null.

A test statistic quantifies the compatibility of data with a given hypothesis. A
commonly used test statistics in HEP is based on the negative log-likelihood ratio:

_ _ L(X|Ho)

where ¥ = x1,xp,...xN are N independent measurements, £(Hp) is the likelihood
under the null hypothesis (Hp), and £(Hj) is the likelihood under the alternative
hypothesis (Hy).

A.4.4 Neyman-Pearson Lemma

The Neyman-Pearson lemma [195] states that the likelihood ratio test is the most
powerful test for distinguishing between two simple hypotheses Hy and H; at a fixed

significance level «.
L(¥|Ho)
Alx) = ey — A.20
The test is optimal in the sense that, for a fixed background misidentification
probability «, the selection that corresponds to the largest possible signal selection

efficiency 1 — B is given by:
= =, 2> ka (A.21)

where, by varying the value of the “cut” k,, the required value of & may be
achieved. This corresponds to choosing a point in the ROC curve (see Fig. 9.2) such
that a« corresponds to the required misidentification probability. [196,197]

A.4.5 Wilks’ Theorem

When a large number of measurements is available, Wilks” theorem [198] provides an
asymptotic approximation for a test statistic based on the likelihood ratio.

Assuming ©g to be the parameter space of the null hypothesis, Hy and ©; to be the
parameter space for Hj, where Hy and Hj are nested, i.e., @y C ®;. Wilks” theorem
states that the test statistic:

N
sup [] L(xi;g)
§€®0 i=1

N . s
sup [T L(x;;6)
§€@1 i=1

X = —2log (A.22)
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follows a x? distribution under Hy, with degrees of freedom equal to the difference in
dimensionality between ©®; and ®. Suppose y is the parameter of interest (e.g., signal
strength), and the remaining parameters 6 are nuisance parameters. The likelihood
ratio test statistic becomes:

N .
sup [T L(x;;u,0)
i oi=1
X2 (1) = —2log —*— . (A.23)

sup [T L(x;; 1, 5)
wo =1

This statistic is asymptotically distributed as x> with one degree of freedom under Hy
when u = puo.

The numerator corresponds to fixing y = o and maximizing the likelihood over
the nuisance parameters 6, while the denominator involves maximizing the likelihood

-

over all parameters (y, 0). This can be rewritten as:

Lé ;
() = —2log Lumito) (A20

where (7,40 and (5, fl) represent the parameter values that maximize the likelihood
under the respective conditions.

This test statistic is called the profile likelihood and is widely used for determining
upper limits on parameters.

A.4.6 p-value

When performing an hypothesis test, comparing the null hypothesis (Hp) with the
alternative hypothesis (Hy), to quantify if the data are inconsistent with Hy, the p-value
is adopted. This is a function that under the null hypothesis is uniformly distributed
between 0 and 1, whereas it tends to have very small values in the alternative hypoth-
esis. In other words, the p-value is the probability of observing a result at least as
extreme as the observed value under the null hypothesis H.

p = P(Test Statistic > Observed Value |Hp). (A.25)
For a one-sided Gaussian distribution:
p=1-®(Z), (A.26)

where ®(Z) is the cumulative Gaussian distribution.
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A.4.7 Significance level

Another quantity related to the p-value which is the significance level (or simply
significance), corresponding to the number of standard deviation in an area equal to the
p-value integrating the rightmost tail of a Gaussian distribution. For a test statistic go:

Significance Z = ® (1 — p), (A.27)

where ®! is the inverse cumulative distribution function of a standard Gaussian,
and p is the p-value associated with gy.

For example, a Z = 50 corresponds to p ~ 2.87 x 1077, the discovery threshold in
physics.

A.4.8 Upper Limit

An upper limit is the maximum value of a parameter 6 consistent with the data at a
specified confidence level CL. For example, at 95% CL, the upper limit satisfies:

/ "t e (0]x) o = 0.95 / " L(6]x) db. (A28)
0 0

In HEP, upper limits are often used to constrain parameters when no significant
signal is observed.

A.49 Impacts

Impacts quantify the effect of systematic uncertainties (nuisance parameters v) on the
results. Each nuisance parameter’s impact is assessed by varying v and evaluating
the change in the test statistic or the best-fit parameters. This is often visualized in an
"impacts plot," ranking the most influential sources of uncertainty.

A.4.10 Upper-Limit and Confidence Bands for the Background-
Only Hypothesis

When presenting an upper limit as the result of a data analysis, specially for searches
or when defining the upper limit in a parameter scan, it is often useful to report also
the expected value of the limit and the interval of excursions, quantified as percentiles
corresponding to 1o and 20, is typically provided. The direct approach to determine
the expected median upper-limit (p9s0,cr) and its associated £1o (68%) and +20 (95%)
confidence bands involves the following steps:

1. For each pseudo-dataset generated in the background only hypothesis, the CL
and the upper-limit on the signal strength (y9s9,cr) are computed, as if the
pseudo-data were real experimental data.
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2. Subsequently, the cumulative probability distribution for pgse,cy is obtained by
sorting the results and integrating from the side corresponding to low event
yields.

