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Summary

Using the data collected at the LHC, a great precision has been achieved in measuring many properties of
the Higgs boson, including the production cross section and its couplings to particles. However, its role in
electroweak symmetry breaking and the origin of the mass of fundamental particles has not yet been fully
validated through a direct test of the Higgs potential. The measurements of Higgs bosons pair production
provide direct access to the Higgs self-coupling �, describing the shape of the Higgs potential, and there-
fore represent a crucial test of the Standard Model (SM). The SM HH production is a very rare process,
currently under investigation at the LHC but not yet observed. The upcoming high-luminosity phase of
the LHC (HL-LHC) is expected to deliver a dataset large enough to enable its observation, thereby allow-
ing precise tests of the SM predictions for its value and potentially opening new avenues for BSM physics.

This thesis focuses on a dual approach to increase the sensitivity of searches for HH in the CMS
experiment. On one side, it is dedicated to contributing to the searches of such processes using current
LHC data collected at the CMS. On the other side, it addresses the development and characterization of a
detector capable of precisely measuring the production time of particles. This precise timing information
will, for the first time, be integrated into event reconstruction, enabling the mitigation of pile-up effects
and improving the reconstruction of complex final states in the high-vertex-density environment expected
at the HL-LHC.

In the search for HH production using CMS data, this thesis focuses on the final state consisting
of two b-quarks and two ⌧ -leptons. This channel is among the most sensitive ones, offering an optimal
balance between a relatively high branching fraction and reduced background contamination. My work
focuses on the study of H ! bb events where the Higgs boson is produced with a significant Lorentz boost,
referred to as the boosted topology. The study of the boosted topology and its impact on the overall
sensitivity was first conducted on Run 2 data within the context of the search for resonant production
of HH ! bb⌧⌧ . Expected upper limits at 95% CL on the production cross section for resonant HH
are determined for two spin hypotheses of resonances produced via gluon fusion, covering a mass range
from 250 GeV to 3 TeV. The boosted category provides the largest sensitivity for resonance masses above
1.5 TeV, demonstrating the benefit of including the boosted phase space. During the development of the
non-resonant HH search in the same final state, using the first Run 3 data (2022–2023) corresponding
to an integrated luminosity of 62.4 fb�1, the boosted category was fully optimized and integrated into
the analysis. The expected upper limit at 95% CL on non-resonant HH production is found to be 5.7
times the SM prediction. This corresponds approximately to the same sensitivity achieved in the same
analysis using Run 2 data (corresponding to 138 fb�1), despite using only about half of the integrated
luminosity. This improvement can be attributed to several significant updates introduced with Run 3,
such as new trigger strategies and advanced tagging algorithms. In particular, for the boosted category,
the improvement with respect to Run 2, when normalized to the same integrated luminosity, amounts to
approximately 15% in sensitivity. The Higgs self-coupling modifier derived from this study is constrained
to the range [�3.75, 10.5] at 95% CL, while the HHV V coupling modifier is constrained to [�0.75, 2.95],
both results being consistent with those obtained in Run 2.

Despite the advances achieved in increasing the sensitivity of di-Higgs searches across LHC Runs, the
observation of this process remains elusive, requiring larger statistics to probe such a rare phenomenon.
Current projections for the HL-LHC indicate that an observation could be achieved thanks to a tenfold
increase in integrated luminosity. However, delivering this amount of data comes at the cost of a very
challenging data-taking environment: detectors will need to withstand extreme radiation doses, and event
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SUMMARY

reconstruction will have to identify interesting hard-scattering events among a very high density of spuri-
ous interactions, i.e. pileup events. To mitigate the pileup-induced degradation in vertex reconstruction
quality, which in turns affects the quality of reconstructed physics objects, a completely new concept
will be introduced into the reconstruction process: the time dimension. Among the various benefits, the
inclusion of precise timing information is expected to improve the significance of HH analyses by an
amount equivalent to approximately two to three additional years of data-taking. Achieving this impact
on analyses requires extremely demanding detector performance. To profit of timing information, the
detector must provide time measurements with an accuracy of 30-60 ps during operation. The MIP Tim-
ing Detector (MTD) has been designed to meet this performance target in both the barrel and endcap
regions of CMS, employing different technologies in the two subsystems.

This thesis presents the R&D studies that led to the definition of the final design of the barrel part
of the MTD, the Barrel Timing Layer (BTL). It includes a detailed and systematic investigation of the
factors affecting the overall time resolution, as well as the development of procedures for large-scale pro-
duction, quality control and quality assurance. Covering a pseudorapidity range up to 1.48 and designed
to withstand up to a 1 MeV equivalent neutron fluence of 2 ⇥ 1014 n/cm2, the BTL is equipped with
sensor modules composed of 16 LYSO:Ce crystal bars, each coupled at both ends to silicon photomulti-
pliers (SiPMs). Radiation exposure is expected to increase the SiPM dark count rate up to 20 GHz by
the end of HL-LHC operations, degrading the sensor response and introducing an additional time jitter
of 35 ps. Several mitigation strategies were implemented, including optimized thermal management that
enables SiPM operation at -45oC, significantly suppressing dark counts, while allowing controlled heating
up to 60oC during technical stops for local in-situ annealing, partially recovering degraded performance.
The focus of this thesis was on studies aimed at enhancing the signal amplitude, a crucial parameter
affecting all contributions to the total time resolution. Specifically, this was achieved by investigating
SiPMs with different cell size dimensions and sensor modules of varying thickness. These characterization
studies were validated under near-final conditions using test beam data. Results from several test beam
campaigns are presented, characterizing sensor modules with different thicknesses and SiPM cell sizes.
This comparative phase of measurements enabled the development of a detailed model describing all
factors affecting performance at both the beginning and end of operation. Such studies guided the final
choice of SiPMs with a 25 µm cell size and sensor modules with a thickness of 3.75 mm. Furthermore,
studies on modules irradiated to different levels and operated at different temperatures showed that the
gradual performance degradation with fluence arises from the combined effect of increasing DCR and a
radiation-induced drop in signal amplitude, with only the former being partially mitigated by cooling or
annealing.
Sensor modules built to final specifications demonstrated a time resolution of 25 ps for non-irradiated
modules and 55 ps for irradiated modules, representing beginning and end of BTL operation conditions
at HL-LHC, respectively, with uniform response across the full active area. Dedicated studies of particle
impact angles confirmed that the time resolution scales consistently with deposited energy, evaluating
timing performance throughout the detector acceptance. The developed and validated model of each
contribution allows verification of the main factors defining time performance over the detector lifetime,
showing that, at the end of operation, performance is dominated by photo-statistics fluctuations, while
electronic noise and DCR contributions have been significantly reduced through the implemented opti-
mizations.

This extensive R&D effort confirmed the target performance and marked the start of the production
phase. Procedures for assembly and QA/QC of BTL components were defined to ensure uniformity and
reproducibility across the four assembly centers currently producing the detector components. These pro-
cedures, largely based on the experience gained during the characterization studies, have so far achieved
a sensor module production yield of 95%. Approximately 25% of the BTL detector segments have been
produced, with full integration expected by the end of 2026.
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Chapter 1

The Higgs boson in the Standard
Model and the investigation of its
self coupling

The investigation of nature has ancient roots in humankind. Strongly driven by the philosophical and
mathematical knowledge of each era, humanity has always tried to understand the reason behind inter-
actions and the nature of matter itself. The current theoretical framework capable of describing three
of the four known fundamental forces acting on matter is the Standard Model (SM), initially formulated
about forty years ago. It predicts the existence of six quarks, three charged leptons and three neutrinos,
as well as three interactions mediated by gauge bosons: electromagnetism, the strong force, and the weak
force, while gravity is not yet included.

In 2012, the last missing piece of this theory was confirmed with the discovery of the Higgs boson,
the particle responsible for the origin of mass of the fundamental constituents. Over the years, increas-
ingly precise measurements have been performed at the LHC, thanks to its unprecedented energy and
luminosity as a particle collider. All experimental tests of the Standard Model, including those involving
the Higgs sector, have so far confirmed its predictions. At present, the properties of the Higgs boson,
such as its interactions with other particles and the strength of these couplings, have been measured with
remarkable precision. However, among all its properties, the self-interaction of the Higgs boson remains
unobserved, as it corresponds to an extremely rare process. This measurement is of crucial importance,
as it provides direct access to the Higgs boson’s self-coupling and thus to the shape of the Higgs potential,
offering fundamental insights into the mechanism of spontaneous symmetry breaking responsible for the
generation of particle masses.

In this chapter, a historical overview of the developments leading to the formulation of the Standard
Model is presented in Section 1.1.1, followed by a brief description of the Standard Model and the
mechanism of spontaneous symmetry breaking in Section 1.1.2. A review of the main experimental
results concerning the properties of the Higgs boson is reported in Section 1.2, with a particular focus
on production and coupling measurements. The production of Higgs boson pairs at the LHC is then
discussed, describing the main production mechanisms and summarizing the current results obtained by
the ATLAS and CMS experiments, including their most recent combinations. Higgs boson pair production
also provides opportunities to search for new physics, for instance through resonant production, where a
new particle predicted by Beyond the Standard Model (BSM) theories may decay into two Higgs bosons,
as shortly presented in Section 1.2.3. Finally, an outlook on future prospects and projections for Higgs
measurements, including the self-coupling measurement, at ATLAS and CMS during the High-Luminosity
LHC phase is reported in Section 1.3, highlighting the expected performance and improvements.
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Chapter 1: The Higgs boson in the Standard Model and the investigation of its self coupling

1.1 The theoretical framework of particle physics

1.1.1 Historical perspective

Studying the history of science allows us to see scientific progress as part of humanity’s broader quest to
understand itself and the world [1]. Advances in science have historically arisen both from the search for
answers to existing questions and from the ability to formulate better ones, with discoveries often shaped
by their social and historical contexts. In particular, in the field of physics, humankind has, since the very
beginning, tried to explain and understand the world around us through the laws of nature. Simplifying
somewhat, the description of nature in physics is based on the study of forces. Historically, electricity,
magnetism, and gravitation were the first forces to be investigated, each to varying degrees of depth.
Efforts to describe these different forces were made in various ways, constrained by the mathematical
knowledge available at the time. Even today, a fully unified theory that encompasses all forces remains
beyond our reach. At present, we describe interactions in terms of four fundamental forces, and the
framework of particle physics successfully unifies three of them: the electromagnetic, strong, and weak
interactions. Gravitation, however, is described separately by other theories, and a comprehensive unified
framework is still lacking. The particle physics model on which we currently rely, the Standard Model,
was formulated in the 1970s, following a long intellectual journey that began with the earliest studies of
electricity and magnetism.

The ancients already knew of magnets and used them as compasses, while static electricity was ob-
served and considered analogous to magnetism. It was in the sixteenth century that William Gilbert
systematically studied magnetism, and by the late eighteenth century, Coulomb started investigating
electricity and discovered that electrical attraction follows an inverse-square law, similar to Newton’s
law of gravitation. Around the same time, Benjamin Franklin proposed the existence of two types of
electric charge to explain attraction and repulsion. Studies on the Leyden jar, reminiscent of lightning,
eventually led to the invention of the lightning rod. In 1800, Volta invented the battery, producing
electricity from copper and zinc in salt water, thereby opening the way to electrodynamics. Shortly af-
terwards, electrolysis was discovered, and its reverse process, electric currents driving chemical reactions,
gave rise to electrochemistry and the discovery of new elements. In 1819, Ørsted observed that a current-
carrying wire deflects a compass needle, revealing electromagnetism. The following year, Ampère showed
that currents in wires attract or repel each other, establishing the first connection between electricity
and magnetism. In 1831, Faraday discovered electromagnetic induction, demonstrating that a changing
magnetic field produces electric currents. These discoveries were unified mathematically in the 1860s
by Maxwell, who formulated Maxwell’s equations and predicted that light is an electromagnetic wave.
Meanwhile, studies of light and optics progressed in parallel. Newton described light as particles, while
Hooke and Huygens proposed a wave theory. In 1801, Thomas Young demonstrated interference effects,
confirming the wave nature of light. Faraday later discovered that magnetic fields can alter light polar-
ization (the Faraday effect), inspiring Maxwell to link electricity, magnetism, and light. By the end of the
century, Hertz (1887) had produced radio waves, and Röntgen (1895) had discovered X-rays, extending
the electromagnetic spectrum. At the turn of the century, Planck (1900) introduced the quantization
of energy to explain black-body radiation. Einstein (1905) applied this concept to light, showing that
it consists of photons, capable of ejecting electrons from metals (the photoelectric effect). In the same
year, his explanation of Brownian motion provided strong evidence for the reality of atoms. Studies of
cathode rays in the late 19th century led J. J. Thomson (1897) to identify electrons as negatively charged
particles. In 1923, Louis de Broglie proposed that electrons also have wave-like properties, an idea later
confirmed by electron diffraction and double-slit experiments. These developments laid the groundwork
for quantum mechanics and, eventually, quantum electrodynamics.

Building on his earlier work, Einstein developed the special theory of relativity (1905) and general
relativity (1915). The fusion of relativity with quantum mechanics later gave rise to quantum field theory
(QFT), the standard framework for describing matter and interactions. While Newton’s law of gravita-
tion was the first classical “field theory”, the concept of fields was formally introduced by Faraday. By
the late 19th century, however, classical theories could no longer explain black-body radiation. Planck’s
quantization (1900) and Bohr’s atomic model (1913) marked the beginning of a new framework in which
electrons occupy discrete energy levels and emit photons when transitioning between them. Between
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1.1 The theoretical framework of particle physics

1925 and 1927, Heisenberg, Schrödinger, Born, Dirac, Pauli, and Jordan developed a coherent quantum
theory, showing that both particles and fields must be described quantum mechanically. Quantizing the
electromagnetic field revealed that each mode carries discrete quanta of energy, the photons. By the
late 1920s, it became clear that particles themselves could be viewed as quanta of their respective fields,
establishing the foundation of QFT. This framework implied that matter could be created from fields
given sufficient energy. In 1930, Pauli postulated the neutrino to account for missing energy in beta
decay, and Fermi (1932) developed the first quantitative theory of this process. In the same year, Chad-
wick discovered the neutron, confirming that nuclei consist of protons and neutrons. Dirac’s relativistic
wave equation (1928) predicted the existence of antiparticles, experimentally confirmed by Anderson in
1932 with the discovery of the positron. QFT naturally incorporates the creation and annihilation of
particle–antiparticle pairs. Interactions can be described as exchanges of virtual particles, with the range
of a force inversely related to the mediator mass: massless photons mediate electromagnetism, while
Yukawa (1935) proposed massive pions to account for the finite range of nuclear forces (now known to be
mediated by gluons). The formulated theory seemed to provide a satisfactory explanation of what was
observed so far, but challenges soon appeared. In 1930, Oppenheimer showed that an electron interacting
with its own field leads to infinite energy corrections. Similar divergences arose in related problems.
The solution came through renormalization: the observed mass and charge are understood as the sum of
“bare” parameters and divergent self-interaction terms that cancel, leaving finite, measurable quantities.
Weisskopf (1936) suggested this approach, later developed by Feynman, Schwinger, and Tomonaga, who
formulated QED using Feynman diagrams to calculate interaction probabilities consistent with relativity
and particle–antiparticle symmetry [2].

QED achieved remarkable precision by the 1940s. However, Fermi’s original weak interaction theory
was non-renormalizable, and the strong interaction’s coupling constant prevented perturbative methods.
A deeper reformulation was required. Yang and Mills (1954) [3] introduced gauge theories for the weak
and strong interactions, mediated by vector bosons (weak) and gluons (strong). Gauge interactions are
based on symmetries, remaining invariant under local spacetime transformations. A major obstacle,
however, was that gauge symmetry does not allow gauge bosons to have mass and if they were massless,
they should already have been detected. Introducing mass by hand destroyed the rationale of a gauge
theory [4]. Physicists later turned to the idea of spontaneously broken symmetry to explain masses,
where symmetries of the Lagrangian are not symmetries of the vacuum. In 1961, Goldstone proved that
for every spontaneously broken symmetry there must exist a massless spinless particle. In 1964, Higgs
showed how this reasoning could apply to gauge symmetry: the later identified as Goldstone boson is
reinterpreted as the helicity zero component of a gauge boson, which thereby acquires mass. Indepen-
dently, Englert and Brout discovered the same mechanism [5, 6, 7, 8, 9].

In the 1950s, Goldberger and Treiman demonstrated correlations between pion decay and strong and
weak coupling constants. This led to the idea of a conserved axial-vector current. Developments in spon-
taneous symmetry breaking and symmetry groups then provided a more coherent theoretical framework.
A broken SU(2)⇥SU(2) symmetry, consisting of isotopic spin and chiral isotopic spin transformations act-
ing oppositely on left and right-handed nucleon fields, implied an exact symmetry that is spontaneously
broken. This allowed precise predictions for low-energy interactions of the massless Goldstone bosons,
which in this case are the pions. This reasoning culminated in 1967, when Weinberg, Salam, and Glashow
independently formulated the electroweak theory. They all arrived at the same SU(2)⇥U(1) group struc-
ture, an exact but spontaneously broken gauge symmetry. Its spontaneous breaking gives mass not only
to the intermediate vector bosons of the weak interaction but also to the leptons. The theory enabled
precise calculations of the W and Z boson masses and their couplings, with a single unknown: the weak
mixing angle ✓W . The predicted masses were large enough to explain why these bosons had not yet been
observed. The electroweak theory also predicts three gauge bosons associated with spontaneously broken
symmetries. These bosons are “eaten” by the Higgs mechanism, leaving only one observable massive
neutral scalar particle. This particle had predicted couplings, although its mass remained unknown for
fifty years. Renormalization of the electroweak theory was provided by Veltman and ’t Hooft in 1971
via path integration. They defined gauges in which spontaneously broken non-Abelian gauge theories
have a finite number of divergences to all orders of perturbation. Later work showed that the number of
divergences matches the number of parameters in the original theory. This allows all infinities to be ab-
sorbed by parameter redefinitions. Renormalizability is important not only for removing divergences, but
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Chapter 1: The Higgs boson in the Standard Model and the investigation of its self coupling

also for describing weak and electromagnetic interactions at energies much higher than the characteristic
mass used as the expansion parameter, i.e. the W boson mass. Eventually, the first experimental confir-
mation of the electroweak theory came in 1973 with the observation of neutral currents at CERN [10, 11].

After the success of Yang-Mills theory, Gross and Wilczek independently discovered the property of
asymptotic freedom in non-Abelian gauge theories. At very high energies, or equivalently at short dis-
tances, the strength of the force decreases. At that time, it was already known [12, 13, 14] that quarks
come in three colors, which led to the consideration of an SU(3) gauge group for strong interactions.
Initially, gluons were thought to acquire mass via spontaneous symmetry breaking, similar to the elec-
troweak theory. Later, it was found that they are massless. However, gluons are not observed freely due
to the infrared properties of non-Abelian gauge theories, which imply that color is confined. Colored
particles, the quarks, are therefore confined and can only exist in bound, color-neutral states. Another
unresolved issue was strangeness non-conservation in weak interactions: charge exchange in semileptonic
interactions violated strangeness conservation. This problem was solved in 1970 by Glashow, Iliopoulos,
and Maiani, who showed that the violation disappears with the addition of two quark doublets. This
implied a fourth quark, called the charm quark. The charm-anticharm bound state was observed in
1974 [15, 16], confirming both the existence of the fourth quark and the reality of quarks. The final
piece to complete the Standard Model was the hypothesis of a third generation of quarks. This intro-
duced a new mechanism for CP violation through the complex phase in the Cabibbo-Kobayashi-Maskawa
(CKM) matrix, which manifests in semileptonic weak interactions. Further confirmation of the theory
came in 1983 with the discovery of the W and Z vector bosons, along with precise measurements of their
masses [17, 18]. After that, the search for the Higgs boson became one of the main goals of particle
physics and an important motivation for the construction of the CERN Large Hadron Collider (LHC).
Its observation required overcoming many challenges due to its large mass, which was beyond the reach of
previous electron-positron colliders such as the Large Electron Positron (LEP) collider, as well as its low
production cross section and relatively complex decay channels, which made detection difficult even at
earlier hadron colliders such as the Tevatron. Finally, in July 2012, the ATLAS and CMS collaborations
at the CERN LHC announced the observation of a new particle with a mass of about 125 GeV, consistent
with the Higgs boson predicted by the Standard Model. This discovery further validated the theory and
marked a milestone in our understanding of fundamental physics.

1.1.2 The building blocks

The finalization of the electroweak theory, formulated in 1974, is now known as the Standard Model
and has proven remarkably accurate in predicting particle physics phenomena. Its complete formulation
arises from a long series of observations and experiments, which have been interpreted and coherently
expressed within a mathematical framework. This framework is currently capable of describing funda-
mental particles and the interactions between them, with the exception of gravity, which remains outside
the scope of the theory. Many textbooks and review articles on the Standard Model are available in the
literature (e.g. Refs. [19, 20, 21]). The goal of this section is to provide a brief overview of the theory
without attempting a comprehensive description.

The Standard Model, as thus formulated, is a quantum field theory [22] describing fundamental
particles and their interactions under three of the four fundamental forces: the electromagnetic, weak,
and strong interactions. These forces exhibit specific characteristics that can be expressed as local gauge
symmetries. More specifically, the SM is based on local gauge invariance under the symmetry group [23],
expressed in Equation 1.1, where C denotes color, L the weak isospin, and Y the hypercharge:

GSM = SU(3)C ⇥ SU(2)L ⇥ U(1)Y . (1.1)

The requirement of local gauge invariance introduces one gauge field for each generator of the group:
eight gluon fields G1...8

µ associated with SU(3)C , three weak fields W 1,2,3
µ associated with SU(2)L, and

a single hypercharge field Bµ associated with U(1)Y . These fields correspond to the mediators of the
strong and electroweak interactions, which after spontaneous symmetry breaking give rise to the physical
gauge bosons, the gluons, the photon, and the massive W± and Z0 bosons.
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The particles that experience these forces are fermions, which have spin 1/2. Matter is composed
of quarks and leptons, which are experimentally observed to be organized into three generations, or
families, differing in mass. Each generation contains a doublet of quarks and a doublet of leptons, with
each particle accompanied by a corresponding antiparticle. In total, there are six leptons: the electron,
muon, and tau, each with its associated neutrino, and six quarks: up, down, strange, charm, bottom,
and top. Each fermion has left- and right-handed components. The weak force has been experimentally
observed [24] to interact only with the left-handed components, while the electromagnetic and strong
forces act on both chiralities. In the Standard Model, left-handed components form weak-isospin doublets
under SU(2)L, whereas right-handed components are weak-isospin singlets. Each particle belongs to a
specific representation of the gauge group, which determines how it interacts with the various forces.
Quarks are particles with a color charge and are subjected to all three forces. Quarks exist only as
bound states with other quarks and antiquarks, collectively known as hadrons, due to QCD confinement,
which prevents direct observation of color charges under the temperature and energy density conditions
of ordinary matter. However, accelerating and colliding particles can create extreme conditions in which
hadronization becomes accessible, i.e. enabling the transition of a system of quarks and gluons into
color-neutral composite particles, known as hadrons. A schematic representation of the particles and
their interactions is shown in Figure 1.1.

Figure 1.1: Schematic overview of the Standard Model particles, including quarks leptons, gauge bosons
and the Higgs boson [25].

The interactions of these particles within the theory can be expressed via the Standard Model La-
grangian in Equation 1.3:

LSM = LYM + Lferm + LH + LYuk (1.2)

= �1

4
Fµ⌫F

µ⌫ + i ̄ /D + |Dµ�|
2 � V (�) +  iyij j� + h.c. (1.3)

where LYM describes the free propagation and self-interactions of the gauge bosons, and Lferm represents
the fermion part, both terms are considered without mass terms to preserve gauge invariance. However,
since these particles are experimentally observed to have mass, an extension of the theory is required.
This is achieved through electroweak spontaneous symmetry breaking, which generates masses for the
fermions and the weak gauge bosons while preserving the gauge invariance of the theory and it adds the
LH and LYuk terms to the SM lagrangian.

The introduction of electroweak symmetry breaking (EWSB) in the gauge sector represented a histor-
ical milestone in the development of the Standard Model and was experimentally confirmed in 2012 with
the observation of the Higgs boson at the LHC. The idea explaining mass generation via the Higgs boson,
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and involving EWSB, is known as the Brout–Englert–Higgs (BEH) mechanism. Without this mechanism,
the theory would predict massless gauge bosons. To provide mass to the W+, W�, and Z0 bosons while
leaving the photon massless, a complex scalar doublet field is introduced, as in Equation 1.4:

Φ =

✓

�+

�0

◆

, (1.4)

Within the Higgs term LH of the Standard Model Lagrangian, the self-interaction of the scalar field can
be expressed through the potential in Equation 1.5:

V (Φ) = �µ2(Φ†
Φ) + �(Φ†

Φ)2, (1.5)

where the potential has a ground state corresponding to the vacuum state v, and it must be positive and
real (� > 0). The shape of the potential can either be a simple parabola (if (�µ2) > 0) or a “Mexican
hat” (if (�µ2) < 0), illustrated in Figure 1.2. In the first case, the unique minimum at Φ = 0 preserves
the symmetry of the Lagrangian. In the second case, there is no unique ground state, but rather a set of
degenerate vacuum states lying on a circle in the complex plane. Choosing one of these vacuum states
spontaneously breaks the symmetry of the Lagrangian: applying a symmetry transformation to any of
the vacuum states produces a physically distinct configuration.

Figure 1.2: The illustration depicts the Higgs potential in the case where (�µ2) < 0, giving it the
characteristic “Mexican hat” shape. The blue ball represents the Universe status. When it was located
at the center of the potential, along the imaginary axis, all particles were massless. However, this
configuration corresponded to a high-energy state. As the Universe expanded and cooled, it dropped into
the trough of the potential, a process that endowed particles with inertia and, consequently, mass [26].

Requiring the vacuum expectation value to be electrically neutral forces the upper component of the
field to vanish, leading to the vacuum configuration shown in Equation 1.6. This spontaneous symmetry
breaking reduces the Standard Model gauge symmetry SU(3)C ⇥ SU(2)L ⇥U(1)Y to SU(3)C ⇥U(1)em.

Φ0 =
1p
2

✓

0
v

◆

, v =

r

µ2

�
. (1.6)

This breaking implies the existence of three massless Goldstone bosons, which correspond to three of the
four degrees of freedom of the Higgs field. These massless modes become the longitudinal components of
the physical W± and Z gauge bosons, providing them with masses given in Equation 1.7, where g and
g0 are the SU(2) and U(1) gauge couplings, and ✓W is the weak mixing angle (Weinberg angle).

mW =
1

2
gv mZ =

1

2

p

g2 + g02 v =
mW

cos ✓W
(1.7)

The gauge symmetries that remain unbroken correspond to massless gauge fields. In particular, the
U(1)em and SU(3)C symmetries remain conserved, so the photon and the gluons remain massless. There-
fore, among the four degrees of freedom introduced with the scalar field, three are absorbed by the W+,
W�, and Z bosons, while the fourth corresponds to the physical Higgs boson. The Higgs is electrically
neutral and transforms as a singlet under QCD, meaning that it does not couple directly to photons or
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gluons at tree level.

Fermions also acquire mass in the Standard Model through gauge-invariant Yukawa interactions with
the Higgs field. These terms, represented by the LYuk contribution to the Lagrangian, generate fermion
masses after electroweak symmetry breaking:

mfi =
yfivp

2
, (1.8)

where yfi is the Yukawa coupling of the fermion fi, and i = 1, 2, 3 labels the three generations. However,
the observed hierarchy of Yukawa couplings is not explained by EWSB, leaving the wide range of fermion
masses an open question.

After EWSB, the Higgs potential can be expressed as in Equation 1.9, in which the Higgs acquires
trilinear and quadrilinear self-interactions:

V (H) =
1

2
m2

HH2 + �vH3 +
�

4
H4 (1.9)

both proportional to the Higgs self-coupling constant � (or trilinear coupling, i.e. the interaction of three
Higgs bosons), which is related to the vacuum expectation value and the Higgs mass via Equation 1.10:

mH =
p
2� v. (1.10)

The Higgs mass has been measured at the LHC to be approximately 125 GeV, while the vacuum
expectation value is determined from electroweak measurements to be v ⇡ 246 GeV. This corresponds to
a value of � ⇡ 0.13, with any deviation from this value indicating a modification of the Higgs potential.
The trilinear coupling represents the lowest-order self-interaction and provides the most direct probe
of the Higgs potential. This can be studied via Higgs boson pair production, however, this process is
extremely rare, with a cross-section roughly 1000 times smaller than that of single Higgs production,
making its observation at the current LHC challenging. Current LHC analyses are probing this process
and setting upper limits on its rate, but no observation has yet been made, while the upcoming HL-LHC
dataset, with a tenfold increase in luminosity, is expected to allow observation of di-Higgs production.

1.2 Measurements of the Higgs boson at the LHC

The first experimental investigations of the Higgs boson began with the operation of LEP and the
Tevatron, which set limits on its mass through indirect measurements derived from precision electroweak
measurements. A broader program became accessible at the LHC, where proton-proton collisions were
performed at center-of-mass energies ranging from 8 to 14 TeV, to be compared with the approximately
200 GeV and 2 TeV at LEP and Tevatron, respectively. The discovery of the Higgs boson in 2012 marked
a major milestone in our understanding of the Standard Model and the BEH mechanism. Since its
discovery, many studies at the LHC have focused on a detailed investigation of the nature and properties
of the Higgs boson. Early analyses focused on the dominant decay modes, while rarer and indirect
decay channels, such as photon pairs produced via fermion and W boson loops, have also been explored.
Couplings to fermions through the Yukawa interaction have been probed, and both the Higgs boson mass
and total width have been measured with high precision. In the following, the main results related to the
characterization of the Higgs boson are presented, with particular emphasis on latest CMS measurements
based on an integrated luminosity of 138 fb�1 collected at a center-of-mass energy of 13 TeV at the LHC.
Comparable results have also been reported by the other general-purpose LHC experiment, ATLAS.

1.2.1 The Higgs boson properties

In a hadron collider operating at energies from 8 to 14 TeV, the dominant mechanism for the production
of a Higgs boson with a mass of 125 GeV is expected to be gluon-gluon fusion (ggF, gg ! H) via loops
of heavy colored particles, followed by the vector boson fusion production (VBF, qq ! qqH), associated
production with a vector boson (V H), and associated production with a pair of heavy quarks (qq̄H). The
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Figure 1.3: Feynman diagrams of the main Higgs boson production modes are shown. From left to
right, the gluon-fusion, vector-boson-fusion, vector-boson-associated, and heavy-quark-associated pro-
duction modes are reported. The parameters i at the Higgs vertices are the coupling modifiers used to
parametrize deviations from the SM expectations [27].

leading order Feynman diagrams for these production channels at hadron colliders are shown in Figure 1.3.

The cross sections of the various Higgs boson production processes depend on the center-of-mass en-
ergy of the collisions and on the Higgs boson mass. For a fixed Higgs boson mass and collision energy, the
production cross section can be theoretically predicted and compared with experimental measurements.
Considering the measured Higgs boson mass of 125.38 ± 0.14 GeV [28], the total production cross
section at a center-of-mass energy of 13 TeV is 55.4 ± 2.6 pb, with the gluon-fusion process accounting
for approximately 87% of the total, 48.3 ± 2.4 pb. It is followed by the vector boson fusion production
where two quarks radiate virtual vector bosons that then combine to generate a Higgs boson, which
accounts for a cross section of 3.77 ± 0.80 pb. Other production modes with smaller contributions to
the total cross section are the associated production with vector bosons (WH with 1.359 ± 0.028 pb,
and ZH with 0.877 ± 0.036 pb), the associated production with pairs of heavy-flavor quarks (tt̄H with
0.503 ± 0.028 pb and bb̄H with 0.482 ± 0.097 pb) [29]. After EWSB, the Higgs field provides mass to
the vector bosons through the gauge couplings and to the fermions through the Yukawa couplings. The
amplitude of the Higgs boson coupling to vector bosons is proportional to the square of the gauge boson
mass, while the amplitude of the coupling to fermions is directly proportional to the fermion mass. For
this reason, the Higgs boson can decay into a variety of final states, but preferentially into the heaviest
kinematically allowed elementary particles. The Higgs boson can also decay into massless particles via
quantum loops. Measuring the Higgs boson decays to various particles and determining their branching
fractions provides an important test of the Standard Model, as any deviations from its predictions could
indicate new physics. The branching fraction is calculated as the ratio between the partial width of a
specific decay and the total width, which for the Higgs boson with a mass of 125 GeV is measured to
be 3.2+2.4

�1.7 MeV [30]. A wide range of decay products of the Higgs boson have been measured, with
different branching fractions. The H ! bb decay features the highest branching fraction with a measured
value of 57.63 ± 0.70%, followed by the decay into two W bosons (22.00 ± 0.33%), a pair of ⌧ -leptons
(6.21 ± 0.09%), two Z bosons (2.71 ± 0.04%), and two photons (0.2%) [29].

Observed data and expectations are usually compared via the signal strength parameter µ, defined as
the parameter extracted from fitting signal yields in data with a model, without altering the shape (for
example, for a production cross section �, the signal strength is µ = �obs/�SM). The signal strengths
measured at CMS, connecting all production and decay modes, are summarized in Figure 1.4, both in-
dividually for each production and decay channel and for their combination. In each production mode,
the measured parameters are compared to the SM expectations (µ = 1), showing an excellent agreement
with the theory. Any deviations of the signal strength from a value of 1 would indicate physics beyond
the Standard Model and deviations are commonly studied within the  framework. A set of coupling
modifiers is used to parameterize potential deviations from the Standard Model expectations of the Higgs
boson couplings to particles. The set consists of six coupling modifiers corresponding to the tree level
Higgs boson couplings: W , Z , t, b, ⌧ , and µ. In addition, the effective coupling modifiers g,
� , and Z� are introduced to describe the ggH production and the H ! �� and H ! Z� decay
processes. The coupling modifier values measured by CMS are reported in Figure 1.5, where the Higgs
coupling modifiers to fermions and the square root of the coupling modifiers to gauge bosons are shown
as a function of the particle mass. This corresponds to a p-value of 37.5% with respect to the Standard
Model expectation, illustrating the wide range of mass values probed in terms of Higgs couplings and the
predictive power of the theory across the entire range.
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Figure 1.4: The signal strength is reported separately for each production mode and for each decay
channel, as well as for their combination. The SM expectation is indicated by a dashed vertical line at
µ = 1, while the combined value of all decay channels for a given production mode is shown as a blue
vertical line, with the corresponding 68% confidence level (CL) interval represented by the shaded band.
Dark grey boxes indicate cases where no measurement is available, while light grey boxes correspond to
cases where the signal strength is constrained to be positive [29].

Figure 1.5: Measured coupling modifiers at the CMS experiment are reported for both fermions and gauge
bosons. For the latter, the square root of the coupling is shown in order to preserve a linear dependence
on the mass [27].

The Higgs boson mass is not predicted by the SM, but once measured, all its other properties become
precisely predicted by the theory. Many of these properties have been measured with a precision better
than 10%, all in agreement with SM expectations, representing an impressive success of the theory.
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However, despite its success, the SM does not provide explanations for several open questions, suggesting it
may be a low-energy approximation of a more complete theory. Outstanding issues include the naturalness
problem, i.e. why the Higgs boson is a light scalar at the electroweak scale, the nature of the electroweak
phase transition, the metastability of the SM vacuum, the inflationary phase of the early Universe, and
the matter–antimatter asymmetry. Addressing these questions requires a deeper investigation of the
Higgs sector. Higgs physics is therefore crucial for advancing our understanding of both particle physics
and cosmology, providing a unique probe of the early Universe, the stability of the vacuum, and the
mechanisms behind structure formation immediately after the Big Bang. Investigating further the Higgs
sector is at center of the physics program of the new high luminosity phase envisaged for the LHC, which
has been designed to deliver nearly ten times the luminosity of the LHC Run 3. This offers ATLAS and
CMS the opportunity to significantly enhance sensitivity to many measurements, such as the Higgs self-
coupling, probe weaker coupling modifiers, such as those involving charm quarks, and search for possible
exotic Higgs decays.

1.2.2 The Higgs boson self interaction

A process that remains currently not observed is the production of a pair of Higgs bosons. The mea-
surement of di-Higgs production is key to evaluating the Higgs self-coupling and, therefore, the Higgs
potential. At the LHC, this process is expected to occur mainly via gluon fusion, represented by the Feyn-
man diagrams in Figure 1.6, where the two Higgs bosons can appear either from a top or bottom quark
loop, or from a virtual Higgs boson produced via a top or bottom quark loop, which then decays into
two Higgs bosons. The latter production mode provides direct access to the Higgs self-interaction. These
two modes are comparable in magnitude but interfere destructively, making the overall pair production
cross-section small. The latest theoretical predictions for gluon fusion yield

�ggHH = 30.8+2.0
�7.1 fb at

p
s = 13 TeV, �ggHH = 34.1+2.2

�7.9 fb at
p
s = 13.6 TeV

for a Higgs boson mass of 125 GeV [31]. The next most significant production mode is vector-boson
fusion, proceeding through a virtual Higgs, a four-point interaction, or vector boson exchange. The
corresponding cross sections are

�VBFHH = 1.69± 0.05 fb at 13 TeV, �VBFHH = 1.87± 0.05 fb at 13.6 TeV

for a Higgs boson mass of 125 GeV [32, 33]. Given the small cross-section, observation of this process
has so far been beyond the capabilities of the LHC dataset. Each Higgs boson produced in a pair can

Figure 1.6: The main Feynman diagrams for the production of Higgs boson pairs are shown: from the
left, the first two correspond to box and triangle production via gluon fusion, while the two diagrams on
the right represents vector boson fusion production mode [27].

decay differently, resulting in a wide variety of possible final states, as shown in Figure 1.7, where the
branching fractions of the most sensitive final states are reported. The current approach at the LHC is to
study different production modes and decay channels independently and then combine them. Analyses
typically employ the  framework, defining the coupling modifier � as the scale of the Higgs self-coupling
� relative to its SM value, with � = 1 corresponding to the SM prediction. The investigation of the
SM process proceeds via the non-resonant production modes shown in Figure 1.6. However, Higgs boson
pair production can also serve as a tool for searching for new physics through resonant processes, look-
ing for a hypothetical resonance particle decaying into two Higgs bosons, as discussed later in this section.

Within non-resonant di-Higgs production searches, the most sensitive channels have been analyzed
first by both the CMS and ATLAS experiments, owing to their relatively large branching fractions and
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Figure 1.7: The branching fractions of the most sensitive channels are reported for all their combinations,
assuming a mass of the Higgs boson of 125 GeV [34].

Figure 1.8: Limits on Higgs boson pair production. The observed and expected upper limits at 95% CL
on the ratio of the measured cross section to the Standard Model prediction are shown for individual final
states and their combination for CMS [27] and ATLAS [35]. Each expected value is reported with the
corresponding colored bands representing the one standard deviation and 2 standard deviation beyond
the expected limit.
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clean experimental signatures. These include the decays of the two Higgs bosons into four b quarks, two
b quarks and two ⌧ leptons, two b quarks and two photons, multilepton final states, and two b quarks and
two Z bosons. While no observation of the process has yet been achieved, upper limits at 95% confidence
level [36] have been set by combining all channels, corresponding to less than 3.4 times the SM expecta-
tion in CMS and 2.9 times in ATLAS. The results from both experiments are shown in Figure 1.8. The
expected and observed limits have also been evaluated as functions of the coupling modifiers � (related
to the Higgs self-coupling) and 2V (the quartic vector-boson–Higgs coupling). The results of the CMS
combination are reported in Figure 1.9, where the red curves represent the theoretical dependence of
the cross section on the coupling modifiers: a dip near � = 1 arises due to the destructive interference
between the contributing production amplitudes. Using the data included in these CMS analyses, the
self-coupling modifier � is constrained within the range �1.24 < � < 6.49 at 95% CL, while 2V is
constrained to be positive in the interval 0.64 < 2V < 1.38. These results define, with a significance of
6.6 standard deviations, the existence of the quartic V V HH coupling.

Figure 1.9: Expected and observed 95% CL upper limits on the di-Higgs production cross section as
functions of � (left) and 2V (right), assuming the other coupling modifiers to be 1. The red line
represents the theoretical prediction for the process and the hatched regions represent the excluded
values at 95% CL [27].

The results obtained during Run 2 provide valuable constraints on the Higgs self-coupling parameter
�. The combination of different search channels, despite their varying challenges, has led to a consistent
picture compatible with the SM, with no significant deviations [27]. However, the results also highlight the
current limitations of experimental sensitivity. Background processes, particularly from QCD multi-jet
events, and the small branching ratios of some decay channels remain significant challenges. Nevertheless,
the application of advanced machine learning techniques has substantially improved the ability to distin-
guish signal from background, allowing us to achieve limits close to a few times the SM expectation. The
analysis sensitivities achieved with the data collected during the ongoing LHC Run 3 are already show-
ing significant improvements compared to LHC Run 2, driven by the use of more sophisticated analysis
techniques. For instance, the CMS experiment is operating under conditions where Run 3 is expected to
deliver an integrated luminosity of 300 fb�1 and an average of about 60 pileup interactions, i.e. the mean
number of interactions per bunch crossing, as shown in Figure 1.10. The forthcoming High-Luminosity
LHC (HL-LHC) phase will provide roughly an order of magnitude more integrated luminosity, thereby
offering new opportunities to further enhance the sensitivity of analyses targeting the measurement of
the Higgs self-coupling. In particular, the introduction of new triggers specifically optimized for di-Higgs
production, as discussed in Section 2.2.2, together with the adoption of more advanced algorithms for
object identification, is expected to lead to a substantial improvement in sensitivity, providing a unique
opportunity to probe the Higgs sector with unprecedented precision and depth.
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Figure 1.10: Left: cumulative LHC delivered and CMS recorded luminosity (blue and yellow) for proton-
proton collisions during the three LHC Runs operated so far. Right: distribution of the mean number of
interactions per bunch crossing (pileup) for each CMS data-taking period [37].