3. Finally, the expected limits and contour bands are extracted, with the median
expected limit, the value where the cumulative distribution crosses the 50%
quantile and the +10 (68%) and £2¢ (95%) bands corresponding to the 16% and
84% quantiles and 2.5% and 97.5% quantiles respectively
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Appendix B

The HH-bTag algorithm and
performances

This appendix describes the HH-BTag machine learning algorithm, meant to improve
the selection of b-jets in the resonant and non-resonant HH — bbTT searches, and its
retraining carried out in order to refine the performance of the model. The version
of the method upon which the new training is based is described in detail in AN-
2019/283 [199]. The performance of the algorithm is evaluated and compared with
respect to the previous version and to the standard algorithms (DeepFlavour and
ParticleNet) used to select the b-jet pair of the HH — bbtT event candidates.

Simulated samples used for the training

For this analysis, the signal samples considered in the training of the model
correspond to the nonresonant and resonant HH gluon-gluon fusion (ggF) production
processes.

1. Nonresonant ggF production samples: These samples include the twelve bench-
mark modelling points described in Ref. [41] and listed in Ref. [199].

2. Resonant ggF production samples: Spin-0 radion production and spin-2 graviton
production are included. For each considered spin, different mass points are
taken within a range of 250 GeV to 3000 GeV.

Feature definition

The definition and selection of the variables (features) used as inputs for a neural
network (NN) is a very important step in the development of trained discriminators.
Several high-level variables were investigated, and the most discriminant ones were
retained. The training used a total of 14 variables that can be subdivided in four
groups:
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The score of the b-jet discriminator and kinematic variables, for the b-jet candi-
date.

Kinematic variables, for the H;; candidate and Missing Transverse Energy (MET).
Angular separation between the b-jet candidate and the H candidate.

Global event variables (year and decay channel).

In order to cover the entire phase space of the signal processes (resonant and
nonresonant, mass, spin, etc...), the kinematic variables were chosen in a way that they
are independent of a specific scenario.

In the following, a short description of these variables is given.

b-jet score and kinematic variables

The score of the b-jet candidates, given by the DeepFlavour b-tagger [142].

pr and 5 of each of the b-jet candidates from the Higgs boson decay.

Relative mass and energy of the b-jet candidate defined as PMT and %, where M is
the invariant mass, E the energy, and pr the transverse momentum of the b-jet
candidate.

The use of the relative variables allow to reduce correlations with pr.

Kinematic variables of the H.; candidate

Scalar sum of the pr of the H — 77 candidate, calculated as pr g, = Y. 11p, +
TZPT'

The visible pr and # of the H — 77 candidate, where the visible momentum
of the H¢; is calculated as the sum of the visible 4-momentum of the 7 pair
candidates.

A¢(MET, HY®): for the signal events, the missing momentum usually points
to the Higgs boson reconstructed from the 7 pairs. In fact, since neutrinos are
principally produced in the direction of the T decays, signal events have a small
angular separation, while for background events this variable is expected to be

randomly distributed.
pr(MET)
pr(Her)

Relative momentum of the missing energy, calculated as:

Angular separation between the b-jet candidate and the H;; candidate
The b-jet candidates are required to be out of a cone of radius AR = 0.5 around the
H++ candidate.

Ay (jets, Hrr).
A¢(jets, Her).

In order to help the convergence and improve the stability during the training, a scaling
or normalization procedure is applied to some of the input variables. The features with
a significantly non-Gaussian distribution on the finite validity domain, are confined
to a range [-1,1]. A standardization procedure is instead applied, for features with a
relatively narrow peak in their distributions, changing the x variable to x — (x — u) /0,
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where y and ¢ are respectively the mean and the standard deviation of the variable
distribution. It is necessary to scale the variables because many algorithms attempt to
make trends in the inputs by comparing features of the input points, however there is
an issue when the features have drastically different scales: the features with the larger
scales completely dominates the others.

Network architecture and training

The HH-BTag discriminant is created though a Neural Networks (NN) implemented in
Keras with TensorFlow backend. The new training of the model is based on its previous
version. The architecture of the designed NNs and the process of the optimization of
the hyperparameters are explained in detail in [199]. The training of the model uses:

* Five concatenated LSTM layers, with a sigmoid as activation function. After each
layer, a batch normalization layer is applied.

¢ Ten TimeDistributed Dense layers, with sigmoid as activation function. Same as
before, a batch normalization layer was applied between each layer.

* Binary cross-entropy as the loss function [200] and minimized with the Adam
algorithm [201].

¢ A final TimeDistributed Dense layer with only one unit and with a sigmoid as
activation function; the latter provides an output between 0 and 1, corresponding
to the score of each b-jet candidates.

The total number of events is divided into two samples, depending on the odd/even
number of the event. Then, two separate trainings and tests are performed. In one case,
the odd sample is used in the training, while the even sample is used for the test. In
the other case the opposite happens. In both trainings, the validation set is taken from
the training dataset, and represents the 25% of the total training dataset. During the
training, a weight is applied to each event according to its production cross-section (for
resonant processes), production mechanism, decay channel and integrated luminosity.
This procedure allows to renormalize the events in order to have equal importance for
different processes.

B.0.1 The HH-bTag performances for X — HH — bbtt
resonant production

In order to evaluate the performance of the new discriminator, it is necessary to
compute the predictions made by the trained model. The predictions were calculated
using separately each set of weights determined by the training, evaluated on the
corresponding validation set, using the sample with the opposite parity as input to
be labeled. This procedure gives a score in the interval [0, 1] to each of the b-jet
candidates, which depends on how confident the model is that the b-jet in question is
one of the b-jets from the H — bb decay. For the search of nonresonant HH — bbtt
and ggF resonant production, the performance of this new training of the already
presented HH-BTag classifier for the selection of the pair of jets from the Hy, decay
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were compared with the previous version performance and with the ones of other two
classifiers: DeepFlavour and ParticleNet.

After the H — 777~ candidates are reconstructed and the jet selection (in Tab. 4.8)
is applied, the pair of b-jets candidates with the highest score of the classifier (HH-BTag
v2, HH-BTag v1, DeepFlavour or ParticleNet) is selected. The variable used to evaluate
the performance of the discriminators is the purity of the selection of the b-jet pair
candidate, which is defined as:

. Nclassifier
classifier

- _ N
purity = m (B.1)

where NZ2ssifier js the number of events in which the selection of the b-jet pair candidate
matched with the ground truth definition, taken from AN-2019/283 [199]. According
to it, the two most energetic generated b-jets are used to perform the match, and the
true b-jet label is assigned to the reconstructed b-jet if a matching generator level b-jet
is found within a cone of size AR < 0.5 around the direction of the reconstructed b-jet.
Nelassifier 5 the total number of events where a candidate is reconstructed and the b-jet
pair forming the H — bb candidate is selected using the chosen classifier. The results
shown in this section are produced using the combination of the purities (pPeven, Podd)
which are computed with the predictions evaluated with the two sets of weights.

Figures B.1, B.2, B.3 and B.4 show the purity obtained in the selection of b-jet pair
from the Hy;, decay for the ggF resonant processes for spin-0 radion production and
spin-2 graviton production as a function of the resonant mass, for 2016APV, 2016, 2017
and 2018 eras respectively.

The purity goes from 89.8% to 97.4% for HH-BTag v2, compared to 86.9% to 96.1%
for HH-BTag v1. Comparing results with ParticleNet algorithm, the same purity ranges
from 79.7% to 91.8%.

Purity
Purity
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.
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e
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Figure B.1: Purity of the HH-BTag v2, HH-BTag v1, DeepFlavour and ParticleNet discriminators
as a function of my, for the 2016 HIPM ggF spin-0 (left) and spin-2 (right) resonant
process.
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Figure B.2: Purity of the HH-BTag v2, HH-BTag v1, DeepFlavour and ParticleNet discriminators
as a function of myx, for the 2016 ggF spin-0 (left) and spin-2 (right) resonant
process.
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Figure B.3: Purity of the HH-BTag v2, HH-BTag v1, DeepFlavour and ParticleNet discriminators
as a function of my, for the 2017 ggF spin-0 (left) and spin-2 (right) resonant
process.
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Figure B.4: Purity of the HH-BTag v2, HH-BTag v1, DeepFlavour and ParticleNet discriminators
as a function of myx, for the 2018 ggF spin-0 (left) and spin-2 (right) resonant
process.
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The Missing Transverse Energy (MET)
and SingleTau triggers

In the analysis presented in this thesis, two trigger paths have been introduced together
with the “Legacy” ones'.

One key aspect of improving signal sensitivity is to increase trigger efficiency, avoiding
to miss signal events while keeping non-interesting events rates low. To do this, it is
important to verify how well additional triggers enhance signal identification.

In this work, the investigation of trigger efficiency increases in signal events becomes
particularly important. By incorporating dedicated triggers, such as those based on
MET and high-transverse momentum component (pr) taus (SingleTau) candidates, into
the baseline triggers, we can enhance the signal sensitivity, particularly in specialized
regions of phase space where the baseline triggers might fall short.