1.2.3 Di-Higgs as a tool for probing new physics

In addition to providing direct access to the study of the Higgs self-coupling, the production of Higgs
boson pairs also offers a powerful probe for processes beyond the Standard Model. Within the SM, di-
Higgs production occurs via non-resonant production, without any intermediate heavy particle decaying
into two Higgs bosons. Therefore, the observation of resonant di-Higgs production would represent clear
evidence of new physics, as predicted by several BSM scenarios featuring a heavy particle decaying into
two Higgs bosons. Almost all extensions of the Higgs sector include such heavy states, as in models with
weak-isospin singlets, doublets, triplets, or theories with extra spatial dimensions. The resonant produc-
tion expected in these models typically has a cross section larger than the SM non-resonant production,
depending on the model. A few examples are briefly discussed below, while a more detailed discussion
can be found in Refs. [38, 39, 40, 41].

The Two-Higgs-Doublet Model (2HDM) provides a perturbative extension of the SM by introducing
a second Higgs doublet. This leads to five physical Higgs bosons: one light neutral CP-even state, one
heavy neutral CP-even state, one neutral CP-odd state, and two charged Higgs bosons H±. The Min-
imal Supersymmetric Standard Model (MSSM) extends the SM through supersymmetry, predicting a
superpartner for each SM particle and an extended Higgs sector equivalent to a 2HDM, resulting in the
same five Higgs states with similar properties. Warped Extra Dimension (WED) models [41], as proposed
by Randall and Sundrum, postulate the existence of an extra spatial dimension compactified between
two fixed branes: one associated with the electroweak scale (TeV brane) and the other with the Planck
scale. This setup introduces a warp factor that naturally explains the hierarchy between the Planck and
electroweak scales. Assuming an exponential metric along the fifth dimension, bounded by the branes,
this model predicts the existence of two resonances that can decay into Higgs boson pairs: the spin-0
radion, associated with fluctuations of the inter-brane distance, and the spin-2 Kaluza–Klein excitation
of the graviton.

1.3 Prospects for Higgs measurements at the HL-LHC

To push further the physics reach of current LHC machines, a new high luminosity phase of LHC is
expected to start in 2030 and to provide an integrated proton-proton luminosity of 3,000 fb�1, in ten
years of operation. HL-LHC will enable more precise studies of the Standard Model, probing its validity
at unprecedented energy scales and with higher precision, while extending the sensitivity to potential de-
viations. The increased dataset will improve measurements of Higgs boson interactions and self-coupling,
providing additional tests of the SM. New sensitivities to BSM physics, both through direct and indirect
searches, will become accessible, enabling a deeper understanding of Higgs interactions. The Higgs sector
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remains a key focus of the HL-LHC physics program. The HL-LHC is expected to operate as a “Higgs
boson factory”, producing about 170 million Higgs bosons and roughly 120,000 Higgs boson pairs. With
this large dataset, precise measurements of Higgs production cross sections and couplings will be possible.
Higgs decay channels that are currently statistically limited at the LHC will benefit from the increased
amount of data available at the HL-LHC, enabling the determination of more precise uncertainties on
many Higgs decay channels. Rare channels such as H ! µµ and H ! Z� will be measured with greater
precision. Moreover, an enhanced precision in measuring the Higgs boson couplings is expected, as shown
in Figure 1.11.

Projections of the achievable precision with HL-LHC data have been evaluated by both the ATLAS
and CMS Collaborations, including estimates of cross sections for the main production modes, branching
fractions for various decay channels, and coupling modifiers. Detailed projections of the HL-LHC physics
program are reported in Refs. [42, 43]. A selection of relevant results is summarized below, focusing on
the Higgs boson couplings to particles and to itself. These projections account for theoretical, statistical,
and experimental uncertainties. The expected measurement precision is evaluated under the anticipated
operating conditions of the upgraded detectors at the HL-LHC. Simulations used for these projections
are based on current event generators adapted to HL-LHC conditions, and the extrapolations rely on
established statistical frameworks used to assess expected sensitivities. Scaling factors account for the
increased center-of-mass energy and improved detector performance (further details on the expected per-
formance of ATLAS and CMS can be found in Refs. [44, 45]). Theoretical uncertainties are assumed to
be reduced by a factor of two relative to current values, owing to higher-order calculations and improved
knowledge of parton distribution functions. Statistical uncertainties are scaled from Run 2 estimates ac-
cording to the expected integrated luminosity. Systematic uncertainties related to detector performance
are assumed to remain similar to Run 2 levels, under the expectation that the detector upgrades will
compensate for the increased radiation damage and pileup at the HL-LHC.

Projection results from the combination of CMS and ATLAS measurements are reported in Fig-
ure 1.11. Each result is represented as the total expected relative uncertainty and is further broken
down into its different components: statistical, experimental, and theoretical uncertainties, under the
assumption that these components are independent within each experiment [42]. Results are shown for
the expected total uncertainties on Higgs boson coupling modifiers in the left panel of Figure 1.11: �
(Higgs-photon), W (Higgs-W boson), Z (Higgs-Z boson), g (Higgs-gluon), t (Higgs-top), b (Higgs-
bottom), ⌧ (Higgs-tau), µ (Higgs-muon), and Z� (Higgs-Z-photon). It can be noted that theoretical
uncertainties are expected to be the main limiting factor for most couplings, highlighting the impor-
tance of improving the precision of theoretical predictions. To reduce the effect of common systematic
uncertainties, projected measurements of ratios of Higgs boson coupling modifiers are also reported.
A reference parameter, gZ = gZ/H , is defined to include the high-precision determination of the
gg ! H ! ZZ production rate. Cross-sections in the other channels are subsequently re-expressed in
terms of gZ and a set of coupling strength ratios, defined as �XY = X/Y . The corresponding results
are shown in the right panel of Figure 1.11. The HL-LHC will also provide increased sensitivity to studies
of electroweak symmetry breaking. In particular, di-Higgs production is expected to be observed individ-
ually by both ATLAS and CMS, with a combined significance greater than 7�. The trilinear coupling,
predicted in the SM to be � = 0.13, is expected to be measured with a precision better than 30%. Any
deviation larger than about 75% from the predicted value would allow the collaborations to exclude the
SM prediction, offering an important test of the Higgs sector. Given the increased sensitivity achieved by
analyses recently thanks to advanced machine learning techniques for object identification, in addition to
the previous assumptions, improved efficiencies in the identification of heavy flavor jets and hadronically
decaying ⌧ -leptons are assumed (more details on the different scenarios can be found in Refs. [46, 47]).
The most sensitive final states have been considered for the combinations, including bbbb, bb⌧⌧ , bb��,
multilepton, and bbll. Results are shown in Figure 1.12. The opportunities offered by the HL-LHC will
significantly advance our understanding of particle physics over the coming decades, addressing crucial
questions on electroweak symmetry breaking and providing potential for new BSM discoveries. Achieving
these ambitious goals requires extensive technical upgrades to both the accelerator and the experiments.
A discussion of the HL-LHC, and specifically the upgrades planned for CMS, is presented in Chapter 4,
with particular emphasis on the concept of precision timing measurements as a novel tool for future
colliders to cope with high pileup conditions.
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1.3 Prospects for Higgs measurements at the HL-LHC

Figure 1.11: Combined expected ±1 uncertainties from ATLAS and CMS with 3,000 fb�1. Each mea-
surement represents the total uncertainty by a gray box, within which the individual contributions from
statistical (blue), theoretical (red), and experimental (green) uncertainties are indicated. The expected
uncertainties on coupling modifier parameters are shown on the left, and the expected uncertainties on
their ratios are shown on the right [43].

Figure 1.12: Expected � (or 3) likelihood scans for the combination of ATLAS and CMS projections
at the HL-LHC in the most sensitive channels: bbbb, bb⌧⌧ , bb��, multilepton, and bbll [43].
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Chapter 1: The Higgs boson in the Standard Model and the investigation of its self coupling

16



Chapter 2

The CMS experiment at the LHC

Fundamental physical laws have historically been investigated by probing ever smaller scales in space
and time. Exploring such scales requires the development of technologies capable of reaching high en-
ergies and therefore small distance scales. In modern times, the discovery of the Higgs boson by the
ATLAS and CMS collaborations, using approximately 25 fb�1 of data collected at the Large Hadron
Collider, represented a turning point for particle physics and a milestone in humankind’s understanding
of nature. The LHC is a powerful machine enabling the exploration of extreme energy scales and the
investigation of currently unknown phenomena. With its unprecedented collision energy and luminosity,
the LHC, overviewed in Section 2.1, has enabled the collection of a large dataset across its four main
experiments: ALICE, ATLAS, CMS, and LHCb. Substantial technical and computing challenges have
been successfully addressed and continue to be improved upon. The LHC has established itself as a
discovery machine, performing exceptionally well across a wide range of physics results and investigating
fundamental questions such as the origin of elementary particle masses, the nature of dark matter [48],
the unification of forces, the behavior of QCD under extreme conditions [49], and the matter-antimatter
asymmetry [50].

Within this framework, the Compact Muon Solenoid experiment, together with ATLAS, is one of
the two general-purpose detectors specifically designed to fully exploit the physics potential of the LHC.
Following the discovery of the Higgs boson, the CMS experiment has delivered increasingly precise mea-
surements of its properties and continues to push the limits of accuracy in di-Higgs searches using the
data provided by the LHC. The CMS detector is designed to achieve excellent muon identification and
momentum resolution over a wide kinematic range, precise charged-particle momentum resolution and
reconstruction efficiency in the tracker, and outstanding electromagnetic energy resolution, resulting in
excellent diphoton and dielectron mass resolutions, as detailed in Section 2.2. At CMS, proton bunches
collide at a rate of 40 MHz, with a beam spacing of 25 ns. To extract physics results from billions of colli-
sions per second, fast electronics, high-performance reconstruction algorithms are essential, and a highly
selective triggering system is required, as discussed in Section 2.2.2. The Particle-Flow (PF) algorithm is
employed to identify and reconstruct all final-state particles, as outlined in Section 2.3.1. The resulting
events consist of a variety of particles traversing the detector and interacting with its sub-sections de-
pending on their nature. Alongside the collected data, simulated events are produced using Monte Carlo
(MC) techniques to model the collision process from the underlying theoretical framework up to the
generation of digital signals in the CMS detectors. MC simulation plays a crucial role in most analyses,
enabling data-to-simulation comparisons. It is therefore essential to ensure a good agreement between
data and simulation by validating the latter using well-understood reference processes. Corrections are
applied at every stage of the simulation chain, as described in Section 2.3.2, and dedicated CMS working
groups provide validated corrections and studies used across all analyses within the collaboration. Simu-
lation is employed both to model the signal process under study and to reproduce background processes
arising in collisions that can obscure the signal reconstruction. Achieving the final physics result requires
the development of accurate methods to discriminate signal events from background, enabling fits to be
performed on discriminating variables. Finally, statistical analysis is performed on simulated and data
events to evaluate the assumed model, with a brief overview given in Section 2.3.3.
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Chapter 2: The CMS experiment at the LHC

Figure 2.1: The LHC accelerator complex consists of several acceleration stages that serve both the LHC
itself and a variety of other experimental programs. Each element of the chain contributes to increasing
the beam energy before it is injected into the subsequent machine. The final stage takes place within the
LHC ring, where the particles are accelerated to their nominal energy and brought into collision at specific
interaction points, where dedicated experiments detect and record the resulting collision products [52].

2.1 The Large Hadron Collider

Following the closure of LEP, the LHC was conceived to achieve even higher center-of-mass energies in
proton–proton collisions, with the aim of further exploring the high-energy frontier of particle physics. It
was designed to continue direct tests of the Standard Model, most notably the search for the Higgs boson,
and to investigate physics beyond the Standard Model, such as supersymmetry and dark matter candi-
dates. The LHC is a 26.7 km hadron collider with two counter-rotating rings, constructed between 1984
and 1989 to host the former CERN Large Electron–Positron Collider [51]. The tunnel lies between 45 m
and 107 m below the surface, on a plane inclined by 1.4% towards Lake Geneva. The underground and
surface infrastructures at Points 2 and 8, inherited from LEP, are still in use, while Points 1 and 5, hosting
ATLAS and CMS, were newly constructed for the LHC. The European Organization for Nuclear Research
(CERN) approved the LHC project in December 1994, and the machine has been operating since 2009.
It has reached center-of-mass energies of up to 14 TeV and remains the largest and most powerful particle
accelerator ever built. Hadrons are accelerated to nearly the speed of light in two counter-rotating beams
traveling in separate ultra-high-vacuum beam pipes, housed within the same tunnel. The LHC enables the
study of proton–proton collisions at a center-of-mass energy of up to 14 TeV with a design luminosity of
1034 cm�2s�1, as well as heavy-ion collisions at a center-of-mass energy per nucleon pair of 2.76 TeV with
a luminosity of about 1027 cm�2s�1. Superconducting magnets guide and focus the beams, which col-
lide at four main interaction points where the experiments ATLAS, ALICE, CMS, and LHCb are located.

The accelerator chain, illustrated in Figure 2.1, consists of a succession of accelerators that increase
the energy of particles and inject them into the next machine in the chain. Until 2018, the sequence of
acceleration started with LINAC 2, where protons extracted from hydrogen gas were accelerated via a
radio-frequency system up to an energy of 50 MeV. During the Long Shutdown 2, LINAC 2 was replaced
by LINAC 4, which became the source of proton beams and accelerated negative hydrogen ions to 160
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2.2 The Compact Muon Solenoid

MeV before injection into the Proton Synchrotron Booster (PSB). During injection, the ions are stripped
of their electrons, leaving only protons. These are then accelerated up to 2 GeV for injection into the
Proton Synchrotron (PS), where particles reach 25 GeV. Finally, particles are accelerated in the Super
Proton Synchrotron (SPS), where they are brought up to 450 GeV. After the SPS, protons are sent to
the LHC beam pipes, where one beam travels clockwise while the other circulates anticlockwise. Filling
the LHC ring requires 4 minutes and 20 seconds, with a total of about 20 minutes needed to reach the
maximum energy of 6.8 TeV via high-frequency accelerating cavities. The beams can then circulate for
many hours inside the beam pipes, kept in orbit by 1232 superconducting dipole magnets distributed
across eight arcs. The superconducting magnets are made of a niobium–titanium alloy and exhibit su-
perconductivity when cooled to 1.0 K, enabling the production of a magnetic field of about 8.3 T and
a current of 11 kA. The transverse dimensions of the beams are focused and reduced by quadrupole
magnets, while octupole magnets are installed to control the energy spread of the beam. Approximately
2808 bunches of particles per beam are accelerated, each containing 1.2 ⇥ 1011 protons at the start of
the fill (decreasing as collisions proceed). With the stabilization of beam properties and the achievement
of nominal energy, the accelerated bunches are further focused by quadrupoles located before the four
interaction points to squeeze the beams and increase the likelihood of collision. The collisions occurring
at the four interaction points are recorded by the four experiments, where the total energy at the collision
point reaches 13.6 TeV. The LHC was designed not only to accelerate and collide protons but also to
perform lead and heavy-ion collisions, which will not be discussed in the present work, where the focus
is on analyses with proton–proton collisions.

The performance goal of the LHC is defined both in terms of center-of-mass energy and in terms
of luminosity, i.e. a quantity depending on the beam conditions that linearly affects the number of
events per second generated in LHC collisions. Luminosity therefore represents a crucial parameter that
determines the discovery potential of the LHC. The luminosity delivered by the LHC, L, can be expressed
as in Equation 2.1, where � is the relativistic factor, nb the number of bunches per beam colliding at
the interaction point, N the bunch population, frev the revolution frequency, �⇤ the beta function of
the beam at the collision point (defining the focal length), ✏n the transverse normalized emittance, R
the luminosity geometrical reduction factor due to the crossing angle, ✓c the full crossing angle between
colliding beams, and � and �Z the transverse and longitudinal RMS beam sizes, respectively.

L = �
nbN

2frev
4⇡�⇤✏n

R with R =
1

q

1 + ✓c�Z

2�

(2.1)

The LHC has been operating and providing collisions over three runs, alternated with long shutdowns
required for collider and detector maintenance and upgrades. For instance, the delivered energy at CMS
during Run 1, in the 2010-2011 and 2012 data-taking periods, was of approximately 7 TeV and 8 TeV,
with 6.1 fb�1 and 26.3 fb�1integrated luminosity, respectively. During Run 2 (2015–2018), the energy
was increased to 13 TeV, and it provided 138 fb�1 of pp collision data to CMS. The currently ongoing
Run 3 has collected 62.4 fb�1 in 2022 and 2023, and it has recently reached 100 fb�1 recorded, at a
centre-of-mass energy of 13.6 TeV. Run 3 started in 2022 and is expected to deliver about 250 fb�1 of
integrated luminosity, followed by Long Shutdown 3 (LS3), during which the experiments will undergo
major upgrades in preparation for the High-Luminosity LHC, discussed in Section 4.1. The LHC plan,
along with the envisaged upgrade plans of the LHC, is shown in Figure 4.1.

2.2 The Compact Muon Solenoid

Within the LHC physics program, the CMS experiment, together with ATLAS, has played a major role,
providing in 2012 the observation of a new particle with a mass of 125 GeV, compatible with the Higgs
boson. The data collected at the LHC have since then enabled precision measurements of many Standard
Model properties, along with the exploration of hints of new physics, constraining the theory. The CMS
detector has been designed as a general-purpose experiment, investigating a wide variety of processes
produced in hard scattering interactions and exploring phenomena from electroweak to Higgs, top-quark,
and beyond-the-Standard-Model physics, as well as flavor physics. During LHC operation, CMS has
demonstrated the ability to operate both as a discovery machine, observing the Higgs boson and new
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processes such as vector boson scattering, and as a precision machine, enabling accurate measurements
of cross sections for many processes.

Figure 2.2: A graphical representation of the CMS coordinate system generated using a public image
generator [25], where the dimensions associated with the CMS detector are shown. In particular, the
figure illustrates the pseudorapidity and its directions, as well as the definitions of the z and � axes with
respect to the CMS orientation and the interaction point.

CMS is designed to cover the entire solid angle around the collision point, using a Cartesian coordinate
system as a reference, as shown in Figure 2.2. The collision point is defined as the origin of the coordinate
system. The y-axis points vertically upward, the x-axis points radially inward toward the centre of the
LHC ring, and the z-axis points along the direction of the counterclockwise proton beam when viewed
from above the LHC. The azimuthal angle � is measured in the (x, y) plane from the x-axis, with the
radial coordinate denoted as r. The polar angle ✓ is defined in the (r, z) plane from the z-axis. The
pseudorapidity (⌘) is commonly used as a reference and is defined as in Equation 2.2.

⌘ = � ln tan

✓

✓

2

◆

(2.2)

The angular variable R is also commonly used to define the distance between objects, as shown in
Equation 2.3, where ∆⌘ and ∆� are the differences in pseudorapidity and azimuthal angle between the
objects.

∆R =
p

(∆⌘)2 + (∆�)2 (2.3)

Based on this reference definition, some useful variables are defined as follows: the component of the
momentum transverse to the z-axis is denoted as pT and the transverse energy is defined as ET = E sin ✓.
The missing transverse momentum, ~pmiss, is the vector sum of the transverse momenta of undetectable
particles.

The main features of the detector have inspired its name: with its 15 m height, 21 m length and 14,000
tons, CMS is a remarkably compact experiment compared, for instance, to ATLAS, which has a length of
46 m, a diameter of 25 m and a weight of 7,000 tons. At the heart of the detector, a solenoidal magnet with
a 6 m internal diameter generates a strong magnetic field of about 3.8 T. Due to this powerful magnetic
field and the dedicated muon detection system, CMS is capable of high-precision muon identification
and momentum measurement. The bore of the magnet is large enough to contain both the tracking and
calorimetry systems, each consisting of a barrel section covering the central pseudorapidity region and
two endcap sections. This configuration minimizes the amount of material in front of the calorimeters,
therefore reducing the energy losses due to particles showering and facilitating the PF reconstruction. The
electromagnetic calorimeter (ECAL) and the hadron calorimeter (HCAL) cover up to a pseudorapidity of
approximately 3. A hadron forward (HF) calorimeter extends the pseudorapidity coverage. The overall
design, shown in Figure 2.3, consists of several layers of subdetectors. Events are selected using a two-
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Figure 2.3: Representative visualization of a cross section of the CMS experiment. The detector provides
full hermetic coverage of the solid angle around the collision point, where proton-proton interactions
take place. General properties of the detector are shown, and arrows indicate all the subdetectors of the
experiment [53].

tier trigger system, as described in Section 2.2.2. The first-level trigger consists of custom hardware
processors selecting events at a rate of about 100 kHz, while the second-level trigger runs optimized
object reconstruction algorithms for fast processing, delivering an event rate of about 1 kHz.

2.2.1 The CMS design

The CMS detector was designed with the main goals of providing excellent muon identification and mo-
mentum resolution, achieving a di-muon mass resolution of about 1% at 100 GeV and an unambiguous
determination of the muon charge for momenta up to 1 TeV. The design also required a set of other
performance targets: good momentum resolution and reconstruction efficiency for charged particles in
the inner tracker, electromagnetic energy resolution at the percent level around 100 GeV, wide geometric
coverage, strong ⇡0 rejection, and effective isolation of photons and leptons at high luminosities. In ad-
dition, precise measurements of the missing transverse energy and di-jet mass resolution demanded large
hermetic coverage and fine granularity in the hadron calorimeters. A comprehensive description of the
CMS design can be found in Ref. [54], with details on recent developments for LHC Run 3 provided in
Ref. [55]. An overview of the main detector components is presented below.

At the center of the CMS design lies the superconducting solenoid, made of NbTi, which provides a
magnetic field of 3.8 T, ensuring strong bending power for charged particles. The first detector layers
traversed by particles produced at the interaction point form the tracking system. The tracker is designed
to measure the transverse momentum pT of particles down to 50 MeV within a pseudorapidity region of
|⌘| < 2.5, offering the granularity and precision needed to reconstruct tracks in high-multiplicity environ-
ments. The tracker is a cylindrical detector with an outer radius of 1.20 m and a length of 5.6 m, composed
of two subsystems: the inner pixel detector and the outer silicon strip tracker. Its layout has evolved over
the various LHC runs, with different numbers of active layers in the barrel and endcap regions, as shown
in Figure 2.4. The pixel detector currently consists of four barrel layers (BPIX) and three disks on each
end (FPIX). Each pixel sensor contains 160 ⇥ 416 pixels with dimensions of 100 ⇥ 150 µm2, resulting
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Figure 2.4: Representation in the r� z plane of the components of the pixel layers, represented in green,
and the strip detector represented in red and blue [55].

in a total of about 124 million readout channels for both regions. The achieved position resolution is
approximately 11 µm in the r–� direction and 20 µm in z (with slightly better performance in the outer
layers due to lower radiation damage). Together with the pixel system, the silicon strip tracker provides
track measurements for |⌘| < 2.5, with ten layers in the barrel region (the Tracker Inner Barrel, TIB,
and Tracker Outer Barrel, TOB), three inner disks at each end (TID), and the Tracker Endcaps (TEC).
Sensors with a thickness of 320 µm are used in the TIB, TID, and part of the TEC, while 500 µm thick
sensors are used in the TOB and the remaining TEC modules. Silicon pixel sensors in the barrel region,
together with two forward disks, seed track reconstruction and enable the measurement of impact param-
eters such as secondary vertices, which are crucial for heavy-flavor object identification (see Section 2.3.1).

The electromagnetic calorimeter (ECAL) covers pseudorapidities up to |⌘| < 3 and uses lead tungstate
(PbWO4) crystals as the active sensor in both the barrel and endcap regions. The barrel covers |⌘| <
1.479, while the endcaps cover 1.479 < |⌘| < 3.0. The light produced by the scintillators is read out with
avalanche photodiodes (APDs) in the barrel and with vacuum phototriodes (VPTs) in the endcaps. The
crystals provide a radiation length of approximately 25 X0, sufficient to absorb more than 98% of the
energy of 1 TeV electrons and photons. Preshower detectors are installed in front of the endcaps and
consist of two planes of silicon sensors interleaved with lead layers. The ECAL provides excellent electron
and photon identification, measuring their positions and energies through clustering algorithms, and also
contributes to jet and missing transverse momentum reconstruction. During LHC operations, the ECAL
performance has been closely monitored due to the reduction in light transmission of the crystals caused
by radiation exposure. To monitor transparency variations and ensure the correct calibration of ECAL
signals, a laser monitoring system has been operated continuously. Performance studies during Run 2
showed a stable energy scale and an electron energy resolution ranging from 1.6% to 5% for electrons
with pT ⇡ 45 GeV from Z ! e+e� decays. The ECAL also provides timing information for electrons
and photons, with a time resolution of O(150) ps for energies of O(50) GeV.

The hadron calorimeter (HCAL) measures the energy of charged and neutral hadrons and plays a
key role in reconstructing jets and missing transverse momentum. It is composed of four main subdetec-
tors: the Hadron Barrel (HB), Hadron Endcap (HE), Hadron Outer (HO), and Hadron Forward (HF)
calorimeters. The HB and HE are housed inside the solenoid, covering pseudorapidities up to |⌘| < 3,
and are made of brass plates interleaved with layers of scintillating tiles. The HF is located outside the
solenoid, covering the pseudorapidity range 3 < |⌘| < 5.2, and is made of steel with embedded quartz
fibers. The HO consists of plastic scintillators and covers the region |⌘| < 1.26. A schematic view of the
HCAL sections is shown in Figure 2.5. Light collected from layers grouped into “depth” segments is read
out by a single photodetector. The hybrid photodiodes that originally received light from clear plastic
fibers were later replaced with silicon photomultipliers (SiPMs), improving radiation tolerance and en-
abling finer segmentation. The segmentation follows a tower structure in ⌘–� space. The performance of
the HCAL, when combined with information from other detectors, yields a jet energy resolution ranging
from 15–20% at 30 GeV down to approximately 5% at 1 TeV. For pions with momenta between 40 and
60 GeV showering in the HCAL, the energy resolution was measured to be 19.4%, 18.8%, and 23.6%
in the HB, HE, and transition regions, respectively. Continuous monitoring is performed using a laser

22



2.2 The Compact Muon Solenoid

Figure 2.5: Longitudinal and transverse sections of the HCAL design for operation during LHC Run 3 [55].

calibration system and by studying the response to a 60Co source to evaluate signal loss due to radiation
damage in the HE, where the effect is most pronounced.

A key component of the CMS experiment is the muon system, which provides powerful triggering and
detection capabilities for muons. The CMS muon system consists of four detector technologies located
within the steel flux-return yoke of the solenoid. These four subsystems are drift tubes (DTs), cathode
strip chambers (CSCs), resistive plate chambers (RPCs), and the recently added gas electron multipliers
(GEMs). A schematic representation of the overall design is shown in Figure 2.6.

Figure 2.6: Schematic view of the CMS muon system in the r–z plane. DTs are shown in orange and
labeled MB, CSCs in green and labeled ME, RPCs in blue and labeled RB and RE, and GEMs in red
and labeled GE. The grey areas represent the magnet yoke [55].

The DTs are chambers filled with an Ar/CO2 gas mixture, with an anode wire at the center of
each tube and cathodes at the tube boundaries. The electric field generated inside the tube produces a
uniform drift of ionization electrons created by the passage of charged particles through the gas. The
particle trajectory is reconstructed from the signal collection times on the wires. The CSCs are filled
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with a gas mixture of Ar, CO2, and CF4, with signals induced on anode wires and cathode strips. The
high segmentation provided by the strips, combined with fast readout electronics, ensures precise timing
and excellent spatial resolution for muon identification. The RPCs consist of two high-pressure laminate
plates separated by a gas mixture of C2H2F2–i-C4H10 and SF6. The readout strips are located between
the two plates, and a high voltage is applied to electrodes coating each plate. This detector provides
excellent time resolution, ensuring accurate muon timing and bunch-crossing identification. Finally, the
GEMs consist of perforated insulating polymer foils located between conductors. The gas mixture used
in these chambers is Ar/CO2, and a voltage applied across the foils generates a strong electric field within
the holes. Electrons produced by ionization are accelerated through the holes and collected on segmented
readout strips, providing precise spatial resolution and fast timing.

2.2.2 The CMS trigger system

With the unprecedented amount of data produced by the LHC experiments, exceeding 107 readout chan-
nels operating at a 40 MHz frequency, the design of the trigger and data acquisition (DAQ) systems must
account for physics requirements as well as technological and financial constraints. Flexibility, modular-
ity, and redundancy are critical criteria in designing an effective trigger system that can maintain the
same speed of the rapid evolution of technology, adapt to changing operational conditions such as beam
background, instantaneous luminosity, or detector noise, enable efficiency measurements directly from
data, and accommodate evolving physics priorities. The CMS trigger system [56] employs two levels to
select events of potential physics interest. The first level (L1), implemented in custom hardware, selects
events in which a candidate object is found (e.g. ionization deposits consistent with a muon or an energy
cluster consistent with an electron or photon). On top of this, a second-level trigger, the High-Level
Trigger (HLT), selects events according to a programmable set of algorithms that build on the objects
identified at L1. The L1 thresholds are configured to reduce the event rate to about 100 kHz, while the
HLT further refines the selection, reducing the output rate to approximately 400 Hz for offline storage.
Prescale factors can be applied to events passing specific selection criteria to regulate the total output
rate of both the L1 trigger and the HLT. The set of object definitions and algorithms used to make trigger
decisions defines the trigger menu. In addition to selecting and collecting collision data, the trigger and
DAQ systems are also responsible for recording information used for detector monitoring and calibration,
although these data volumes are typically small compared to the physics event data.

The L1 trigger is a hardware-based system with fixed latency. Within about 4 µs of a collision, it
decides whether an event should be accepted or rejected, based on information from the calorimeter and
muon detectors. The elementary inputs, called trigger primitives, are generated by the ECAL, HCAL,
DT, CSC, and RPC systems. Each trigger primitive is evaluated via custom-built electronics and field-
programmable gate arrays (FPGAs). Trigger information from the calorimeters and muon detectors is
first processed in parallel and then combined in the Global Trigger, which makes the final decision. This
decision is then sent to the tracker, calorimeters, and muon systems via the trigger, timing, and con-
trol system, at which point the data acquisition system reads out data from the subsystems for offline
storage. The Level-1 calorimeter trigger evaluates the transverse energies and quality flags from more
than 800 ECAL and HCAL trigger towers, i.e. arrays of detector sensors, covering the pseudorapidity
range up to |⌘| < 5. It processes this information and produces as output e/� candidates, which are
indistinguishable at this stage, as well as regional transverse energy sums based on groups of 4⇥4 towers.
These e/� candidates are further sorted, jets are identified using the ET sums, and global quantities such
as missing transverse energy are computed. The output consists of e/� candidates, central jets, ⌧ -jets
and forward jets, along with several global quantities. The L1 muon trigger uses information from all
three muon detector systems. Hit information is collected in multiple detector planes, and dedicated
pattern recognition algorithms are used to identify muon candidates and measure their momenta from
the curvature in the magnetic field. Muon candidates are identified and sorted by the three regional track
finders of the DT, CSC, and RPC systems, which also assign transverse momentum, quality codes, and
(⌘, �) coordinates. These candidates are then merged and further filtered with quality requirements to
reject low-quality signals.

The list of objects produced by these steps, electrons/photons, muons, jets, and ⌧ leptons, is then
passed to the Global Trigger, which constitutes the final stage of the CMS L1 trigger system. The
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Global Trigger applies a set of selection criteria to the final list of objects, ranging from simple trans-
verse energy requirements to coincidences of multiple objects with specific topological conditions. These
algorithms combine kinematic requirements with basic logical operations (AND, OR, NOT). Ultimately, the
Global Trigger uses the information provided by the calorimeter and muon systems, such as transverse
energy or momentum, position, and object quality, to make its decisions on whether to accept or re-
ject each physics event at every LHC bunch crossing. Prescale factors are adjusted dynamically during
data-taking to maintain a roughly constant trigger rate of about 100 kHz. The L1 trigger menu and
prescales are continuously adjusted to maximize signal acceptance under evolving operating conditions.
For example, as the transparency of the ECAL crystals decreases over time due to radiation damage,
energy corrections are periodically computed and applied to maintain high trigger efficiency and low
trigger thresholds. During Run 1, the L1 trigger operated with 128 different selections (seeds), which
later increased to 400–500 seeds in Runs 2 and 3, accompanied by an expansion from a single FPGA
to three and then six, thereby enabling a more demanding physics program. In Run 3, the L1 trigger
rate was increased to up to 110 kHz, and several algorithmic improvements were implemented, including
the identification of long-lived particle jets, the measurement of muon displacements from the primary
interaction point, and the handling of high hit multiplicities. In addition, new data-scouting dedicated
hardware was introduced, representing the first large-scale demonstration of a broader system planned
for the Phase-2 upgrades. Data scouting is a novel technique that uses trigger-level reconstruction for
physics analyses, reducing the event data format to the minimum necessary to perform analyses without
saving the full raw event.

The physics objects produced as output of the L1 trigger, together with tracker information, are
subsequently processed by the High-Level Trigger. For each event, the HLT applies reconstruction and
identification criteria to select only those events that might be of interest for analyses. The software
computing farm, located in the surface building at LHC Point 5, executes the filtering process. This
consists of a reconstruction sequence similar to the offline one (discussed in Section 2.3.1), based on HLT
paths that form the HLT menu: sets of algorithms executed in a fixed order that reconstruct physics
objects and apply selections of increasing complexity and refinement. Selections using calorimeter and
muon information are applied first, followed by more computationally expensive reconstructions using
tracking information. The selected events are then sent to the storage manager for archival and trans-
fer to the CMS Tier-0 computing center for offline processing and permanent storage. Most data are
processed as soon as possible, except for parked data, which consist of lower-priority samples that are
not analyzed until the end of the run. More specifically, data parking and data scouting are strategies
developed to overcome the limited size of the so-called raw data storage at Point 5 and the constraints
in DAQ bandwidth, which impose restrictions on the data volume and computation required for storing
interesting events. In the case of data parking, computing resources are used to reconstruct those events
at a later time, when resources are more readily available. These approaches address the limits of real-
time processing and open new possibilities in many analyses where object reconstruction is constrained
by trigger requirements1.

For Run 3, the HLT has started using graphical processing units (GPUs) in the trigger filter farm,
which, together with developments in computing and parallelization of reconstruction algorithms, has
reduced event processing time by about 40% [58]. HLT tracking efficiency has also been significantly
improved via new algorithms. The identification of jets originating from b-quark decays has undergone
substantial improvement thanks to the use of new neural network taggers. For instance, the ParticleNet

tagger, which provides a multinomial jet-flavor classification for categories of b, c, light quarks, gluons,
and hadronically decaying ⌧ -leptons, significantly reduces the light-flavor jet misidentification rate, as
shown in Figure 2.7, compared to the DeepCSV tagger used in Run 2. A relevant example of the use
of these triggers is in di-Higgs searches. Building on more performant heavy-flavor tagging, new trigger
strategies have been developed at the HLT level to target HH production. The trigger applies a selection
on the jet transverse momentum of 280 GeV, requires at least four jets with pT > 30 GeV, and imposes
an average ParticleNet probability of at least 0.55 for the two b-jets to be identified as b-jets. Data
parking is exploited to increase both the rate and the acceptance, providing valuable opportunities for
HH analyses. In 2023, the parking strategy was extended by improving the purity of the dielectron

1A comprehensive review of data parking and data scouting can be found in Ref. [57]
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Figure 2.7: Left: The light-flavor jet misidentification rate is reported as a function of the b-jet identifi-
cation efficiency when using different jet taggers. The solid curves demonstrate the performance of the
algorithms in the HLT, while the dashed curves show the corresponding performance when using offline
reconstruction and training. The DeepJet algorithm brings a reduction in jet misidentification rate by
a factor of 3 compared to DeepCSV, i.e. an algorithm used for Run 2, while ParticleNet brings an
additional factor of 2.5 reduction [55]. Right: The trigger efficiency as a function of the reconstructed
mass of the di-Higgs system is shown for the simulated Standard Model process of HH ! bb⌧⌧ . The
Run 3 hadronic triggers are shown in blue, the dedicated HH trigger for a sample of 27.8 fb�1 in orange,
and the combination of both triggers in green. The efficiency achieved with the Run 3 triggers, compared
to triggering on the missing transverse energy only, is 43%, while the use of only ⌧ -lepton triggers yields
34%. The use of both triggers together with the missing transverse energy reaches a trigger efficiency of
58% [59].

triggers, allowing CMS to trigger also on events with two b-tagged jets, Higgs boson production via
vector boson fusion, and long-lived particle (LLP) signatures. For instance, in the HH!bb⌧⌧ channel,
the trigger efficiency as a function of the reconstructed invariant mass of the HH system for the simulated
SM process has been studied using different Run 3 triggers, addressing either hadronic decays of ⌧ -leptons
or HH processes or a combination of both [59], as shown in the right panel of Figure 2.7. The new VBF
parking triggers have, for example, been employed in the non-resonant search for HH production in the
bb⌧⌧ final state, as discussed in Section 3.2.

2.3 CMS physics analysis workflow

The raw data selected by the trigger system are subsequently processed by dedicated reconstruction
algorithms, designed to target each physics object differently. Within the CMS experiment, the particle-
flow approach is employed, reconstructing particles from the primary vertex, where the hard collision
occurs, up to the signals detected by the various sub-detectors. By exploiting the expected interactions
of each object with the different detector layers, customized techniques are used to precisely identify every
particle. In recent years, with the development of increasingly advanced machine learning techniques,
reconstruction methods have been enhanced through the use of new algorithms. In addition to selecting
events from collisions, the data analysis is integrated with the production of extensive Monte Carlo
simulations, which model the interactions of particles produced in collisions within the CMS detector.
Precise calibration of these simulated events is essential to accurately describe many processes and to
perform high-precision measurements of particle and process properties. Ultimately, data are compared
with simulation, and statistical analyses are performed on the observed and predicted distributions to
extract the desired measurements.

2.3.1 Physics objects reconstruction

Every collision event can be decomposed into a subsequent set of objects. Collisions occur at the beam
interaction region, and the produced particles first traverse the tracker, where charged particles leave a
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signature (tracks). Their origin points (vertices) are reconstructed from signals in the sensitive layers
(hits). The particle identification through the detector layers is illustrated in Figure 2.8, where each
particle exhibits a characteristic behaviour inside CMS under the influence of the magnetic field and
depending on the nature of its interaction.

Figure 2.8: Illustration of particle trajectories in a slice of the CMS detector, from the interaction point to
the muon system. For each particle, the path traversed is shown depending on its nature [60]. Electrons
leave a track in the tracker and are absorbed in the electromagnetic calorimeter, while photons do not
interact with the tracker and are absorbed in the ECAL. Muons do not interact significantly with the
tracker or the calorimeters, but are eventually detected in the muon chambers. Hadrons are detected via
their absorption in the hadron calorimeter, with charged hadrons also leaving a track in the tracker.

The trajectories of charged particles are bent by the magnetic field produced by the solenoid, enabling
the measurement of charge and momentum. Electrons and photons are absorbed in the ECAL, where
their energy deposit is reconstructed as a cluster of energy across neighboring cells. Charged and neutral
hadrons may initiate a shower in the electromagnetic calorimeter and are fully absorbed in the HCAL,
where clusters are then reconstructed. Muons and neutrinos traverse the calorimeters almost unaffected,
as they interact only weakly with the detectors. Muons eventually leave hits in the tracking layers of
the muon system, while neutrinos do not leave any detectable signature. Muons are the only particles
able to reach the outermost muon detector system and being detected, and their identification relies on
information from this sub-system. Isolated2 photons and electrons are primarily reconstructed from the
information collected in the ECAL, while jets, i.e. sprays of particles (mainly hadrons and photons) orig-
inating from quark or gluon fragmentation, are reconstructed from energy deposits in the calorimeters.
Jets originating from heavy-flavor quarks (e.g. b-quarks or c-quarks) or from hadronic ⌧ decays are tagged
based on the properties of particle tracks, and thus also require information from the tracker. An event
can therefore be described by coherently collecting all the information provided by basic interactions in
each detector layer (such as tracks and clusters), and by combining them to reconstruct the properties of
the particles. This approach is known as particle-flow reconstruction [60]. It starts from a reconstruction
of tracks and clusters and later combines and links this information to reconstruct physics objects, such
as electrons, muons, jets, and missing transverse energy.

2Photon isolation is defined by considering the energetic activity within a cone centered on the photon, as defined in
Equation 2.4.
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A track is a signature left by a charged particle in the tracking system as it traverses the detector.
However, thousands of charged particles are expected to cross the tracker at each bunch crossing, posing
a significant challenge for efficiently reconstructing tracks while keeping the fraction of fake tracks low.
Fake tracks can arise either from a random combination of unrelated hits or from a genuine trajectory
that is incorrectly reconstructed due to spurious hits. The tracking logic used in CMS is called the
Combinatorial Track Finder (CTF) [61], which is an adaptation of the combinatorial Kalman filter, itself
an extension of the Kalman filter pattern recognition approach [62]. Track reconstruction is performed
through multiple iterations of the reconstruction sequence (iterative tracking). The initial phase focus on
tracks that are easier to identify, such as high-pT tracks or tracks close to the interaction region. After
each iteration, hits associated with tracks reconstructed in the previous iteration are removed from the
overall collection, reducing the combinatorial complexity for subsequent iterations. This method, how-
ever, produces a large number of track candidates, among which several fake tracks. Therefore, quality
criteria are also applied to keep good tracks while rejecting fake ones. A more detailed description of the
various steps can be found in Ref. [61].

Clusters consist of the energy deposit in several neighboring cells of the calorimeter, and a specific
algorithm was developed for their reconstruction. Every sub-detector has its own clustering: ECAL,
HCAL, and preshower clustering. It starts with the identification of cluster seeds, where cells with an
energy larger than a specific threshold and larger than their neighbors are considered. Topological clusters
are then formed around these seeds, exploiting the expected spatial patterns of energy deposits in the
crystals. Various algorithms have been used to reconstruct the final clusters, with more recent approaches
employing machine learning techniques, while still leveraging the topological characteristics of the energy
deposits The link between tracks and clusters is then performed via an algorithm that connects the
elements based on their nature, and it defines PF blocks that are then used to identify objects. A brief
description of the objects reconstruction is provided below.