In the following, the improvements made by adding MET and SingleTau triggers to the
“Legacy” ones will be presented. These new triggers are designed to efficiently select
events that might otherwise be lost in the baseline trigger configuration. The MET
trigger allows for the identification of events with significant missing energy, which
is often indicative of new physics signals, such as those from a Higgs boson decay.
Similarly, the SingleTau trigger targets events involving high-pr 1, decays, which are
crucial to save higher energetic events where one of the two tau candidates (either e, y
or T3;) is missed.

The addition of these dedicated triggers in their respective regions of interest en-
hances the efficiency of signal event selection, thereby improving the overall sensitivity
of the analysis. The following plots show how the gain of the inclusion of these
additional triggers in the event selection, especially at high resonance mass, where
other triggers may be less efficient, ultimately leading to a more complete and robust
signal identification. These are computed by evaluating the triggers on signal samples,

The term “Legacy” refers to the trigger paths and their associated application regions as defined in
the non-resonant counterpart of this analysis [156].
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and applying the triggers in their respective application regions as described in Section
4.8.2.
Figures C.3-?? report the gain in signal acceptance by adding to the Legacy triggers:
the SingleTau trigger (blue line), the MET trigger (green line) and both the SingleTau
and MET triggers (red line). The results show that the inclusion of both MET and
SingleTau triggers highly increases the signal acceptance across all the years, channels
and resonance spin hypotheses.
However, it is interesting to note that in 2018 and 2017 eras, the impact of the adding
only MET trigger or adding only SingleTau trigger with the Legacy ones is compatible,
whereas for 2016 and 2016H eras the inclusion of just SingleTau trigger significantly
improves the selection with respect to the addition of only the MET one. The reason
could be related to the different implementation of the SingleTau triggers, as in 2016
and 2016H the offline 7;, pr threshold for the matching is 130 GeV whereas in the other
cases the offline 7j, pr threshold is 190 GeV.

The reported plots are esemplificative and shown for the Spin-0 (Radion) hypothesis
and in the Spin-2 (Graviton) hypothesis.
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Figure C.1: Signal efficiency gain with the application of new triggers for the et,, channel,
using 2018 (upper left), 2017 (upper right), 2016 (lower left), and 2016H (lower
right) data. The study is performed on signal event samples featuring a Spin-0
(Radion) resonance. The blue line represents the efficiency when using only the
Legacy trigger combined with the SingleTau trigger. The green line shows the
efficiency for the OR combination of the Legacy and MET triggers. The red line
corresponds to the OR combination of the Legacy, MET, and SingleTau triggers. In
all cases, triggers are considered only if fired within their respective application
regions.
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Figure C.2: Signal efficiency gain with the application of new triggers for the ut,, channel,
using 2018 (upper left), 2017 (upper right), 2016 (lower left), and 2016H (lower
right) data. The study is performed on signal event samples featuring a Spin-0
(Radion) resonance. The blue line represents the efficiency when using only the
Legacy trigger combined with the SingleTau trigger. The green line shows the
efficiency for the OR combination of the Legacy and MET triggers. The red line
corresponds to the OR combination of the Legacy, MET, and SingleTau triggers. In
all cases, triggers are considered only if fired within their respective application

regions.
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Figure C.3: Signal efficiency gain with the application of new triggers for the 7,7, channel,
using 2018 (upper left), 2017 (upper right), 2016 (lower left), and 2016H (lower
right) data. The study is performed on signal event samples featuring a Spin-0
(Radion) resonance. The blue line represents the efficiency when using only the
Legacy trigger combined with the SingleTau trigger. The green line shows the
efficiency for the OR combination of the Legacy and MET triggers. The red line
corresponds to the OR combination of the Legacy, MET, and SingleTau triggers. In
all cases, triggers are considered only if fired within their respective application
regions.
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Figure C.4: Signal efficiency gain with the application of new triggers for the et,, channel,
using 2018 (upper left), 2017 (upper right), 2016 (lower left), and 2016H (lower
right) data. The study is performed on signal event samples featuring a Spin-0
(Radion) resonance. The blue line represents the efficiency when using only the
Legacy trigger combined with the SingleTau trigger. The green line shows the
efficiency for the OR combination of the Legacy and MET triggers. The red line
corresponds to the OR combination of the Legacy, MET, and SingleTau triggers. In
all cases, triggers are considered only if fired within their respective application
regions.
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Figure C.5: Signal efficiency gain with the application of new triggers for the ut,, channel,
using 2018 (upper left), 2017 (upper right), 2016 (lower left), and 2016H (lower
right) data. The study is performed on signal event samples featuring a Spin-0
(Radion) resonance. The blue line represents the efficiency when using only the
Legacy trigger combined with the SingleTau trigger. The green line shows the
efficiency for the OR combination of the Legacy and MET triggers. The red line
corresponds to the OR combination of the Legacy, MET, and SingleTau triggers. In
all cases, triggers are considered only if fired within their respective application
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Figure C.6: Signal efficiency gain with the application of new triggers for the 7,7, channel,
using 2018 (upper left), 2017 (upper right), 2016 (lower left), and 2016H (lower
right) data. The study is performed on signal event samples featuring a Spin-0
(Radion) resonance. The blue line represents the efficiency when using only the
Legacy trigger combined with the SingleTau trigger. The green line shows the
efficiency for the OR combination of the Legacy and MET triggers. The red line
corresponds to the OR combination of the Legacy, MET, and SingleTau triggers. In
all cases, triggers are considered only if fired within their respective application
regions.
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Appendix D