2.3.1.1 Primary vertex reconstruction

In every collision event, it is crucial to identify the origin of the tracks, i.e. the primary or secondary
vertex. Vertex reconstruction proceeds by first selecting the tracks, clustering them into groups that
appear to originate from the same interaction vertex, and then fitting the position of each vertex using
the track parameters. Track clustering is performed using a deterministic annealing algorithm [63],
a method for finding the global minimum of a problem with many degrees of freedom. The idea is
analogous to reaching a state of minimal energy through successive reductions in temperature (hence
the name). Using a free-energy function, the algorithm searches for vertex positions that maximize the
compatibility between tracks and potential vertices. This procedure is not robust against outliers, such as
secondary vertices or mis-measured tracks. Therefore, additional conditions, such as cutoffs, are applied
to prevent the generation of fake vertices, and an adaptive fit is performed on the remaining vertices
to assign weights reflecting their quality. Finally, a quantity strongly correlated with the number of
tracks consistent with originating from the interaction region is defined, which can be used to select true
proton-proton interactions. The primary vertex associated with the proton-proton collision is identified
as the one with the largest number of associated tracks and the highest sum of transverse momentum,
reducing the probability of misidentifying a pileup vertex. Secondary vertices are typically due to the
decays of heavy-flavor hadrons, ⌧ -leptons, etc. and they are found among the tracks not belonging to the
primary vertex and pointing to a location significantly displaced from it. Pileup vertices are identified
as the remaining vertices distributed along the z-axis and can be used to remove pileup tracks from
computations and isolation, thus reducing contamination in the reconstruction of physics objects.

2.3.1.2 Muon reconstruction

Muons are reconstructed by combining information from the inner tracker and the muon chambers. Three
types of muon objects are defined: standalone muons, global muons, and tracker muons. Hits in the CSC,
DT, and RPC detectors are first clustered into track segments. These segments are then combined and
fitted to form a complete trajectory in the muon system, referred to as a standalone muon. Standalone
muons suffer from lower efficiency due to contamination from cosmic-ray muons. A global muon is ob-
tained when a standalone muon is found to be compatible with a track reconstructed in the inner tracker.
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Tracker muons are instead defined starting from tracks reconstructed in the inner tracker, which are ex-
trapolated to the muon system. If the extrapolated track is matched to at least one compatible segment
in the muon detectors, the track is identified as a tracker muon. Thanks to the high efficiency of both
the tracker and muon systems, about 99% of muons traversing CMS are reconstructed either as global
or tracker muons. At low momenta, tracker muon reconstruction is more efficient, since it requires only
a single muon segment, while global muon reconstruction achieves higher efficiency at higher momenta.
If the same tracker track gives rise to both a tracker muon and a global muon, the two are merged into
a single candidate.

Muon identification is applied through a set of selection criteria designed to ensure good isolation and
reject contamination from hadrons. These criteria include requirements on the track fit �2, isolation,
and spatial matching between tracks. For isolated global muons, isolation is computed within a cone
of ∆R = 0.3, requiring the scalar sum of transverse momentum and transverse energy within the cone
to be less than 10% of the muon transverse momentum. Non-isolated muons are subject to additional
quality requirements, aimed at reducing contamination from high-pT hadrons misidentified as muons and
from incorrect associations between tracker and standalone tracks. This muon identification strategy is
designed to reconstruct prompt muons, such as those originating from Z or W boson decays, as well
as muons from heavy-flavor hadron decays and from light hadrons, while minimizing the probability of
misidentifying charged hadrons as muons. Identification working points (loose, medium, and tight) are
defined by applying increasingly stringent requirements on variables such as the track fit �2 and the
alignment between tracker and standalone tracks. These working points correspond to higher purity at
the expense of reduced efficiency, and the choice of working point depends on the needs of the analysis.
In analyses, muons are usually also required to be compatible with the primary vertex, with ∆xy <
0.045 cm in the transverse plane and ∆z < 0.2 cm along the longitudinal axis (see Figure 2.2 for CMS
coordinates). Isolation requirements may also be applied to reduce contamination from muons coming
from semileptonic decays of b or c quarks inside jets. The isolation parameter is defined as in Equation 2.4,
where
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2.3.1.3 Reconstruction of electrons and photons

Electrons produced in collisions first traverse the tracker, where part of their energy may be emitted
as bremsstrahlung photons, and then reach the ECAL, where they are absorbed and reconstructed as
clusters. To account for the full trajectory through the detector layers, the energy deposited in the ECAL
alone is not sufficient and information from bremsstrahlung photons outside the main calorimeter cluster
must also be included. Clusters in the ECAL, together with those from bremsstrahlung photons, are
grouped into a supercluster, which has a limited extension in ⌘ and a wider window in � around the
electron direction. However, when an electron is inside a jet, its energy and position may be biased
by contamination from nearby particles, leading to inefficiencies. To mitigate this, additional isolation
requirements are applied, using a threshold on the isolation parameter defined in Equation 2.4.

Electron reconstruction starts from track-based seeding: electrons traversing the tracker leave differ-
ent types of tracks depending on whether they radiated photons or not.3 A projection of the track to the
ECAL helps identify the full trajectory, but this is not always straightforward. Therefore, a Gaussian-
Sum Filter (GSF) is used to reconstruct the electron track, as it models the energy loss as a sum of
Gaussian distributions, making the reconstruction more accurate than with the Kalman Filter. To refine
the selection, a multivariate analysis (MVA) based on a boosted decision tree (BDT) is employed. This
combines information such as the number of hits, fit quality, energy loss, and the distance between the
extrapolated track and the closest cluster. The resulting reconstruction provides a significant gain in
efficiency, particularly for electrons within jets, while still offering a modest improvement for isolated

3The fact that they radiate also helps to distinguish electrons from charged hadrons.
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electrons. Electron and photon candidates are then reconstructed differently: electrons are identified
from a GSF track associated with an ECAL cluster, while photons are reconstructed from a supercluster
with no associated track. In both cases, an isolation requirement is applied, namely that the HCAL
energy within a region close to the supercluster does not exceed 10% of the ECAL supercluster energy.
In analyses, electrons are also required to be compatible with the primary vertex, with ∆xy < 0.045 cm
in the transverse plane and ∆z < 0.2 cm along the longitudinal axis.

After the reconstruction of muons, electrons, and isolated photons, what remains in the PF block is
identified as non-isolated photons or hadrons. These may be reconstructed as charged hadrons, neutral
hadrons, or non-isolated photons (e.g. from ⇡0 decays). Non-isolated photons and neutral hadrons are
identified as clusters without any associated tracks in ECAL and HCAL, respectively. These objects are
then grouped and reconstructed as jets.

2.3.1.4 Jet reconstruction

In the hard scattering process, quarks and gluons are produced and hadronize, as they do not exist as
free states. This hadronization occurs within the CMS detector, resulting in particles clustered into cone-
shaped objects called jets. Jets are reconstructed using the ParticleFlow algorithm in combination with
the anti-kt algorithm [64], which is designed to separate isolated particles from jet constituents. This
algorithm is both infrared-safe, meaning that adding an infinitesimally small amount of soft radiation
does not change the reconstruction, and collinear-safe, meaning that splitting a parton into two parallel
components does not affect the reconstruction. It is also resilient to soft radiation, ensuring that the
overall jet shape is not significantly influenced by low-energy emissions. The distances between entities
i and j, such as particles and pseudo-jets, and between an entity i and the beam B, are defined as in
Equation 2.5, with the parameter p = �1 ensuring that the reconstruction proceeds starting from the
particle with the highest transverse momentum in the event:

dij = min(k2pti , k2ptj ), diB = k2pti , with p = �1. (2.5)

The algorithm iterates over all particles, identifying the smallest distance between objects. If the
smallest distance is found between two entities, i and j, they are combined to form a new pseudo-jet.
If the smallest distance is instead between an entity i and the beam, the clustering stops, and jet i is
defined as a final jet. This procedure continues until no unclustered entities remain. The size of each
jet is characterized by the parameter R, defined in Equation 2.3. Depending on the chosen value of R,
different types of jets are reconstructed in CMS. In particular, jets with R = 0.4 (AK4 jets) typically
correspond to hadronization from objects with moderate transverse momentum, while jets with R = 0.8
(AK8 jets) are generally associated with boosted objects originating from high-momentum kinematic pro-
cesses. Distinguishing highly boosted objects that undergo hadronization and result in very collimated
jets from QCD multi-jet events is crucial for modern tagging algorithms. A schematic representation of
a jet is shown in Figure 2.9. It is equally important that these algorithms are decorrelated from the in-
variant mass of the particle, ensuring that the tagger does not introduce spurious mass peaks. Significant
recent developments have focused on these aspects, improving the precision of boosted-event tagging and
optimizing the relevant kinematic phase-space regions.

The reconstruction of jets may include soft, wide-angle radiation originating from initial-state radia-
tion, pileup interactions, or underlying events, which are events associated with the primary vertex that
cannot be removed and are connected to the hard collision. To mitigate this contamination, a soft-drop
grooming algorithm can be used to reconstruct the invariant mass, which recursively remove soft wide-
angle radiation and it results in an overall improvement of the jet mass resolution. Pileup particles are
removed from the reconstruction using dedicated algorithms, such as charged-hadron subtraction (CHS)
or pileup per particle identification (PUPPI) [65]. CHS exploits the fact that all charged hadron candi-
dates are associated with a track and checks whether the track originates from the primary vertex. If this
is not the case, the charged hadron is removed. However, CHS is limited by its inability to remove pileup
contributions from neutral particles. To overcome this limitation, PUPPI was developed to build upon
CHS by calculating, for each neutral particle, the probability of originating from a pileup interaction,
and scaling its momentum by this weight. The resulting list of particles, with each neutral particle’s
momentum scaled according to its weight, is then used as input for jet clustering. Moreover, jets can be
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Figure 2.9: Left: A pictorial representation of a jet cone is shown. The jet axis is depicted as a green
dashed line, with colored solid lines representing the particle tracks, and the angular extent of the cone is
schematically indicated in red. Right: A representation of a boosted jet, in which the constituents have
a high transverse momentum, causing them to be highly collimated and reconstructed as a large-radius
jet [25].

affected by detector noise or other experimental artifacts. Therefore, a dedicated jet cleaning procedure
is applied by imposing thresholds on several jet observables for identification purposes, resulting in an
efficiency above 99% and a comparable level of background rejection.

The origin of a jet strongly influences its properties. For example, gluon jets usually exhibit a broader
energy spread than quark jets, while high-momentum heavy particles (e.g. from top quarks, W , Z, or
Higgs boson hadronic decays) produce jets with distinct multi-prong substructures. Therefore, identifying
the origin of a jet from its reconstructed features is essential. This motivates the development of flavor
tagging algorithms, which classify jets as b-jets, c-jets, or light-flavor jets. Several jet-tagging algorithms
have been developed within CMS, and with the advent of advanced machine learning techniques, new
strategies have been introduced. For instance, during LHC Run 2, the DeepJet [66] algorithm, based
on a recurrent neural network (RNN) architecture, was widely employed. Towards the end of Run 2, a
new approach based on Graph Neural Networks (GNNs), named ParticleNet [67], was introduced and
gradually preferred due to its superior performance.

For instance, jets originating from b-quark and c-quarks decays are particularly distinguishable because
they contain open-bottom or open-charm hadrons with relatively long lifetimes (c⌧ ⇡ 0.5 mm for bottom
hadrons and 0.3 mm for charm hadrons). Consequently, these hadrons often decay at a measurable
distance from the primary vertex, making the presence of a secondary vertex a distinctive feature of
such jets. The identification of b and c-jets is referred to as heavy-flavor tagging and is crucial for many
analyses. Minimizing contamination from jets originating from light quarks or gluons requires specific
tagging algorithms to reliably separate these objects. Jet flavor classification typically exploits hadron
fragmentation properties, lifetime information, and tracking displacement variables. Due to the large
number of observables to account for, machine learning methods are particularly well suited for this task.
The DeepJet algorithm, for instance, simultaneously uses information from all jet constituents, both
charged and neutral particles, together with displacement and global event variables. DeepJet uses
information from the secondary vertex properties and the variables of the PF-jet components as inputs
of the DNN, the output is the classification of jets in light, b or c-jets. ParticleNet, on the other
hand, adopts a completely new paradigm for jet tagging. Instead of treating jets as ordered collections of
constituents, it represents them as unordered point clouds of PF candidates. Based on a Dynamic Graph
Convolutional Neural Network (DGCNN) architecture, ParticleNet effectively learns the relationships
among particles within the jet. Each jet is thus reconstructed from the spatial and kinematical information
of the particles. This approach achieves a substantial improvement in performance compared to existing
methods. The ParticleNet tagger targets both resolved and boosted topologies. It is indeed capable of
identifying hadronic decays of boosted objects (e.g. W , Z, Higgs bosons) and determine the likelihood of
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each jet to be a X ! bb̄, X ! cc̄ or X ! qq̄ resonance decay or a QCD multi-jet event. The probability
is usually evaluated as in Equation 2.6.

score ParticleNet =
P (X ! bb̄)

P (X ! bb̄) + P (QCD)
(2.6)

Given its superior performance compared to other heavy-flavor tagging algorithm, ParticleNet has
been used in the searches addressed in this work, as it is discussed in Section 3.

2.3.1.5 ⌧-leptons reconstruction

⌧ -leptons are unstable, with a mean lifetime of c⌧ = 87.03µm and decay far from the primary vertex
creating a secondary vertex. They decay in a ⌧ -neutrino and a W boson, which in turns can decay either
leptonically or hadronically, as shown in Figure 2.10. In leptonic decays, the ⌧ -lepton produces an elec-

Figure 2.10: The ⌧ -lepton decay is illustrated in its Feynman diagram. Each ⌧ -lepton decays into a
tau neutrino and a W boson. The W boson can then decay either into a lepton and its corresponding
neutrino, or into a quark-antiquark pair.

tron or a muon of the same charge, which are reconstructed with the methods described in the previous
Sections, along with two neutrinos (⌧ ! `⌫`⌫⌧ ), emitted along the ⌧ -lepton flight direction, which escape
from the detector without leaving a direct trace. However, the two neutrinos leave a momentum unbal-
ance in the transverse plane, thus their presence can be inferred through the measurement of a significant
missing transverse momentum in the event. This decay mode accounts for approximately 35% of the
⌧ -lepton total width. The main challenge in identifying such decays lies in reconstructing the missing
transverse energy (MET), which serves as an indirect measurement of the neutrinos. Its reconstruction
requires the utilization of all physics objects in the event, as described in Section 2.3.1.6.

On the other hand, hadronic ⌧ decays involve one or more mesons, which are reconstructed as hadron
jets and a neutrino, and occur in approximately 64.8% of cases. Intermediate resonances of ⇢(770)
or a1(1260) might occur, resulting in a variety of charged and neutral hadrons, which are usually called
prongs. The hadronic decay of ⌧ leptons involves several charged hadrons, together with photons originat-
ing from the ⇡0 decay. The algorithm used for this reconstruction must identify such objects, determine
the decay mode, and evaluate the kinematic properties. The Hadron Plus Strips (HPS) algorithm is used
to reconstruct and identify ⌧h candidates and to check the compatibility of all PF jet candidates with a ⌧
lepton. The algorithm first identifies PF jets as seeds and considers all particles within a cone of ∆R < 0.5
around the hadronic jet. It reconstructs ⇡0 candidates using either photons or PF electrons within the
jet (photons from ⇡0 decays may convert into electron–positron pairs). These reconstructed objects are
referred to as strips. Candidates within the clustering region around each strip are gradually added, and
the strip position is recomputed using a pT -weighted average. The ⌘⇥� window is dynamically adjusted
at each iteration to match the strip pT and ensure optimal energy collection. This procedure is repeated
until no further candidates are found. At this stage, all possible combinations of PF charged hadrons and
strips are considered to reconstruct the potential decay mode hypotheses. There are seven different ⌧h
decay modes, as listed in Table 2.1. Among all candidates within a seed region, a single object is selected,
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corresponding to the one with the highest pT . ⌧h candidates are then classified as originating from genuine
⌧ -leptons or as misidentified objects, such as jets, electrons, or muons. QCD multi-jet events constitute a
significant background due to their abundant production in proton-proton collisions at the LHC. More-
over, as done for other leptons, it is common in many analyses to enforce the compatibility of the ⌧h
candidate with the primary vertex by requiring constraints on ∆z. In recent years, a new deep neural

Decay mode Meson resonance B [%]
e⌫e⌫⌧ — 17.8
µ⌫µ⌫⌧ — 17.4
All leptonic decays — 35.2

h±⌫⌧ — 11.5
h±⇡0⌫⌧ ⇢(770) 26.0
h±⇡0⇡0⌫⌧ a1(1260) 9.5
h±h⌥h±⌫⌧ a1(1260) 9.8
h±h⌥h±⇡0⌫⌧ — 4.8
Other hadronic decays — 3.2
All hadronic decays — 64.8

Table 2.1: All possible ⌧ decay modes are listed, divided into leptonic and hadronic decays, including the
meson resonances for some decay modes. For each decay mode, the corresponding branching fraction is
given in percent.

network (DNN) specifically developed to reconstruct ⌧h candidates has been adopted in CMS analyses:
the DeepTau algorithm. It is a multiclass ⌧ identification algorithm based on a deep convolutional neural
network (CNN), which discriminates genuine ⌧ leptons from electrons, muons and jets. The algorithm
uses information from all reconstructed particles near the ⌧h candidate axis, together with high-level
information from the reconstructed ⌧ leptons. Two different versions of the DeepTau algorithm were
employed for Run 2 and Run 3. The main improvements in Run 3 include reducing discrepancies be-
tween data and simulation in regions of high hadronic ⌧ purity, integrating domain adaptation techniques,
and improving data handling, resulting in enhanced overall performance. This new algorithm has been
shown to significantly improve ⌧h identification and reconstruction compared to previous algorithms [68].
For example, for a given jet rejection level, the efficiency for genuine ⌧h candidates is increased by 10–30%.

When ⌧ leptons are produced from highly boosted resonances, their decay products become collimated
within a narrow cone, often forming a single jet, similar to the behavior observed for AK8 jets. While
for LHC Run 2 a dedicated reconstruction technique was not available, with the beginning of Run 3,
an extension of the HPS algorithm has been specifically developed to reconstruct such high-momentum
candidates by exploiting the jet substructure of the ⌧h candidates. Jets are reconstructed using the
Cambridge-Aachen (CA) clustering algorithm, with a distance parameter of 0.8. The algorithm reverses
the last step of the CA clustering sequence, identifying the two sub-jets that are expected to correspond
to the decay products of the boosted ⌧ lepton. Requirements on the sub-jets are imposed to reduce
the misidentification of QCD jets. If no valid sub-jets are found, ⌧h reconstruction is not attempted for
that jet, and the algorithm proceeds to the next one. Candidates containing electrons or muons are also
rejected, as they are interpreted as semileptonic decays. This algorithm achieves superior performance
compared to the standard HPS in reconstructing highly boosted ⌧ leptons and it maintains a misidenti-
fication rate on the order of 10�4. Eventually, the selected boosted ⌧ candidates are passed to the HPS
algorithm that performs the standard ⌧ reconstruction.

2.3.1.6 MET reconstruction

Neutrino particles do not interact with the CMS sub-detectors and travel all the way from the collision
point out of the detector without being detected. Therefore, their presence must be inferred indirectly.
The imbalance in the plane transverse to the proton beams is quantified by the missing transverse
momentum or missing transverse energy4, and it is defined as in Equation 2.7, where the momentum

4The longitudinal component cannot be reconstructed because the parton momentum fractions within the protons are
unknown on an event-by-event basis.
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�!p T,j of each PF jet with pT > 10 GeV is corrected via jet energy corrections to account for detector and
software limitations (e.g. tracking inefficiencies, calorimeter energy thresholds, and non-linear detector
responses).
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(�!p corr
T,j ��!p T,j) (2.7)

Given the elusiveness of neutrinos, MET alone may not be sufficient to reconstruct their energy and
momentum efficiently. Therefore, extensive effort has been dedicated to develop techniques to reconstruct
the mass of initial states involving neutrinos in their decay products. Of particular interest in this work are
the algorithms developed to reconstruct the H ! ⌧⌧ system, which involves at least two neutrinos in its
decay. The analyses described in Chapter 3 make use of FastMTT [69]. The methods use a likelihood
approach to quantify the compatibility between the Higgs boson mass hypothesis and the measured
momenta of objects reconstructed as decaying from the ⌧ candidates. This results in an improved mass
resolution of the H ! ⌧⌧ system by about 30% compared to the visible invariant mass of the system. A
slight shift from the expected Higgs boson mass is still observed due to the assumption that the source of
missing transverse energy originates solely from neutrinos from ⌧ decays, while additional contributions
may arise from B-hadron and meson decays from b-quark hadronization. It demonstrated to achieve a
mass resolution of 22 GeV for Z bosons and 34.5 GeV for Higgs bosons.

2.3.2 Simulated processes

In addition to data collection, each experiment aims to describe collisions between proton-proton beams
and their outcomes using dedicated Monte Carlo simulations. The results from both data-triggered and
simulation-triggered events are then reconstructed into objects in an analogous way, as described in the
previous section, and are ultimately used in all analyses.

The event simulation begins with the generation step, in which simulated collision events are produced
using theoretical models of particle interactions. These models are implemented in specific event gen-
erators, such as MadGraph5 aMC@NLO [70] or Powheg [71], which are Matrix Element generators
including calculations at Leading Order (LO) or Next-to-Leading Order (NLO) and produce the hard
scattering and the resulting particles before fragmentation. They are then combined with other generators
such as Pythia [72] for the parton shower, hadronization, and the production of the underlying events
to generate particle-level information prior to simulation and reconstruction. Detector simulation models
are then used to emulate how particles interact within the detectors, accurately reproducing real data
conditions. Within the CMS context, the Geant4 [73] framework is employed. This software simulates
particles and their interactions with matter, including functionalities such as tracking, geometry, physics
models, and hits, covering a wide range of physics processes. CMS uses Monte Carlo programs to perform
realistic, data-driven simulations, which are built upon the CMS-specific software package CMSSW and
continuously evolve in line with the experiment’s performance. Monte Carlo simulations track particles
through different detector materials, emulating interactions in every layer, including energy loss, multiple
scattering, and secondary particle production. The interaction of particles within the detector produces
signals that are digitized via dedicated electronics. This step is emulated in simulations to reproduce the
digital output of the sub-systems, including real effects such as noise and pulse shaping, and simulation
also accounts for pileup events. Since the LHC collides many protons simultaneously, several interactions
can overlap within a single event. CMS uses minimum-bias MC samples to simulate these additional
interactions, reproducing realistic detector conditions. Finally, the digitized signals are converted into a
format that emulates the requirements imposed by the HLT, bringing simulated events to the same level
as collected data. Events are then reconstructed as described in Section 2.3.1. The primary datasets in
CMS are collected as physics objects (e.g. muon, jet, ⌧ -lepton, etc.).

2.3.2.1 Corrections to simulation events

Many analyses rely on MC samples to model a wide range of phenomena, therefore, ensuring good
agreement between observed data and simulated events is essential. Any discrepancies must be carefully
evaluated and, when necessary, corrected. Corrections can be applied through dedicated weights assigned
to MC events. When reweighting alone is insufficient to account for observed deviations between data
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and simulation, data-driven techniques are employed to estimate and correct the remaining discrepancies.
Different data-taking periods can have distinct sets of weights w depending on their specific conditions.
Several CMS analysis groups focus specifically on evaluating these corrections through Scale Factors
(SFs), which account for differences between data and simulation. These corrections are often derived
per object (e.g. electrons, muons, jets) or triggers etc. They are usually developed at a specific operating
point, i.e. a working point (WP), defined at a given efficiency level. SFs are defined as the ratio between
the efficiency measured in data and that measured in simulated events, as shown in Equation 2.8.

SF =
✏data

✏MC
(2.8)

A common strategy to measure these efficiencies is the tag-and-probe technique, in which a well-understood
and well-reconstructed process is used as a clean source of target objects. One subset of events, called
the tag, satisfies tight selection criteria to ensure that genuine signal events are retained while suppress-
ing background contamination. The other subset, called the probe, is associated with the tag event and
selected with looser criteria and it is used to study the efficiency of the selection under investigation. The
efficiency is then computed as the ratio of probe events passing the selection under study to the total
number of probe events. SFs are usually computed “centrally” by dedicated CMS working groups. Some
relevant examples of simulation correction evaluations, particularly relevant to the analyses presented in
this thesis, are discussed below.

Pileup reweighting

The beam conditions in terms of energy and luminosity are considered when producing the theoretical
models of hard scattering. However, simulated events may exhibit slightly different distributions of the
number of interactions per vertex compared to data. Pileup interactions affect both the detector response
and object reconstruction, therefore, this discrepancy between data and simulation must be corrected to
achieve a better match. A reweighting procedure is applied to simulated events using the ratio between
the pileup distribution observed in data and that predicted by simulation. This procedure ensures a
precise morphing of the simulated PU distribution to match that observed in data.

Trigger corrections

Each analysis relies on a specific set of trigger requirements based on the targeted objects, which
are applied consistently to both data and simulated events. Although MC simulations aim to reproduce
the trigger behavior observed in data, residual differences may remain and must be corrected using
dedicated scale factors derived from trigger efficiencies measured in data and simulation. When multiple
triggers cover the same phase space, the overall trigger efficiency must be computed accounting for the
logical OR of the individual triggers, to avoid double-counting events. Depending on the trigger path,
different approaches can be employed to derive these efficiencies. For example, for single-muon triggers,
the efficiency is measured using the tag-and-probe technique applied to a sample of Z ! µµ events,
exploiting the clean muon signature. One “tag” muon is required to pass the single-muon trigger and
tight identification criteria, while the other muon, the “probe”, is selected without trigger requirements
but constrained by the invariant mass of the Z boson to enhance sample purity. The resulting efficiency
is computed as the ratio between the number of events where the probe muon passes the single-muon
trigger requirement and the total number of selected events. The ratio of this efficiency measured in data
to that measured in simulation defines the SF, which is studied as a function of the reconstructed muon
momentum and pseudorapidity. A similar strategy is adopted for single-electron triggers with Z ! ee
events.

Muon corrections

SFs for muon identification are evaluated through efficiency measurements performed via tag-and-
probe technique on different samples, depending on the type of reconstructed muon. The efficiency for
prompt muons (i.e. muons originating directly from primary interactions such as Z ! µµ decays) is
measured using Z ! µµ events, while QCD multi-jet samples are used to evaluate the efficiency for
identifying non-prompt muons.
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Electrons corrections

Corrections for electrons are obtained in a similar way to those used for muons, by selecting a clean
Z ! e+e� enriched region and applying a tag-and-probe technique to derive the efficiencies. In addition,
energy scale and resolution corrections are computed for the calibration of electrons and photons in
both data and MC, evaluated using the Z ! e+e� peak. Reconstructed energies in data tend to be
slightly underestimated with respect to expectations from theory; therefore, the position of the Z peak is
compared between data and MC, and the energies are corrected accordingly. Resolution in MC is typically
narrower than in data, so an additional smearing is applied to MC to match the observed resolution.

Jets corrections

Jets reconstructed in data require corrections to their energy scale and energy resolution in order
to calibrate the detector response, accounting for pileup contributions, non-linearities in the calorimeter
response, and potential variations between data and simulation. These corrections are referred to as Jet
Energy Scale (JES) and Jet Energy Resolution (JER). The JES evaluation starts with pileup subtraction,
then accounts for the detector response, and finally derives residual corrections for differences between
data and simulation. Calibration studies are performed using dijet and multi-jet samples, such as the Z/�
+ jet pT balance, where the photon or the Z boson is used as a reference and momentum conservation
is exploited to derive corrections [74]. To account for the worse energy resolution observed in data, a
process of smearing (i.e. worsening the jet energy resolution) is applied on simulated events to recover
agreement between data and simulated events.

Specific corrections are also needed to account for deviations in efficiency between data and simulation
related to the identification of heavy-flavor jets, such as b-jets. For resolved jets, depending on how the
tagger is used, two different approaches can be applied. The first approach involves deriving a correction
to account for efficiency differences when the tagger is only used for event selection. The second approach
is required when the full shape of the tagger distribution is used as input to a multivariate analysis
or a final fit; in this case, proper reweighting must be applied. For the reweighting approach, scale
factors must be computed on a per-event basis to modify the shape of the b-tagging discriminant and to
correct the simulation so that it matches the behaviour observed in data. These weights are functions
of the jet transverse momentum and pseudorapidity. They are expected to modify only the shape of the
discriminant; therefore, additional reweighting is performed in each analysis to ensure that the overall
yield before and after applying these weights is preserved. In both approaches, working points are defined
for different tagger efficiencies and the corresponding calibrations are estimated. For instance, in the case
of the DeepJet tagger used for AK4 jets in the LHC Run 2 data-taking, the working points defining
loose and medium selections correspond to cut values in the discriminator distribution for which the
misidentification rate of light jet as a b-jet is 10% and 1%, respectively [66, 75]. Recently, new calibration
methods have been developed for taggers addressing boosted jets, such as AK8 jets, where proxy jet
methods are employed. For instance, for the ParticleNet tagger used to identify AK8 jets originating
from resonances decaying to bb̄ or cc̄, different working points are defined for different efficiency levels
and calibrations are performed using proxy jets from gluon splitting into a pair of b or c quarks, along
with other techniques designed to improve the similarity between the selected proxy and the signal jet.
In particular, for the Run 2 data-taking period, three working points are defined for H ! bb̄ signal jets
with efficiencies of 80%, 60%, and 40%, referred to as Low Purity (LP), Medium Purity (MP), and High
Purity (HP), respectively.

⌧ corrections

The efficiencies in identifying and isolating ⌧ -leptons are computed analogously to what is done for
other leptons, using a tag-and-probe technique on a Z ! ⌧⌧ sample. Additionally, different sets of scale
factors are applied to the energy scale of the ⌧ -leptons depending on the scenario: specific SFs are applied
for genuine ⌧ -leptons, genuine electrons misidentified as ⌧ -leptons, and genuine muons misidentified as
⌧ -leptons. The efficiencies may vary from about 40% for jets up to 99.95% for muons, depending on the
object type and transverse momentum. Significant updates are being implemented, mainly for Run 3
analyses, including the use of newer and extended datasets for training, improved training techniques,
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and optimized hyperparameter tuning. The efficiency in identifying ⌧ -leptons against other particles must
also be considered and usually depends on the decay mode of the ⌧ -lepton.

2.3.3 Statistical analysis and interpretation

The datasets obtained from data and MC simulations, corrected for the effects described in the previous
section, are eventually selected according to the goals of the specific analysis. Events are then analyzed
differently depending on the target of the measurement. In this section, however, the focus is specifically
on the statistical methods employed in Higgs searches. It is common to aim at measuring the cross sec-
tion of a process, and it is necessary to test the compatibility of the observed data with the expectation
given by the signal-plus-background hypothesis, in comparison to the hypothesis that the data are well
described by a background-only model. To this end, statistical tools based on likelihood functions and
hypothesis testing are employed, as extensively described in Ref. [76] and effectively reviewed in Ref. [77].
In the following, a brief overview is provided, serving as a foundation for the discussion in the next section.

It is common practice in HEP analyses to develop the entire analysis workflow without revealing
the data before the analysis procedure is completely established and endorsed by the collaboration,
thus following a “blinding” procedure to avoid unintentional biases during the development phase. For
this reason, data in the most sensitive kinematic regions are not shown until the complete analysis
workflow is approved. In a blinded analysis, pseudo-data are used in the statistical analysis instead of
the observed data, which in the following is referred to just as data. To perform the statistical analysis, a
discriminant variable sensitive to differences between signal and background is chosen. The distributions
of this discriminant variable are then used to perform a binned fit of the model to data, in which each
bin contains a count that can be described by a Poisson distribution. The overall probability density
function is the joint product of the probabilities of observing the data in each bin, given the model, as
shown in Equation 2.9, where Ni is the observed number of events in data and Λi is the expected number
from the model in the i-th bin.

P (data | model) =
Y

i

P (Ni | Λi) with P (Ni | Λi) =
Λ
Ni

i e�Λi

Ni!
(2.9)

The expected value Λi can be expressed as the sum of the signal yield s and the background yield
b. However, one must also take into account the systematic uncertainties affecting the yield in each bin.
These are included in the model as nuisance parameters (✓ vector). The expected value can then be
written as in Equation 2.10, and the Poisson expression can be re-expressed as in Equation 2.11.

Λi(µ, ✓) = µ si(✓) + bi(✓) (2.10)

P (Ni | µsi + bi) =
(µsi + bi)

Nie�(µsi+bi)

Ni!
(2.11)

Each nuisance parameter is included in the statistical model with an associated probability density
function that encodes the prior knowledge about its expected value and uncertainty. The analytical form
of this probability depends on effect addressed by the systematics. For example, luminosity uncertainties,
which arise from independent measurements, are typically modeled using a log-normal distribution.

To infer the parameter of interest, typically the signal strength µ, defined in Equation 2.12, the
maximum likelihood estimation method is used to determine the value that best describes the observed
data:

µ =
�obs

�SM
(2.12)

The likelihood function accounts for both the probability of observing the data given the parameters
and the prior knowledge associated with the nuisance parameters. It can be written as in Equation 2.13,
where ”data” represents either the observed data or pseudo-data, and p(✓̃ | ✓) is the probability density
function of the systematic uncertainties, which, as discussed in Ref. [77], can be interpreted in a frequentist
framework.

L(data | µ, ✓) = Poisson
�

data | µ s(✓) + b(✓)
�

p(✓̃ | ✓) (2.13)

To determine whether the data are compatible with the background-only hypothesis or the signal+background
hypothesis, with the signal yield scaled by a signal strength parameter, the test statistic q̃µ [78] is defined

37



Chapter 2: The CMS experiment at the LHC

based on the profile likelihood ratio, as given in Equation 2.14, where ✓̂µ are the conditional maximum

likelihood estimators of the nuisance parameters for a given µ, and (µ̂, ✓̂) is the global maximum of the
likelihood.

q̃µ = �2 ln
L(data|µ, ✓̂µ)

L(data|µ̂, ✓̂)
(2.14)

The test statistic is computed for the observed data q̃ obs
µ , along with the nuisance parameters that

best describe the data by maximizing the likelihood, both under the background-only and signal-plus-
background hypotheses, ✓̂ obs

µ and ✓̂ obs
0 , respectively. A MC toy is generated to construct the probability

density functions of observing a test statistic q̃µ given the signal strength or the null (background-only)

hypothesis, using the observed nuisance parameters that best describe the data ✓̂ obs
µ and ✓̂ obs

0 . These
functions are then used to define the p-values for the observation under the signal-plus-background and
background-only hypotheses, denoted as pµ and pb, respectively, and defined as in Equation 2.16

pµ = P (q̃µ � q̃ obs
µ | signal + background) =

Z 1

q̃ obs
µ

fµ(q̃µ|µ, ✓̂
obs
µ ) dq̃µ, (2.15)

1� pb = P (q̃µ � q̃ obs
µ | background� only) =

Z 1

q̃ obs
µ

f0(q̃µ|0, ✓̂
obs
0 ) dq̃µ. (2.16)

The confidence level CLs is then computed as the ratio between the probability of observing a test
statistic under the signal-plus-background hypothesis and the probability of observing a test statistic
greater than the observed one under the background-only hypothesis, as in Equation 2.17:

CLs(µ) =
pµ

1� pb
. (2.17)

Results are usually reported in terms of a 95% confidence level (CL), meaning that CLs(µ)  0.05 for
those results, thereby excluding the corresponding signal strength at the 95% CL. Expected upper limits
are also commonly reported. These are evaluated along with their ±1� and ±2� bands using large
samples of pseudo-data generated under the background-only hypothesis. The median value is computed
as the 50th percentile of the distribution, while the ±1� (±2�) bands correspond to the 16th and 84th
(2.5th and 97.5th) percentiles.
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Chapter 3

Search for di-Higgs production into
the bbττ final state with LHC data
at CMS

The advanced CMS design, combined with precise object reconstruction, has enabled a wide variety of
measurements, allowing for stringent tests of the Standard Model, detailed studies of top quark and Higgs
physics, and searches for beyond the Standard Model phenomena. Currently, Higgs physics can only be
investigated at the LHC, offering a rich opportunity to test the validity of the SM while probing for
hints of new physics. As discussed in Chapter 1, among all Higgs measurements, searches for di-Higgs
production with the CMS experiment at the LHC are of particular importance. Di-Higgs production
provides a direct probe of the Higgs boson self-coupling predicted by the SM, giving access to the Higgs
potential and the BEH mechanism. The study of the Higgs self-coupling therefore constitutes a central
objective of the current LHC program, the future high-luminosity LHC, and the strategic plans for future
collider experiments. In this thesis, the study of the HH production is conducted on the final state in
which the Higgs bosons decay into two b-quarks and two ⌧ -leptons, which constitutes a channel among the
most sensitive [27], combining a relatively large branching ratio with reduced background contamination
compared to other final states.

At the time of this thesis, data from the LHC Run 2 data-taking period are available, while data
from Run 3 are gradually becoming accessible. Aiming to study the Higgs boson self-coupling, this
thesis explores the possibility of enhancing the sensitivity of the search for HH ! bb⌧⌧ by including
a dedicated phase space optimized for H ! bb events with a high Lorentz boost, where the resulting
b-quarks are reconstructed as large-radius (AK8) jets. Although this boosted phase space represents a
statistically limited subset of events, it typically achieves a higher signal-to-background ratio than the
majority of events selected by the so-called resolved analysis, thanks to its characteristic topology and
lower QCD multi-jet backgrounds. Recent advancements on boosted jet topologies analysis methods like
the ParticleNet tagger (see Section 2.3.1.4) offered also interesting prospects to further improve the
sensitivity in this boosted regime. While the non-resonant search for HH ! bb⌧⌧ using the LHC Run 2
dataset has already been published in Ref. [79], a first test of the ParticleNet tagger performance
and development of the strategies for handling this phase-space was conducted initially in the context of
the search for resonant di-Higgs production in the same bb⌧⌧ final state using the full Run 2 available
dataset. Once the 2022 and 2023 Run 3 data became available, I contributed to the development of the
search for non-resonant HH ! bb⌧⌧ . Building on the experience gained from the studies of boosted
topologies in the resonant search, this thesis presents a detailed optimization of the treatment of such
events. In particular, my work focused on optimizing the selection of boosted H ! bb events, defining
custom selection strategies, deriving the corresponding correction factors for background processes, and
developing a dedicated method to discriminate signal from background in this kinematic regime.

The search for resonant HH production in the bb⌧⌧ final state using Run 2 proton–proton collision
data at

p
s = 13 TeV, corresponding to an integrated luminosity of 138 fb�1, is briefly described in
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Section 3.1. The non-resonant search using Run 3 data at
p
s = 13.6 TeV, collected during the 2022

and 2023 data-taking periods and corresponding to an integrated luminosity of 62.4 fb�1, is discussed in
Section 3.2. Both analyses target three ⌧⌧ final states, where one ⌧ lepton decays hadronically (⌧h) and
the other decays either hadronically or leptonically into an electron (⌧e) or a muon (⌧µ), accompanied by
neutrinos. These three modes (referred to as channels) cover 88% of all ⌧⌧ decays, corresponding to six
out of nine possible combinations. The remaining fully leptonic modes (both ⌧ leptons decaying into elec-
trons or muons) are not considered in this work, as they involve four neutrinos, which complicates event
reconstruction and worsens the ⌧⌧ mass resolution, an important variable for background suppression.
Moreover, fully leptonic channels with two same-flavor leptons suffer from significant contamination from
Drell–Yan (DY) production events [80]. In the three selected channels, the main reconstruction challenges
arise from the presence of neutrinos and from distinguishing hadronic ⌧ decays from background pro-
cesses. The signal processes are extremely rare compared to other SM processes with similar experimental
signatures, and several SM backgrounds mimic the signal. The most abundant ones are top–antitop (tt̄),
DY, and QCD multi-jet events. In many cases, these backgrounds contain genuine b-jets or genuine ⌧
leptons; in others, objects such as light jets or leptons may be misidentified as b-jets or ⌧ candidates
(for example, in DY events, the ⌧ leptons may be genuine, while other leptons may be misreconstructed
as ⌧h candidates). The first step in selecting signal events is to ensure that the particles originating
from Higgs boson decays are correctly identified, reducing instrumental and non-prompt backgrounds.
This provides an initial level of background suppression. Sophisticated algorithms such as DeepTau and
ParticleNet are used to further suppress jets originating from non-signal sources (see Section 2.3.1).
Finally, kinematic properties and particle correlations are exploited to enhance signal sensitivity and
further reduce background contributions.

Given the complexity and breadth of expertise required for such analyses, it is common within large
HEP collaborations such as CMS for these studies to be carried out collaboratively by several international
teams. Both searches build extensively upon the previous CMS analysis of non-resonant HH ! bb⌧⌧
production using LHC Run 2 data, published in Physics Letters B in 2021 [79]. The overall logic followed
in both analyses can be divided into several steps, each described in its corresponding section, while
sharing a common workflow. The starting datasets consist of the data collected by CMS during LHC
Run 2 or Run 3, which, as described in the previous section, are organized according to reconstructed
physics objects. Simulated events produced with Monte Carlo techniques are considered on a per-sample
basis. A dedicated set of triggers, aimed at isolating the objects relevant to this analysis, is applied
to both data and simulated samples. ⌧ leptons and b quarks are selected through specific identification
criteria and kinematic requirements designed to maximize signal acceptance while minimizing background
contamination. Subsequently, the Higgs boson candidate decaying into ⌧⌧ is reconstructed through the
three ⌧ decay channels mentioned above, whereas for the Higgs boson decaying into bb̄, two jet topologies
are identified: boosted or resolved, depending on the event kinematics. Additional selections are applied
to the invariant mass of the reconstructed systems to further suppress background contributions, and
events are categorized into distinct classes. The discrimination between signal and background is achieved
using a custom deep neural network (DNN), whose output is used as input to the statistical analysis to
extract constraints on Higgs boson production processes. The searches are presented following a common
structure, with particular emphasis on the developments related to the boosted category. The document
structure is organized as follows: datasets and triggers (Sections 3.1.1 and 3.2.1); object reconstruction
(Sections 3.1.2 and 3.2.2); event selection and categorization (Sections 3.1.3 and 3.2.3); background
modeling (Sections 3.1.4 and 3.2.4); systematic uncertainties (Sections 3.1.6 and 3.2.6); and finally, results
(Sections 3.1.7 and 3.2.7), for the resonant Run 2 and non-resonant Run 3 searches, respectively. The
searches presented here are currently under scrutiny by the CMS collaboration prior to final approval.
Therefore, the results are shown without data in the sensitive phase space, as this region remains blinded
(see Section 2.3.3).

3.1 The boosted H ! bb category in the resonant search for
HH ! bbττ

The search for resonant production of a pair of Higgs bosons decaying into bb⌧⌧ uses proton-proton
collision data at

p
s = 13 TeV collected by the CMS experiment at the LHC between 2016 and 2018,
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corresponding to an integrated luminosity of 138 fb�1. The search targets heavy resonances X that are
assumed to be produced via gluon fusion and to decay into two on-shell Higgs bosons. Models involving
WED (see Section 1.2.3) predict the existence of new resonances such as the spin-0 radion and the spin-2
Kaluza-Klein graviton. This search targets both spin hypotheses, assuming narrow resonances (ΓX = 1
MeV) with masses in the range between 250 GeV and 3 TeV. Due to this wide mass range, different
kinematic configurations must be addressed. At low resonance masses, the Higgs bosons typically decay
into particles which are produced back-to-back, as most of the resonance mass is used by the Higgs boson
masses themselves, leaving little available transverse momentum. At higher resonance masses, however,
the Higgs bosons are produced with a significant Lorentz boost, resulting in more collimated decays. My
contribution to this search focused on defining a dedicated treatment of boosted H ! bb events through
the development of a new boosted category. Events in this category are selected using the ParticleNet

tagger and serve as an extension of the accessible phase space, enhancing the sensitivity of the analysis in
the high-mass resonance regime. The importance of an efficient boosted category is primarily kinematic:
at high resonance masses (up to 3 TeV), Higgs bosons are produced with large boosts, causing their decay
products to become collimated and often reconstructed within a single merged jet cone. The boosted
category therefore becomes increasingly significant as the resonance mass increases. While the inclusion
of the boosted H ! bb category provides a gain in sensitivity, the analysis is not fully optimized for
the boosted regime overall, since the reconstruction of boosted ⌧ leptons only became available with the
beginning of Run 3 and they are therefore not included here.

A brief overview of the search workflow is presented in this section to contextualize the boosted
H ! bb category and its role within the overall analysis strategy, with particular emphasis on the aspects
developed in this work. A schematic representation of the main analysis steps is shown in Figure 3.1.

3.1.1 Datasets and triggers

This search uses data recorded at CMS during the 2016, 2017, and 2018 LHC runs, corresponding to
integrated luminosities of 36.3 fb�1, 41.5 fb�1, and 59.8 fb�1, respectively. During CMS data taking, the
trigger system, composed of L1 and HLT stages, selects events as described in Section 2.2.2. Events are
grouped into primary datasets according to the HLT triggers used for their recording (e.g. electron/pho-
ton, muon, ⌧ , and MET primary datasets).

As outlined in Section 2.3.2, both signal and background MC samples in CMS are generated us-
ing state-of-the-art theoretical calculations (LO, NLO, or NNLO), with event generation performed by
MadGraph5 aMC@NLO (used for every sample except for tt̄, single top and single Higgs samples)
or POWHEG (used for generating tt̄, single top and single Higgs samples). Multi-parton interactions,
parton showering, and hadronization are modeled with PYTHIA, and the CMS detector response is sim-
ulated using Geant4. Dedicated reweighting procedures are applied to reproduce the pileup conditions
observed in data. Moreover, as discussed in Section 2.3.2.1, correction factors are derived and applied to
simulation events to account for the measured trigger efficiencies, as well as for any differences between
data and simulation arising from objects reconstruction and identification. The simulated signal samples
correspond to narrow-width resonances produced via gluon fusion, including spin-0 radions and spin-2
gravitons, generated at leading-order precision for resonance masses between 250 GeV and 3 TeV. The
dominant backgrounds depend on the kinematic region but are generally driven by Z�⇤ ! `` and tt̄ con-
tributions, simulated at NLO precision. W+jets processes, which can fake signal objects, are simulated
at LO precision. Single-top (t+X) and single-Higgs (H+X) production are simulated at NLO, diboson
(WW, ZZ, WZ) production at LO, and triboson (ZZZ, ZZW, ZWW, WWW) at NLO. tt̄+X production
is simulated either at LO or NLO, depending on the specific process.

For each of the three channels considered (⌧e⌧h, ⌧µ⌧h, ⌧h⌧h), specific trigger requirements are applied.
Both general-purpose and dedicated triggers are employed, requiring single electrons, muons, or taus,
as well as lepton–tau combinations. For the semi-leptonic ⌧e⌧h and ⌧µ⌧h channels, single-lepton triggers
requiring an isolated lepton are used in combination with cross-lepton triggers that select events containing
an isolated lepton and a hadronically decaying ⌧ -lepton. The cross-lepton triggers help lower the lepton
pT thresholds and enlarge the accessible phase space. In the ⌧h⌧h channel, triggers require a pair of
hadronically decaying ⌧ -leptons. In addition, single-⌧ triggers targeting high-momentum ⌧ -leptons and
MET triggers targeting events with large missing transverse energy are used to enhance the sensitivity
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Figure 3.1: A representative schematic of the analysis workflow is here reported. The datasets are the
data collected by CMS during the Run 2 data taking. Simulated events produced with Monte Carlo
techniques are considered on a per-sample basis. A dedicated set of triggers, designed to isolate the
objects relevant for this analysis, is applied consistently to both data and simulated samples. ⌧ -leptons
and b-quarks are selected according to efficiency and kinematic criteria optimized to maximize signal
acceptance while minimizing background contamination. The Higgs boson candidate decaying into ⌧⌧ is
reconstructed through its three main decay channels. For the Higgs candidate decaying into bb̄, jets are
classified as either boosted or resolved depending on their topology. Further selections are applied on the
invariant mass of the reconstructed systems to suppress background contributions. Finally, events are
grouped into three distinct categories. Signal and background are discriminated using a dedicated deep
neural network, whose output distributions are then employed in the statistical analysis to extract limits
on the Higgs boson production processes.
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of the analysis to heavy resonances. To ensure high trigger efficiency, specific transverse momentum
thresholds are required for each trigger, depending on the data taking period: electrons have thresholds
in the range 24–35 GeV, muons in the range 20–27 GeV, ⌧h pairs within range values of 35-40 GeV, ⌧h
leptons firing the cross triggers in the range 27–30 GeV, single-⌧h triggers between 120–180 GeV, and
MET triggers around 120 GeV. Conditions on pseudorapidity ranges are also applied to ensure high
trigger efficiency.

3.1.2 Physics objects reconstruction

Events are reconstructed using the particle-flow algorithm and dedicated techniques developed within the
CMS framework, allowing for the reconstruction of all physics objects (see Section 2.3.1). The objects
relevant for this study are reconstructed as follows. Muons used in the signal regions are required to
satisfy an isolation criterion (see Equation 2.4) I`rel < 0.15 and a tight identification criterion, resulting
in an efficiency ranging from 90% to 99%, depending on pT , while muons used to veto events are required
to pass a looser isolation requirement of 0.3 and a medium identification requirement, corresponding to
99% efficiency. Signal electrons are identified using a tight working point of the BDT discriminator, with
an associated efficiency of approximately 80%, while veto electrons pass the medium criterion. ⌧ -leptons
are reconstructed with the hadrons-plus-strips algorithm (Section 2.3.1.5) and the DeepTau algorithm
is used for identification, discriminating ⌧ -leptons against muon, electrons and jets, with tight, very-very
loose and medium requirements, respectively. Jets are reconstructed with the anti-kT algorithm, either
as resolved or boosted jets (Section 2.3.1.4). Resolved jets are required to pass a medium working point
on b-tagging, corresponding to an efficiency of 84%, while boosted jets must pass a low-purity working
point with 80% efficiency. Object reconstruction is applied consistently to both data and MC samples,
with corrections being applied to simulated events to match data, as discussed in Section 2.3.2.

3.1.3 Event selection and categorization

With all objects satisfying the selection criteria described above, and aiming to reconstruct the bb⌧⌧ final
state, the decay products of the two Higgs boson candidates must be then identified. The reconstruction
of the Higgs candidates begins with identifying the H ! ⌧⌧ candidate. Events are classified into three
channels depending on the decay mode of the ⌧ -lepton. The reconstruction of the H ! ⌧⌧ candidate
requires at least one ⌧ to decay hadronically, while the other may decay into a muon or an electron (if
it passes the selection criteria discussed above) or hadronically. If a selected muon is found, the event is
categorized as ⌧µ⌧h. If no muons are present but an electron candidate is identified, the event is classified
as ⌧e⌧h. If neither muons nor electrons are selected but a second hadronic ⌧h is reconstructed, the event
falls into the ⌧h⌧h channel. When multiple candidates are present, the most isolated muon, electron, or
⌧h is chosen. If two ⌧h candidates have equal isolation, the one with the highest transverse momentum
is selected. The selected leptons or hadronic ⌧ candidates must be consistent with originating from the
primary vertex of the event. Specifically, a condition of the distance between the track and the vertex
in the z direction of |∆z| < 0.2 cm is imposed, and electrons and muons must satisfy a requirement of
|∆xy| < 0.045 cm in the transverse (x-y) plane. To suppress overlaps and potential misidentification, the
two ⌧⌧ candidates must be separated by an angular separation of ∆R > 0.5 and have opposite electric
charge, as expected from charge conservation in Higgs decays. To reduce contamination from Z�⇤ ! ``

processes, a third-lepton veto is applied: events containing additional electrons or muons are rejected.

The H ! bb candidate is identified from the jets passing the mentioned criteria. Its reconstruction
depends on the topology of the H ! bb decay. In the resolved regime, at least two jets with pT>20
GeV and |⌘| < 2.5 are required, separated from the ⌧ candidate by ∆R > 0.5. In boosted topologies,
minimal cuts are applied on the mass and pT of the H ! bb system. The typical angular separation
of the two b-jets can be estimated as in Equation 3.1, where mH and pHT are the mass and transverse
momentum of the Higgs boson. A selection of pT> 300 GeV ensures boosted collimation, with decay
products merging within ∆R < 0.8. Additionally, a soft-drop mass requirement of mSD > 30 GeV is
applied to reduce contamination from the tail of the Higgs mass spectrum, and a minimum separation
from the ⌧ candidate of ∆R > 0.8 is imposed.

∆R(b, b) =
mH

pHT
(3.1)

43



Chapter 3: Search for di-Higgs production into the bbττ final state with LHC data at CMS

Specific taggers are used to identify b-jets. In the resolved regime, the HH-BTag neural network assigns
to each jet a likelihood of originating from a Higgs boson decay. Developed and validated for non-resonant
HH ! bb⌧⌧ searches [79], it is based on a Recurrent Neural Network (RNN) architecture, which provides
each jet with a probability score of being Higgs candidate between 0 and 1. The H ! bb is then identified
as the two resolved jets with associated the two highest scores. In the boosted regime, b-jet identification
ranks AK8 jets according to their ParticleNet score (Equation 2.6), with the highest-scoring jet chosen
as the H ! bb candidate.

The described procedure is designed to identify the most likelyH ! ⌧⌧ andH ! bb candidates in each
event. Categorization in three orthogonal categories based on the topology of the H ! bb system is then
defined to improve the analysis sensitivity and optimize discrimination between signal and background
across different kinematic regions. The categories are listed below in priority order, which is used to
resolve any overlap between categories in case an event satisfies multiple definitions:

• resolved-2b (res2b): the two b-jets identified as H ! bb candidate pass a medium working point of
the DeepJet algorithm.

• boosted: one boosted b-jet is found in the event, passing the mentioned selections and satisfying a
low-purity working point of the ParticleNet algorithm.

• resolved-1b (res1b): only one b-jet, among the two b-jets identified as originating from the Higgs
decay, passes a medium working point of the DeepJet algorithm.

Additional selections on the invariant mass of the two Higgs candidates are applied to minimize back-
ground contamination. These cuts remove background tails from the mass spectrum and enhance the
analysis sensitivity. They also enable the definition of control regions (CRs) with low signal contamina-
tion, allowing dedicated evaluations of background modeling. In the resolved regime, the maximum and
minimum values of the H ! bb and H ! ⌧⌧ candidate masses are set according to the 99% and 0.5%
quantiles. The resulting mass windows are 20–130 GeV for the visible mass of the H ! ⌧⌧ system and
40–270 GeV for the H ! bb system. In the boosted category, the visible mass of the H ! ⌧⌧ system is
required to satisfy mvis

⌧⌧ < 130 GeV.

3.1.3.1 Boosted category definition

To properly target events in which the two b-jets merge into a single jet at high transverse momentum, a
dedicated strategy has been developed, leveraging the performance of ParticleNet, which models jets
as unordered particle clouds and is particularly effective in this regime compared to other taggers available
at the time of this work, as detailed in Ref. [81]. The ParticleNet tagger score has been included into
the analysis framework, and in the boosted regime the H ! bb candidate is defined as the jet with the
highest ParticleNet score, which is defined in Equation 2.6. A preliminary assessment of the tagger’s
performance was carried out by studying the distributions of the ParticleNet score for signal and
background samples. To quantitatively evaluate the separation between signal and background processes,
the efficiencies were determined and the corresponding ROC curves were constructed. The ROC curves
are obtained using Radion signal samples spanning the full range of masses considered in this analysis,
while the background is defined as the sum of all background processes. The resulting ROC curves for
different resonance masses are shown in Figure 3.2. These results demonstrate that the tagger effectively
distinguishes signal from background events, particularly at higher resonance masses where Higgs bosons
are more likely to decay with a large Lorentz boost. In particular, at higher resonance masses, for a
signal efficiency of 80%, a background efficiency smaller than 10% is achieved, highlighting the tagger’s
capability to identify boosted H ! bb candidates while suppressing background contamination. CMS
central recommendations define three working points, each associated with corresponding corrections for
simulated events, as described in Section 2.3.1.4. For this analysis, the loosest working point was chosen
to select events in the boosted category. This strategy maintains low background contamination while
maximizing signal acceptance, which is particularly important given the limited statistics available in
this kinematic region. Although corrections are provided for jets identified as H ! bb in signal events,
the topology of events reconstructed as H ! bb from background can vary depending on the analysis.
Therefore, a dedicated evaluation of the corrections is required for each analysis; for the current study,
this evaluation is discussed in Section 3.1.4.1.
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Figure 3.2: The ROC curves corresponding to different ParticleNet score thresholds, evaluated for
various signal resonance masses, are shown in the figure. The color map ranges from shades of green to
blue, representing masses from 250 GeV to 3000 GeV.

3.1.4 Background modeling

A precise understanding of the signal processes and of the background processes mimicking the signal
constitutes a fundamental step in every analysis. In this study, every background contribution except
QCD, which is estimated with a data-driven method, is modeled using MC simulations. Residual correc-
tions in the modeling, arising from imperfect emulation of the processes and their interaction with the
detector, or from uncertainties on theoretical calculations, are accounted for as described in Section 2.3.2
and their uncertainties are treated as systematic uncertainties in the statistical analysis.

The contribution from Z�⇤ ! `` is modeled with NLO samples generated either inclusively or in dif-
ferent bins of the Z boson transverse momentum and different jet multiplicities. Control regions enriched
in DY events are defined to validate the modeling of this process: events with two oppositely charged
muons and two b-jets are selected. An example of the agreement between data and MC in this region is
shown in Figure 3.3. In the tt̄ processes, top quarks decay to a b quark and a W boson, with the latter

Figure 3.3: Distributions of transverse momentum of the leading b-jet (left) and pseudorapidity the
sub-leading lepton (right) identified in a DY-enriched control region, using a dataset corresponding to
19.5 fb�1. The data and simulated event distributions are overlaid, showing, as evidenced by the ratio
plot, a generally good agreement between data and simulation events, within the uncertainties.

decaying leptonically or hadronically. As a result, the analysis may reconstruct genuine b-jets and may
misidentify leptons originating from W boson decays or other nearby particles. To validate the modeling
of backgrounds with MC simulation, a control region enriched in tt̄ events is defined in the ⌧µ⌧h channel,
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applying the same requirements as in the resolved-2b category but with an additional cut on the H ! ⌧⌧

mass (m⌧⌧ > 130 GeV), reducing DY and signal contamination, as shown in Figure 3.4. Other minor

Figure 3.4: Similarly to what is shown in Figure 3.3, the distributions of transverse momentum of the
leading b-jet (left) and pseudorapidity the sub-leading lepton (right) are also evaluated in a tt̄ control
region, showing, also in this case, an overall good agreement between data and simulation.

contributions are also modeled through MC simulations. These include the production of two or three
vector bosons (WW, WZ, ZZ, WWW, WWZ, WZZ, ZZZ), single Higgs production via gluon fusion,
vector boson fusion, or associated with a vector boson or a top-quark pair, which represent irreducible
backgrounds due to their similar final states. Non-resonant HH ! bb⌧⌧ production is also included as
a background, assuming the SM trilinear Higgs coupling. Additional processes considered are W+jets
events, electroweak processes such as V+2 jets, and single top production in both the s- and t-channels,
although their contribution is nearly negligible. Processes involving tt̄ pairs in association with one or
more vector bosons are also accounted for.

During collisions, numerous jets are produced via QCD processes, and due to the limited understand-
ing of these processes, simulations may be insufficient or inaccurate. Therefore, an alternative method
is necessary to estimate these backgrounds, which are abundant in a pp collider like the LHC. A data-
driven technique known as the ABCD method is used in this study to estimate the multi-jet component.
This method relies on selecting two mutually independent variables that effectively characterize the back-
ground. In this study, the chosen variables are the isolation quality of the hadronic ⌧ -lepton and the
lepton charge in the ⌧⌧ channel. In the ⌧h⌧hchannel, the isolation condition is applied to the ⌧h can-
didate with the lowest-quality isolation. Four orthogonal regions (A, B, C, D) are then defined using
selections on these two variables. Region A is signal-enriched, while the other three regions (B, C, D)
are background-enriched. In particular region A selects opposite-sign taus with isolation criteria, region
B selects same-sign taus with isolation criteria, region C selects opposite-sign non isolated taus, while
region D selects same-sign non isolated taus. The number of QCD events in the background regions (B,
C, D) is estimated by subtracting the yield of all other background contributions from the observed data.
The QCD background shape can be extracted from either region B or region C, with a correction to its
normalization derived using the C/D or B/D ratios, respectively. Specifically, one shape is obtained by
taking the distribution in region B and normalizing it using the C/D ratio, while the other is derived
from region C and normalized using the B/D ratio. The final QCD background shape is taken as the
average of these two results, with the difference between them assigned as a systematic uncertainty.

3.1.4.1 Monte Carlo corrections for background processes in the boosted category

The defined selections for identifying boosted objects require corrections to guarantee good data/MC
agreement. As described in Section 2.3.1.4, corrections for signal-like jets (resonances decaying to b-quark
pairs) are provided centrally by CMS working groups. However, these cannot be applied to background
processes, where the boosted jet composition may not correspond to the signal structure and requires
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phase-space-dependent corrections. The two main background contributions in this category are DY and
tt̄ processes. In DY events, the boosted jet may result from gluon splitting or other jets (e.g. ISR/FSR).
In tt̄ events, one b-quark comes from top decay while the second nearby b-quark may originate from
another jet. Given the multiplicity of potential processes reconstructed as a signal-like boosted jet, an
effective approach is proposed. Three classes of corrections to simulated events are considered:

• signal-like jets: boosted jets matching a Z or Higgs boson decaying to b-quarks are corrected using
central CMS factors.

• background jets: boosted jets not matching Z or Higgs decaying to b-quarks are subdivided into:

– DY-like events: corrected with values derived in dedicated DY control regions (e.g. W+jets,
multi-boson events);

– tt̄-like events: corrected with values derived from tt̄ control regions (e.g. single top, tt̄V, single
Higgs+top).

Effective corrections on background processes are derived by computing the data/MC ratio before and
after applying the ParticleNet score selection, isolating the effect of the score selection by ensuring good
agreement between data and simulated events prior to its application. The boosted jet pT spectrum is
analyzed for each control region, either DY or tt̄-enriched. To preserve sensitivity to the distribution shape
while maintaining sufficient statistics per bin, the pT spectrum is divided into three bins. Distributions
are considered together with their associated statistical uncertainties. Efficiencies are calculated as in
Equation 3.2 for the specific MC sample under study (i.e. DY or tt̄) after subtracting from data the MC
yields of all other background contributions. The corresponding uncertainty is evaluated using standard
uncertainty propagation, taking into account statistical uncertainties only.

efficiency(sample) =
selected boosted events passing low purity working point

selected boosted events
(3.2)

The correction is then calculated as in Equation 3.3, with an associated uncertainty evaluated via standard
uncertainty propagation of the statistical uncertainty.

correction =
efficiency(data� otherBackgrounds)

efficiency(MC)
(3.3)

The same method is applied to both DY and tt̄ enriched region, defined with specific requirements to
reduce the contribution from other background that the one under study.

DY-enriched regions are obtained by selecting events containing two muons passing the selections
described in Section 3.1.3, defining the ⌧µ⌧µ channel. In addition to the selections applied for signal
events, a mass window cut around the Z boson mass (80 < mZ < 100 GeV) is applied to further enrich
the DY content. Distributions before and after the selection on the ParticleNet score are reported in
Figure 3.5. Corrections are then derived in this region and are reported in pT bins in Figure 3.6.

The same approach is used to extract corrections in the tt̄-enriched region, which is defined by applying
the signal selections in the ⌧e⌧h and ⌧µ⌧h channels, with an additional cut on the invariant mass of the
⌧⌧ system m⌧⌧ > 130 GeV to ensure orthogonality with the signal region. Distributions before and after
the selection on the ParticleNet score are reported in Figure 3.7. The derived corrections are shown
in Figure 3.8 and resulted compatible with unity within 1.5�. These values are applied as weights to
boosted events to correct for the ParticleNet score selection, and their uncertainties are propagated
to the final statistical analysis as systematic uncertainties.

Eventually, all corrections to the simulation, including pileup reweighting, object identification scale
factors, trigger efficiencies, jet energy corrections etc., are applied as described in Section 2.3.2. As
an example, the resulting distribution of the transverse momentum of the boosted H ! bb candidate
reconstructed in the three channels in the boosted category are reported in Figure 3.9 for the data
collected in one data-taking period, demonstrating a sufficient data/MC agreement within the statistical
uncertainties after the application of all the corrections.
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Figure 3.5: Distributions of pT are reported for the DY-enriched region, before (left) and after (right)
applying the ParticleNet score selection. The individual contributions of each background process are
shown, along with the data. The selections applied to enrich the DY-enriched region are particularly
effective, significantly reducing the contributions from other processes.

Figure 3.6: The correction factors, evaluated for boosted jets identified as H ! bb candidates and
selected with a ParticleNet score cut in DY-enriched regions, are reported with their corresponding
uncertainties for each period, divided into three exclusive pT bins. The corrections are provided for four
datasets corresponding to the different data-taking periods.
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Figure 3.7: Distributions of pT are reported for the tt̄ region, before (left) and after (right) applying a
ParticleNet score selection. The individual contributions of each background process are shown, along
with the data. The selections applied to enrich the tt̄ region overall achieve a good purity of the process.

Figure 3.8: The correction factors, evaluated for boosted jets identified as H ! bb candidates and
selected with a ParticleNet score cut in tt̄-enriched regions, are reported with their corresponding
uncertainties for each period, divided into three exclusive pT bins. The corrections are provided for four
datasets corresponding to the different data-taking periods.
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Figure 3.9: Distributions of the transverse momentum of the boosted b-jet are shown for each channel
(⌧e⌧h, ⌧µ⌧h, and ⌧h⌧h) in the signal region of the boosted category. The dataset corresponds to 19.5 fb�1.
Both data points and simulated events for each process are displayed, with the simulated backgrounds
stacked and associated with a statistical uncertainty represented as a shaded gray region.

3.1.5 Discriminating signal processes from background

The events selected using the methods described in the previous sections are subjected to a statistical
analysis to determine whether the observed data are consistent with the background-only hypothesis or if
an excess is present. The sensitivity of any analysis relies on the discriminating variable chosen to separate
signal from background distributions. The signal targeted in this study would manifest as a bump in the
invariant mass spectrum of the final-state particles, making this kinematic variable a natural candidate.
However also other variables are expected to be useful to discriminate signal and background events.
Recent advances in machine learning have demonstrated remarkable effectiveness in classifying events
in high-energy physics analyses, significantly improving both performance and sensitivity. For instance,
a DNN was implemented in the non-resonant HH ! bb⌧⌧ search, where it was shown to outperform
traditional kinematic discriminants [79].

A parameterized DNN was developed, which is parameterized on different mass and spin hypotheses
(two spin hypotheses and 25 mass points). A comprehensive set of input features is used for training,
including kinematic variables of the ⌧ , the H ! ⌧⌧ , the b jets and the H ! bb candidates, as well as
the decay modes and charges of the ⌧ leptons, the data-taking period, the resonance spin and mass,
the missing transverse momentum, and the tagging scores of the resolved b jets. The discriminating
network is trained using both signal and the main background samples from all data-taking periods.
These include signal samples of both spin hypotheses across the full mass range considered, DY samples,
tt̄ samples, and tt̄H events. The DNN output eventually is a score that is used as final discriminant.
Events are evaluated for every analysis category, data-taking period, mass point, and spin hypothesis,
resulting in 1800 distributions. The binning of these distributions is chosen so that the signal yield is
constant across the spectrum, while ensuring a minimum yield for the main backgrounds (DY and tt̄)
to allow meaningful statistical analyses when performing the binned maximum-likelihood fit. DNN score
distributions for the analysis categories are shown in Figure 3.10 as an example for a spin-0 resonance
with a mass of 1000 GeV. While the simulation distributions are visible across the entire range, data are
not shown in the most significant bins since the analysis is currently still “blinded” (see Section 2.3.3).

3.1.6 Systematic uncertainties

The description of signal and background events in the analysis phase space is affected by several sources of
uncertainty. Limited knowledge of the underlying processes, discrepancies between MC samples and data,
and the finite accuracy of the detector simulation influence the overall modeling, as extensively discussed
in Section 2.3.2.1. Uncertainties are typically categorized as normalization and shape uncertainties:
the former affect the total yield of a process, while the latter also impact its differential distributions.
The normalization uncertainties considered in this search are all implemented as log-normal nuisance
parameters and are listed below:
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Figure 3.10: Example of parameterized DNN score distributions in the analysis category for a resonance
with mass 1000 GeV and spin 0. From left to right, distributions in the res1b, res2b, and boosted are
reported. The signal has been scaled for a better visualization. Background bins are represented with
their statistical uncertainty shown as a shaded gray region, while uncertainties on data are shown as error
bars. The bins most sensitive to the signal have been blinded.

• Luminosity is used to normalize every MC event, therefore the corresponding uncertainties must
be accounted for. The uncertainties related to the measurement of the integrated luminosity affect
both the signal and background normalizations. Correlated and uncorrelated components among
different data-taking periods are considered, with values ranging approximately between 0.5% and
2%.

• The QCD background estimation method has a normalization uncertainty ranging from 5% to 60%,
depending on the category, channel, and data-taking period considered.

• The total uncertainties related to the Higgs boson branching fractions are +1.25%
�1.27% for the H ! bb

decay and ±1.65% for the H ! ⌧⌧ decay [82]. These uncertainties are included because the final
cross section is evaluated taking into account the branching fractions for this specific final state.

• Theoretical predictions used to generate several processes are affected by uncertainties related to
the parton distribution functions (PDFs), QCD scale variations, and the strong coupling constant
↵s. Uncertainties range from 0.4% to 10% for the QCD scale, between 1.3% and 4.2% for the PDFs,
and between 0.5% and 2.6% for ↵s, depending on the process considered (e.g., tt̄, W+jets, single
top, single Higgs, diboson, and triboson samples production) [82].

Shape-related systematic uncertainties are evaluated using templates obtained by varying each source by
±1 standard deviation. The shape uncertainties considered in this search are the following: QCD scale
and PDF uncertainties; inefficiencies in the L1 trigger affecting data collected during the early Run 2
period due to timing misalignments in the ECAL and muon chambers; pileup reweighting and pileup
identification efficiency; electron reconstruction and identification efficiency; ⌧ identification; ⌧ energy
scale; electron and muon energy scale and resolution; jet energy scale and resolution; trigger efficiencies;
b-tagging efficiencies. More details on the origin of these corrections can be found in Section 2.3.2.1. In
addition, uncertainties related to the limited number of simulated events are considered on a bin-by-bin
basis.

3.1.7 Results

The DNN scores serve as input to a binned maximum likelihood analysis (see Section 2.3.3 for details on
the statistical analysis). The uncertainties detailed in Section 3.1.6 are used as nuisance parameters in the
likelihood function. Expected upper limits at 95% confidence level [36], corresponding to the value below
which the signal is expected to lie in 95% of repeated experiments, are extracted for the X ! HH cross
section both in the case of a spin-0 and a spin-2 resonance, for a wide range of mass points spanning from
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250 GeV to 3 TeV. Expected upper limits at 95% CL are shown in Figure 3.11 for the final combination
of all categories, exhibiting similar results for the spin-0 and spin-2 hypothesis. Maximum sensitivity is
expected near 1 TeV, after which it gradually decreases. This is because, at higher masses, the likelihood
of producing boosted objects increases, and the current search is not optimized for boosted ⌧⌧ events.
The results are also shown in Figure 3.12, separated by category as a function of the resonance mass.

Figure 3.11: Expected upper limits at 95% CL on the cross section for the production of a resonance
particle X with spin 0 (left) and spin 2 (right), decaying to a pair of Higgs bosons, are reported as a
function of the resonance mass X, assumed to be equal to the HH invariant mass. The expected median
values are shown as dashed lines, while the yellow and blue bands represent the 68% and 95% confidence
intervals, respectively.

The boosted category becomes the dominant contributor beyond approximately 1.5 TeV, where heavy
resonances provide Higgs bosons and their decay products with a high Lorentz boost. This search provided
a valuable opportunity to exercise techniques that will be needed for Run 3, specifically the definition of
a dedicated boosted H ! bb category and the derivation of custom corrections for background processes
in this phase space.

Figure 3.12: Expected upper limits at 95% CL on the cross section for the production of a resonance
particle X with spin 0 (left) and spin 2 (right), decaying to a pair of Higgs bosons, are shown as a
function of the resonance mass, for the individual contributions from the different categories and for their
combination.
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3.2 Search for pair production of Higgs bosons in the bbττ final

state

Searches for non-resonant production of di-Higgs investigate the existence of this process by measuring its
production cross section and they also target the measurement the Higgs self-coupling. However, given
the rarity of this process and the available statistics, current searches at the LHC have not observed
this process yet. The search presented here follows the work carried out on Run 2 data, documented in
Ref. [79]. It investigates the production of Higgs boson pairs via gluon fusion and vector boson fusion,
using 62.4 fb�1 of data recorded at the CMS experiment during LHC Run 3 in 2022 and 2023. Significant
advancements at both the trigger level and in offline object reconstruction, compared to Run 2, allow for
improved performance in this analysis. In particular, this non-resonant search introduces new triggers,
such as one targeting a ⌧ -lepton pair and a jet, a VBF parking strategy (see Section 2.2.2), improved
⌧ identification via DeepTau at the HLT level, and a boosted ⌧⌧ channel. Additional improvements
include a VBF tagging algorithm, a fake-factor method for estimating fake ⌧ -leptons from multi-jet
events, and a newly developed DNN for signal extraction in different regions. Building on my experience
defining a boosted category in the resonant search (Section 3.1), my contribution focused on developing
a new boosted category targeting the Higgs decay into two b-quarks. Compared to the previous non-
resonant iteration, selections have been re-defined and optimized, with updated identification criteria for
the Higgs candidate in this kinematic region. A DNN is specifically optimized to discriminate signal
from background processes, and the working point is tuned for this analysis, including in situ evaluation
of background corrections. Apart from these improvements, the analysis workflow and methods remain
largely similar to those described in Section 3.1, and many aspects will therefore be summarized briefly
here. Figure 3.13 provides a schematic overview of the main steps of the analysis.

3.2.1 Datasets and triggers

This search uses the data collected by the CMS experiment at
p
s = 13.6 TeV, corresponding to an

integrated luminosity of 62.4 fb�1 during the 2022 and 2023 data-taking periods, yielding 34.6 fb�1

and 27.8 fb�1, respectively, at the LHC. Simulated samples of signal and background processes have
been produced using state-of-the-art theoretical calculations at leading order, next-to-leading order, or
next-to-next-to-leading order. The simulated background processes are the same as those described in
Section 3.1.1. DY, W+jets, single-top with b-quark +lepton and neutrino, tt̄ + di-boson, and tri-boson
events are generated with MadGraph5 aMC@NLO, while tt̄, single-top, single-Higgs, di-boson, and
tt̄H events are generated with POWHEG.

Triggers for ⌧µ⌧h, ⌧e⌧h, and ⌧h⌧h channels follow the same strategy described in Section 3.1.1, selecting
events with isolated leptons combined with cross-lepton triggers. Thresholds on transverse momentum
are applied to ensure high trigger efficiency, specifically in the range between 12 and 30 GeV for electrons,
3 and 24 GeV for muons, 20-45 GeV for ⌧ pairs, 20-30 GeV for the ⌧h lepton firing the cross triggers. One
of the main improvements compared to previous analyses comes from the addition of a trigger requiring
two ⌧h and a jet. This additional trigger was demonstrated to bring an integrated gain of approximately
13% in signal acceptance. Specific triggers with requirements on MET (with pT greater than 120 GeV),
as well as a new trigger introduced in Run 3 for boosted ⌧ -leptons (with pT greater than 230 GeV), are
also used to target the boosted ⌧⌧ topology, which, in this study, is treated as an additional, orthogonal
channel to the three decay modes already described. The VBF processes are characterized by specific
kinematic properties, which enable specific identification requirements such as two forward jets with
a large pseudorapidity separation and a high invariant mass. In the non-resonant search with Run 2
data, a trigger targeting this topology was developed, however with Run 3, an increased number of
triggers addressing this process became available and were therefore employed in this search, showing for
instance that the inclusion of specific VBF triggers in the ⌧h⌧h channel leads to a signal gain of up to
30% compared to the previous strategy. In the latest dataset available, a new parking strategy was also
introduced, extending to all channels.
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Figure 3.13: A representative schematic of the analysis workflow is shown here. The starting point
consists of the datasets collected by CMS during Run 3. The workflow largely follows the procedure
illustrated in Figure 3.1, with the main differences being the inclusion of new triggers available in Run 3,
the definition of an additional channel targeting the boosted ⌧⌧ final state, and the introduction of a
VBF category. The rest of the analysis strategy remains similar to what was previously described, with
dedicated DNNs adapted to the different topologies considered in this study.
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3.2.2 Physics objects reconstruction

Object reconstruction follows the procedures already described in Section 2.3.1. In this search, identifi-
cation is based on selections similar to those described in the resonant search discussed in Section 3.1.
More specifically, signal muons are required to pass a tight WP for identification and have a relative
isolation of I`rel <0.15, while veto muons are defined with a medium WP and looser isolation I`rel <0.3.
Signal electrons are selected with a tight WP corresponding to 80% efficiency and I`rel <0.1, while veto
electrons pass a loose WP and the requirement on isolation is of I`rel <0.3. ⌧ -leptons are reconstructed
with HPS and identified with the DeepTau algorithm discriminating ⌧ -leptons from jets with a medium
WP, muons with a tight WP and electrons with a very-very-loose WP. Additionally, boosted ⌧ -leptons
are reconstructed as described in Section 2.3.1.5, with an identification WP defined to achieve maximum
significance. Ultimately, jets are reconstructed as resolved or boosted depending on their radius param-
eter. To reject noise, a tight WP of the jet identification discriminant is applied. Data-to-simulation
corrections are applied to all objects as described in Section 2.3.2.1.

3.2.3 Event selection and categorization

Compatibility of leptons with the primary vertex is ensured with |∆z| < 0.2 cm, with electrons and muons
also satisfying |∆xy| < 0.045 cm. Potential overlap or misidentification is reduced requiring the two ⌧⌧
candidates to be separated by ∆R > 0.5 and have opposite electric charge. Also, to reduce contamination
from Z�⇤ ! `` processes, a third-lepton veto is applied. The reconstruction of Higgs candidates follows
the same procedure described in Section 3.1.3, addressing three final states: ⌧e⌧h, ⌧µ⌧h, and ⌧h⌧h, with
the addition of a new boosted ⌧h⌧h channel. The H ! bb reconstruction is also based on the methods
of the previous search, but now uses ParticleNet instead of DeepJet in the resolved regime, where a
dedicated retraining of the HH-BTag algorithm was performed.

For the resolved regime, a dedicated retraining of HH-BTag was carried out for this search by the
developing team of the tagger. For non-resonant signal samples across all production modes and data-
taking periods, the retrained HH-BTag achieves purities between 94–98%, outperforming ParticleNet

(91–95%). These results favored the use of the retrained HH-BTag for identifying the two resolved b-
jets. In the boosted regime, the H ! bb candidate is required to have pT> 300 GeV and is identified as
the boosted jet with the highest ParticleNet score, defined as in Equation 2.6, following the methods
described in Section 3.1.3. Within the context of this analysis a neural network dedicated to the VBF
topology identification, similar to the HH-BTag architecture, was used for tagging specifically VBF jets.
This approach provides a purity above 90%, to be compared to the level of 70% that was achieved by
simply selecting the jets with the highest invariant mass.

Four mutually exclusive categories are defined and are listed below, in order of priority:

• VBF: events with two VBF jet candidates with mjj > 500 GeV and ∆⌘jj > 3.0, specifically selected
by the VBF tagger.

• boosted: events with a boosted H ! bb candidate passing the custom WP.

• resolved-2b (res2b): events with two resolved jets identified with the highest HH-BTag score and
passing the medium ParticleNet WP.

• resolved-1b (res1b): events with exactly one jet passing the medium WP.

Following the strategy used in the Run 2 search [79], additional mass-based selections are imposed on
Higgs candidates in the resolved categories to enhance sensitivity and retaining 99% of the signal. Kine-
matic selections for the boosted category were studied, and the optimization of the expected significance
in this phase space was a main focus of my contribution. These aspects will be discussed in the following
sections.
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3.2.3.1 Definition of the boosted category

The definition of a boosted category for H ! bb events was first achieved by evaluating the optimal kine-
matic selections to maximize signal acceptance while reducing background contributions. Subsequently, a
custom working point for the ParticleNet tagger was optimized to identify the selection that provides
the best sensitivity in this phase space.

Kinematic selections

Aiming to enhance signal purity by retaining events around the Higgs boson mass while suppressing
background-enriched tails, specific kinematic selections have been studied. In particular, the impact of
applying a soft-drop mass window of 80 < mSD < 170 GeV and a transverse momentum requirement
of pT > 300 GeV (motivated by Equation 3.1) has been evaluated for both signal and background
processes. To validate the impact of these selections, both individually and in combination, distributions
of the ParticleNet score for signal and background samples have been studied. The results, shown in
Figure 3.14, indicate that the combination of the mass and transverse momentum requirements achieves
the best background suppression while maintaining a comparable signal acceptance. To ensure that these
selections do not degrade the event purity, a generator-level matching to signal events has been performed,
showing that both the individual and combined selections improve the overall signal purity (defined as
the fraction of matched signal events over the total), compared to the scenario in which no kinematic
selections are applied. Therefore, both the pT and mSD selections are retained in the category definition.
Extending the methodology used in the search described in Section 3.1, the boosted jet is identified as the

Figure 3.14: Impact of kinematic selections on the ParticleNet score and generator matching. Left
and middle: Distributions of the ParticleNet score for signal and background events under different
kinematic selections. Right: Fraction of events being matched at generator level with signal events, in a
signal sample, as a function of ParticleNet score.

H ! bb candidate by selecting the AK8 jet with the highest ParticleNet score (Equation 2.6). Given
the limited statistics, the boosted category combines the three channels: ⌧e⌧h, ⌧µ⌧h, and ⌧h⌧h, which will
be collectively referred to as “X⌧h” in the following. At the time of this analysis, dedicated CMS-wide
corrections for simulated boosted jet tagged with the ParticleNet were not yet available for Run 3.
Therefore, a custom working point was defined to balance signal efficiency and background rejection and
its optimization is described in Section 3.2.3.1.2.

Working point optimization

To improve the overall sensitivity of the analysis in this phase space, an optimization procedure was
performed on the selection threshold of the ParticleNet score, which is used to identify the boosted
H ! bb candidates. The goal of this procedure is to determine the working point that provides the best
expected performance in terms of signal sensitivity. The choice of ParticleNet threshold affects both
the signal efficiency and the background rejection. In a statistically limited category such as the boosted
one, applying a very tight selection can significantly reduce the number of signal events. To evaluate the
optimal balance, a scan is performed over a range of ParticleNet score thresholds spanning from 0.1 to
0.9. For each threshold value, the full statistical analysis chain is repeated using the score distributions
obtained from the dedicated DNN developed for signal extraction in this kinematic region, as detailed in
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Section 3.2.5.1. Specifically, for each ParticleNet threshold considered in the scan, the event selection
is re-applied accordingly and the expected upper limits at the 95% CL on the non-resonant Higgs boson
pair production cross section are computed.