Di-tau Mass Reconstruction — SVFit
Algorithm

A key characteristic of the H — 77 signal is the invariant mass of the H — tF7~
candidate (m.;). Thus, its accurate reconstruction is crucial for distinguishing the
H — 7T process from many other processes, especially the irreducible background
Z — 77 plus jets (“DY+jets”).

However, due to the presence of neutrinos from tau decays in the final state, the visible
mass of the tau pair (m(TYFiS)) has limited resolution. This makes it difficult to effectively
separate the H — 77 signal from background processes, particularly Z — 77, since
the Z boson mass (mz ~ 91.2GeV) is close Higgs boson one (my ~ 125 GeV).

To improve mass reconstruction accuracy, kinematic parameters reconstructed
from visible tau decay products are combined with missing transverse energy (pis),
used to account for neutrino contributions via the SVFit algorithm, based on the
dynamic likelihood method [161]. SVfit has been previously exploited in Compact

Muon Solenoid (CMS) analyses for SM and MSSM Higgs searches [202,203], proving

the effective benefits of using mgs.(VFit)in place of m(T‘;ls).

It provides event-by-event estimates of the invariant mass of H — 777~ (m(TiVFit)).
In addition to the observed momentum, the tau decay is parametrized in the detector
coordinate system by considering the fraction of the tau energy carried by its visible
decay products (X) and the angle between the original tau direction and the visible
tau candidate direction. To fully describe the tau decay, the invariant mass of the
two-neutrino system (rm,,) is also used.

The kinematics of tau pair decay varies with the tau decay mode. For hadronic
decays, five parameters define the decay: the tau lepton’s momentum, polar and
azimuthal angles in the laboratory frame, and two decay angles in the tau rest frame.
In leptonic decays, two neutrinos are produced, introducing an additional parameter:
the invariant mass of the neutrino system (m,,), which is absent in hadronic decays.

The unknown parameters of the 7T system are constrained by three observables:
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the momentum, polar, and azimuthal angles of visible tau decay products measured in
the laboratory frame. This results in two (three) unconstrained parameters for hadronic
(leptonic) decays. An additional constraint is applied using the x and ¥ components
of missing transverse momentum, ETSS and Eymiss. The remaining unconstrained
parameters are:

¢ x: the fraction of tau lepton energy (in the lab. frame) carried by visible decay
products,

* ¢: the angle between the tau lepton momentum and the momentum of visible
decay products,

* myy: the mass of the neutrino system (for leptonic tau decays).

Given x, ¢, and m,,, the tau lepton’s energy and momentum in the laboratory
frame are fully determined [161]. The values of M; are reconstructed by combining
the measured observables ETsS and E;niss with a probability model that accounts for
tau decay kinematics and ET"*® resolution. The probability density function for the
observed missing transverse energy components, p(¥|ij, @), is expressed as:

P(MIT) = [ 6(M™ = Mec(7,7)p(R17, ), 0.1)
where ¥ = (EMss, E]r/niss), 7 = (pvis1, Pvis2) represents the observed visible momenta,

and @ = (x1, ¢1, Myy 1, X2, P2, Myy2) are the unknown kinematic parameters. The best
estimate M.+ is obtained by maximizing P(M?7).

CMS Simulation Vs = 8 TeV ne CMS Simulation Vs = 8 TeV nt,
< 0.16r s 02r
8 r —— H—ttmy =125 GeV 8 o0.18F- —— H— ttmy =125 GeV
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Figure D.1: Distributions of reconstructed m.;by the SVFit algorithm (left) and of the mass
of all visible tau decay products (right), for H — 77~ events, with mass my =
125GeV and for the irreducible Z/v* — 77 background in the pt,channel.