Evaluating the expected upper limit over the entire range of the ParticleNet score enables the
identification of a minimum, corresponding to a maximum in sensitivity. The ParticleNet score cut
applied at that point is therefore identified as the optimal working point for the boosted H ! bb phase
space. This approach allows for a performance-based selection of the ParticleNet cut. The results of
the scan are summarized in Figure 3.15, where the expected limits as a function of the ParticleNet

threshold are shown. According to these results, the ParticleNet score selection at 0.75 is selected as
optimal because it achieves the best balance between retaining signal events and rejecting background,
leading to the best expected limit. A similar behavior as a function of the ParticleNet score is observed

Figure 3.15: Expected upper limits at 95% CL on the non-resonant HH ! bb⌧⌧ production cross
section as a function of the ParticleNet score cut applied in the boosted category. Different line colors
correspond to different data-taking periods (listed separately to account for variations in experimental
conditions), although the results among periods only differ in the amount of statistics. Each curve
represents the result obtained using the score of the DNN optimized for the boosted category as the
final discriminant. Results without systematic uncertainties are shown with dashed lines, while those
including systematics are displayed with solid lines.

for the different data-taking periods and for their combination, thereby motivating the choice of a common
working point of 0.75 for selecting H ! bb candidates.

3.2.4 Background modeling

Signal and background modeling follows the procedure described in Section 3.1.4, with the exception of
QCD multi-jet estimation, for which a new methodology based on the Fake Factor (FF) estimation was
employed. Corrections, including pileup reweighting, scale factors object identification, trigger, etc., are
applied as described in Section 2.3.2.1.

Part of the background contamination, including QCD multi-jet, tt̄, and W+jets, originates from jets
misidentified as ⌧h candidates. In tt̄ events, these fakes typically come from jets from top decays, while
in QCD multi-jet events both jets from quarks and jets from gluons can be misidentified. In W+jets
events, fakes mostly come from initial or final state radiation or from the W decay. Since the modeling
of such jets in MC is not always reliable, their contributions are estimated from data. In this analysis,
unlike previous studies targeting this final state that relied on the ABCD method, the FF method is
employed to estimate the contribution of jets misidentified as ⌧h. The FF method was developed within
the context of other analyses, with a detailed description reported for instance in Refs. [83, 84]. FFs
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are measured in three control regions enriched in specific backgrounds: tt̄ (95% purity), QCD multijet
(99%), and W+jets (80%). They quantify the probability for a jet to pass the nominal ⌧h identification
criteria and are used to estimate the fake-⌧h background in the signal region.

Studies were performed on the DY modeling in dedicated control region, focusing on final states with
two electrons or two muons originating from ⌧ decays and selecting events within a mass window around
the H ! ⌧⌧ candidate. A reweighting of the DY process is applied to correct the MC simulation and
achieve good agreement with data. Several variables are evaluated, and the number of central jets, defined
as jets with pT > 20 GeV and |⌘| < 2.5, is found to be the most sensitive observable. By fitting the
discrepancy between data and MC in this variable for each category and data-taking period, an effective
correction is derived for the DY samples. Different functional forms were tested, and the quadratic fit is
found to provide the best performance. The closure of this method is verified by checking the agreement
in other kinematic variables before and after applying the DY weights. The tt̄ and DY processes are
evaluated in the ⌧e⌧µ and ⌧µ⌧µ final states, which are not included in this analysis as final states. An
example is shown in Figure 3.16, where good agreement between data and MC is observed for both the
DY- and tt̄-enriched regions.

Figure 3.16: The transverse momentum distributions of the leading ⌧ lepton are shown in the resolved
categories for the DY- and tt̄-enriched control regions in the ⌧µ⌧µ and ⌧e⌧µ final states, respectively. The
dataset corresponds to 26.7 fb�1. Both data points and simulated events for each process are shown,
with simulation backgrounds stacked. Good agreement between data and Monte Carlo is observed within
uncertainties.

3.2.4.1 Monte Carlo corrections for the boosted H ! bb candidates

The working point selection of the boosted category allows efficient identification of boosted objects,
but corrections are needed to ensure good agreement between data and simulation. As discussed in
Section 2.3.2.1, a dedicated CMS working group usually provides collaboration-wide prescriptions for

0The data-to-simulation agreement in the boosted category has been further studied, and additional corrections have
been evaluated, as described in Section 3.2.4.1.
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signal-like jet corrections, i.e. for resonances decaying into pairs of b quarks, such as H ! bb or Z ! bb
events. However, at the time of writing, these results are not available yet. Therefore, considering that
the values obtained for Run-2 were compatible with unity, and considering that no significant variations
are expected a part from statistics, a correction factor of 1 is assumed (corresponding to a good emulation
in simulation) with an associated conservative uncertainty of 20% to account for possible deviations from
the observed behavior. For background processes, phase-space-dependent corrections are required. The
same method employed in Section 3.1.4.1 is used, with a few exceptions. Due to much more limited
statistics, corrections are computed by combining all data-taking periods together and two pT bins are
used. The resulting distributions of the boosted jet momentum are shown in Figure 3.17, before and after
applying the ParticleNet score cut, for both DY tt̄ control regions.

Figure 3.17: Distributions of pT are reported for the DY-enriched region (top row) and the tt̄ region
(bottom row), before (left) and after (right) applying a ParticleNet score selection. The selections
applied to enrich the control region in the process under study (either DY or tt̄) achieve overall good
purity of the process.

Corrections are then evaluated following the same procedure described in Section 3.1.4.1. The results
are consistent with unity within 2� and are summarized in Figure 3.18, both for DY and tt̄ processes. In
the analysis, these corrections are applied as event weights to events with boosted jets that do not match
a signal-like jet at generator level and pass the ParticleNet score selection, and their uncertainties are
propagated to the final statistical analysis as systematic uncertainties.
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Figure 3.18: Boosted corrections computed using the full Run-3 dataset in two exclusive pT bins. Results
for DY and tt̄ processes are shown in the left and right panels, respectively.

3.2.5 Discriminating signal processes from background

In the resolved categories (res1b and res2b), signal extraction uses a DNN similar to the one mentioned
in Section 3.1.5. In the VBF category, the same DNN architecture is used, but trained on VBF samples
with loose selections. The output provided by the DNN is used as the discriminant variable between
signal and background processes to perform the final statistical analysis. In all categories, to improve
statistical stability and sensitivity in the limit-setting procedure, the DNN output histograms undergo
a bin-merging procedure. This algorithm adjusts the bin boundaries such that the signal distribution
is approximately flat in terms of event yield per bin. This technique reduces statistical fluctuations in
low-statistics regions while preserving the discriminating power between signal and background shapes.
This approach enhances the robustness and stability of the fit.

3.2.5.1 Optimization of a DNN discriminant for the boosted category

A different DNN was specifically developed for the signal extraction in the boosted category. A wide
range of input variables was assessed along with their correlation matrix, to determine the most sensitive
variables to the kinematic differences between signal and background. Studying the correlation and
sensitivity of several variables resulted in defining a set of twelve variables used in the DNN, as shown in
Figure 3.19. This includes the pT of the di-Higgs system; the mass and pT of the H ! ⌧⌧ and H ! bb
candidates; the pT of the leading and sub-leading ⌧ candidates; the pseudorapidity separation between
the ⌧ candidates; the angular separation between each ⌧ candidate and the H ! bb candidate; the pair
type (i.e. the final state ⌧µ⌧h, ⌧e⌧h, ⌧h⌧h); and the scalar sum of hadronic central (|⌘| < 2.4) jets.

The DNN architecture consists of an input layer with 12 features, followed by three hidden layers with
128, 64, and 32 neurons, respectively. Each hidden layer employs batch normalization, ReLU activation,
and a 20% dropout rate. L2 regularization (10�4) is applied to the first layer. The output layer uses
a sigmoid activation function. The network is optimized using the Adam optimizer [85] with an initial
learning rate of 0.001 and a learning rate scheduler that reduces the rate after 5 epochs. Early stopping
with a patience of 5 epochs is applied, and the model is trained using the binary cross-entropy loss func-
tion. A 2-fold cross-validation procedure is employed to evaluate the model performance. The training
includes all background samples and HH signal samples corresponding to � = 0.00, 1.00, 2.45, and 5.00
across all data-taking periods. Due to limited statistics, all final state channels are merged into a single
inclusive dataset. During training, the ParticleNet selection was relaxed to 0.1 to increase the available
statistics, with an evaluation of the shapes of the input variables confirming that no bias was introduced
in the input distributions by choosing a looser selection. Distributions of the input kinematic variables
are shown in Fig. 3.20.

A weight, computed as the product of the cross section and the integrated luminosity, was assigned to
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Figure 3.19: Left: The correlation matrix, showing the Pearson correlation coefficients between each pair
of input variables, is displayed. The selected set of variables exhibits coefficients ranging approximately
from �0.6 to 0.5, thus reducing redundancy among features. The coefficients with higher absolute values
are physically reasonable, being some variables expected to be correlated for kinematic reasons. Right:
The sensitivity of each input variable to the separation between signal and background is quantified using
the F-score, represented on the x-axis for the variables listed on the y-axis. The three most relevant input
variables are found to be the mass and pT of the H ! ⌧⌧ candidate, as well as the pT of the di-Higgs
system.

each event, and a re-sampling was performed to balance the signal and background statistics. The model
outputs a score between 0 and 1, indicating the event’s likelihood of being signal-like. The performance of
the model is summarized in Figure 3.21. The described DNN is used to provide a discriminant distribution
for boosted H ! bb events, which is subsequently used as input to the statistical analysis.

3.2.6 Systematic uncertainties

Normalization and shape uncertainties follow the definitions in Section 3.1.6, with values updated for
Run 3 experimental conditions. Since all these sources have already been described in Section 2.3.2.1
and discussed in the previous search, only a summary of the uncertainties included in the statistical
analysis is reported here. Normalization uncertainties include the integrated luminosity uncertainty, with
a value between 1.3% and 1.4%. Theoretical uncertainties affecting the inclusive HH production cross
section include variations in the QCD renormalization and factorization scales, the choice of PDF set,
and the value of the strong coupling ↵s. For SM gluon-gluon fusion HH production, the combined scale
and top-quark mass scheme uncertainty amounts to roughly +6%

�23%, PDF uncertainties are ±1.5%, and

↵s variations are ±1.7% [31, 86]. For vector-boson fusion HH production, scale variations are +0.05%
�0.03%

and PDF+↵s uncertainties are ±2.7% [32, 33]. The dependence of the inclusive HH production cross
section and the event kinematic distributions on � is taken into account when interpreting the results for
non-Standard-Model hypotheses. Branching fraction uncertainties are +1.24%

�1.26% for H ! bb̄ and +1.65%
�1.63% for

H ! ⌧+⌧�. Theoretical uncertainties on the background normalizations, modeled solely from simulation,
include the process-dependent PDF and ↵s nuisances as reported in Ref. [87], with magnitudes ranging
from 2% to 10%. All these uncertainties are implemented as nuisance parameters described by a log-
normal distribution in the statistical analysis. Shape uncertainties account for corrections affecting event
kinematics and object reconstruction and are included via templates obtained by varying quantities
with ±1 standard deviations. These include: energy scale and resolution of electrons, muons, and ⌧s;
reconstruction, identification, and isolation efficiencies of electrons, muons, and ⌧s; efficiencies for ⌧h
discrimination against jets, electrons, and muons; pileup reweighting; jet energy scale and resolution;
b-tagging efficiency; trigger efficiency; and fake factor uncertainties. More details on the origin of these
corrections can be found in Section 2.3.2.1. In addition, uncertainties related to the limited number of
simulated events are considered on a bin-by-bin basis.
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Figure 3.20: Background and signal distributions normalized to the background are shown for all input
variables used by the DNN to discriminate signal from background. The distinction between the events
is more prominent for the input features with high F-score, as expected. The represented dataset corre-
sponds to an integrated luminosity of 26.7 fb�1. The pair type refers to the final state, with 0 representing
the ⌧µ⌧h, 1 the ⌧e⌧h, and 2 the ⌧h⌧h.
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Figure 3.21: The DNN performance is summarized in terms of several key metrics in this figure. Top left:
The DNN output score for signal (red) and background (blue) processes is shown, demonstrating good
separation between the two cases. The signal distribution is obtained by concatenating all simulated
signal samples used in the training (corresponding to � = 0, 1 and 2.45). The signal distribution peaks
near 1, while the background peaks near 0, with small overlapping tails. Top right: The corresponding
receiver operating characteristic (ROC) curve is displayed, demonstrating a good discriminating power
with an area under the curve of about 0.96. Bottom left: The model loss, which quantifies how far the
model predictions are from the true labels, decreases rapidly and stabilizes after approximately 15 epochs
for both the training and validation samples. Bottom right: The model accuracy reaches its maximum
value after roughly 15 epochs for both the training and validation samples.
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3.2.7 Results

The DNN score distributions used as input to the statistical analysis for the resolved, boosted, and VBF
categories are shown in Figure 3.22. The binning of the distributions is optimized following the procedure
described in Section 3.2.5. Data in the bins with the highest DNN scores, corresponding to the regions
with the largest signal sensitivity, are not shown since the analysis is performed in a blinded stage. For
completeness, the expected event yields for the different background and signal processes are summarized
in Table 3.1.

Figure 3.22: Distributions of the DNN score used in the statistical analysis for the different analysis
categories. The distributions for the res1b and res2b categories are shown in the top row for the ⌧µ⌧h
channel, while the boosted and VBF categories are shown in the bottom row for the X⌧h combined
channels, as used in the analysis. The distributions correspond to a data-taking period with an integrated
luminosity of 26.7 fb�1. The signal samples have been scaled for a better visualization (see Table 3.1
for the expected yields), background samples are stacked, while data are shown as points. The lower
panels show the ratio of data to the total expected background. The inner band represents the Monte
Carlo statistical uncertainty, while the outer band includes both statistical and normalization systematic
uncertainties. The bins most sensitive to the signal have been blinded.

A binned maximum likelihood fit is performed on the DNN score distributions, with nuisance param-
eters corresponding to the systematic uncertainties (see Section 2.3.3 for more details on the statistical
analysis). The analysis uses simulated events corresponding to a total of 62.4 fb�1, combining four cat-
egories and four channels. The events are evaluated both inclusively, considering the gluon-gluon fusion
and vector boson fusion production modes together, and separately for the individual processes.

In particular, to evaluate the signal strength of the individual production modes, the expected 95%
CL upper limits are computed by treating either the ggF or the VBF signal strength as the parameter
of interest. Results are shown both individually per category and combined for each production mode in
Figure 3.23. An expected upper limit at 95% CL of 5.7 times the Standard Model expectation is obtained
for ggF production, and 194 times the Standard Model prediction for VBF production. As expected, the
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Category Channel DY tt̄ Fakes Other bkgs ggF SM ggF kλ=2.45 VBF SM VBF c2V =0

boosted
Xτh 4.9 9.0 11.6 6.4 0.15 0.10 0.0027 0.74

bτhτh 1.69 2.6 1.98 1.57 0.016 0.014 0.00024 0.48

res1b

τeτh 3400 13000 5100 1300 0.39 0.16 0.012 0.27

τµτh 2400 18000 7600 1900 0.61 0.25 0.019 0.41

τhτh 850 600 1100 120 0.50 0.21 0.012 0.37

bτhτh 67 68 760 22 0.0093 0.0072 0.00026 0.10

res2b

τeτh 340 10000 1800 420 0.37 0.15 0.0071 0.21

τµτh 250 15000 2600 590 0.57 0.23 0.012 0.31

τhτh 100 460 150 31 0.49 0.20 0.0074 0.30

bτhτh 6.4 12 75 2.0 0.0051 0.0049 0.00012 0.055

VBF
Xτh 14 59 22 4.0 0.028 0.013 0.026 0.72

bτhτh 0.62 0.88 2.8 0.095 0.00076 0.00056 0.00013 0.081

Table 3.1: Expected event yields per category, channel, and process are obtained by integrating over the
full DNN score spectrum. The yields correspond to a data-taking period with an integrated luminosity
of 26.7 fb�1and are rounded to a few significant digits. Signal yields are shown for the SM hypothesis
and for selected benchmark scenarios.

VBF category is the most sensitive phase-space for VBF production compared to the other categories,
providing the most stringent upper limit in that production mode.

Figure 3.23: Expected upper limits at 95% confidence level on the HH cross section via gluon fusion
(left) and vector boson fusion (right) production. The colored bands represent in yellow and blue the 1
and 2 standard deviations, respectively, on the expected limit.

The inclusive production can also be considered, in which the parameter of interest is the total signal
strength, comprising both ggF and VBF. The expected upper limits at 95% CL on inclusive Higgs boson
pair production are shown in Figure 3.24, both individually per category and per channel, as well as
combined. The resulting expected upper limit at 95% CL for the combination of categories and channels
on the inclusive cross section is 5.7 times the Standard Model expectation, dominated by the ggF sensi-
tivity. The most sensitive category is res2b, followed by the boosted, res1b, and VBF categories. Despite
the overall limited sensitivity in VBF phase space, including a VBF category is particularly relevant for
probing the Higgs–vector boson coupling modifier 2V . The coupling modifiers are studied by evaluating
the expected limits at 95% CL on the cross section as a function of different values of the Higgs boson
self-coupling modifier (�), and of the coupling modifier for the HHVV vertex (2V ). The results are
shown in Figure 3.25. This analysis sets expected constraints on � in the range �3.75 < � < 10.5,
while 2V is expected to be constrained within �0.75 < 2V < 2.95. These results can be compared to
those obtained by the same analysis performed on the Run 2 dataset [79], which used 138 fb�1 of data. In
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Figure 3.24: Expected upper limits at 95% confidence level on the inclusive HH production cross section
are shown both for individual categories (left) and channels (right). The colored bands represent in yellow
and blue the 1 and 2 standard deviations, respectively, on the expected limit.

that analysis, � was constrained to the range [�2.9, 9.8] and 2V to [�0.6, 2.8], despite having roughly
twice the integrated luminosity.

Figure 3.25: Expected upper limits at 95% confidence level on the HH production cross section times
the HH ! bb⌧⌧ branching ratio as a function of � (left) and 2V (right). The red solid line shows the
theoretical prediction for the HH production cross section, with its uncertainty represented by a band.

For the cross-section comparison, results from Run 2 and Run 3 searches are considered excluding
the contribution from the VBF category, as its definition differs significantly in the two analyses. When
comparing the combined results of Run 2 and Run 3, despite the Run 2 dataset having roughly twice
the statistics of Run 3, the expected limits results to be similar. After rescaling the expected limits
obtained with Run 3 data to the Run 2 integrated luminosity, an improvement of approximately 27% is
observed. This indicates a significant gain beyond the pure luminosity scaling, and this is observed across
all categories, as shown in Figure 3.26. This enhancement can be partially attributed to better trigger
performance (the trigger requiring a pair of ⌧h leptons and a jet alone provides an 8% improvement in
the expected limits over the full phase space), the use of the fake-factor method for estimating misiden-
tified ⌧h leptons, and a dedicated strategy for handling boosted topologies. In particular, for the boosted
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category, this improvement is estimated to be approximately 15% compared to previous results.

Figure 3.26: Expected upper limits at 95% CL are shown individually for the res1b, res2b, and boosted
categories, comparing the results from Run 2 [79] (left) and this analysis with Run 3 data (right).

The expected results already highlight the significant sensitivity enhancement achieved through new
triggers, reconstruction algorithms, and signal extraction methods. These results, based on data collected
during the first two years of LHC Run 3 (62.4 fb�1), demonstrate a strong capability to further constrain
the Higgs boson pair production cross section in the bb⌧⌧ final state and the value of the Higgs self-coupling
modifier. Once the full Run 3 dataset corresponding to approximately 300 fb�1 becomes available,
the increased statistics is expected to further improve the constraints reaching about 2.6 time the SM
cross section. All these developments and the integration of new techniques, largely driven by more
sophisticated algorithms, provide a valuable foundation for refining analysis methods in preparation for
the HL-LHC. The larger datasets expected at the HL-LHC will significantly enhance the sensitivity to
the Higgs boson self-coupling, bringing us closer to a deeper understanding of the Higgs potential and
the mechanism of electroweak symmetry breaking.
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Chapter 4

Precision timing in CMS for the
high luminosity phase of LHC

Designed to be a discovery machine, the LHC has also proven to be a powerful precision instrument. The
large amount of data delivered, together with increasingly advanced techniques in event processing and
reconstruction algorithms, has accelerated the progress of analyses, leading to ever more precise measure-
ments. The Higgs boson properties have been measured with high precision during Run 2, with current
uncertainties below 10% for most couplings. Constraints on the Higgs self-coupling have also been sig-
nificantly improved, reaching observed upper limits of a few times the Standard Model prediction. New
analyses, currently being finalized with Run 3 data, are expected to deliver even better performance than
the naive statistical scaling, thanks to dedicated triggers and advanced tagging techniques. However,
achieving the precision needed to probe very rare processes and further improve measurement accuracy
requires a new phase of operation at higher luminosity.

The HL-LHC, scheduled to begin operation in 2030, will deliver a substantial increase in luminosity
compared to previous runs, with proton-proton collisions at 14 TeV corresponding to integrated lumi-
nosities of 3000 fb�1 for CMS and ATLAS, 50 fb�1 for LHCb, and PbPb collisions with integrated
luminosities of 13 nb�1 and 50 nb�1 for ALICE. Building on the achievements of the LHC physics pro-
gram, this new phase is expected to deepen our understanding across a broad range of topics. The higher
statistics will reduce statistical uncertainties, while new strategies for constraining systematic effects will
enable unprecedented levels of precision in many analyses. Despite these benefits, operating under such
extreme experimental conditions poses major challenges, requiring accelerators and detectors capable of
withstanding high radiation levels and extreme particle rates.

The CMS experiment is currently undergoing a major upgrade program to maintain its excellent per-
formance under high radiation levels and extreme pileup conditions, i.e. a large number of simultaneous
proton-proton interactions, which are expected to reach up to 200 in the ultimate HL-LHC scenario. To
mitigate the impact of high pileup on event reconstruction, CMS will integrate a new timing detector
capable of measuring the arrival time of charged particles with a precision of about 30 ps at the start of
HL-LHC operation, degrading to approximately 60 ps in the barrel region by the end of the run due to
radiation damage effects. Incorporating timing measurements into the CMS event reconstruction work-
flow will significantly improve object reconstruction and enable new analysis capabilities. The CMS MIP
Timing Detector (MTD) will provide coverage for both the barrel (Barrel Timing Layer, BTL) and the
endcap (Endcap Timing Layer, ETL) regions, using different technologies optimized for the respective
environments and performance requirements. Both systems have undergone extensive R&D studies and
optimization campaigns to achieve the target performance, as well as the development of protocols for
large-scale production. Mass production is currently ongoing for the BTL and is about to begin for the
ETL. The BTL installation is expected to be completed by the end of 2026, while the ETL is planned
to be installed by mid-2029. The addition of precise timing information will provide CMS with the ca-
pability to measure the time of flight of charged particles and will enhance numerous physics analyses,
such as di-Higgs searches, through improved pileup rejection in vertexing and track association, as well
as better object reconstruction.
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This chapter provides a brief overview of the high-luminosity phase of the LHC in Section 4.1, including
the main accelerator upgrades required to achieve the target performance. The CMS detector upgrades
designed to preserve the current excellent experimental performance are summarized in Section 4.2, with
particular focus on the MTD. Section 4.3 is dedicated to a description of the MTD, a key component of
this work, including both the BTL and ETL subsystems and their shared infrastructures. Finally, the
impact of precise timing information on event reconstruction and a few representative physics analyses
is discussed in Section 4.4.

4.1 The High-Luminosity phase of the LHC

With the completion of Run 3, gaining statistical precision by simply continuing accelerator operation
without major upgrades would be inefficient, as it would take more than ten years to halve the statistical
error. In this context, CERN proposed the high-luminosity LHC project [88], aiming for a peak luminosity
of 5 ⇥ 1034 cm�2s�1 with levelling1, and an integrated luminosity of approximately 250 fb�1 per year
over 12 years. The “ultimate performance” is expected to produce up to 200 pileup events per bunch
crossing, reaching a peak luminosity of 7.5 ⇥ 1034 cm�2s�1 and integrating approximately 350 fb�1 per
year. Luminosity, expressed in Equation 2.1, is a key parameter for assessing accelerator performance,
as it provides a quantitative estimate of the number of collisions in a given time. Higher luminosity
directly corresponds to more data collected and, therefore, more statistics for exploring rare processes.
For instance, at the HL-LHC at least 15 million Higgs bosons will be produced per year, compared
to around 3 million collected during LHC operation in 2017. Intense upgrades are required to achieve
such an ambitious goal and the current plan is shown in Figure 4.1, anticipating HL-LHC operation by
mid-2030.

Figure 4.1: The current schedule of LHC and HL-LHC operations at the time of writing is shown. The
top line indicates the collision energy, while the bottom line shows the luminosity. At present, we are
approaching the completion of Run 3 data taking, with the Long Shutdown 3 expected to begin next year.
Afterward, the accelerators will operate in the high-luminosity configuration, with the start of HL-LHC
operations foreseen for 2030 [89].

To achieve a tenfold increase in luminosity, critical innovative technologies have been proposed for
the new machine, upgrading over 1.2 km of the LHC accelerator. These upgrades aim to increase the

1The accelerator configuration is varied during operation to maintain constant luminosity.
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number of protons per bunch while reducing the transverse beam size to enhance luminosity. This will
be achieved through new optics and technologies, which are not only essential for delivering high collision
rates in high-energy physics experiments, but also serve as technological drivers for future accelerators and
colliders. To achieve the target luminosity, several parameters affecting luminosity have been carefully
optimized, including:

• Beam brightness: Defined as the ratio of bunch intensity to transverse emittance. It must be max-
imized during beam generation and preserved along the injector chain to ensure stable operation.
The goal is to double the number of protons per bunch without increasing emittance.

• �⇤: �⇤ defines the beam size at the collision point. Smaller �⇤ yields higher peak luminosity,
requiring more powerful quadrupole magnets and advanced dipoles. The target is 10–15 cm, to be
compared with the current value of 55 cm of LHC. The HL-LHC will employ quadrupole magnets
with a 150 mm aperture, compared to the current 70 mm in the LHC, in order to accommodate the
upgraded beam and to shield the magnet coils from radiation. Such magnets will generate magnetic
fields up to almost 12 T, compared with 8 T at the LHC. These high fields will be achieved using
superconducting Nb3Sn technology.

• Crossing angle: A small �⇤ implies a large crossing angle, which reducesR (Equation 2.1). Advanced
superconducting RF crab cavities are designed to rotate the bunches, enabling nearly head-on
collisions and minimizing luminosity loss. Crab cavities will be produced from bulk niobium, operate
at a frequency of 400 MHz, and have dimensions about five times smaller than traditional elliptical
cavities, featuring low noise and precise phase control.

• Beam current: Many LHC systems (RF, cryogenics, vacuum, monitoring, etc.) depend on the
beam current. The current limit is 0.86 A, but HL-LHC aims to increase this by 30%, with bunches
every 25 ns. High-current power lines are required for the magnet-related equipment and must
carry 30–100 kA of direct current with minimal voltage drop, via new superconducting links made
of MgB2, operational up to 25 K.

The new technologies expected for this phase include compact superconducting cavities for beam ro-
tation with precise phase control, novel beam collimation techniques, superconducting magnets expected
to reach 11–12 T, and high-power superconducting links with minimal energy dissipation. A schematics
of the upgrades anticipated for HL-LHC accelerator and colliding systems is reported in Figure 4.2.

Thanks to the potential offered by these innovations, direct and indirect searches will be pursued at
the HL-LHC through studies of higher-order effective operators. Rare processes such as di-Higgs pro-
duction, rare ⌧ -lepton decays, and Higgs boson couplings to second-generation fermions will be central
elements of the physics program. LHC results have demonstrated that the SM provides an excellent
description of most observed particle physics phenomena. Nevertheless, there remain several processes
that the SM cannot explain: it does not account for dark matter, it does not provide a unification with
gravitation, motivating the search for new physics at the TeV scale. Deviations from SM expectations
could point to new physics, motivating a continuous effort toward increasingly precise measurements.
Currently, no clear hint of BSM physics has been observed, but the HL-LHC will offer new opportunities
enabled by a significantly larger dataset. The HL-LHC physics program includes precision measurements
within the SM, detailed studies of Higgs boson properties, searches for BSM processes, investigations of
heavy-quark and lepton flavor physics, and studies of QCD matter at high density and temperature. A
comprehensive description of this program can be found in Ref. [42], while a brief summary is provided
below to illustrate the potential offered by this upgrade.

Unresolved fundamental questions, such as naturalness, the nature of dark matter, neutrino masses,
and baryogenesis, require new BSM scenarios, which are expected to be more effectively probed with
the increased statistics provided by the HL-LHC. New physics can also be investigated through flavor
observables in several sectors, such as Higgs couplings to SM fermions, deviations in Yukawa couplings,
searches for flavor-violating interactions, or flavor-changing transitions involving top, bottom, charm, and
strange quarks or leptons. Moreover, QCD studies with ion and proton beams at the HL-LHC are ex-
pected to provide higher precision in the characterization of the macroscopic, long-wavelength properties
of the Quark-Gluon Plasma (QGP). These studies aim to build a coherent picture of particle production
and QCD dynamics, spanning from proton-proton to nucleus-nucleus systems, and to extend the study
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Figure 4.2: Sketch representing the main new technologies expected at the HL-LHC to optimize the
collider’s parameters. Some of these technologies are entirely new and represent innovative additions
being developed specifically for the HL-LHC. A brief description of each element is shown in the figure
and in the text [89].
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of parton densities in nucleons over a wider kinematic range.

The tenfold increase in the dataset will allow for significant improvements in the precision of SM
measurements. Through global fits of these measurements, it will be possible to further constrain PDF
uncertainties, thereby improving the precision of many SM parameters, such as the weak mixing angle and
the W boson mass. A coherent understanding of the origin of electroweak symmetry breaking remains
one of the primary objectives of the HL-LHC physics program, as discussed in Chapter 1. The HL-LHC
opens the possibility of addressing many unresolved questions. A precision at the percent level is expected
for measurements of Higgs boson couplings, with the high statistics particularly beneficial for studying
complex final states, such as those arising from tt̄H production. BSM physics can be probed indirectly
through precision measurements, including searches for exotic Higgs boson decays (e.g. to light scalars,
dark photons, axion-like particles, or long-lived particles), or through the production of additional charged
or neutral Higgs bosons with masses above or below 125 GeV. The HL-LHC will enable the exploration
of very rare exotic decay modes of the 125 GeV Higgs boson thanks to the large dataset, with branching
ratios as small as O(10�6) being potentially accessible for sufficiently clean final states. Furthermore,
the mass reach for new heavy Higgs bosons will extend up to a few TeV. The HL-LHC will be capable of
probing new Higgs states as heavy as about 2.5 TeV, while precision coupling measurements will allow
the exclusion of additional Higgs bosons with masses below approximately 1 TeV over a wide range of
tan� values.

4.2 The CMS upgrades

The ambitious HL-LHC physics program requires each experiment to maintain the reconstruction capa-
bilities demonstrated during LHC Run 1 and Run 2. Therefore, an extensive upgrade program in detec-
tor technologies, triggering, and software has been envisaged for all experiments. In particular, the CMS
Phase II upgrade is described in detail in Ref. [90], and an overview of the main upgrades is provided here.

Simulation studies have guided the identification of the necessary changes to cope with beam con-
ditions and radiation damage. The pileup levels expected at the HL-LHC demand improved tracking
efficiency to correctly identify all primary pp collision vertices and maintain high-quality event recon-
struction within the particle-flow framework. Radiation damage has been evaluated through test-beam
studies to benchmark simulations of the doses and degradation expected at the HL-LHC. These stud-
ies have led to the decision to completely replace the tracker system (which is expected to experience
up to three billion hits per second per square centimeter) and the endcap calorimeters for Phase II,
to address the high pileup expected in the inner and forward detector regions. In addition, to miti-
gate the extreme pileup conditions, a new timing layer will be integrated between the tracker and the
calorimeter, providing a precise measurement of the time of arrival of charged particles, i.e. the MIP
Timing Detector. A luminosity detector will also be installed, and all existing electronics will be replaced.

The high pileup will cause additional hits within the tracking system, increasing the complexity of
track reconstruction and the fake track rate, as well as contaminating energy clusters from particles origi-
nating from the hard scatter interaction point. Since both hits and clusters are affected, the overall result
is a significant degradation of object reconstruction performance and efficiency. It also impacts trigger
efficiency and increases the amount of data to be read out in each bunch crossing, consequently slowing
down event reconstruction at the HLT and offline analysis stages. All these factors call for an increased
detector granularity, which reduces the occupancy per readout cell at the cost of a larger bandwidth that
needs enhanced trigger and DAQ capabilities. A new approach will be deployed in the trigger system to
achieve low-energy trigger thresholds without loss of efficiency, by introducing tracking information at
the hardware trigger level. Full particle-flow reconstruction will already be performed at the hardware
level from the Level-1 trigger at a rate of 40 MHz, while timing information will be integrated in the
HLT, running optimized algorithms on GPUs. Furthermore, to maximize acceptance in the forward re-
gions, the muon system will be improved by adding new chambers, extending the muon coverage up to
a pseudorapidity of approximately 3 [91].

The entire tracker system will be replaced, with an expected increase in granularity by factors of four
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and six in the outer tracker and pixel detector, respectively, compared to the current design. The tracker
design for HL-LHC is represented in the left panel of Figure 4.3. The silicon strips in the outer tracker will
be shortened while maintaining the same pitch. Six barrel layers and five endcap disks are foreseen, with
an increased forward acceptance up to a pseudorapidity of 4 and improved radiation hardness, sustaining
fluences up to 2.3⇥ 1016 neq/cm

2 in the first pixel layer, as shown in the panel on the right in Figure 4.3.
The inner tracker will consist of silicon pixels with a new 65 nm ASIC technology enabling 25⇥ 100 µm2

pixels, for a total of 3900 modules and 4.9 m2 pixel area. The sensors will be 3D pixels in the barrel and
planar silicon sensors in the forward and endcap regions, with a 150 µm active thickness. The mechanical
structure has been designed to facilitate installation and removal, allowing for replacement of damaged
parts. To implement track information at the hardware trigger level, specific on-detector electronics
measure the bending of tracks and select only hits from tracks with a transverse momentum greater than
2 GeV to be sent to the trigger. In the backend, tracks are fully reconstructed and fitted, and then sent
to the central trigger, allowing for efficient background rejection.

Figure 4.3: Left: A schematic view of the tracker design is shown, where the outer tracker components are
illustrated in orange and blue, while the inner tracker is shown in green. Right: The expected particle
fluence, expressed in terms of 1 MeV neutron equivalent in silicon, is shown as a map in the tracker
volume for an integrated luminosity of 3000 fb�1 [91].

The lead tungstate crystals composing the barrel electromagnetic calorimeter are expected to remain
efficient for the entire HL-LHC operation and will not be replaced. The only upgrade foreseen is to the
front-end electronics, required to satisfy the new trigger requirements. The newly designed front end will
perform 160 MHz sampling and signal readout, exploiting the full ECAL granularity and enabling recon-
struction with more advanced algorithms. The APDs will operate at lower temperatures, from 18�C to
8�C, to mitigate aging-induced noise that would otherwise dominate the energy resolution. The front-end
chip will also provide shorter signal shaping to further reduce APD noise.

In the endcap region, a completely new calorimeter concept will be installed: the High Granular-
ity Calorimeter (HGCAL). It combines both electromagnetic and hadronic sections, ensuring excellent
transverse and longitudinal segmentation for shower measurements, maximizing granularity, and fully ex-
ploiting particle-flow reconstruction. It is a radiation-tolerant calorimeter, with expected fluences above
1016 neq/cm

2 in the electromagnetic section and above 1014 neq/cm
2 in the hadronic section. It is capable

of providing a readout with spatial, energy, and timing information. HGCAL is expected to achieve 30
ps in time resolution for clusters of particles with pT > 5 GeV, to mitigate the pileup effect. The electro-
magnetic section consists of 26 active layers of silicon sensors interleaved with copper, copper–tungsten,
and lead absorbers. The hadronic section is made of 21 active layers of silicon and scintillator tiles,
interleaved with steel absorbers. A schematic view of the section of HGCAL is shown in Figure 4.4. The
total silicon sensor area amounts to about 600 m2, complemented by 400 m2 of SiPM-on-tile modules,
with a total of 6 million channels. The silicon sensors are hexagonal, forming a honeycomb-like geometry,
with a cell size of 0.5 cm2 in the innermost region and 1.2 cm2 in the outer region. This design choice
optimizes the use of circular silicon wafers, thereby minimizing costs. The scintillator tiles are used in the
hadronic section at lower radiation compared to the regions of the silicon sensors. Both silicon sensors
and SiPMs reading the light produced by scintillators will be operated at -35oC to minimize the leakage
current due to radiation damage.

While many upgrades are currently under production, some have already been integrated into CMS,
such as the new Gas Electron Multiplier (GEM) detectors, which have been used for muon detection
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Figure 4.4: Pictorial view of a section of the upper half of one endcap calorimeter, showing all key
components and parameters [92].

since LS2, with 144 chambers already fully installed and a second station expected before LS3. These
additional chambers provide higher rate capability and good spatial resolution. Moreover, in the forward
region, two additional stations will be added, implementing low-resistivity RPCs with lower granularity
but good time resolution. All front-end electronics of the CSC have already been replaced, while the
replacement of the DT electronics is planned for LS3. There are no plans to replace the sensors of the
DT, RPC, or CSC systems, which are expected to cope effectively with the radiation levels anticipated
at the HL-LHC. A pictorial representation of the upgraded muon system is shown in Figure 4.5.

4.3 The addition of the fourth dimension in CMS event recon-

struction at the HL-LHC

In addition to the upgrade expected for the sub-detectors of CMS, a completely new concept of detector
measuring the time of arrival of charged particles will be integrated into CMS to mitigate the extreme
pileup conditions envisaged, while sustaining the harsh radiation environment. The MIP Timing Detector
is designed to provide precise timing information for minimum ionizing particles (MIPs). This information
is crucial for distinguishing among the up to 200 pileup interactions expected at the HL-LHC. The MTD
will offer timing data across a pseudorapidity range of up to ±3, with a time resolution of 30 ps at the
start of HL-LHC operation. However, performance is expected to degrade to about 60 ps in the barrel
by the end of its operations due to radiation damage to the sensors [93].

4.3.1 Motivation for an additional dimension in event reconstruction

The concept behind this detector relies on the fact that the beams have a longitudinal extent along the
z-axis, with collisions distributed according to an RMS of approximately 4.5 cm, and do not occur simul-
taneously but exhibit a time spread characterized by an RMS of 180–200 ps, due to the crossing time of
the particle bunches, as illustrated in Figure 4.6. Consequently, associating a precise time information
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Figure 4.5: Schematic view of the muon system, with DT, RPC, and CSC detectors shown in yellow,
blue, and green, respectively. The new forward detectors for the Phase-II upgrades are highlighted with
a dashed red box: GEM stations are shown in red, and RPC stations in blue [90].

to charged particles is expected to disentangle vertices that would otherwise be overlapped in space,
enabling better reconstruction of the primary vertex. The time of a collision vertex can be reconstructed
by associating tracks from the vertex with hits and their MTD times. More details on vertex and track
reconstruction using MTD information are provided in Section 4.4.1.

When moving from a nominal scenario of 140 collisions per bunch crossing (with a stable leveled
luminosity of 5⇥ 1034cm�2s�1) to an ultimate scenario of 200 collisions per bunch crossing (at a leveled
luminosity of 7.5⇥ 1034cm�2s�1), the vertex density (dNV/dz) increases from 1.2 to 1.9 vertices per
millimeter, as shown in the left panel of Figure 4.7, making it very challenging to distinguish different
vertices. For example, to associate a track with the primary vertex, specific requirements must be placed
on the distance of closest approach to the vertex along the beam axis. However, tracks from displaced
sources (such as secondary interactions, particle decays in flight) require a wider selection window, ap-
proximately on the order of 1 mm. This broad selection leads to a high level of contamination from
pileup tracks into the primary vertex, resulting in poorer resolution, efficiency, and identification purity.
The incorporation of timing information for each track will significantly reduce the number of pileup
tracks incorrectly associated with the hard-interaction vertex. This reduction can be quantitatively seen
in the right panel of Figure 4.7, which shows the number of pileup tracks incorrectly associated with
the primary vertex as a function of line density under different operating conditions. It is evident that
adding timing information with 30–40 ps precision reduces incorrect associations by more than a factor
of two, demonstrating the efficacy of four-dimensional vertex reconstruction under conditions with 200
pileup interactions.