The global likelihood function consists of three components: two likelihood func-
tions describing the decay parameters of each tau lepton and a third quantifying the
compatibility of the tau decay hypothesis with the measured EM. This assumes
that neutrinos from tau decays are the only source of missing energy. The likelihood
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functions used for tau decay kinematics differ for leptonic and hadronic decays. The

likelihood function for leptonic decays is derived from matrix elements [204]:
mVV(m% + 2m12/1/) (m% — mlz/v)

I lep X
P 2 ’
4mz

(D.2)

within the constraints 0 < x < 1 and 0 < my, < m¢+/1 — x. For hadronic decays, a
two-body phase-space model is assumed:

1 m2.
L — |1 - s D.
had°<27_(< m%>, (D.3)
valid within m%is/ m% <x<1.
The likelihood function for EITniss is given by:
. T .
1 1 Emiss _ Emiss _
Lepin = >——oxp [ —> . Lpue| o |5 . L pux ) (D.4)
27‘(\/ |V| E]r/mss - vay Ei[/mss _ Z va

where V is the covariance matrix accounting for E%ﬁss resolution (Section 3.3.6), and
|V is the determinant of V. Differences between summed neutrino momenta (3 p,(y))
and ET"° components (E;‘E‘ys)s) could arise due to resolution effects and are included
in the probability model assuming a Gaussian resolution. Figure D.1 shows that the
di-tau lepton mass reconstructed with SVFit algorithm improves the shape separation.
Moreover, in the context of the Standard Model (SM) H — 77~ studies, the sensitivity

achieved by the CMS analysis using m(TSTVFit)increased by about 30%, compared to

performing the same analysis using m§?5> [202].

D.0.1 The SVfit algorithm in the X — HH — bb7t analy-

S1S

In this section, the H — 7717~ candidate pair distributions of the invariant visible
mass, mg‘fgs)and the invariant mass reconstructed by SVFit, mgVFit), are shown. The
distributions are presented for the et and u7, channels considering hadronic tau
selection with the DeepTau2017v2p1 discriminator. Figures D.1, D.2, D.3, and D.4 show
that SVFit significantly improves the shape separation between signal and background
distributions across all channels (et, uT, and 77). The same distributions for 7,7, chan-
nel are displayed in Fig. D.4, but in the following, the mg‘fS)VS m(TiVFit) comparisons
for 7,7, are reported considering the Deeplnu2018v2p5 version (see Appendix H).
The application of SVFit in the X — HH — bbtT analysis is further illustrated with
comparisons of m(TVTiS)and mgsTVFit)using the DeepTuu2017v2p1 and Deeplau2018v2p5
discriminators. These results confirm the enhanced discrimination power of SVFit,

reinforcing its importance in di-tau mass reconstruction for Higgs analyses.
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Appendix E

Control plots for DY-enriched region

In this chapter the binned distributions obtained in the DY-enriched region are shown.
The distributions are presented separately for the ee and puu channels. The DYCR is
defined in Section 4.8.3, considering the inclusive, Resolved 1b category (reslb) and
Resolved 2b category (res2b) categories and requiring my, € [80,100]GeV , to be close
to the Z peak. These are reported in Section ??

E.1. Resolved categories

E.2. Boosted category
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Appendix F

Control plots for tt-enriched region

In this chapter the binned distributions obtained in the tt-enriched region are shown.
The distributions are presented separately for the control channels, ee, ey and pu
(Section F.1) and for the signal channels etj,, 47, and 1,73, in Section F.2. The TTCR
is defined in Section 4.8.3, considering the inclusive and Resolved 2b category (res2b)
categories in Section F.1.1 and Section ?? for control and signal channels respectively.
The lepton pair mass cuts are shown in Tab. 4.10. The boosted category is exploited
to check the data/MC agreement with the application of the TT-like SFs for the
ParticleNet-MD discriminator thus also the boosted category distributions are shown
in Section F.1.2 and Section F.3.1 for control and signal channels respectively.

E1. Control Channels

E1.1 Resolved categories

FE1.2 Boosted category
F.2. Signal channels

E3. Resolved categories

E3.1 Boosted category
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Distribution of the visible dilepton mass and invariant mass of the two b-jets in the inclusive
and res2b categories in the TTCR, for the et;, channel.
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Distribution of the visible dilepton mass and invariant mass of the two b-jets in the inclusive
and res2b categories in the TTCR, for the u1, channel.
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Appendix G

Control plots for signal region

In this section the binned distributions obtained in the Signal Region (SR) are shown,
for lepton and b-jet observables not sensitive to the signal. The distributions are
presented separately for the e1y,, u1, and 1,7, channels. The SR is defined in Section
4.8.3, considering the inclusive, Resolved 1b category (reslb) , Resolved 2b category
(res2b) and boosted categories. The resolved categories plots are reported in Section
G.1 whereas the boosted ones are reported in Section G.1.2.

G.1. Resolved categories

G.1.1 Resolved categories
G.1.2 Boosted category
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Appendix H

The DeepTau2018v2p5 algorithm

This appendix describes the updated version of the DeepTau algorithm, DeepTau2018v2p5
and compares the preformances with its predecessor, DeepTnu2017v2p1. At the end, the
data/Monte Carlo (MC) distributions obtained in the context of the search presented in
this thesis, using DeepTuu2018v2p5 for tau selection, identification and discrimination
against jets, muons and electrons, are shown.

H.1. From DeepTau2017v2p1 to DeepTau2018v2p5

The hadronic tau reconstruction has been introduced in Section 3.3.5, highlighting the
importance of identifying genuine 7;, and distinguishing them from jets, electrons, and
muons for precision measurements and new physics searches, as well as the challenges
it presents. Compact Muon Solenoid (CMS) employs the DeepTau algorithm (described
in Section 3.3.5) for hadronic tau identification.
The first deployed version, used in CMS Run 2 analyses, was DeepTau2017v2p1. It
was trained exclusively on MC simulated events. Although MC simulations generally
provide a good representation of real collision data, some input features are not
perfectly modeled, leading to discrepancies between data and MC.
These discrepancies are particularly significant at high DeepTau VSjet discriminator
scores, where the genuine T, purity is highest.
Previously, these mismodeling effects were mitigated using Scale Factor (SF) extracted
from dedicated calibration measurements, fitting simulations to data. However, this
approach introduces larger uncertainties and prevents the raw DeepTau score from
being reliably used in analyses. Additionally, training DeepTau2017v2p1 entirely on
MC events may result in suboptimal classification performance due to the presence of
these discrepancies during training.

DeepTau2018v2p5 [205] is an enhanced version, built upon DeepTau2017v2p1 and
designed for CMS analyses with Run 3 data. The major improvement is the integration
of adversarial machine learning techniques to mitigate mismodeling effects directly at
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the training stage, reducing discrepancies and improving agreement between data and
simulation and thus improving tau identification and making the raw DeepTau score a
more reliable input for analyses. .

A domain classification subnetwork was implemented alongside the main tau classifi-
cation network. This subnetwork attempts to distinguish MC events from data, forcing
the primary network to use only features that generalize well across both domains.
Unlike simply removing mismodeled variables, this approach retains discriminative
power while minimizing domain-specific artifacts. Similar adversarial techniques have
been successfully applied in previous CMS analyses [206].

The main features of DeepTau2018v2p5 are:

* The training dataset includes both MC and real collision data.

¢ Improved data handling through feature standardization and data balancing
across different kinematic regions.

¢ Hyperparameter optimization for better classification performance.

¢ Adversarial machine learning techniques to reduce data-MC mismodeling effects.

¢ Inclusion of additional high-energy tau samples to enhance performance at high
pPT-

* More precise reconstruction of hadronic tau decays using information from
multiple sub-detectors within CMS.

Domain adaptation is a technique that encourages a model to learn features that
are useful for classification but invariant to the differences between data and MC. In
DeepTau v2.5, this is implemented using adversarial machine learning, where two
competing subnetworks are trained simultaneously:

* A primary classifier that distinguishes between tau types (73, electrons, muons,
and jets).

* A secondary discriminator that attempts to distinguish between MC and real
collision data.

In the context of DeepTuu2018v2p5 developement, the goal is to maximize tau classifica-
tion performance while minimizing the ability to differentiate between data and MC.
This forces the classifier to rely on features that are robust across both domains. The
advantages of this approach include:

¢ Reduced mismodeling effects at the training level, rather than correcting them
post-hoc with scale factors.

* Smaller uncertainties in tau identification, improving sensitivity in analyses.

¢ Potential for using the raw DeepTau VSjet score directly in analyses, without
needing additional corrections.

¢ The ability to maintain high tau identification efficiency while reducing misiden-
tifications from jets, electrons, and muons.

The algorithm utilizes a comprehensive set of input variables:

¢ 42 high-level variables sensitive to tau kinematics, isolation, and lifetime charac-
teristics.
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¢ Detailed information from particle flow candidates, electrons, and muons within
the tau isolation cone, encompassing 7 to 37 variables per candidate type.

¢ Candidates within the tau signal (AR < 0.1) and isolation (AR < 0.5) cones are
organized into 1 X ¢ grids, facilitating efficient processing by the CNN.

The network architecture includes the pre-processing of high-level variables and
input cells through fully connected dense layers, the application of 2D convolutional
layers to the processed cell data, extracting relevant features and finally it combines
the processed features and additional dense layers to estimate the probabilities of a tau
candidate being an electron, muon, quark or gluon jet, or a hadronic tau.

The final DeepTau2018v2p5 model significantly improved agreement between data
and MC, reducing discrepancies in the DeepTau discriminator score against jets from
13.3% to 0.80% in regions with high hadronic tau purity (>96%). However, domain
adaptation significantly reduces discrepancies, it does not solve the fundamental issue
of MC mismodeling, and in particular a slight degradation was observed in discrimina-
tion against electrons and muons. In any case, DeepTuu2018v2p5 outperforms above its
predecessor in interesting kinematic regions for CMS benchmark analyses. A compre-
hensive description of DeepTnu2018v2p5 performances compared to DeepTau2017v2p1
is reported in Refs. [205,207].