The reduction of incorrect associations between primary vertices and tracks will enhance the re-
construction purity of various physics objects. For instance, leptons and photons will exhibit higher
identification efficiency. Additionally, the identification of b-jets, which relies on secondary vertex recon-
struction, will also improve, along with objects that require the reconstruction of global event quantities,
such as jets and missing transverse momentum. Timing will provide CMS with new capabilities, allow-
ing for the identification of charged hadrons as pions, kaons, and protons based on their time of flight.
Furthermore, the ability to reconstruct the timing of displaced vertices will enable searches for long-lived
particles (LLPs) by measuring their relativistic velocity parameters. A discussion on studies on the im-
pact of timing on physics analyses is reported in Section 4.4.
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Figure 4.6: Vertices from a simulated bunch crossing, reconstructed using different approaches, are shown
in the time–z plane under conditions of 200 pileup interactions. A time resolution of 30 ps for MIP
measurements is assumed in both the barrel and endcap regions. The interaction region is located at
z = 0 cm, where z is the coordinate along the beam direction (see Figure 2.2). The origin of the time
axis corresponds to the moment when the beams overlap in z. Simulated vertices are represented by red
dots; vertices reconstructed using 3D spatial information only are shown in yellow; tracks and vertices
reconstructed using 4D information (including time) are shown in black and blue, respectively. It is
clearly visible that the addition of precise timing information allows one to disentangle vertices that
would otherwise overlap spatially [93].
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Figure 4.7: Left: The probability density functions of the line density along the beam axis for different
pileup scenarios are shown. LHC conditions with about 30 pileup interactions are represented in green,
featuring a mode of 0.3 mm�1 and a mean of 0.2 mm�1. HL-LHC conditions with 140 pileup interactions
are shown in blue, with a mode of 1.2 mm�1 and a mean of 0.9 mm�1. The ultimate HL-LHC scenario
with 200 pileup interactions is shown in red, with a mode of 1.9 mm�1 and a mean of 1.4 mm�1. Right:
The number of pileup tracks incorrectly associated with the primary vertex (PV) is shown as a function
of the line density for different time resolution scenarios, illustrating the significant reduction achieved
by the MTD in mitigating pileup (from the blue points to the others) [93].
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4.3.2 The MTD design

The MTD will be integrated into the existing layers of CMS and must operate efficiently under the
extreme conditions expected at the HL-LHC. It is required to achieve timing precision of 30–60 ps to
effectively mitigate pileup during Phase-2 operations. These requirements impose stringent mechanical
constraints and demand for tolerance to magnetic fields and high radiation exposure. The physics studies
on the impact of timing on analyses, which is discussed later in Section 4.4, support the need for nearly
hermetic coverage of the pseudorapidity region. The only available and functional allocation is between
the outer tracker and the calorimeters. The barrel region will be equipped with the BTL, which will cover
up to |⌘| < 1.5, while the endcap subsystem will cover between 1.6 and 3.0. A graphical representation of
the MTD is provided in Figure 4.8. This structure aligns with the existing sections of the CMS detector,
motivated by the necessity for service access and maintenance, as well as the deployment of different
technologies in regions with varying radiation exposure.

Figure 4.8: A graphical representation of the MTD as reproduced with the Geant4 software is shown.
The grey cylinder corresponds to the barrel section of the MTD, placed between the tracker and the
ECAL, while the endcap sections are shown in orange and light violet, located in front of the endcap
calorimeter [93].

4.3.2.1 Technical requirements

Stringent requirements are set for both the barrel and endcap regions of the MTD, resulting in specific
constraints on the detector design. The main aspects are detailed below for each system in terms of me-
chanical limits, impact on the performance of other detectors, and radiation tolerance. Additionally, both
systems must satisfy specific needs regarding occupancy and operating temperature. The radiation dose
expected for the subsystems has been simulated using the FLUKA Monte Carlo multi-particle transport
code with the available Phase-2 CMS geometry, assuming an integrated luminosity of at least 3000 fb�1.
At this level of integrated luminosity, detectors are expected to be exposed to a radiation dose of ap-
proximately 30 kGy and a 1 MeV neutron equivalent fluence, neq/cm

2, of up to 2⇥ 1014 neq/cm
2 in the

barrel, and up to 450 kGy and 1.6⇥ 1015 neq/cm
2 in the endcap at high pseudorapidity. Hence, sensors

have been developed and tested to demonstrate their ability to operate reliably under such irradiation
levels. In addition, the sensor sizes must ensure a few percent occupancy, i.e. the fraction of hit channels
over the total, and a manageable data volume. The MTD design requires high granularity and minimized
dead regions that do not detect particles, in order to provide reliable timing information, while at the
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same time the data volume must remain transferable without overwhelming CMS capabilities. Additional
requirements such as power consumption, electronics, and cost must be considered in the design of the
individual active elements constituting the MTD, guiding the choice of ⇠ 1� 2 cm2 for the BTL sensor
cell size and ⇠ 2mm2 at |⌘| ⇠ 3 in the ETL. In terms of operating temperature, both systems must
operate close to -30oC to reduce time jitter due to noise and leakage currents, which are correlated with
temperature. The temperature control and cooling system will allow operation at this temperature, while
still enabling maintenance at room temperature during technical stops or shutdown periods of the LHC.
Operating across this range of temperatures requires the sensors to remain fully functional under several
thermal cycles.

The BTL will be installed in the BTL Tracker Support Tube (BTST), i.e. a carbon fiber cylinder 2
m in diameter and 5 m long, shown in Figure 4.9, occupying a total radial space of 40 mm. The outer
tracker, which will be entirely replaced, and the BTL services will be integrated together. The integra-
tion of the BTL must be completed before that of the tracker, imposing strict schedule constraints. The
addition of the BTL reduces the outermost barrel layer of the tracker, but simulations have demonstrated
that this has a negligible impact on track reconstruction performance. Tracker performance must also
be preserved from mechanical and thermal perspectives, since the BTL and tracker will share the same
volume and cooling services. The ECAL also requires specific temperature control. Therefore, the BTL
must be designed so that it does not affect the ECAL’s thermal conditions in any way. The BTST will
be integrated into CMS, making it impossible to remove or modify its services. Thus, the BTL will not
be accessible during its lifetime for repairs or maintenance, requiring it to be robust and fully reliable
throughout the entire operation.

Figure 4.9: Two pictures of the actual BTST, currently located and under study at the Tracker Integration
Facility (TIF) at CERN, are shown in this figure: the lateral view (left) and the internal view (right).
The installation of the BTL trays will take place on the innermost external surface of this hollow cylinder.
After its integration, the tracker, sharing this structure, will be integrated as the next step.

The ETL will be installed on the Calorimeter Endcap (CE) “nose” cone, between the tracker and
the CE, with an allocated space of 45 mm. Due to the nose cone geometry, the ETL will not extend to
|⌘| =4 as the tracker does. Unlike the BTL and tracker, the ETL and CE will be integrated separately,
allowing for a more flexible schedule and potential further sensor developments. The ETL and CE will
occupy different cold and dry volumes, enabling separate operation. Nevertheless, the ETL will share
the same cooling plant as the CE, therefore, it must not affect the CE’s performance. The ETL will
be accessible for repairs during operation, and it will be possible to remove segments and reinstall them
during technical stops.

The set of constraints described above, combined with cost and schedule considerations, has led to the
current MTD design: a thin layer integrated between the tracker and the electromagnetic calorimeter,
covering both the barrel and endcap regions up to a pseudorapidity of |⌘| = 3.0. A detailed campaign
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of research and development has been conducted for both ETL and BTL sensor technologies in order to
meet all requirements. In particular, the different radiation exposure, the different surface coverage (the
BTL features a surface approximately 2.5 times larger than that of the ETL), and the cost and schedule
constraints have led to the following choice of sensor technologies: crystal scintillator bars coupled to
Silicon Photomultipliers in the barrel, and Low Gain Avalanche Diodes (LGADs) in the endcaps. The
option of crystal coupled to SiPMs offers reduced cost and a more suitable development timeline for the
BTL, while LGADs provide superior performance in terms of time resolution at the expected radiation
dose and can be developed with a more flexible schedule. The two subsystems will share a common clock,
backend systems, detector slow control, and safety system.

4.3.3 BTL design overview

The barrel section of the MTD consists of a cylindrical detector, covering an active surface of 38 m2,
40 mm thick, and extending 5200 mm along the z-axis. It will be installed in the BTST, covering a
radial envelope between 1148 and 1188 mm from the beam. Considering the requirements on the BTL
design, scintillating crystals coupled to SiPMs have proven to be the most accessible, production ready,
and well-studied technology. The basic active element consists of a scintillating LYSO:Ce crystal bar,
54.7 mm long along the � direction, 3.12 mm in the z direction, and 3.75 mm in radial thickness. Each
end of the bar is coupled to a SiPM, and their time measurements are combined. A BTL Sensor Module
(BTL SM) is composed of 16 crystal bars coupled to SiPMs at both ends, and its readout is performed
through a dedicated ASIC, the Time-of-Flight High Rate (TOFHIR) [94]. The TOFHIR extracts timing
information from the input current provided by 32 channels (i.e. 32 SiPMs, one SiPM per bar end)
by discriminating signal pulses on the leading edge and converting them via a time-to-digital converter
(TDC). Two TOFHIR chips are installed on a Front-End (FE) board, providing signal extraction for two
BTL SMs, which together constitute a Detector Module (DM). Twelve DMs form a Readout Unit (RU),
and the twelve FE boards are collectively read out by a Concentrator Card (CC). The CC provides low-
voltage power, bias voltage, TEC bias voltage, and houses three low-power Gigabit Transceivers (lpGBTs)
transmitting data, control, and monitoring information from the FE boards to the backend electronics
in the CMS Underground Service Cavern (USC). Six RUs in a row form a tray, which is installed on
cooling plates where a dedicated CO2 system maintains a temperature of T = -35oC. In total, the BTL
will be covered by 72 trays, as shown in the graphical representation in Figure 4.10, comprising a total
of 331,776 channels.

Thorough studies have been conducted since the proposed design in the Technical Design Report
(TDR) proposal [93] in order to achieve the desired time resolution performance, ranging from 30 to 60
ps at the end of operation. The main challenge lies in coping with radiation damage induced in SiPMs.
The expected fluence will increase spurious counts within the sensors, i.e. the dark count rate (DCR),
up to a few tens of GHz per SiPM, a technological challenge never previously faced in a large-scale
experiment. Several key innovations and modifications have been introduced to finally reach the target
performance, and they will be extensively described in Chapter 5, while a brief overview of the principles
of operation of both BTL and ETL is given below.

4.3.3.1 BTL principles of operation

The basic interaction between particles and the BTL occurs through scintillation within crystal scintil-
lators. In general, the crystal lattice of a scintillator features three energy bands: the valence band, the
conduction band, and an intermediate forbidden band. Electrons in the valence band are normally bound
at lattice sites, while electrons in the conduction band have sufficient energy to migrate throughout the
crystal. When the material absorbs energy through particle interactions, an electron can be excited from
the valence band to the conduction band, leaving behind a hole. Its return to the valence band generates
the emission of a photon, which is usually too high in energy to be visible. In scintillators, this process
is enhanced by the addition of activator impurities. These activators increase the probability of visible
photon emission during de-excitation by providing sites in the forbidden band where electrons can return
to the valence band. Since the energy released is lower, this transition produces a visible photon, and thus
scintillation occurs. [95]. For the BTL, an inorganic material consisting of Lutetium Yttrium Orthosilicate
crystals doped with Cerium (LYSO:Ce) was selected. In these scintillators, the emission centers are due
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BTL Module: 
1x16 crystals 

(32 channels)

BTL detector
72 trays: 2(z) x 36(φ)

332k channels

BTL Tray: 
6 Read-out units 

(4608 channels) φ
z

2 trays in z

Crystal bar

SiPMs

BTL Read-out Unit: 
3x8 modules 

(768 channels)

Sensor module (SM):
1x16 crystals 
(32 channels)

Detector module (DM):
2 SMs connected to the 
Front-End board, mounted 
into copper housing

Readout Unit (RU):
12 DMs mounted onto cold trays 
and connected to Concentrator 
Card

Tray:
6 RUs 

Figure 4.10: Top: Schematic representation of a BTL tray structure. The entire BTL surface will be
covered by 72 trays, arranged in two layers along the z direction (the figure shows an initial mockup
of the BTST, to be compared with the actual product in Figure 4.9) [93]. Bottom: The fundamental
element is the sensor module, composed of 16 crystal bars coupled to SiPMs. Two sensor modules are
connected to a front-end board to form a detector module. Twelve detector modules are mounted on a
cooling plate and a Control Card, forming a Readout Unit. Finally, six RUs make up one tray. Right:
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to the Cerium dopant: holes are trapped by Ce3+ ions, temporarily forming Ce4+, which then captures
a free electron and transitions to an excited state. This excited state subsequently de-excites, emitting a
blue photon. Scintillation therefore consists of absorbing incoming radiation, converting its energy into
electron-hole pairs, and transferring this energy to luminescent centers that cause the emission of light.
Two main features characterize the performance of LYSO:Ce: the high light yield (LY), representing
the amount of light produced per unit of energy deposited (⇠ 40, 000 photons per MeV), and the fast
scintillation kinetics, with a decay time in the range of 40–45 ns depending on the manufacturer. These
properties have attracted interest both in medical applications, such as Positron Emission Tomography
(PET), and in High Energy Physics applications.

The light produced by the LYSO:Ce scintillators is read out by two SiPMs, one coupled to each end
of the crystal bar, with active areas matching the cross-section of the crystal end faces to maximize
light collection efficiency. The SiPM detects the light produced by the scintillator and via internal
avalanche it amplifies the produced signal: above a breakdown voltage (Vbr), both electrons and holes
produced from the light detection can generate secondary e-h pairs. SiPMs provide fast response, making
them particularly suitable for timing applications, as well as low operating voltage, compactness, and
robustness. SiPMs coupled to a bar record two different times at which the MIP crosses the detector,
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Figure 4.11: Left: Picture of a LYSO crystal array with SiPM arrays before and after gluing them together.
Right: A schematic drawing of the crystal and SiPM arrays with dimensions given in millimeters.

referred to as the left and right time stamps, tL and tR. The jitter of these terms is assumed to be
uncorrelated and to fluctuate independently following a Gaussian distribution. The time stamp measured
at each SiPM is dependent on the impact position of the particle, due to the propagation time of optical
photons in the crystal. The time information computed as the average of the two time stamps is, instead,
independent on the impact position. It provides a uniform estimate of the time of arrival of the MIP
along the entire bar, with a time resolution improvement by a factor

p
2 compared to the single readout

per crystal. The coupling of LYSO:Ce crystals to SiPMs ultimately produces an electrical signal, and
the timing information is extracted by discriminating the generated pulse. The time pick-off method
employed in this technology is leading-edge discrimination, where the time is defined as the point at
which the pulse crosses a specific threshold. Sources of uncertainty in this method may introduce time
jitter due to random fluctuations in the pulse amplitude and shape. Indeed, the discrimination threshold
may be crossed at slightly different times depending on these fluctuations, as shown in the left panel of
Figure 4.12. However, a large slope of the pulse significantly reduces errors in time extraction with this
method. As shown in the right panel of Figure 4.12, another source of uncertainty is the amplitude walk
associated with the discrimination threshold, which can be corrected using an amplitude-related variable,
such as the integrated charge.

4.3.3.2 BTL time resolution contributions

Along the detection chain, several effects introduce stochastic and systematic fluctuations that degrade
the overall timing performance of the detector. The time resolution achieved with the BTL is given by
the sum in quadrature of several contributions, as reported in Equation 4.1.

82



4.3 The addition of the fourth dimension in CMS event reconstruction at the HL-LHC

Figure 4.12: Left: An envelope of multiple signals with random noise contributions, illustrating the
effect of trigger discrimination in terms of time jitter. Right: Pulses with identical shapes but different
amplitudes cross the trigger threshold at different times, causing the so-called amplitude walk in leading-
edge triggering [95].

�BTL
t = �clock � �electronic � �photo�statistic � �DCR (4.1)

All these uncertainty are largely dependent on the amount of photoelectrons (Npe) produced in the
detection of a charged particle. The number of photoelectrons is given by the product of the LY of
the crystal, the light collection efficiency (LCE) of the detection system, the photon detection efficiency
(PDE) of the SiPM, and the deposited energy. A more detailed discussion of these parameters is reported
in Chapter 5.

• �clock: the CMS readout electronics are synchronized with the LHC bunch crossing. To satisfy the
time resolution requirements of the MTD, the clock distribution system must provide less than 15
ps RMS link-to-link jitter across all distribution links.

• �electronic: time jitter due to electronics noise depends on the slope of the pulse (dI/dt) at the
discrimination threshold, which increases approximately linearly with larger signals, i.e. with a
higher number of photoelectrons Npe. The electronics term is assumed to follow the relation �ele /
�noise

dI/dt � �TDC . The steepness of the pulse follows dI
dt / Npe · G · fSiPM , with G being the SiPM

gain and fSiPM a factor depending on the electrical properties of the SiPM, such as quenching
resistance, cell capacitance, and grid capacitance [96]. The contributions from the TDC (�TDC)
and from noise (�noise) have been evaluated through laboratory measurements, as discussed in
Section 5.8.

• �photo�statistic: stochastic fluctuations in the time of arrival of photons detected by the SiPMs

generate an additional uncertainty, expressed as �photo�statistic /
q

⌧d
Npe

. The time constant ⌧d

correspond to the decay time of the scintillation pulse, amounting to approximately 43 ns for the
LYSO:Ce crystals developed for the BTL. This contribution is expected to account for 25–35 ps.

• �DCR: radiation damage to the SiPMs generates an additional jitter that can be expressed as

�DCR /
p
DCR
Npe

. The increase in integrated luminosity during HL-LHC operation will induce radi-

ation damage in the silicon junction, creating defects in the material lattice and thereby generating
dark counts. The magnitude of the DCR increases linearly with the fluence and it depends on
several factors such as SiPM technology, operating temperature, annealing history, and operating
voltage, as discussed in detail in Section 5.3.1. This contribution is expected to be negligible at
the beginning of operation but may reach up to approximately 40 ps by the end of the detector’s
lifetime.

The sensor design has been carefully studied and optimized to minimize the impact of each contribu-
tion on the overall time resolution, with the goal of achieving the design target of 30-60 ps. Understanding
the origin of each contribution and developing new strategies to reduce its impact has been a major focus
of this work. This effort spanned several years and ultimately led to the validation of the final design’s
performance. Following the confirmation that the target performance could be achieved with this design,
large-scale production of the detector began and is now nearing completion, with integration expected by
February 2026 according to the current schedule. Most of this work has been dedicated to the develop-
ment and validation of the target performance of this detector, along with the definition of the production
protocols and quality procedures, thus a detailed discussion is presented in Chapter 5.
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4.3.4 ETL design overview

The BTL will cover pseudorapidity up to |⌘| = 1.48, while the endcap region will be covered up to
|⌘| = 3.0 by the ETL. The ETL consists of two disks placed on each side of the interaction region (IR),
providing two measurements per track with a time resolution of 35 ps per track and 50 ps per hit. The
disks will be positioned between the Tracker and the CE, at 2.98 m from the IR, covering a pseudorapidity
region between 1.6 and 3.0, with a thickness of about 45 mm, plus 20 mm of additional space for thermal
isolation from the other detectors. The space allotted to the ETL comes from a reduction of the neutron
moderator of the CE, which protects the Tracker from neutrons produced in hadronic interactions within
the CE. This reduction was proved to have only a marginal effect on the increase of particle flux in
the Tracker. Since the ETL will be exposed to extremely harsh radiation conditions, the detector must
remain accessible during technical stops for maintenance and repairs. For this reason, it is not placed
inside the BTST or the CE. Instead, the disks are operated in a cold, dry volume, isolated from the other
sub-detectors to ensure independent cooling and access. The disks are split in two to form a clamshell
around the beam axis, facilitating installation and maintenance. The sensors will be mounted on struc-
tures called wedges, which can be installed and removed even with the beam pipe in place, simplifying
repair procedures. The use of two disks is motivated by the need to cover areas occupied by cables or
other infrastructure: by staggering the placement of sensors, hermetic coverage is achieved, providing
on average 1.7 hits per track. The total sensor surface amounts to 7.9 m2 per endcap, corresponding to
approximately 8.5 million channels overall.

ETL and Polyethylene

Moderator Permaglass

Support cone

ETL Thermal 

Screen

Disk 1
Disk 2

HGCAL Thermal 

Screen

Disk 1 Support Plate Disk 2 Support Plate

Disk 1

Face 1

Disk 1

Face 2

Disk 2

Face 1

Disk 2

Face 1

IR is ~3m from 

Disk 1

Figure 4.13: A cross-sectional view of the ETL along the beam axis (red dashed line) is shown, with the
interaction point located on the left. The two ETL disks, instrumented with sensors on both faces, are
visible as Disk 1 and Disk 2. Each disk consists of a support plate and two active faces with LGADs (in
grey) and services (in orange). A thermal screen separates the ETL from the tracker (on the left), while a
neutron moderator and another thermal screen isolate the ETL from the endcap calorimeter, protecting
the tracker from particles backscattered from the HGCal [93].

The main motivation driving the choice of sensor technology for this sub-system is the radiation
tolerance required in this region. The fluence is expected to reach up to 1.6 ⇥ 1015 neq/cm

2 in the
innermost 12% of the detector, while 70% will be exposed to less than 8 ⇥ 1014 neq/cm

2. Therefore,
the choice has been oriented toward silicon sensors, specifically Low Gain Avalanche Diodes: thin planar
silicon sensors with an internal gain of about 10–30, capable of providing precise time measurements even
after high radiation doses. The desired performance is expected with a 50 µm thick active region on a
300 µm thick silicon wafer, for a cell size smaller than 2 mm2, balancing sensor capacitance. Each module
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will consist of a 16 ⇥ 16 square LGAD array, with individual cells of size 1.3 ⇥ 1.3 mm2, for a total
module surface of 21 ⇥ 21 mm2. The LGAD array requires a good uniformity across the channels and
a dedicated design of the inter-pad regions to ensure stable and precise timing. A dedicated ASIC, the
Endcap Timing Readout Chip (ETROC), has been developed. It is bump-bonded to the sensor matrix and
provides the readout of a module. Timing information is extracted through leading-edge discrimination
of the LGAD pulse, followed by circuits that measure the Time-of-Arrival (ToA) and the ToT, the latter
enabling amplitude measurement and time-walk correction. The ETROCs then communicate with service
hybrids, consisting of a power board and a readout board, which read the signals and send data to the
USC, while also providing DC power, bias voltage, slow control, and monitoring.

4.3.4.1 ETL principles of operation

The chosen technology for the ETL is the LGAD, which is a silicon planar sensor based on the PIN diode
concept: when fully depleted by a sufficient bias voltage, ionizing particles traversing the sensor generate
electron-hole pairs, which move toward the electrodes following the electric field. The movement of the
charge carriers induces a charge change on the electrodes, producing a measurable current. The energy
loss of an ionizing particle follows a Landau distribution, and the induced current is described by the
Shockley-Ramo theorem [97]. The main improvement in LGAD technology is the addition of an internal
gain layer with a high Boron acceptor concentration (⇠ 1016 atoms/cm3), where the electric field is high
enough (> 300 kV/cm) to allow electron-hole pairs to generate secondary pairs via impact ionization.
This gain layer is implemented as a narrow p+ doped layer of about 0.5–1 µm close to the n++ electrode,
creating a drift region of 0.5–2 µm. Local depletion in this region generates the high electric field, while
preventing electrical breakdown elsewhere in the sensor through a deep n-doped implant lateral spread,
called the Junction Termination Extension (JTE). The gain layer depth can vary within the mentioned
range, with shallow or deep implants achieving the same gain at different electric fields, the latter being
lower than the former. The operating gain for LGADs is chosen in the range 10–30 to optimize the signal-
to-noise ratio (SNR). Increasing gain improves the SNR as long as shot noise remains subdominant and
electronics noise is constant. When shot noise becomes dominant, further increasing the gain amplifies
the noise more than the signal, making the SNR worse. Therefore, a gain between 10 and 30 achieves
the optimal balance. The excellent timing performance of LGADs arises from additional design features:
thin sensors for fast signals, a uniform weighting field, a sufficiently high electric field to saturate carrier
drift velocity, fine segmentation, and a high fill factor [97]. A comparison between a traditional silicon
sensor and LGAD is shown in Figure 4.14.

Figure 4.14: A schematic cross section of a traditional silicon sensor (left) and an ultra-fast silicon detector
(right) is shown. The LGAD design includes an additional p+ implant beneath the p–n junction. The
electric fields in both structures are shown on the side, highlighting the effect of the p+ gain layer on
charge multiplication. The LGAD may also include a JTE to control the electric field at the sensor
edges [98].
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4.3.4.2 ETL time resolution contributions

The timing resolution of LGADs can be expressed as in Equation 4.2.

�2
t = �2

jitter + (�total ionization + �local ionization)
2 + �2

distortion + �2
TDC (4.2)

The individual contributions are described as follows:

• �jitter: contribution from early or late firing of the comparator due to electronics noise (shot noise
is typically negligible 2). The slope of the pulse can be expressed in terms of the total signal charge
Qin, the detector capacitance Cd, and the signal rise time trise, as �jitter ⇡ NCd

Qin

p
trise.

• �total ionization+local ionization: stochastic fluctuations in the ionization process. The total ion-
ization fluctuation (�total ionization) is corrected using the ToT measurement. Local fluctuations
(�local ionization), due to non-uniform creation of electron-hole pairs along the particle path (Lan-
dau noise), contribute irreducibly to the time resolution and depend on sensor thickness. For 50
µm thick sensors, this term is approximately 30 ps.

• �distortion: arises from non-uniform weighting fields or non-saturated drift velocity, both of which
can be mitigated. Weighting field non-uniformities are minimized by adopting an almost ideal
parallel-plate geometry. Drift velocity non-saturation is minimized by applying a sufficiently high
bias voltage to ensure carriers reach saturated velocity.

• �TDC : contribution from TDC binning, assumed to be below 10 ps.

4.3.4.3 ETL sensors development

A thorough campaign of R&D and optimization of ETL sensors has been conducted to evaluate their
performance and compliance with technical requirements. In recent years, both Hamamatsu Photonics
(HPK) and Fondazione Bruno Kessler (FBK) 16 ⇥ 16 LGAD pad sensors have been tested at different
irradiation levels. HPK sensors were shown to operate within the allowed voltage range up to 550 V,
maintaining good performance up to a fluence of 1.5 ⇥ 1015 neq/cm

2, while FBK sensors delivered the
required performance across all expected fluences. A short review of the results achieved so far by the
ETL team is reported below, with samples produced in 2024, consisting of single-pad devices with carbon
implantation to enhance radiation tolerance. Single-pad devices were characterized both in beam tests
and laboratory measurements to evaluate performance in terms of collected charge, time resolution, and
leakage current, under conditions equivalent to the beginning and end of ETL operation at the HL-LHC.
Results on non-irradiated sensors are shown in Figure 4.15, reporting collected charge and achieved time
resolution as a function of bias voltage. All samples exhibit collected charge above 8 fC at 175 V, as
required, and time resolution values between 55 and 60 ps at the voltage corresponding to 8 fC (V (8fC)),
meeting the requirement of being below 70 ps per hit.

Radiation damage in silicon sensors can be divided into surface and bulk damage. Surface damage
consists of trapped positive charges at the Si/SiO2 interfaces. Bulk damage arises from silicon intersti-
tials and vacancies (Frenkel pairs) [97]. Some pairs may react with impurities to produce defects and
clusters. Irradiation also reduces the LGAD gain via the initial acceptor removal mechanism, which
deactivates the dopants forming the gain layer [98]. The microscopic origin is not fully established, but
likely involves radiation generating atoms that deactivate doping elements through kick-out reactions,
forming ion-acceptor complexes and reducing the electric field in the layer. To improve radiation toler-
ance, carbonated gain layers were introduced, forming ion-carbon complexes instead of ion-acceptor ones,
improving radiation resistance by at least a factor of two compared to non-carbonated sensors [98, 100].
Also, increasing the bias voltage could mitigate this effect but it progressively increases the risk of Signal
Event Burnouts (SEB) [101], which occur when highly ionizing particles create a conductive channel,
locally burning the sensor. Figure 4.16 shows the crater formed after SEB. Safe operation is ensured for
electric fields below about 12 V/µm [101]. Two samples were irradiated to low fluence (1⇥1015 neq/cm

2)
and high fluence (1.5 ⇥ 1015 neq/cm

2) to emulate ETL end-of-operation conditions. Measurements, ex-
tensively described in [99], show time resolutions of 37 ps and 38 ps for low and high fluence, respectively,

2The LGADs operate with relatively low gain, so shot noise is typically subdominant compared to electronics noise.
However, in heavily irradiated sensors, the leakage current may increase significantly, impacting timing performance.
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Figure 4.15: Four non-irradiated single-pad LGADs were tested simultaneously at a temperature of 15oC
using a 120 GeV hadron beam. The performance is reported in terms of collected charge (left) and time
resolution (right) as functions of the bias voltage for the four LGADs, each represented by a different
color [99].

Figure 4.16: Microscope images of LGAD sensors showing the effects of Single Event Burnout. A visible
crater is formed on the surface, leading to complete device failure [102].
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at V (8fC). These results, shown in Figure 4.17 are well within the 50 ps requirement, demonstrating
excellent performance after the full expected radiation dose.

Figure 4.17: The performance of three LGAD devices is compared in terms of collected charge and time
resolution as functions of the bias voltage. One unirradiated sensor (shifted by –40 V for clarity) is shown
in black, while two irradiated sensors (at 1 and 1.5 neq/cm

2) are shown in green and orange, respectively.
All measurements were performed at –25oC using a 90Sr beta source [99].

Arrays of 16 ⇥ 16 pads were tested for breakdown voltage and leakage current. Breakdown voltages
ranged between 245–270 V, compliant with the required range of 130–280 V. The leakage current at
V (8fC) was 7–9 µA, below the 10 µA limit, but close to the threshold. Analysis attributed this to
substrate material, prompting optimization of wafer selection by the vendor [103]. Interpad resistance
was evaluated to ensure charge is collected only by the hit pad. The JTE implant provides high interpad
resistance and pad isolation. Tests on a 1 ⇥ 2 pad array confirmed good isolation, verifying the quality
of the production, as shown in Figure 4.18.

Figure 4.18: Left: The performance of nine unirradiated 16 ⇥ 16 LGAD matrices is compared in terms
of leakage current as a function of bias voltage, measured at 20oC. The initial change in slope around
50 V corresponds to depletion of the gain layer, after which internal multiplication starts, producing the
exponential trend. Right: A 1⇥2 LGAD array was tested at –25oC to evaluate inter-pad resistance using
needle probes (two to bias the pads and one to ground the guard ring). The inter-pad resistance was
measured as a function of the voltage difference between pads when applying 180 V, yielding a result of
2.85⇥ 1012 Ω for this device [99].
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4.3.4.4 ETL module

The elementary unit of the ETL is the module, which consists of four LGAD arrays coupled to ETROCs
(referred to as hybrids), a mechanical connection to the cooling system, and a PCB that interfaces with
the readout board. Once the sensors demonstrate the desired performance, it is crucial to test the
complete module. The ETROC ASIC is designed with 16 ⇥ 16 channels, each including a pre-amplifier,
discriminator, and TDC, plus a buffer for data storage [104]. The ASIC is required to provide low noise
and power consumption, radiation hardness, uniformity, and sensitivity to LGAD signals throughout the
detector’s lifetime. Beam tests on several hybrids demonstrated that ETROC+LGAD array modules
achieve a time resolution of approximately 35 ps across a 70 V bias range, as shown in Figure 4.19,
confirming the target of time resolution.

Figure 4.19: ETROC has been coupled with LGADs and tested both with a beam of 120 GeV pions and
with a beam of 4 GeV electrons and positrons. The system demonstrated the ability to achieve the target
resolution below 50 ps within a wide range of 70 V. The different lines correspond to different data-taking
conditions with the different beams [105].

The ETL is approaching the production stage, with four assembly centers planned: Fermilab and
Boston University in the USA, IFCA in Spain, INFN in Italy, and KNU in Korea. These centers are
expected to produce approximately 8000 modules. Figure 4.20 shows the module design, including the
ceramic baseplate with thermal pathway, PET thermal adhesive films, LGAD arrays, ETROC, and
module PCB with power and readout interface.

Figure 4.20: The ETL module design is shown in a sketch on the left and in a picture on the right.
A ceramic baseplate with a thermal pathway is placed at the bottom; it is covered with PET thermal
adhesive films, and on top are located the LGAD arrays, which are bump-bonded to the ETROC and
finally read out through the top module PCB with power and readout interfaces [105].
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4.3.5 The MTD common systems

4.3.5.1 DAQ

The MTD DAQ system is designed to collect data from the readout chips, reconstruct timing information,
and transmit it to the central CMS DAQ. The system is shared between BTL and ETL. Data are first
collected at the Front-End level, where devices operate close to the sensors and are subjected to high
radiation doses. FEs must reliably collect signals, digitize them, and transmit them to the back-end
electronics. The back-end consists of electronic boards with Field Programmable Gate Arrays (FPGA)
that receive data from the FEs via high-speed bidirectional optical links and transmit them to the central
CMS DAQ. The DAQ operates in response to L1 trigger requests, providing data only for signals above a
configurable threshold (approximately 0.25 MIP). In the BTL, FEs receive the trigger and transmit data
via high-speed optical links, with 874 links in BTL and 1600 in ETL. Data from the FEs are transmitted to
the back-end via Versatile Links+, which include radiation-tolerant multi-gigabit communication ASICs,
low-power Giga-Bit Transceivers [106], and optical transceivers (VTRx+). To handle the expected MTD
data rates, lpGBTs operate in 5.12 or 10.24 Gb/s modes, depending on occupancy. Data are finally
received in the USC by Firefly transceivers on MTD DAQ boards and sent to the event builder using a
dedicated protocol. The back-end is managed by dedicated boards named Serenity [107], each equipped
with two FPGAs and dedicated software and firmware for MTD operation. Additionally, the DAQ is
responsible for distributing fast and slow control signals and for slow monitoring, including temperature
and voltage control.

4.3.5.2 Clock

The LHC bunch crossings are synchronized with the CMS readout electronics at a rate of 40.078 MHz.
To meet the MTD timing resolution goals, the precision clock must not introduce a jitter larger than
15 ps. Two alternative clock distribution schemes are under consideration: the baseline approach uses
bidirectional DAQ links that send an encoded clock to the readout electronics, while the alternative
approach samples the clock and distributes it without encoding, requiring additional optical fibers and
transceivers for each electronics block. The performance of the embedded clock distribution system has
been evaluated using the time interval error method, where a second clock distribution link serves as
reference. The clock instabilities were measured to be within the design specifications, being less than
10 ps, and an RMS jitter of 3.2 ps was measured, well within the required limits, demonstrating that the
embedded system is suitable for final deployment [108].

4.3.5.3 Cooling

The MTD will share the cooling system with the Tracker and the ECAL, with a total envisaged cooling
power of approximately 600 kW. The system consists of two-phase, accumulator-controlled loop cooling
plants installed in the USC cavern, sharing a common primary chiller on the P5 surface. CO2 is pumped
from the USC to the detectors through manifolds and patch panels. CO2 is stored on the P5 surface
and is used to either supply or remove cooling from the underground systems depending on operational
conditions. The BTL cooling is fed by two manifolds located at the X0 floor and near the X4 floor
of the UXC cavern, while the ETL is fed through two manifolds per YE1, integrated with the CE
manifolds. The cooling system will be commissioned in standalone mode without detectors connected.
During integration, the BTL cooling loop will be tested at the TIF, and the ETL wedges will be tested
at Point 5.

4.4 Precision timing impact on CMS analyses

The precise time information provided by both the ETL and BTL will be implemented for CMS track and
vertex reconstruction within the existing CMS reconstruction framework, ParticleFlow (see Section 2.3.1
for more details). Studies of the MTD physics impact rely on simulations of the Phase II CMS detector
using Geant4, with digitization emulated based on the assumptions of the detector design described in
Section 4.3.2.

This section provides a general overview of how precision timing information from the MTD is inte-
grated into track and vertex reconstruction, and its impact on pileup mitigation at the HL-LHC. The

90



4.4 Precision timing impact on CMS analyses

Figure 4.21: A graphical representation of the transfer lines and the CO2 manifolds is shown, illustrating
how they serve both the barrel section of the MTD (left) and the endcap (right). The BTL manifolds
are expected to be located on the X0 and X4 floors, which are shown in blue, while on the right the ETL
manifolds are represented as being expected at the top of the YE1 structure. [93]

subsequent discussion covers its effect on object reconstruction and the consequences for physics analy-
ses. The purpose is to present the physics motivation and expected benefits of precision timing, which
provide the framework for the detector development and performance studies described in this thesis.
The first part summarizes the reconstruction strategy to include timing information into tracking and
vertexing. The following subsections focus on the resulting improvements in object reconstruction and
on the physics-level impact enabled by the inclusion of timing information.

4.4.1 Impact of timing on track and vertex reconstruction

The MTD time measurement is associated with a track and back-propagated to the time of the track at
the collision vertex, i.e. the track time at the point of closest approach, using the particle’s time of flight,
as described in Equation 4.3.

ttrack = tMTD � TOF (4.3)

The corresponding uncertainty is given by Equation 4.4.

�ttrack
=

q

�2
MTD + �2

TOF (4.4)

The time of flight (TOF) of a particle with momentum p traveling a distance L is computed as:

TOF =
L

�(p,m) c
=

L
p

p2 +m2

p
(4.5)

For both subsystems, track reconstruction starts with energy reconstruction. A particle crossing the
detector deposits energy in multiple cells, which are then clustered in adjacent cells associated with the
same track. Tracks reconstructed in the tracker need to be matched to hits in the MTD. Studying the
matching efficiency is crucial for improving resolution and reducing fake associations. The energy depo-
sition in the ETL is uniform due to the constant sensor thickness, while in the BTL it varies according
to the different slant thicknesses traversed by particles. After energy clustering, the spatial and tempo-
ral coordinates of the cluster are extracted as the barycenter weighted by the energy of individual hits.
Tracks reconstructed by the inner detectors are propagated to the MTD surface. If a compatible cluster
in position is found, the track is refitted, including MTD measurements. Specifically, the refitted track is
back-propagated to the vertex and corrected for the particle’s time of flight. Assuming the particle to be
a pion, the time of flight is computed from the actual path length and velocity, allowing the estimation
of the time at the beam line.

To evaluate the association efficiency between a track and an MTD cluster, matching with simulated
particles is performed. Tracks are correctly associated with an MTD cluster approximately 80–85% of the
time for muons, even at very high pileup. The efficiency decreases for pions due to nuclear interactions
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in the tracker that can degrade the track. The efficiency does not depend on pT , but it depends on the
detector geometry, with BTL coverage around 82% and ETL exceeding 99% [109]. It is important to note
that subtracting the time of flight from the MTD measurement introduces a small additional uncertainty.
To evaluate this, the time measured by the MTD cluster and corrected for the TOF back to the beam
line is compared with the simulated true time for a sample of pions produced in tt̄ events at 14 TeV.
The distributions of the difference between reconstructed and simulated times show compatibility with
the expected MTD time resolution of 30–40 ps in both the BTL and ETL regions, indicating a negligible
impact of the time-of-flight correction on the overall resolution [93]. Recent studies using an updated
strategy, including the latest vertex reconstruction algorithm [110], were performed with tt̄ events at a
pileup of 200, considering tracks with pT > 0.7 GeV. As shown in Equation 4.5, the uncertainty on track
momentum affects the uncertainty on the estimated time of flight. This uncertainty was evaluated as a
function of track momentum for three mass hypotheses: pion, kaon, and proton. The results, shown in
Figure 4.22 (left), indicate that the TOF uncertainty is comparable to the MTD time uncertainty only for
low-momentum protons (pT  2 GeV), and is much smaller otherwise. Consequently, the overall track
time resolution is dominated by the MTD measurement, except for low-momentum protons, leading to a
larger total track time uncertainty in that case (Figure 4.22, right).

Figure 4.22: Studies performed using trakcs with a transverse momentum pt¿0.7 GeV from ttbar events
in a condition of 200 pileup. Left: The resolution on the time of flight is impacted by the recontructed
track momentum uncertainty. Its performance is evaluated as a function of the track momentum for three
different mass hyportheses and it is compared to the estimated MTD hit time uncertainty. Right: The
track time is also reported as a funciton of the transverse momentum under differen mass hypothese [110].

The extracted time information at the beam line can be used for reconstructing vertices in both space
and time. A natural approach to integrate timing in vertex reconstruction is the 4D extension of the 3D
deterministic annealing (DA) [63] currently used in CMS. Several strategies have been explored since the
TDR studies [93]: the “4DLegacy” method [93], the “4D” method, and the “3Dt” algorithm [111]. Using
the 4DLegacy method, the inclusion of the time dimension reduces vertex merging from 15% to 1% and
makes splitting negligible in a 200-pileup environment. This significantly improves object reconstruction,
including pileup jet identification, MET reconstruction, b-jet tagging, and lepton isolation. The 4DLegacy
reconstruction is performed iteratively: first, a pion mass hypothesis is assumed and the uncertainty is
inflated to account for differences among other mass hypotheses. The compatibility between the estimated
vertex and the track is then assessed under alternative mass hypotheses. If a different mass hypothesis
fits the track better, this information is used to refine the reconstruction. The vertex time is computed
as a weighted average of all tracks associated with the vertex, using Equations 4.6 and 4.7.
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The 4D reconstruction is an updated strategy compared to 4DLegacy, replacing the first iteration with
a 3D vertex reconstruction. The main limitation of 4DLegacy is the initial mass hypothesis. By using
the time computed on clustered 3D vertices as the initial guess, CPU time is reduced by approximately
30%. The 3Dt method starts from a 3D vertex reconstruction, with the vertex time computed via the
DA algorithm, which minimizes a cost function, based on track times under the three mass hypotheses
(pion, kaon, proton).

A dedicated matching procedure was developed to compare reconstructed vertices to MC truth. Tracks
from the same space-time point are associated with the same vertex. Each reconstructed track is matched
to a simulated particle, which defines a true primary vertex. For each reconstructed vertex, simulated
vertices are evaluated using a weight based on adaptive fit weight, spatial and time resolution, and the
beam-spot time width. The simulated vertex with the highest weight is chosen. If a simulated vertex
dominates multiple reconstructed vertices, it is assigned to the one with the highest weight. Matched
vertices are removed from the set, and the iteration continues up to eight times. Reconstructed vertices
matched within these iterations are labeled “real”, otherwise, they are “fake”. Figure 4.23 shows the
number of real and fake vertices as a function of pileup using a 200-pileup tt̄ sample for the three
methods. The 3Dt method yields an increased number of real vertices compared to the others, while also
showing the highest number of fake vertices.

Figure 4.23: The number of real (left) and fake (right) reconstructed primary vertices is shown as a
function of the number of pileup vertices, using different vertex reconstruction methods: in orange the
4D, in blue the 3Dt, and in red the 4DLegacy [111].

The precision of the time measurement is assessed by computing the resolution as the difference be-
tween the reconstructed vertex time and the true simulation time. Time resolution distributions are
fitted with a double Gaussian, and the parameters shown in Figure 4.24 correspond to the narrowest
Gaussian component. The 4D and 3Dt methods improve the time resolution by about 7 ps compared to
the 4DLegacy method. A negative bias is observed for the 4DLegacy method due to overestimation of
the track mass. The 4D and 3Dt methods correct this bias by simultaneously considering all available
mass hypotheses.