Although DeepTau2018v2p5 has been deployed for use during the Run 3 data-taking
period, testing it on Run 2 data is crucial to ensure backward compatibility, vali-
date performance improvements in well-understood datasets, and facilitate seamless
integration into combined Run 2 and early Run 3 analyses.

H.2. DeepTau2018v2p5 in the X — HH — bbtt
search

In this section the binned distributions obtained in the Signal Region (SR) are shown,
for lepton and b-jet observables not sensitive to the signal. The distributions are
presented for the and 7,7, channels. The SR is defined in Section 4.8.3, considering

the inclusive, Resolved 1b category (reslb), Resolved 2b category (res2b) and boosted
categories.

H.2.1 Resolved categories
H.2.2 Boosted category
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Acronyms

AK Anti-kr.
ATLAS A Toroidal LHC ApparatuS.
AUC Area Under the ROC Curve.

BDT Boosted Decision Tree.
BEH Brout-Englert-Higgs.
BPIX Pixel Barrel.

BR Branching Ratio.

BS Beam Spot.

BSM Beyond Standard Model.
BTV B-Tagging and Vertexing.
BX Bunch Crossing.

CERN Conseil Eurpoeen pour Ila
Recherche Nucleare / European
Center for the Nuclear Research.

CHS Charged Hadron Subtraction.

CKM Cabibbo-Kobayashi-Maskawa.

CL Confidence Level.

CMS Compact Muon Solenoid.

CNN Convolutional Neural Network.

CR Control Region.

CSC Cathode Strip Chamber.

CTF Combinatorial Track Finder.

DAQ Data Acquisition system.
DM Decay Mode.

DNN Deep Neural Network.
DT Dirift Tube Chamber.

DY Drell Yan.

DYCR Drell Yan Control Region.
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EB ECAL Barrel.

ECAL Electromagnetic Calorimeter.

EE ECAL Endcap.

EFT Effective Field Theory.

ES ECAL preshower.

EVF Event Filter Farm.

EWSB Electroweak symmetry breaking.

FPIX Pixel Forward.
FPR False Positive Rate.

GEM Gas Electron Multiplier.
ggF Gluon-gluon Fusion.
GNN Graph Neural Network.
GSF Gaussian Sum Filter.

HB HCAL Barrel.

HCAL Hadronic Calorimeter.

HE HCAL Endcap.

HEP experimental High Energy Physics.
HF Hadron Forward.

HH Higgs bosons pair.

HL-LHC HiLumi-LHC.

HLT High Level Trigger.

HO Hadron Outer.

HPS Hadron-Plus-Strips.

ID Identification.
IP Interaction Point.
Iso Isolated.

Iso Isolation.



Acronyms

JEC Jet Energy Corrections.
JER Jet Energy Resolution.
JES Jet Energy Scale.

JME Jet and MEt.

KF Kalman Filter.
KK Kaluza Klein.

L1 Level 1.

L1T Level 1 Trigger.

LEP Large Electron Positron Collider.
LHC Large Hadron Collider.

LO Leading Order.

MC Monte Carlo.

ME Matrix Element.

MET Missing Transverse Energy.

ML Machine Learning.

MLE Maximum Likelihood Estimator.

MSSM Minimal Supersymmetric Stan-
dard Model.

MVA Multi Variate Analysis.

NLL Negative Log-Likelihood.

NLO Next to Leading Order.

NN Neural Network.

NNLO Next-to-Next Leading Order.
Non-Iso Not Isolated.

NP Nuisance Parameter.

OS Opposite Sign.

pr transverse momentum component.

pz longitudinal momentum component.

PF Particle Flow.

PMNS  Pontecorvo-Maki-Nakagawa-
Sakata.

POG Physics Object Group.

pp proton-proton.
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PU pile-up.
PUPPI PileUp Per Particle Identification.
PV Primary Vertex.

QCD Quantum Chromodynamics.
QED Quantum Electrodynamics.
QFT Quantum Field Theory.

reslb Resolved 1b category.

res2b Resolved 2b category.

ROC Receiver Operating Characteristic.
RPC Resistive Plate Chamber.

SC SuperCluster.

SF Scale Factor.

SM Standard Model.

SR Signal Region.

SS Same Sign.

SSB Spontaneous symmetry breaking.
SUSY Super symmetry.

TEC Tracker Endcap.

TES 715, Energy Scale.

TIB Tracker Inner Barrel.
TID Tracker Innter Disks.
TnP Tag and Probe.

TOB Tracker Outer Barrel.
TP Trigger Primitive.

TPR True Positive Rate.
TTCR tt Control Region.

VBF Vector Boson Fusion.
VdM Van der Meer.
VEV Vacuum Expectation Value.

WED Warped Extra Dimensions theory.
WP Working Point.

XSDB CMS Cross Section DataBase.
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