Using timing improves both track and vertex reconstruction and reduces pileup contamination. In
CMS, pileup rejection is currently performed by requiring that the hard interaction vertex has a distance
in z to the track smaller than 1 mm, as expressed in Equation 4.8.

|∆z(track,PV)| < 1mm (4.8)

At interaction densities above approximately 100 pileup events, this criterion may not sufficiently reduce
pileup track contamination. The MTD time measurement adds a constraint on the time difference, as in
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Equation 4.9:
|∆t(track,PV)| < N⇥ �track

t (4.9)

The three track and vertex reconstruction algorithms have been evaluated for pileup rejection. Different
physics variables are used to quantify contamination from pileup tracks and jets in the leading vertex
(the primary vertex with the highest p2T sum). Tracks are categorized as associated with the primary
vertex, originating from secondary vertices of the same pp collision, coming from pileup interactions,
or fake tracks unmatched to any true particle. Vertex sorting is jet-based, so both track- and jet-level
variables are considered. Tracks belonging to the same vertex are clustered using FastJet as AK4 jets and
two track sets are considered: including and excluding pileup tracks. The difference between these sets
quantifies pileup contamination, i.e. the fraction of pileup tracks over the total number of tracks. These
variables measure the impact of pileup on the choice and quality of the primary vertex. Reducing these
fractions improves vertex isolation and mitigates pileup. Results on track and jet variables are shown in
Figure 4.24, indicating a pileup reduction of 10–15% with the 4DLegacy and 4D methods compared to
3Dt.

Figure 4.24: Left: Time resolution distributions for different vertex reconstruction methods are shown:
in orange the 4D, in blue the 3Dt, and in red the 4DLegacy. The time resolution is computed as the
difference between the reconstructed vertex time and the simulated vertex time, with a double-Gaussian
fit being performed on the distributions. Right: Pileup contamination in track-level variable is shown for
different vertex reconstruction methods [111].

The updated 3Dt and 4D methods outperform 4DLegacy in vertex reconstruction and pileup miti-
gation, enabling more robust algorithms to fully exploit the precise MTD time measurements. Pileup
reduction directly benefits physics analyses. In CMS Phase-2, pileup jets are expected to increase by up
to 30% in the endcap regions, reducing signal efficiency. The MTD compensates for this degradation,
enhancing the purity of selected jets.

4.4.2 Reconstruction of physics objects with the integration of time infor-
mation

The impact of incorporating timing information into track and vertex reconstruction is reflected in many
final-state observables. Preliminary studies are extensively discussed in Ref. [93]. Some examples of
the improvements for various objects, such as those relevant in the HH ! bb⌧⌧ searches described in
Chapter 3, are presented below.

4.4.2.1 Missing transverse energy reconstruction

MET reconstruction strongly depends on the correct reconstruction of all other objects, as described in
Section 2.3.1. Pileup tracks erroneously associated with the primary vertex can bias the MET, especially
at high pileup. Timing information helps mitigate this effect. For pileup increasing from 140 to 200
interactions, pmiss

T is expected to degrade by about 15%, affecting analyses that rely on its reconstruction.
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The impact of timing on MET is evaluated using Z ! µµ events, associating tracks to the primary vertex
with Equations 4.8 and 4.9, using N⇥ �track

t = 90 ps. The pmiss
T performance is quantified via the scale

and resolution of the hadronic recoil against the Z boson. Figure 4.25 shows that resolution worsens with
increasing pileup. Including timing reduces this degradation, improving resolution by 10–15% at 200
pileup, effectively recovering performance equivalent to 140 pileup. High-pmiss

T tails (pmiss
T > 110 GeV),

where real MET events are rare, also show reduced event counts with timing, decreasing background
contamination in searches for new physics.
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Figure 4.25: Left: The resolution of the hadronic recoil component perpendicular to the Z boson mo-
mentum is shown as a function of pileup density, with timing information (red) and without timing
information (blue). Studies are conducted in a pileup scenario of 200 interactions. Right: The perfor-
mance in tagging secondary vertices is shown in terms of ROC curves, illustrating heavy-flavor tagging
performance with MTD timing in different scenarios in the barrel region [93].

4.4.2.2 Heavy flavor tagging

Secondary vertex identification is crucial for correctly tagging jet flavor, as discussed in Section 2.3.1.
Pileup-induced spurious secondary vertices can contaminate signal events. Timing information from the
MTD helps remove tracks inconsistent in time with the primary vertex, reducing spurious secondary
vertices by 30% and improving the separation between b-jets and light-flavor jets, as illustrated by the
ROC curves in Figure 4.25. The recovered performance in heavy flavor tagging at high pileup thanks
to timing has direct implications for several physics analyses, being particularly valuable for di-Higgs
searches, since the bb̄ decay is the one with the highest branching fraction among Higgs decays.

4.4.2.3 Lepton isolation

Timing information also improves lepton isolation efficiency. Muons provide a clean test sample for
performance studies. A sample of Z ! µµ events is used to evaluate isolation for prompt muons (produced
at the interaction vertex from Z decay), and a tt̄ sample is used for non-prompt muons (mostly from semi-
leptonic heavy-flavor decays). Prompt muons are identified via generator matching. Isolation is quantified
as the sum of transverse momentum of particles within a cone of ∆R < 0.3 around the muon. Charged
particles are required to have pT > 0.7 GeV in the BTL and pT > 0.4 GeV in the ETL and must be
compatible with the PV using Equation 4.8 (and Equation 4.9 when timing is included). The ratio of the
isolation sum to the muon pT is compared to a threshold to define isolation. Efficiency is the fraction of
muons passing this requirement. Figure 4.26 shows efficiency as a function of line vertex density for barrel
and endcap. At 200 pileup, timing increases efficiency by 3–4% in the barrel and 6–7% in the endcap.
Studies with electrons show similar efficiency gains, confirming that the improvements hold for single
isolated tracks independently of flavor. Hadronic tau decays, discussed in Section 2.3.1.5, involve more
complex signatures, making background rejection more challenging. Timing information is therefore even
more beneficial, providing an efficiency gain of 10–15% at fixed jet misidentification probabilities typical
of many Higgs analyses.
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Figure 4.26: Muon isolation efficiency, with a lepton isolation of 0.08, is shown as a function of line vertex
density for the BTL (left) and ETL (right). Two different scenarios are compared: in red, the case with
MTD providing a time resolution of 40 ps, and in blue, the case without time information is reported [93].

4.4.2.4 Electron identification

The MTD can also be exploited to improve the identification purity of electrons. Single electrons and
single charged pions reconstructed as electrons interact differently in the MTD, providing a useful handle
for discrimination. Electrons typically deposit more energy in the MTD compared with pions, which
behave as MIPs, as shown in Figure 4.27. Studies conducted for the TDR [93] trained a BDT to distinguish
single electrons from single pions. A significant improvement in efficiency was observed in the barrel
region, while a more modest gain was reported in the endcap [93].

Figure 4.27: Left: The spectrum of energy deposited in the BTL by an isolated electron and an isolated
pion is represented in red and blue, respectively. Right: ROC curves demonstrate the identification
efficiency for the two particles in the barrel, using two different techniques: the default MVA discriminant
used for Phase-2 studies is shown in red, while in blue the one involving the observables related to the
MTD is shown [93].

4.4.2.5 Time-of-flight particle identification

MTD timing provides the CMS experiment with the capability to measure particle time of flight, en-
hancing particle identification precision. This is particularly valuable for Heavy Ion physics and studies
focusing on low-mass QCD and flavor physics. Particle identification is performed by measuring particle
velocities from the time of flight. The velocity is computed as in Equation 4.10, where L is the path
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length between the vertex and the MTD, and ∆t is the difference between the vertex time tvertex and
the MTD hit time tMTD.

1

�
=

c(tMTD � tvertex)

L
(4.10)

The expected performance as a function of pmiss
T and particle rapidity was studied. Figure 4.28 shows

the separation between charged pions and kaons in the BTL and ETL. The discrimination improves at
high rapidity due to increased momentum, which reduces the time-of-flight difference.

Figure 4.28: Separation between charged pions and kaons using MTD time-of-flight measurements is
shown, with the expected performance for charged particle identification presented as a function of pT
and rapidity, assuming MTD timing of about 30 ps. Different colors correspond to different numbers of
sigmas of separation. On the left, the ⇡/K separation is shown, while on the right, the K/p separation
is shown [93].

4.4.3 Physics analyses

The combined improvements in object reconstruction and pileup mitigation increase the efficiency of many
analyses involving complex final states. Pileup mitigation alone can provide gains equivalent to 15–30%
more integrated luminosity, corresponding to roughly three additional years of data taking without the
MTD. For example, improved b-jet tagging enhances analyses of Higgs bosons decaying to bb̄, which has
the highest branching ratio. Enhanced MET reconstruction improves analyses involving H ! ⌧⌧ decays.
Together, these improvements directly impact di-Higgs searches, which require precise reconstruction of
multiple objects. Improved lepton isolation from the MTD further contributes to di-Higgs analyses. The
MTD’s ability to distinguish displaced vertices also enables searches for long-lived particles in CMS. By
measuring LLP velocities using Equation 4.10, their masses can be inferred, improving sensitivity to
various theoretical models (e.g. Split-SUSY, GMSB).

4.4.3.1 Di-Higgs searches

The importance of di-Higgs searches was highlighted in Chapter 1 and showcased in Chapter 3. The
increased integrated luminosity at the HL-LHC allows for a more precise measurement of the Higgs pair
production. Current searches focus on different final states, balancing high branching ratios with clean
experimental signatures to reduce background contamination. To evaluate the impact of MTD timing,
studies were performed [93, 109] for the most sensitive final states: bbbb, bb⌧⌧ , and bb��. The cumulative
improvements in object reconstruction provided by the MTD, described in the previous section, result
in increases of 3–4% in lepton/photon efficiency, 4–6% in b-jet identification, and 10–15% in tau recon-
struction. Consequently, the overall signal sensitivity improves by 15–35%, depending on the channel.
The impact is especially significant for the bb⌧⌧ final state, where improvements in both b-jet and tau
reconstruction enhance sensitivity. In this channel, the inclusion of MTD timing improves the expected
significance from 1.30 (no MTD) to 1.60 for early-operation conditions, corresponding to an increase of
about 23%. Studies considered different MTD time resolutions, corresponding to early and late opera-
tion conditions, accounting for BTL performance degradation due to radiation damage on SiPMs. The
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expected significance improvements provided by the MTD are reported in Table 4.1. The MTD signifi-

Channel MTD @ �t = 35 ps ETL @ �t = 35 ps and BTL @ �t = 70 ps No MTD

bbbb 0.95 0.94 0.88
bb⌧⌧ 1.60 1.44 1.30
bb�� 1.90 1.81 1.70

Combined 2.66 2.51 2.31

Table 4.1: Projected significance for the SM HH signal decaying into different final states, i.e. the three
main channels driving the sensitivity of the search, when exploiting MTD timing. Values are given in
units of � for an integrated luminosity of 3000 fb�1, and different time resolution scenarios are considered,
corresponding to no time information, time information at the beginning of operation, and at the end-
of-operation conditions [109].

cantly improves all HH search channels, with cumulative gains when multiple object reconstructions are
combined. These improvements correspond to roughly 2–3 additional years of data taking, even when
accounting for performance degradation.

4.4.3.2 Long-Lived Particles

Many BSM models predict unstable particles with long lifetimes, capable of traveling measurable dis-
tances in the detector before decaying. Long lifetimes can arise from weak interactions, high masses,
or suppressed decay phase space. The MTD time-of-flight measurement allows the time between LLP
production and its decay (secondary vertex) to be measured. This timing enables the determination
of the particle’s velocity, Lorentz factor, and, if the energy is known, its mass. Different scenarios of
long-lived particles have been evaluated in the context of the impact of MTD timing information on
physics analyses, as presented in the TDR studies [93]. A relevant case study has been recently updated,
considering the decay of a neutralino into a photon and a gravitino. Since the photon is produced at
the neutralino decay vertex, which does not coincide with the primary vertex, its arrival time at the
detector can be exploited to discriminate signal from background. The neutralino time of flight can
then be inferred from the photon timing. In this context, an accurate MTD time resolution is crucial
to determine both the primary vertex time and the photon arrival time. An analysis was performed to
assess the impact of different MTD performance scenarios on the sensitivity, as shown in Figure 4.29. The
results clearly demonstrate a significant improvement in sensitivity for short lifetimes and high neutralino
masses, achievable only thanks to the inclusion of MTD time-of-flight information.
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Figure 4.29: Left: The Feynman diagram for the SUSY process resulting in a diphoton final state
via gluino production is shown. Right: Sensitivity to GMSB �̃0

1 ! G̃ + � signals, expressed in terms
of neutralino lifetimes, for 180 ps and 30 ps timing resolution, corresponding to the Phase-2 detector
without MTD and with MTD, respectively. The impact of MTD timing on neutralino decays into photon
+ gravitino is illustrated. Studies show increased sensitivity at short lifetimes and high masses [93].
Similar results are obtained for degraded BTL performance [109].
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Chapter 5

The MTD Barrel Timing Layer:
from design optimization to detector
construction

The MTD is designed to cope with the high pileup conditions expected at the HL-LHC, having a significant
impact on the reconstruction efficiency of vertices and tracks, and thereby improving the overall perfor-
mance of object reconstruction. Without such timing information, pileup degrades the reconstruction of
physics objects and, consequently, the sensitivity of many analyses, especially those involving complex
multi-object final states, such as di-Higgs searches. The expected improvements for many physics cases
require a precise time resolution of 30–60 ps, imposing stringent requirements on the sensor performance.

The present work has been specifically dedicated to R&D and characterization of the barrel section of
the MTD, in order to meet the target performance. The BTL is expected to cover a pseudorapidity region
up to |⌘| = 1.48 in CMS. Since it will be housed within the BTST, which will remain installed during the
entire HL-LHC phase, its long-term reliability is a major priority, requiring a robust design and extensive
testing. Schedule and cost constraints guided the choice of sensors toward mature technologies suitable
for mass production within the project timeline, as described in Sections 5.2, 5.3. The sensor technology
choice of LYSO:Ce crystals and SiPMs was motivated by the fact that they are well-established technolo-
gies with industrial-scale production capabilities and are widely used in Positron Emission Tomography.
Moreover, due to the space constraints discussed in Section 4.3.2.1, the BTL must be integrated into the
BTST without delaying the tracker installation.

Since the TDR, several sensor characteristics have been refined following the outcomes of dedicated
development studies, as detailed in Sections 5.5, 5.6, 5.7. A comprehensive study of the time performance
evolution throughout the BTL lifetime has been carried out, focusing on understanding and optimizing
all factors affecting the overall performance. The experience gained during the R&D phase provided a
solid foundation for developing procedures, protocols for large-scale assembly, and quality assurance and
quality control (QA/QC), ensuring the best possible performance both at the sensor module and detector
module level. Following the validation of the final sensor design, qualification and assembly procedures
have been defined and applied to BTL mass production, as discussed in Section 5.9 and Section 5.10.
A perspective on the upcoming integration and commissioning phases at CMS is presented in Section 5.11.

A large part of this work has focused on the R&D of the sensors constituting the BTL, with the goal
of optimizing their performance to achieve the target resolution under the expected operating conditions
within the MTD at the HL-LHC. Within the following discussion, the chapter integrates both general
context and the specific contributions of this thesis. In particular, this work addresses the optimization
of SiPM performance, the maximization of light output, the execution and analysis of several test beam
campaigns, the definition and implementation of QA/QC procedures for sensor modules, detector mod-
ules, and trays. The qualification of individual LYSO crystals and SiPMs during large-scale production,
as well as the development of the readout electronics, are part of the broader BTL effort and were carried
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out by dedicated groups. These aspects are therefore discussed only at the level required for completeness
and are referenced appropriately.

5.1 Time resolution drivers in BTL

The Barrel Timing Layer is designed to measure the time of arrival of minimum ionizing particles with
a resolution of 30 ps, which is expected to degrade to 60 ps during HL-LHC operation due to radiation
damage. The sensitive element of the BTL is a LYSO scintillating crystal coupled to SiPMs, operating
as described in Section 4.3.3.1. A BTL sensor module consists of an array of 16 LYSO:Ce crystal bars,
coupled to two SiPM arrays. The crystals are designed with a bar-like geometry exploiting total internal
reflection to enhance light collection efficiency while minimizing the SiPM active area, thereby reducing
both costs and power consumption. The SiPM active area is chosen to closely match the crystal bar end
face, maximizing light collection efficiency. The designed granularity ensures an average occupancy of
about 8% at a pileup level of 200, reducing the probability of double hits in the same cell during a bunch
crossing and reducing the impact of pileup effects from previous crossings on the time measurement. Each
crystal bar measures 54.7 mm in length, 3.12 mm in width, and 3.75 mm in thickness1. The longitudinal
axis of the crystal bars is oriented along the � direction (see Figure 2.2 for the CMS coordinate system).
The double readout guarantees uniform response across the crystal surface, along with tracking capability
and redundancy in time measurement. A MIP crossing the scintillating material produces scintillation
light proportional to the light yield of the crystal. A fraction of these photons (defining the LCE) reaches
the SiPM active area. Only a fraction of those photons is actually detected by the SiPM, quantified by
the SiPM PDE. The detected photons are converted into electrons, usually referred to as photoelectrons,
which are then amplified with a gain of the order of 105 � 106. The resulting current signal is discrimi-
nated and digitized by the TOFHIR chip to extract the timing information related to the MIP arrival,
also referred to as the “time stamp”.

The overall time resolution is described in Equation 4.1 and is dominated by electronics noise (Equa-
tion 5.1), the photo-statistics term (Equation 5.2), and the DCR contribution (Equation 5.3), which
becomes more relevant towards the end of the detector lifetime due to radiation damage.

�ele
t =

�noise

dI/dt
� �TDC (5.1)
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phot
t / 1
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with ↵ ⇡ 0.5 (5.2)

�DCR
t / DCR�

Npe
with � ⇡ 0.5 (5.3)

Each of these terms strongly depends on the signal amplitude, i.e. the number of photoelectrons detected
at the SiPM, which is defined in Equation 5.4.

Npe = LO · PDE · Edep = LY · LCE · PDE · Edep (5.4)

This quantity is determined by the intrinsic light yield (LY ) of the crystal, the light collection efficiency
(LCE) of the sensor module, the photon detection efficiency (PDE) of the SiPM, and the energy deposited
by the MIP in the crystal (Edep). The light yield depends on the specific scintillator choice, which in the
case of the LYSO:Ce crystals is expected to be on the order of 40,000 photons/MeV. More details on the
crystal specifications are provided in Section 5.2. The light collection efficiency accounts for several effects
related to losses in light transport between the LYSO crystals and the SiPMs, and can be expressed as
in Equation 5.5:

LCE = ✏coll · ✏det (5.5)

where ✏coll is the efficiency of collecting scintillation light at the end of the crystal bar, which depends on
self-absorption, scattering, reflection at the crystal surface, and reflection from the ESR covering. ✏det
accounts for the inefficiencies of photons reaching the active area of the SiPM, depending on the refractive

1The studies discussed in Section 5.5 guided the definition of the final sensor specifications, which are here reported and
differ from the initial design reported in the TDR [93].

102



5.2 LYSO:Ce crystals characteristics

index and thickness of the medium between the crystal and the SiPM (i.e. the glue), as well as on the
thickness and refractive index of the SiPM protective window and the geometry of the crystal end face
and the SiPM active area. Studies focusing on the maximization of such efficiencies were conducted and
are described in Section 5.4. An overall light collection efficiency of 10% is expected per BTL SiPM,
resulting in a light output (LO) of approximately 4,000 photons/MeV per readout end.

Overall, the number of photoelectrons is expected to vary throughout the BTL lifetime due to different
operating conditions, in particular changes in the SiPM bias voltage that affect the PDE, and irradiation
effects that induce a further PDE loss in the SiPMs (more details on the SiPM parameters are given in
Section 5.3). The LY is instead expected to remain unaffected by the irradiation levels foreseen for the
HL-LHC, while a small impact is expected on LCE due to transparency loss (as discussed in Section 5.2).
Additionally, the signal amplitude is expected to vary across the pseudorapidity region of the detector
because of the different energy deposition per MIP as a function of ⌘, resulting in a varying number of
detected photoelectrons. The final sensor design is expected to produce approximately 12,500 photoelec-
trons for each MIP crossing the crystal at the beginning of operation, degrading to about 6,500 by the
end of operation due to SiPM irradiation and the reduction of the operating bias voltage. These values
are obtained by considering a light output of about 2,400 photoelectrons per MeV of energy deposit, and
overvoltages of 3.5 and 1.0 V, which correspond to a PDE of 57% and 30% and a gain of 106 and 3.6⇥105

at the beginning and end of operation, respectively.

Reaching this final configuration required a thorough optimization campaign aimed at achieving the
design performance, All the mentioned effects contribute to the overall time resolution measured at the
BTL, therefore requiring a thorough evaluation of each component. Models and measurements were
performed to evaluate the final performance with different sensor specifications and operating conditions.
A detailed discussion of such studies is provided in the following sections, particularly addressing strategies
for:

• Increasing the light output by optimizing the efficiency of light collection and augmenting the
energy deposit, as reported in Section 5.4, together with the corresponding evaluation on beam in
Section 5.6.2.

• Increasing the signal amplitude by optimizing the SiPM parameters that define the pulse shape, as
outlined in Section 5.3.2, together with the corresponding evaluation on beam in Section 5.6.1.

• Reducing the dark count rate in SiPMs caused by radiation damage, as discussed in Section 5.3.1.

5.2 LYSO:Ce crystals characteristics

The basic detection principle of the BTL relies on the interaction of particles with the scintillating crys-
tals. The passage of charged particles through the scintillator excites the crystal lattice. As the material
de-excites, photons are emitted in an amount proportional to the energy deposited in the scintillator.
Impurities or activator ions (dopants) may be introduced into the lattice to enhance light emission and
reduce self-absorption. In the case of LYSO:Ce, the activator ions are Ce3+. The emitted light then
propagates through the crystal, with its transmission determined by the material’s optical properties,
such as absorption and scattering.

Cerium-doped Lutetium Yttrium Orthosilicate (LYSO:Ce – [Lu(1�x)Yx]2SiO5 : Ce) crystals were
selected as the optimal scintillator for the BTL due to their high intrinsic light yield of about 40,000
photons/MeV, fast scintillation rise time (< 100 ps), and short decay time (⇠ 40 ns) [112]. In general,
Yttrium and Cerium content might vary in crystals, depending on the production process. The stoichiom-
etry group ([Lu(1�x)Yx]) is not fixed and can vary slightly depending on the crystal growth, typically
with x < 0.1. The Yttrium fraction is expected to affect mass density and thus MIP energy deposition,
whereas the Cerium content is expected to correlate with the decay time. In BTL LYSO:Ce crystals, a
high density of 7.1 g/cm3 is measured, corresponding to an energy deposit by a MIP with a Landau most
probable value (MPV) of 0.86 MeV/mm. Precision timing performance is typically evaluated based on
the number of photons produced within a ⇠500 ps window after the onset of scintillation. For LYSO:Ce
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crystals read out at both ends, this corresponds to a light output of approximately 2,000 photons. The
high density also enables smaller, more compact crystals that fit within the BTL’s radial envelope in CMS.
LYSO:Ce crystals are non-hygroscopic, meaning they do not absorb humidity, and they emit at 420 nm,
well matched to the SiPM sensitivity range. They are also widely used and well-studied in PET and in
high-precision calorimeters such as those developed for Mu2e and KLOE-2 [113]. Alternative scintillators
were investigated, but LYSO:Ce offered the best balance of performance, radiation tolerance, cost, and
scalability for mass production. The bar-like geometry minimizes the SiPM area compared to the crystal
volume, thus limiting the power consumption and channel count. Also, it is strategic for achieving op-
timal LCE, which relies strongly on photons undergoing total internal reflection. This geometry results
in an average photon path length equal to the distance from the impact point to the SiPM. Each of
the 16 bars in the array is individually wrapped to ensure optical isolation and suppress light cross-talk.
ESR (Enhanced Specular Reflector) foils by 3M are used, providing a thin and radiation-tolerant solution.

For the large-scale production of BTL crystals, detailed technical specifications are defined to ensure
uniform properties across all scintillating crystals and are reported in Table 5.1. The RMS spread of key
parameters is required to be less than 5%. The light output, when crystals are coupled in air with a pho-
tosensor on one end, to SiPMs, has to exceed 4,000 photons/MeV, and the decay time of the scintillation
process must have a value smaller than 45 ns. The packaged scintillator arrays consist of bars with 80 µm
ESR foils placed between adjacent bars to better isolate each channel, with a reflectivity greater than
98.5% for light at 420 nm and good radiation tolerance. An additional reflective foil wraps the entire
array with a thickness of about 0.2 mm, and a glue layer ensures stability and mechanical uniformity
along the module. The pitch between adjacent bars is 3.2 mm, and the total size of a crystal array in
the � ⇥ z plane is about 54.70 ⇥ 51.48 mm, with a flatness of the non-wrapped end faces better than
0.05 mm to ensure optimal coupling to the SiPM array.

LYSO:Ce crystal parameter Specification

Density > 7.05 g/cm3

Light output (single end readout) > 4000 photons/MeV
Decay time < 45 ns
Time resolution (air coupling) < 140 ps
Optical cross talk < 25%

Light output loss after irradiation < 20%

Array dimensions
Length [mm] 54.7 ± 0.03
Width [mm] 51.38 ± 0.15
Thickness [mm] 4.12 ± 0.10
Surface polishing < 15 nm

Table 5.1: Technical specifications of the BTL crystal arrays. The requirements for scintillation properties,
radiation tolerance, and dimensions are reported.

Over the past years, the crystal properties from twelve vendors were measured by a dedicated team at
INFN Rome to evaluate their suitability for mass production. Relevant results, which are useful for the
discussion of the crystals, are reported below, however, these measurements were not performed as part
of the present work and are detailed in Ref. [113]. Mechanical, optical, and scintillation properties of the
samples were systematically assessed. Each manufacturer produces crystals with slight variations in the
Yttrium and Cerium content, which affect specific material properties. The Yttrium concentration was
evaluated through density measurements, obtained from mass and volume, and independently verified
via Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) at the Gran Sasso National Laboratory.
The measured densities ranged between 7.0 and 7.4 g/cm3, with a standard deviation below 1%, overall
compatible with the requirement of being above 7.05 g/cm3. The Yttrium content measured by ICP-MS
is found to correlate linearly with the crystal density for each vendor. Although density is not a crucial
parameter in characterizing timing performance, it remains an important parameter for the overall ma-
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terial characterization. Factors such as crystal size, transmission, self-absorption, and photoluminescence
play a crucial role [114] in determining the overall quality of a scintillator. Therefore, these parameters
were thoroughly characterized. Transmission spectra were measured in the 300–800 nm range along the
three crystal axes: longitudinal (L), width (w), and thickness (t). These measurements were performed
at CERN and NIMP (Bucharest) using double-beam spectrophotometers. The results demonstrate good
reproducibility, ensuring measurement consistency. The transmission threshold in the UV region, deter-
mined by the Cerium content, is shown in the left panel of Figure 5.1. The w and t spectra show the
5d1 absorbance band of Ce3+. Cerium content can be estimated via optical absorption, defined as in
Equation 5.6, where d is the transverse thickness and ↵ is the absorption coefficient, which accounts for
both Cerium and other absorption centers.

A ⇠ ↵ · d ⇠ (↵Ce3+ + ↵other) (5.6)

Cerium content is modeled with a Gaussian function, while other absorption contributions are described
empirically using the Urbach approximation (i.e. an exponential tail). Fitting the absorption data with
this model allows estimating the Cerium content, which is found to have values in the range between 0.3
and 2.0 depending on the producer. The overall measurement reproducibility is estimated to be around
6%. Photoluminescence is measured in the 370-550 nm emission range, and the resulting spectrum shows

Figure 5.1: Optical properties of the BTL LYSO crystals are reported in terms of transmission, ab-
sorbance, and emission spectra. The left panel shows the optical transmission spectra measured along
the three orientations of the crystal bar: one longitudinal (black) and two transversal directions (yel-
low/violet and green/blue), where two sets of measurements are presented. The middle panel displays
the absorbance spectra with the overlaid fit and the individual components contributing to the total fit.
The right panel shows the emission spectrum (red) together with the emission spectrum weighted by the
transmittance (blue) [113].

the scintillator emission as a function of wavelength [115]. All vendors’ crystals exhibited characteristic
peaks at 420 nm and 396 nm. Since transmittance and absorption vary with wavelength, not all emitted
light reaches the photosensor. To estimate the signal effectively detected, the photoluminescence spec-
trum is weighted by the transmittance, thereby accounting for the spectral sensitivity of the photosensor,
which is a crucial information for an optimal light detection.

The light output and decay time of crystals from each manufacturer were measured in a dedicated
setup, and results are averaged over 15 samples per producer. One end face of each crystal bar was placed
in contact2 with a PMT window, while the opposite end was left free in contact with air. The entire setup
was kept in a controlled environment at a stable temperature of 20oC. The PMT single-photoelectron
response was calibrated using a pulsed fast blue LED. Light output measurements are performed by
evaluating the light produced by the interaction of annihilation photons emitted from a 22Na radioactive
source. By dividing the total charge detected from the crystals by the estimated single-photoelectron
charge and the photon energy, the light output of the crystal bars is determined in terms of photoelec-
trons per MeV. Correcting this value by the quantum efficiency of the PMT, weighted over the LYSO
emission spectrum, provides an estimate in terms of photons per MeV. For each vendor, the average over
15 samples is computed, producing values from 4,200 to 5,400 photons/MeV. The associated uncertainty
of the order of 4% reflects the uniformity of performance among samples. The scintillation decay time
is another crucial parameter, as it strongly impacts timing precision. It is extracted from the acquired

2The coupling was done in air, without any optical grease, in order to optimize reproducibility of the measurement.
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waveforms using a fit function consisting of a single exponential decay and a Gaussian turn-on. Results
are averaged across samples from each vendor, yielding decay times between 38 and 45 ns, with deviations
of about 1% per vendor, consistent with the reproducibility of the measurement. A key figure of merit
for assessing the timing capabilities of a crystal is the ratio between the light output and the decay time,
which is therefore evaluated for each vendor. The results of these characterization measurements are
summarized in Figure 5.2.

Figure 5.2: The light output and decay time of samples from each producer were evaluated and combined
to characterize the timing performance of the crystals. From left to right, the decay time, light output,
and the ratio between light output and decay time are shown for each vendor [113].

The BTL crystals will be exposed to high radiation fluences, leading to damage from electromagnetic
energy deposition (�-rays), neutrons, and charged hadrons [116]. Radiation-induced absorption can
degrade optical transmittance and reduce the light yield, thereby affecting detector performance. In
literature, studies [117] show that LYSO crystals exhibit a decreased light output and an unchanged
scintillation decay time after � irradiation. To assess radiation effects, several first BTL prototype
samples were irradiated with 24 GeV protons to a fluence of 2⇥1013 cm�2, which is above the integrated
level expected for BTL. Results are reported in Figure 5.3 and show negligible losses in transmission
and time resolution, consistent with expectations from hadron fluences and ionizing radiation. The
transparency loss T along a crystal of length L is quantified by the induced absorption coefficient expressed
in Equation 5.7 and it was measured as 0.5 m�1 at 420 nm.

µind =
1

L
ln

✓

Tbefore

Tafter

◆

, (5.7)

Moreover, the radiation hardness of BTL crystal samples against �-rays was evaluated for several samples
provided by the twelve LYSO manufacturers. Measurements were carried out at the ENEA-Casaccia
Calliope facility [113] with an integrated dose of 50 kGy, corresponding to the expected BTL lifetime
exposure with an additional 50% safety margin. After irradiation, average light output decreased by 9%
(±3%), likely due to transparency loss from absorption centers, while scintillation decay time remained
unchanged within 2% experimental uncertainty, confirming what expected from literature studies. Results
are summarized in Figure 5.4.

Finally, since the BTL crystals will operate over a wide temperature range, it is also important to
characterize their performance at low temperatures, particularly close to the operating point. The figure
of merit was observed to increase consistently at lower temperatures, with variations between 3% and 8%
depending on the crystal manufacturer [113].

Overall, the characterization studies demonstrated good performance for all samples and provided a
solid basis for defining reliable quality assurance and quality control protocols in preparation for crystal
mass production, which is discussed in Section 5.10.1.1. A single manufacturer was selected as the best
bidder among a restricted list of manufacturers that were proven capable to satisfy the crystal specifi-
cations required by the BTL in terms of light output, decay time, company reliability, and production
capacity: Sichuan Tianle Photonics.
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Figure 5.3: Preliminary studies with the first prototypes of LYSO:Ce crystal bars were conducted to
investigate the effect of irradiation with 24 GeV protons up to a fluence of 2 ⇥ 1013 cm�2 on the bars’
performance in terms of light yield and time resolution. Left: Transparency curves as a function of
wavelength before and after irradiation are shown. Right: Time resolution measured with 511 keV �-
rays before and after irradiation is shown. The relative comparison of the values highlights the almost
negligible effect of irradiation on the timing performance [93].

Figure 5.4: Samples were irradiated with an integrated dose of 50 kGy using �-rays. Their performance
in terms of light output and decay time was measured before and after irradiation, and the corresponding
ratios are reported, with light output shown on the left and decay time on the right [113].
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5.3 Optimization of SiPM performance

Each crystal end face is coupled to a Silicon Photomultiplier for detecting scintillation photons. Thanks to
favorable characteristics such as low operating voltage, compactness, and robustness, SiPMs are widely
used in fields such as optical spectroscopy, fluorescence detection, quantum physics, medical imaging,
gamma spectroscopy, and high-energy physics. The SiPM detects the light produced by the scintillator
through hundreds or thousands of single-photon avalanche diodes (SPADs), also referred to as microcells
or cells, which are integrated on a common substrate and connected in parallel. The output signals from all
fired SPADs are summed to form the total SiPM output signal. Thus, the SiPM operation fundamentally
relies on the SPAD response: a single charge carrier entering the high-electric-field region initiates a
self-sustaining avalanche, generating multiple electron–hole (e-h) pairs until the avalanche is quenched.
When reverse biased, the p-side of the SPAD is fully depleted, creating an electric field. The high-field
region serves as the multiplication zone, while the remaining region acts as a drift region. The SPAD
operates in Geiger mode when biased above the breakdown voltage Vbr, at which self-sustaining avalanche
multiplication occurs. Below Vbr, two regimes exist: the photodiode regime, where no multiplication
occurs and current is proportional to incident light, and the avalanche photodiode regime, where moderate
avalanche multiplication occurs, providing a gain of O(10–100). Above Vbr, both electrons and holes can
generate secondary e-h pairs, and the avalanche continues until the quenching resistor stops the avalanche
and restores the diode (Figure 5.5).

Figure 5.5: A p–n junction can operate under different reverse-bias conditions. The left plot shows
the current as a function of the reverse bias voltage, illustrating the different multiplication regimes for
photodiodes, APDs, and SiPMs. The right diagram shows the charge multiplication processes under
APD and SiPM operating modes: in the APD, only electrons undergo avalanche multiplication, while in
the SiPM, both electrons and holes contribute to ionization [118].

The equivalent circuit model of the SiPM can be considered for understanding its functioning, and it
is shown in Figure 5.6. Each SPAD is represented as a diode capacitance Cd in series with an internal
resistance Rd, and a quenching resistor Rq in parallel with a parasitic capacitance Cq. When a photon
triggers an avalanche, Cd discharges while Cq recharges, generating the output signal. The avalanche
stops when the current through Rd reaches a minimum, defining the cell recovery time. The figure il-
lustrates the scenario in which Nf cells are fired out of a total Ntot. Each of the electrical parameters
described can be measured through IV and impedance measurements [118, 119]. The resulting signal
shape is influenced by both fast and slow components, determined by the quenching capacitance and
resistance of each cell, respectively.
SPADs close to the fired one can lead to correlated noise, known as crosstalk. Prompt crosstalk occurs
when secondary photons trigger neighboring SPADs within a few hundred ps, inflating counts. Delayed
crosstalk originates from carriers in non-depleted regions, producing avalanches with delays of hundreds
of ns. External crosstalk arises from photons reflected back by protective layers. These effects are miti-
gated through sensor design, e.g. by reducing the depletion region or protective layer thickness.

Individual SPAD signals can be read out separately, either through dedicated electronics or by mea-
suring the amplitude of the summed SPAD signals [118]. This provides single-photon sensitivity and fast
avalanche amplification, making SiPMs highly suitable for timing applications. The number of secondary
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Figure 5.6: The equivalent electrical circuit of a SiPM is shown. The impinging photon acts as a switch in
the circuit. Each diode has a resistance Rd and a capacitance Cd, along with a quenching resistor Rq and
its associated capacitance Cq. The fired cell is represented as active (on the left), while the non-triggered
cells are represented as passive components in parallel, together with parasitic elements. Nf denotes the
number of fired cells, and Ntot is the total number of cells [118].

electron-hole pairs produced per primary carrier determines the multiplication factor, which diverges
above the breakdown voltage Vbr and depends on the diode structure and temperature. This operation
mode provides a high gain (G) on the order of 105–107, expressed as in Equation 5.8 where q is the
elementary charge, Cq and Cd are the quenching capacitance and diode capacitance (see Figure 5.6) and
Vov is the overvoltage, which is expressed in Equation 5.9.

G =
avalanche charge

q
=

Vov · (Cq + Cd)

q
(5.8)

Vov = Vbias � Vbr. (5.9)

SiPMs must be biased above Vbr to enable carrier multiplication. The breakdown voltage is estimated
from the IV curve by computing the derivative of the current with respect to voltage, and its value
is temperature dependent. SiPMs operate at relatively low bias voltages (typically 22–80 V), allowing
limited power consumption. Thermal generation of carriers can produce dark count events that produce
a primary Dark Count Rate (DCR), modeled using Shockley–Read–Hall statistics. DCR decreases by a
factor of roughly 2 for every 10oC decrease in operating temperature and depends on the active area and
overvoltage. Thermally generated electrons trigger avalanches identical to photon signals, representing
noise, which becomes significant under radiation exposure. Charge trapping and delayed release can gen-
erate afterpulses, with amplitudes smaller than primary events. The probability of afterpulsing depends
on trap density, release times, and SPAD recharge time.

The SiPM performance can be assessed in terms of different parameters, including Excess Charge
Factor (ECF), PDE, and gain [120]. The ECF accounts for additional charge due to crosstalk and
afterpulsing and it is expressed in Equation 5.10.

ECF =
hQi
hQN i (5.10)

PDE represents the probability that an incident photon is detected and can be expressed as in Equa-
tion 5.11, where QE is the quantum efficiency, PT the avalanche probability, and FFeff the effective fill
factor.

PDE(Vov,�) = QE(�) · PT (Vov,�) · FFeff (Vov,�) (5.11)

The SiPM gain provides information regarding the multiplication factor of primary carriers and it de-
pends on the overvoltage applied and on the size of the individual cells. All the discussed parameters are
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fundamental for evaluating SiPM performance and optimizing the signal pulse shape. Extensive studies
were carried out after the TDR publication to select the optimal SiPM design for BTL, achieving a
timing resolution of 30–60 ps under the expected radiation fluence of 2⇥ 1014 neq/cm

2and a dose up to
50 kGy. A detailed tuning of the electrical parameters was conducted, and the final design of the BTL
SiPMs is summarized in Table 5.2. The active area is matched to the LYSO crystal, with an end face of
2.91 ⇥ 3.80 mm2, aligned with the crystal center. Each SiPM is covered by a silicone resin layer with
a thickness of 300 µm, which is the minimum achievable, and a refractive index of approximately 1.5
at 420 nm, serving as a protective window. The resin is made of radiation-tolerant material, with less
than 5% transparency loss (crucial for maintaining optimal LCE), making it preferable to epoxy. The
cell dimensions are 25 ⇥ 25 µm2, providing an optimal balance between PDE, gain, and DCR (extensive
discussion on these parameters is presented in Section 5.6.1). The sensors are optimized to achieve a PDE
greater than 50% and a gain of the order of 106 at Vov = 3 V. It should also be noted that both the PDE
and the gain have been shown to be affected by radiation damage, resulting in lower values. For BTL
SiPMs, the expected losses in PDE and gain at the end-of-life operating conditions are approximately
O(15%) and O(5%), respectively [121].

Each of the 16 crystal bars is coupled to a SiPM, forming a SiPM array. They are mounted on a
0.7 mm-thick custom substrate that combines PCB and AlN materials, ensuring temperature uniformity
(less than 0.5oC variation) across the package3 and providing efficient heat dissipation from the SiPMs,
with a thermal resistance below 7 W/K per SiPM. This substantially reduces self-heating effects due
to increased current after radiation damage. The SiPM substrate was designed to ensure a uniform
temperature across the SiPM array, resulting in a time spread due to temperature variations smaller than
5 ps. The package dimensions are 51.5 ⇥ 6.5 mm2, with an overall thickness below 1.6 mm, including
the protective resin. Arrays include integrated low-inductance flex cables for SiPM biasing and signal
routing to the front-end electronics where the TOFHIR ASIC is integrated. The flex cables are designed
with low inductance (less than 4 nH/SiPM channel), are compatible with 0.5 mm pitch 40 ch Panasonic
AYF534035, and operate over a temperature range from -45�C to +60�C. The flex cable thickness is
less than 200 µm, excluding the stiffener, which provides additional robustness, and they are designed
for a bending radius of 2.0 mm. Four Thermoelectric Coolers (TECs) with dimensions of 3⇥4 mm2,
0.95 mm thick, are soldered on the back of each array, ensuring optimal heat extraction. TECs are
reflow-soldered at 220oC to the SiPM package, transferring heat to the copper housing and cooling plates
(this thermal coupling required thoughtful evaluation and it is discussed in Section 5.9). TECs are biased
in series via the SiPM flex traces and demonstrate mechanical reliability under thermal cycling (-50oC to
+60oC). Additionally, each sensor is monitored with a radiation tolerant Resistive Temperature Detector
(0805 RTD PT1000), which is is placed on the rear side of the SiPM array package to provide precise
temperature measurement. A picture showing both sides of the SiPM array is reported in Figure 5.7.

5.3.1 Mitigation of radiation damage

As discussed for crystals, it is crucial to evaluate the radiation tolerance of BTL SiPMs, given the ex-
pected fluences to which they will be exposed. SiPMs, being sensitive to single charge carriers, are
particularly sensitive to spurious counts induced by radiation damage. Radiation introduces two main
types of defects in silicon sensors: surface damage, due to Ionizing Energy Loss (IEL), and bulk damage,
caused by Non-Ionizing Energy Loss (NIEL) [122]. IEL defects arise from charges generated and trapped
in the silicon dioxide (SiO2) layer or at its interface with the silicon substrate, while NIEL defects occur
when energetic particles (neutrons, protons, pions) transfer an amount of energy to atom larger than the
binding energy of a silicon atom, causing the displacement of silicon atoms from the lattice.

NIEL defects manifest as vacancies (missing atoms) and interstitials (atoms displaced within the
lattice). Interstitials and vacancies may diffuse and annihilate at regular lattice sites, partially mitigating
the damage. This process can be enhanced by heating, known as annealing. Alternatively, defects
may combine with impurities, forming stable defects that alter the silicon doping. Radiation-induced
displacement damage is proportional to the energy imparted to the lattice. A hardness factor  allows
comparison of damage from different particles and energy spectra Φ(E) [123]. To provide a common
comparison among effects caused by different particles and energies, it is assumed that radiation damage

3A 1oC increase in operating temperature has been observed to raise Vbr by several tens of mV.
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Figure 5.7: A picture of both sides of the SiPM array is shown: the back side, where the four TECs and
the RTD are visible, and the front side, showing the active area of the 16 SiPMs at the bottom.

SiPM characteristic at 20oC Value

Cell size 25 x 25 µm2

Operating T -50 to +70 oC
Breakdown Voltage 34 < Vbr < 41 V
Max total Vbr spread across arrays < 2 V
Vbr spread within 16 ch array < 150 mV
dVbr/dT < 40 mV/oC

Dark current at 3V Vov < 50 nA/mm2

PDE at 420 nm (3V) > 50%
Gain (3V) 0.8 ⇥ 106 < Gain < 1 ⇥ 106

ECF (3V) after pulsing < 1.06
Afterpulsing < 5%

Capacitance < 75 pF/mm2

Rq/N 20 < Rq/N < 25 Ω

Array dimensions
Length [mm] 51.5 ± 0.1 mm
Height [mm] 6.5 ± 0.1 mm
Thickness (with resin, w/o TECs) 1.4 ± 0.1 mm
Thickness (with resin and TECs) 2.45 ± 0.1 mm
Max resin thickness 0.35 ± 0.05 mm

Table 5.2: Technical specifications for non-irradiated BTL SiPMs are provided for various parameters,
including both mechanical and performance characteristics, for individual SiPMs as well as for the SiPM
arrays.

scales with the NIEL factors (NIEL scaling hypothesis), with the reference defined as 1 MeV neutrons.
Under this assumption, every fluence is converted to the equivalent 1 MeV neutron fluence, reported as
neq/cm

2. An example of different NIEL factors in silicon for neutrons, protons, pions, and electrons is
shown in the left panel of Figure 5.8: protons produce significant displacement damage due to their high
energy deposit per unit length, and above 50 MeV the NIEL values of neutrons and protons become
comparable. Macroscopically, radiation defects introduce energy levels within the silicon bandgap (EG ⇠
1.12 eV). Mid-gap levels increase leakage current through enhanced thermal carrier generation, while
levels near the band edges act as trapping centers, reducing signal formation. Radiation can also modify
the effective doping, thereby changing the depletion and breakdown voltages. Nuclear interactions may
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remove dopant atoms, further affecting device operation. The right panel of Figure 5.8 summarizes these
macroscopic effects. The increase in leakage current is proportional to fluence up to ⇠ 5⇥ 1013 neq/cm

2,

Figure 5.8: Left: Pictorial representation of possible defects caused by radiation damage in a silicon
sensor. The displacement of electrons (red lines) and holes (blue lines) is illustrated [122]. Right: The
displacement damage cross section in silicon, normalized to the value for 1 MeV neutrons, is shown for
different particles as a function of their energy [124].

with a radiation damage coefficient ↵ defined as in Equation 5.12 [122], where ∆I is the increase in
current due to irradiation, A ·w is the depleted volume, and Φeq is the 1 MeV neutron equivalent fluence.

↵ =
∆I

A · w · Φeq
(5.12)

The total leakage current I produced by radiation damage depends on temperature: at high temperatures,
thermal generation dominates with Arrhenius behavior (slope ⇠ 0.6 eV), while at low temperatures (i.e.
temperatures smaller than O(100 K)) tunneling through defects becomes significant, and DCR becomes
nearly temperature-independent. The DCR arises from spurious charge generated by radiation effects
within the sensors and can be computed from the total dark current I, the SiPM gain G, and the
elementary charge e as in Equation 5.13:

DCR =
I

G · e
. (5.13)

IEL effects also contribute to the increase of the total dark current by creating additional defects induced
by photons and low-energy charged particles (<300 keV) that affect the SiPM surface. Radiation-induced
DCR increases with the integrated luminosity, thereby degrading timing performance. Part of this DCR
can be mitigated through annealing, as elevated temperatures accelerate defect recombination in the
silicon lattice. For instance, annealing at 40oC for 100 hours halves the DCR, whereas at 15oC the same
reduction requires approximately ten times longer. Detailed simulation models [123, 122] successfully
describe DCR evolution under irradiation and thermal annealing with an accuracy of ⇠10%.

In the BTL context, radiation effects impact timing by introducing additional noise and reducing
signal amplitude. The NIEL scaling hypothesis has been verified for BTL SiPMs with 24 GeV protons,
confirming that proton fluences can be expressed as equivalent neutron fluences, hereafter indicated
simply as neq/cm

2 [122]. In BTL SiPMs, radiation exposure and the consequent increase in DCR lead to
a rise in power consumption (up to 30 mW per SiPM channel) and may induce self-heating, which can
degrade performance. Since DCR strongly depends on operating temperature, careful management of this
parameter provides an effective means to mitigate time resolution degradation. SiPMs will be operated at
low temperatures and will require close monitoring to ensure proper DCR control. To further reduce DCR
increases due to radiation exposure, Thermoelectric Coolers, shown in Figure 5.9, are integrated into the
SiPM package design. TECs enable both a reduction of the operating temperature and an increase of
the annealing temperature. Indeed TECs will lower the SiPM temperature to �45oC during operation,
reducing the DCR, and can raise it to ⇠ 60oC for in situ annealing [125] during technical stops. Thermal
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annealing is expected to reduce the DCR, thereby mitigating the detrimental effects of radiation damage
on timing performance.

Figure 5.9: Left: Picture of a batch of TECs [125]. Right: Microscope images of a TEC installed on the
SiPM packaging, shown in frontal (top) and lateral (bottom) views. In the frontal view, the TEC area
and the two electrical contacts are clearly visible, while in the lateral view the TEC pillars can be seen.

As TECs are mounted directly on the SiPM package, they are exposed to the same radiation dose
as the sensors themselves. TECs have been demonstrated to be radiation tolerant up to the projected
BTL irradiation level of 2⇥ 1014 neq/cm

2. Additionally, the impact of the use of TECs on the DCR was
systematically studied and detailed report is given in Ref. [125], under different annealing and operating
temperature scenarios. DCR as a function of temperature is described by Equation 5.14, where Eg is the
silicon bandgap and Γ accounts for tunneling effects.

DCR

DCR(�30�C)
= N(1 + Γ)T 2 exp

⇢

�Eg/2 +∆

kT

�

(5.14)

Figure 5.10 shows, in the left panel, the dark current measured for irradiated SiPMs subjected to different
annealing scenarios, and, in the right panel, the ratio of the measured DCR to the DCR measured at
1 V overvoltage, with the data fitted using the model described in Equation 5.14. The dual benefit of
reducing DCR and enabling further recovery via high-temperature annealing has been evaluated under
various temperature scenarios, as shown in Figure 5.11. The DCR of a SiPM biased at 1 V OV is modeled
as a function of BTL operation years during HL-LHC for different operating and annealing temperatures,
showing significant performance improvement at low operating temperatures and with high-temperature
annealing. These studies led to the choice of operating SiPMs at Top = �45oC and performing periodic
in situ annealing at Ta = 60oC, which was also demonstrated to be within power budget.

To reduce the contribution to the time resolution degradation caused by the DCR generated in SiPMs
due to radiation exposure, several strategies are envisaged for the BTL. One is the discussed smart thermal
management provided by TECs: during HL-LHC technical stops, the BTL cold plate temperature can
be increased from -35oC to 10oC, while TECs operate in reverse to create a temperature gradient up to
50oC, reaching 60oC at the SiPM surface. This annealing reduces DCR and improves timing performance.
Additionally, to mitigate higher DCR, the SiPM overvoltage will be reduced from 3.5 V at the beginning
of operation (non-irradiated sensors) to 1 V at the end of operation (sensors irradiated to full fluence).
The decrease of SiPM overvoltage is necessary both to mitigate the increase of DCR with overvoltage
and to limit the large power dissipation that would otherwise drive the SiPM into a self-heating regime,
significantly degrading performance due to the DCR contribution. Also, baseline fluctuations due to
increased DCR are partially corrected by dedicated ASIC circuits (see Section 5.8).
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Figure 5.10: Left: The dark current is shown as a function of overvoltage for SiPMs irradiated to
2 ⇥ 1014 neq/cm

2, measured at a temperature of �31 oCand annealed at 40 oCfor different periods of
time, corresponding to the different colors in the plot. Right: The ratio of the DCR measured at 1 V
overvoltage at a given temperature to the DCR measured at �30 oCis shown as a function of temperature.
The data values are fitted using Equation 5.14 [125].

Figure 5.11: The evolution of the DCR measured at 1 V overvoltage during BTL operation is shown as a
function of integrated luminosity and years since the start of the HL-LHC. Different lines correspond to
different scenarios, evaluating various operating temperatures (Top) and annealing conditions (Tann) [125].
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5.3.2 Signal pulse shape enhancement

The produced SiPM signal is critical for the overall performance, given that the steepness of the current
pulse (dI/dt) critically affects the electronics term of the time resolution, as expressed in Equation 5.1.
This work contributed to detailed studies of the SiPM signal pulse shapes and electrical parameters,
which specifically assessed the impact of different cell sizes on the signal shape. While the original choice
was oriented towards a 15 µm pixel size, which seemed to represent an optimal balance between a re-
duced DCR and a decent PDE, a thorough study was then dedicated to evaluating the impact of other
dimensions on the SiPM pulse shape. The results demonstrate better performance with SiPMs having
a cell size of 25 µm. The effects of cell size on time resolution were evaluated through both modeling
and laboratory measurements of SiPMs with cell sizes of 15, 20, 25, and 30 µm. Samples from two
different vendors were evaluated: Hamamatsu Photonics (HPK) and Fondazione Bruno Kessler (FBK).
The two manufacturers employed different wafer technologies, which bring different SiPM properties. As
HPK sensors demonstrated superior performance across the range of radiation scenarios expected at the
HL-LHC, as widely discussed in Section 5.6, the final choice of vendor for the BTL was HPK.

To precisely evaluate the functioning of the SiPM, an electrical model of SiPM operation in the BTL
context was used. As mentioned before, the SiPM is made of many SPADs in parallel (see Figure 5.6),
producing together a current that is the sum of the single microcells fired. Each cell operates in Geiger
mode producing a gain that depends on the applied overvoltage Vov and on the SiPM capacitances, as in
Equation 5.8. Several studies in the current literature have already explored the definition of an electrical
model of SiPM functioning, such as in Refs. [126, 127, 128, 129], among others. The solution obtained
in Ref.[129] was used for the following studies and it is reported in Equation 5.15.

IL(t) = Ge



a1 exp

✓

� t

⌧cd1

◆

+ a2 exp

✓

� t

⌧cd2

◆

+ a3 exp

✓

� t

⌧md

◆

+ a4 exp

✓

� t

⌧mr

◆�

, (5.15)

with

⌧cd1 =
⌧1 + ⌧3 + ⌧4

2
+

q

(⌧1 + ⌧3 + ⌧4)
2 � 4 (⌧1⌧4 + ⌧2⌧3)

2
⌧1 = Rq(Cd + Cq)

⌧cd2 =
⌧1 + ⌧3 + ⌧4

2
�

q

(⌧1 + ⌧3 + ⌧4)
2 � 4 (⌧1⌧4 + ⌧2⌧3)

2
⌧2 = RqCq

⌧md = Cd
RdRq

Rd +Rq
⌧3 = NcRLCd

⌧mr = Rd(Cd + Cq) ⌧4 = RLCg

a1 =
⌧cd1 (⌧cd1 � ⌧2)

(⌧cd1 � ⌧cd2) (⌧cd1 � ⌧md) (⌧cd1 � ⌧mr)

a2 =
⌧cd2 (⌧cd2 � ⌧2)

(⌧cd2 � ⌧cd1) (⌧cd2 � ⌧md) (⌧cd2 � ⌧mr)

a3 =
⌧md (⌧md � ⌧2)

(⌧md � ⌧cd1) (⌧md � ⌧cd2) (⌧md � ⌧mr)

a4 =
⌧mr (⌧mr � ⌧2)

(⌧mr � ⌧cd1) (⌧mr � ⌧cd2) (⌧mr � ⌧md)

The analytical expression reported in Equation 5.15 describes the current response of a single cell in a
SiPM following the detection of a single photon. In this model, the cell is represented as a current source
in parallel with its intrinsic diode capacitance Cd, while the quenching resistor Rq and the capacitance
Cq model the avalanche quenching and cell recovery dynamics. The remaining cell connected in parallel,
along with the readout resistance RL and the parasitic capacitance Cg, contribute additional circuit time
constants, leading to a response that is a superposition of four exponentially decaying terms. Each time
constant ⌧cd1, ⌧cd2, ⌧md, and ⌧mr arises from a combination of the cell RC elements and the readout
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circuitry, and the corresponding coefficients a1–a4 ensure that the total integrated current equals the
total charge delivered by the avalanche, Q = Ge. This expression includes both the fast initial discharge
of the avalanche and the slower recovery of the cell, providing a description of the single-photoelectron
response that can be used to model the SiPM output for multiple incident photons by linear superposition.

The described SiPM electrical model was validated through measurements conducted in laboratory. A
UV laser was shined towards naked SiPMs that were readout with an AdvanSiD board [130]. A variety of
different 15 µm SiPMs were measured, with different active areas and, in general, different parameters such
as grid capacitance, diode capacitance, quenching capacitance, and quenching resistance. The expected
pulse shape is computed from the model inserting the different parameters of the SiPM. The measured
pulse shapes were found to be consistent with the formulated model, for the varying parameters, as shown
in Figure 5.12.

Figure 5.12: Pulse shapes obtained from laboratory measurements (black dots) and from model calcu-
lations (green line) are compared for SiPMs featuring different electrical parameters. Examples of three
SiPMs are shown, with the corresponding parameters reported in the figure, measured at an overvoltage
of 2.5 V. An overall good agreement is observed between data and expectations.

These studies highlighted the potential for an optimized SiPM design. The quenching capacitance
depends on the resistive paths and therefore on the cell perimeter, while the grid capacitance can be
expressed as a function of the cell area. The overall gain depends on the sum of these capacitances,
leading to a strong dependence of the device performance on the microcell size. Increasing the cell
dimension is expected to enhance the gain and steepness of the SiPM response, thereby reducing the
contribution of the electronics to the time resolution. Furthermore, a higher signal amplitude allows for
a lower discriminator threshold in terms of the number of photoelectrons produced.4 A larger signal
amplitude also improves the fill factor: for a given total area, increasing the cell size reduces the number
of cells, decreasing the dead area and thus increasing the photon detection efficiency. To estimate the
expected signal pulse shapes for different SiPM cell sizes, the expected SiPM parameters were inserted
into the model and the resulting signals, shown in Figure 5.13, exhibit a steeper pulse slope for increasing
SiPM cell sizes.

These studies motivated the production of SiPMs with various SiPM cell sizes. Properties of SiPM
with different cell sizes in terms of gain and effective PDE (i.e. the measured PDE weighted by the
emission spectrum of LYSO:Ce crystals) were measured as a function of overvoltage for the two vendors,
as reported in Figures 5.14. A significant improvement in both PDE and gain is observed for larger cell
sizes compared to the nominal 15 µm pixels. While these effects are beneficial, increased capacitances
also slow down the signals and induce a higher DCR. For a given DCR level, larger cells result in a
higher fraction of cells being busy due to avalanches triggered by dark counts, making them unavailable
for detecting real photons and effectively reducing the PDE. Additionally, higher gain requires increased
power consumption and enhances SiPM self-heating. The overall balance of these effects is non-trivial and
requires a comprehensive evaluation of the final timing performance, as further discussed in Section 5.5.

4The choice of the discriminator threshold involves a trade-off between the main contributions to the time resolution.
At low thresholds, stochastic fluctuations in the photon arrival time dominate, while at high thresholds, the impact of
electronic noise is reduced. Therefore, an optimal threshold must be determined to balance these effects.
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Figure 5.13: The pulse shapes produced with the described model are shown in the figure, with different
colors corresponding to different cell sizes: purple for 15 µm, light blue for 20 µm, green for 25 µm, and
orange for 30 µm. For each cell size, multiple curves are displayed corresponding to different values of
the quenching resistor (200, 300, 400, and 500 Ω), with lower resistor values resulting in steeper pulse
slopes. Measured pulse shapes for SiPMs with 15 µm cell size are also shown and are in good agreement
with the modeled curves.

Figure 5.14: Measured SiPM gain and PDE values as a function of overvoltage for both vendors and
different cell sizes. The PDE values are reported as effective PDE, i.e. the measured PDE weighted by
the emission spectrum of LYSO:Ce crystals [96].
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5.4 Factors affecting the light output at sensor module level

Crystal and SiPMs with the defined technical specifications are coupled to form a sensor module. Each
BTL sensor module consists of a LYSO matrix of 16⇥1 crystal bars coupled at both ends to SiPM arrays
of 16 SiPMs. Coupling LYSO crystals and SiPMs is particularly critical because it must maximize the
LCE. Many studies were carried out on different aspects before identifying the best practice. An aspect
affecting the LCE is, for instance, the glue layer used between the crystals and the wrapping. Studies
of different approaches show that a reduced amount of glue, schematically represented in Figure 5.15,
enhances the LCE, with an impact on the LO of about 10%. The amount of glue used to couple LYSO

Figure 5.15: Left: Sketch of two configurations in terms of glue coverage between crystals and wrapping,
with the full-coverage configuration on the left and a reduced-glue configuration in the middle. Right:
Picture of a production BTL LYSO:Ce array consisting of 16 crystal bars.

crystals to SiPMs also affects the LCE: when photons cross an interface between different media, some
can be reflected and reach a SiPM corresponding to neighboring bars. Even in the absence of reflections,
photons exit the crystal with a wide angular distribution, so that the farther the SiPM from the crys-
tal, the more photons (including direct ones) may reach adjacent SiPMs due to geometric effects. This
phenomenon increases cross talk and reduces the light output, requiring minimization of glue thickness
while maintaining enough coverage to avoid air gaps. Thus, SiPM arrays are glued to the LYSO matrix
with a 100 µm layer of RTV3145 glue, a material already used for coupling CMS ECAL crystals to
photodetectors. This glue provides good optical matching to the SiPM protective window, it is radiation
tolerant to the levels expected in the BTL, and can operate at low temperatures. Dedicated assembly pro-
cedures and QA/QC protocols were defined for large-scale production and are discussed in Section 5.10.2.

Another important parameter affecting the overall amount of photoelectrons produced is the thickness
of the sensor module. The design proposed in the MTD TDR [93] envisaged three thicknesses along the
pseudorapidity direction to maintain an approximately constant slant thickness crossed by particles: type
1 (T1) modules with 3.75 mm thickness at low pseudorapidity, type 2 (T2) with 3.00 mm thickness at
medium pseudorapidity, and type 3 (T3) with 2.4 mm thickness at high pseudorapidity. The sensor
module thickness determines both the SiPM active area and the LYSO crystal bar end-face dimensions.
To evaluate the impact of the sensor module thickness on performance, light output was measured in
laboratory tests, as documented in Ref. [131]. Results demonstrate an increase in performance for thicker
crystals: the LCE of the thickest sensors is up to 15% higher than that of the thinnest ones, as shown in
Figure 5.16. Since scintillation photons are emitted isotropically inside the crystal volume, crystals with
a larger end face allow a larger solid angle of photons to reach the SiPM without reflections. Additionally,
the average number of reflections at the crystal lateral surface is smaller, increasing the probability of
detection. This effect provides an additional boost of the light output and it is expected to further improve
the timing performance. In addition to an improved LCE, the Npe is also higher for thicker crystals,
due to the larger energy deposit resulting from the greater slant thickness traversed by the particles.
This comes at the cost of a higher DCR associated with larger SiPMs, and a slightly slower pulse shape.
The combined impact of these effects on time performance therefore required dedicated measurements
on beam, which are reported in Section 5.6.2.
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Figure 5.16: The light output values for modules consisting of different combinations of SiPM and LYSO
manufacturers are shown in different colors as a function of the module thickness. Each light output
value is normalized to the value measured for a specific type 2 module [131].

5.5 Optimization of sensor parameters and performance confir-
mation with test beam

The studies on sensor specifications discussed in the previous Sections motivated the evaluation of the
performance of sensors with different features in beam tests, in order to obtain results under conditions as
close as possible to those of the final detector. Specifically, the impact of the sensor module thickness and
the SiPM cell size on the timing performance was evaluated under different operating conditions expected
in the BTL. Modules with final specifications were subsequently measured under varying conditions in
terms of DCR level and energy deposition. Their performance was evaluated for each configuration, also
assessing the expected time resolution contributions.

Both non-irradiated and irradiated modules were measured in these studies, in order to evaluate the
performance across the entire BTL lifetime at HL-LHC. Sensors will be exposed to different levels of
radiation during BTL operation, up to an expected fluence of 2⇥1014 neq/cm

2 after 3000 fb�1. The
radiation damage caused by neutrons and charged hadrons at the HL-LHC, under the NIEL hypothesis,
can be expressed in terms of 1 MeV neq/cm

2 and is estimated via simulations. Irradiation of SiPMs5 was
conducted at the JSI neutron reactor in Ljubljana up to the expected total fluence in BTL at the end of
operation. Three different irradiation levels were produced: SiPMs were irradiated to 1⇥1013 neq/cm

2,
1⇥1014 neq/cm

2, and 2⇥1014 neq/cm
2, corresponding to a tenth, half, and end of operation, respectively.

In addition to the integrated fluences expected during BTL operation, the annealing scheme discussed
in Section 5.3.1 must also be evaluated. The effect of in-situ annealing is emulated with an accelerated
annealing procedure: SiPM arrays were annealed at 70oC for 40 minutes, three days at 110oC, and four
days at 120oC. This annealing sequence is expected to provide an annealing equivalent to about twice
what is expected in BTL operation with an annealing temperature of 60oC during the technical stops
envisaged at the HL-LHC [123]. It must be noted that the irradiation level irreversibly affects the SiPM
parameters, including gain loss, PDE loss, breakdown voltage drift, and the change of DCR versus over-
voltage behavior, while the annealing procedure is not expected to affect any of these parameters. The
operating temperature during the test beam measurements was chosen to emulate the expected DCR in
the BTL at a given point in time, corresponding to a specific integrated luminosity, based on the anneal-
ing that the SiPMs would have undergone in situ at that time, assuming operation at �45�C. Changing
the temperature only affects the DCR and cannot be used to emulate radiation-induced variations in gain
or PDE. Therefore, each irradiated SiPM can only properly emulate one point in the BTL lifetime, even
if measurements at different temperatures are performed. The DCR levels are expected to be negligible

5The effect of radiation exposure on the timing performance is expected to be dominated by radiation damage to the
SiPMs, with a negligible effect on LYSO crystals.
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at the beginning of operation. For irradiated SiPMs, their values can be estimated using Equation 5.13.
More specifically, by measuring the SiPM array current (Iarray), the DCR can be computed as in Equa-
tion 5.16, assuming that the current is equally distributed among the 16 channels of the array.

DCR =
Iarray / 16

G · e
(5.16)

A detailed study of the impact of different parameters on the time resolution requires a thorough
understanding of the contributing terms, which are discussed in Section 5.1. In particular, the electronics
contribution arises from random fluctuations in the signal amplitude and shape caused by electronics
effects. To evaluate it, a system in which the photo-statistics term is negligible is considered: a coincidence
setup consisting of two SiPMs not coupled to any scintillator, illuminated with laser light at a wavelength
of � = 370 nm and a pulse width < 45 ps, and read out with tester boards using the TOFHIR2 ASIC.
Different laser intensities and SiPM overvoltages are used to probe a wide range of signal amplitudes.
In this configuration, the fluctuations affecting the time resolution are expected to originate solely from
the electronics contribution. The measured time resolution is studied as a function of the slope of
the measured pulse. While TOFHIR2 does not provide a measurement of the full pulse, the average
pulse shape can still be reconstructed by evaluating the times corresponding to specific discriminator
thresholds. By performing a threshold scan, the corresponding times are extracted, allowing the average
pulse shape to be obtained. Fitting the rising edge of the pulse with a linear function at the discriminator
threshold enables the evaluation of its slope (dI/dt). Results of the coincidence time resolution measured
per channel as a function of the pulse slope are reported in Figure 5.17, where data are modeled using
Equation 5.1. The parameters extracted from the fit are reported in Equation 5.18 and are used in the

Figure 5.17: The coincidence time resolution per channel is shown as a function of the measured pulse
slope. Data at different overvoltages are shown in different colors. All data are fitted with Equation 5.1,
and the resulting parameters are reported.

following studies to evaluate the electronics noise, given a measured slope of the pulse.

�noise = (0.420± 0.035)µA, (5.17)

�TDC = (16± 2) ps (5.18)

5.5.1 Test beam experimental setup

A significant part of this work has been dedicated to the collection and analysis of data at various test
beam campaigns in which modules were positioned along a beam line, and the time of arrival of a charged
particle was recorded. Beam test campaigns were conducted at the Fermilab Test Beam Facility and at
the CERN SPS H8 beam line, using 120 GeV protons and 180 GeV pions, respectively, in 2022 and 2023.
Results from the different test beam campaigns are equivalent, as demonstrated in Figure 5.18, confirming
a good reproducibility of the measurements. Therefore, in the following, results are presented collectively
rather than separated by campaign. In both facilities, accelerators deliver spills of particles to the exper-
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Figure 5.18: The time resolution is shown for the same module using the same color, and for the same
test beam campaign using the same marker. The performance of various modules tested in three dif-
ferent campaigns (TB1, TB2, TB3) is evaluated as a function of the SiPM overvoltage, both for the
non-irradiated modules (left) and for the modules irradiated to the levels of DCR expected at the end
of operation of BTL. The comparison across different test beam campaigns highlights the good repro-
ducibility of the measurements within the uncertainties.

imental setup with varying durations and beam characteristics. Nevertheless, both 120 GeV protons and
180 GeV pions produce an energy deposit similar to that expected from MIPs at the HL-LHC under BTL
operating conditions, thus providing a realistic environment for evaluating sensor performance. In BTL,
a charged particle crossing a crystal is expected to deposit an energy spectrum following a Landau distri-
bution, due to stochastic fluctuations in a thin absorber, with the MPV of approximately 0.86 MeV/mm.
The signal produced by the interaction of the particle within the sensor module is used to extract the
timing information, and the corresponding time resolution is evaluated.

In the test beam facility, the beam first traverses wire chambers used for tracking and then reaches
the experimental setup, which is housed inside a light-tight cold box that provides controlled and stable
temperature conditions for the sensors. The reference frame of the setup is defined with the z-axis
running along the beam direction, while the x-axis and y-axis are aligned with the crystal’s short and
long axes, respectively. A sketch of the sensor module reference frame compared to the beam is shown in
Figure 5.19. Inside the box, a reference module is rotated by 90� relative to the beam direction so that it
is oriented perpendicular to the axis of the crystal bar. The reference module provides a time resolution of
about 30 ps with a position resolution of about 3 mm for incoming particles in the horizontal plane. The
sensor module under test is placed downstream of the reference module, with the crystal bar axis being
parallel to the (x-z) plane. The module orientation relative to the beam is varied by an angle ✓, controlled
remotely via a table that allows positioning with a precision of 1�. Specifically, the module is always tilted
such that a MIP crosses a single crystal. Finally, a plastic scintillator of 7⇥7 cm2, whose light is detected
by a SiPM, acts as the acquisition trigger. The temperature inside the box can be varied between �30�C
and 15�C, while humidity is controlled using nitrogen gas. The TECs provide an additional temperature
difference of 5-10�C, and the operating temperature is measured with the PT1000 sensors installed on
the rear side of the SiPM array. The set temperature demonstrated to remain stable within ±1�C.
The reference and test modules are mounted on a dedicated metal stand equipped with fans (shown in
Figure 5.20), which ensures optimal thermal coupling to the TECs. The TECs contact the metal side via
a specific thermal grease to enhance thermal conductivity. These supports are designed for the test beam
setup and are not intended for final BTL operation, for which a dedicated mechanical design will be used,
as discussed in Section 5.10.3. Sensor modules were tested with tester boards housing TOFHIR2 ASICs
of either the 2X or 2C versions, both of which demonstrated similar performance. Signals are routed
via Samtec HQCD cables from the tester boards to a Front-End Board type D (FEB-D) [132] (shown
in Figure 5.20), developed by PETsys Electronics for SiPM readout in PET applications. The FEB-D
supplies power to the ALDOs for biasing the SiPMs of the sensor modules and to the TOFHIR2 ASICs
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Figure 5.19: Schematic drawing of the configuration of modules and their rotation in the experimental
setup. The reference module is placed upstream, followed by the module under test along the z direction.
A view of the x�y plane for the module under test is also shown on the right. These two views correspond
to the side view (left) and front view (right) of the module under test.

Figure 5.20: Left: Picture of a tester board mounted on the heat sink and mechanical support. Right:
Picture of the FEB-D board used to provide bias to the electronics components, such as ALDO and
TOFHIR, and to read out the SiPM signals.
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on the tester board for proper signal processing. It also handles readout and transmits the data to a PC
for event reconstruction. Separate cables are connected between the tester board and power supply to
bias the TECs via the corresponding pins, using the appropriate paths in the flex cables. Pictures of the
experimental setups used at the facilities, along with a schematic, are shown in Figure 5.21.

tracking system

(wire chambers)

reference 

module

beam

module 

under test

trigger

(plastic scintillator)

ϑ

Figure 5.21: Pictures of the experimental setup are shown with labels indicating the various components,
both for the setup at the Fermilab facility (top row) and for the CERN setup (middle row). The setup
is located inside a cold, light-tight box and consists of a reference module, a module under test, and a
trigger module, listed in order along the beam direction. A schematic representation of the beam line
traversing the setup, also showing the tilt of the module under test with respect to the beam direction is
shown in the bottom row.

5.5.2 Analysis methods

The cold box is aligned with respect to the beam using an adjustable table that can be moved vertically.
The desired beam shape is tuned together with the beam line experts to cover the width of the sensor
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module under test. The beam shape is verified using the wire chambers, which serve as a tracking system.
An example of a well-shaped beam is shown in Figure 5.22. Since the sensor module under test is rotated
at different tilt angles, it is necessary to calibrate the angular reference corresponding to the perpendicular
to the beam. This can be checked by performing energy measurement at different tilting angles. The
MPV of the Landau distribution, used to model the energy distribution, can be evaluated as a function of
the angle set by the rotating table. This provides an estimate of the table’s angle offset, which can then
be corrected accordingly. An example of a calibration measurement of the energy deposit as a function
of the tilting angle is shown in Figure 5.22.
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Figure 5.22: Left: Beam density recorded by the wire chamber in the x and y directions (see Figure 5.19),
highlighting good coverage of the entire sensor module. Right: Example of angle calibration, showing the
Landau MPV of the energy deposit as a function of the tilting angle of the sensor module under test. A
fit is overlaid to estimate the angle offset of the configuration.

TOFHIR2 provides measurements of the time at which a pulse crosses a fixed threshold and of the
integrated pulse charge, which is related to the energy deposited inside a crystal by a particle. Events
in a crystal bar are selected by requiring energy deposits compatible with a MIP, whose typical energy
spectrum is shown in Figure 5.23. The energy deposited in the bar is measured as the average of the
charges integrated by the two SiPMs at the ends of the bar. The energy spectrum can be described by
a Landau distribution, and events are selected within a range between 0.80·MPV and a cut-off on the
maximum amplitude to exclude saturated signals at high ADC channels. To reduce the beam spot size
to the order of millimeters along the longitudinal axis of the test bar, a selection on the impact point
position is applied, requiring coincidence with a MIP event in one central bar of the reference module.

In BTL, the time of arrival of a MIP in a single bar is computed from the average of the two time
measurements, tL and tR, corresponding to the measurement at the two sides of the bar, as shown in
Equation 5.19.

tbar = 0.5 · (tL + tR) (5.19)

When no correlated uncertainties exist between the two time stamps, and for a fixed impact point along
the bar, the bar time resolution can be estimated as half of the spread of the difference tdiff = tL � tR
between the two SiPM measurements, as described in Equation 5.20. This is particularly useful when a
precise external reference is not available (for instance, an MCP).

�tbar
=

1

2
�tdiff

(5.20)

The time difference method was already used in Ref. [133], where it was shown to provide a time resolution
of the crystal bar comparable to that obtained from the average time, using a Micro-Channel Plate
detector placed upstream as a time reference. It must be considered that, in the analysis, events are
required to be in coincidence with a bar of the reference module, which introduces a spread of a few
millimeters in the impact point. Therefore, a small residual contribution to the time resolution remains
in the time difference estimation, which can be evaluated as in Equation 5.21, with k being a coefficient
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measured to be 9 ps/mm, approximately corresponding to the reciprocal of the speed of light in LYSO:Ce.

∆t = 2k∆x (5.21)

The impact on time resolution of the residual contribution given by the spread of the selected impact
point can be computed from the illuminated portion of the bar ∆x, which increases with the tilting angle
✓ of the bar, as in Equation 5.22. This additional contribution is estimated to be approximately 10 ps
for ✓ = 32o, 13 ps for ✓ = 52o, and 18 ps for ✓ = 64o.

�pos = �∆t/2 = k�x = k∆x /
p
12 (5.22)

Also, a varying signal amplitude might affect the time measurement, as described in Section 4.3.3.1,
hence requiring amplitude walk corrections evaluation. In this work, they are evaluated empirically by
studying the dependence of tdiff on the ratio of the energies measured at the two bar ends. This de-
pendence is visible in the example in the right panel of Figure 5.23, where the measured time is shown
as a function of the energy ratio. An empirical polynomial function is used to fit the data and provide
a correction for the raw time measurement in each event. This method is used to estimate the time
measurement in every bar of a sensor module.
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Figure 5.23: Left: An example of a MIP energy deposit distribution in a single bar is shown, computed
as the average of the energies measured by the two SiPMs. The distribution is fitted with a Landau
function, and events are selected within a range defined by the dashed lines. At low energies, events from
cross-talk could contaminate the signal (blue distribution, “no veto”). By requiring that the neighboring
bars do not record energies above 0.80 · MPV, these events are significantly reduced (red distribution,
“veto”). Additionally, applying a lower cut at 0.80 · MPV on the energy deposited in the bar further
limits this effect. Right: An example of the dependence of tdiff on the energy ratio measured at the two
ends of the bar is shown, with an overlaid polynomial function used to interpolate the data and correct
them.

The time measurement is extracted from leading-edge discrimination, as mentioned in Section 4.3.3.1.
For every configuration tested during the test beam campaigns, different discriminator thresholds are set
and the time performance is evaluated for each. Eventually, the timing threshold is determined as the one
providing the best time resolution. An example of a performed threshold scan is shown in Figure 5.24,
where the time resolution is reported as a function of the discriminator threshold. Additionally, mea-
surements are taken for varying ranges of overvoltages, depending on the irradiation level of the sensors.
For non-irradiated sensors, a range of approximately 0.5–3.5 V overvoltage can be measured, while for
irradiated sensors, due to radiation damage, the overvoltage scan is limited to 0.5–1.0 V. In Figure 5.24,
the threshold scans for each bias voltage used are reported, both for non-irradiated sensors and for sensors
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irradiated to the full fluence expected at the end of BTL operation. The used thresholds correspond,
in terms of single photoelectron amplitude, to a range varying from approximately 1 photoelectron (for
1 µA, with a SiPM having a cell size of 25 µm operating at VOV = 3.5 V) to 32 photoelectrons (for
8 µA, with the same SiPM operating at VOV = 1.0 V). The specific threshold at which the time resolu-
tion is extracted has a non-trivial effect on the contributions determining the overall performance: the
photo-statistics term increases with the threshold, while the electronics noise decreases as the threshold
increases. Therefore, an optimal balance must be found, usually in the 2–3 µA range. For irradiated sen-
sors, the additional contribution from the DCR term makes it necessary to further adjust the threshold.
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Figure 5.24: The time resolution as a function of the leading-edge discrimination threshold is shown
for different SiPM overvoltages, both for non-irradiated sensors (left) and for SiPMs irradiated to 2 ⇥
1014 neq/cm

2, operating at a temperature of �35�C to emulate the DCR level expected at the end of
BTL operation.

For each configuration, the slope of the pulse is measured for every bar via a linear fit performed
at the discrimination threshold, and the average slope across bars is taken as an estimate of the pulse
slope for the module. The slope estimation carries an uncertainty of about 10%, arising from fluctuations
in the linear fit range and variations observed between channels. An example of the rising edge of the
average measured pulse shape measured in a bar of a non-irradiated module and in a module irradiated
to the expected fluence at the end of operation is shown in Figure 5.25.

5.6 Results of comparative studies

The first phase of the test beam campaigns was dedicated to evaluating the impact of various parameters
on the time performance. These included the SiPM cell size and the sensor module thickness, as motivated
by the studies presented in Section 5.3.2 and Section 5.4, as well as different operating conditions such
as irradiation fluences and temperatures. The final sensor design, featuring 25 µm cell size SiPMs and
3.75 mm-thick sensor modules, is the result of the studies outlined below. The results discussed in
this Section were obtained before the vendor selection and were therefore conducted on sensor modules
composed of crystals and SiPMs from different producers. Crystal matrices were produced by Sichuan
Tianle Photonics and Suzhou JT Crystal Technology, which demonstrated similar performance in terms
of light output. SiPMs were produced by HPK and FBK using different silicon wafer technologies, which
affect parameters such as PDE, gain, and ECF differently. The protective layer on the active area also
differs: HPK SiPMs are covered with 300 µm of silicone resin, while FBK SiPMs are covered with a
50 µm layer of sputtered glass, which is expected to provide greater light collection efficiency. The
different technologies are also affected differently by radiation damage; studies of these SiPMs before and
after irradiation can be found in Refs. [125, 134].
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5.6 Results of comparative studies

Figure 5.25: An example of average pulse shape measured in one bar averaged over events, for each SiPM,
is reported both for a non-irradiated module (left) and for a module irradiated to the fluence expected at
the end of operation (2⇥1014 neq/cm

2). The rising edge for both the left and right SiPM is shown and
the slope of the pulse is computed via a linear fit at the timing threshold for every SiPM. The slope of
the pulse associated to a bar is then computed as the weighted average of the measurements extracted
for the two bar ends.

5.6.1 SiPM cell size impact on time resolution

The studies discussed in Section 5.3 motivated a further investigation of the impact of cell size on time
performance, to validate how the increased signal amplitude and the increased DCR associated with
larger SiPM cell sizes balance in the overall performance. Modules consisting of SiPMs with varying cell
sizes were evaluated in beam tests. Sensor modules with a thickness of 3.00 mm (T2), consisting of HPK
and FBK SiPMs were tested. Cell sizes of 15, 20, 25, and 30 µm were assessed for non-irradiated HPK
and FBK SiPMs. At the time of the beam test campaign, the only SiPMs available for irradiation were
HPK SiPMs with cell sizes of 15, 20, 25, and 30 µm, and FBK SiPMs with cell sizes of 15 and 25 µm.
The irradiated SiPMs were exposed to a fluence of 2⇥ 1014 neq/cm

2. The operating temperature was set
to 5oC for non-irradiated sensors, since the DCR levels are negligible and the light output performance
is not influenced by temperature. While, irradiated sensors were measured at a temperature of �35oC,
corresponding to a DCR level equivalent to that expected at the end of BTL operation at the HL-LHC.
Non-irradiated sensor modules and modules irradiated to the fluence expected at the end of operation
were measured with a tilting angle of 52� with respect to the beam, to emulate an average energy de-
posit expected in a medium pseudorapidity region. The expected operating voltages are around 3.5 V
overvoltage at the beginning of operation (non-irradiated sensors) and approximately 1 V overvoltage at
the end of operation (sensors irradiated to full fluence).

Time resolution measured for modules with SiPMs of different cell sizes is measured for each bar
following the methods described in Section 5.5.2, and the overall performance is computed as the average
over the bars of the module, with an associated uncertainty given by the spread of the measured time
resolution among bars. As mentioned before, the time resolution is extracted for every configuration at
the discrimination threshold, or timing threshold, providing the best performance. The timing thresholds
can be studied as a function of the SiPM overvoltage, as shown in Figure 5.26. For larger cell sizes, the
optimal balance between the aforementioned effects is found at higher thresholds compared to smaller
cell sizes. This is enabled by an increased signal amplitude in larger cell sizes and it is expected to reduce
the impact of electronics noise and the DCR term in irradiated modules.

5.6.1.1 Non-irradiated modules

Results for the sensor modules consisting of HPK and FBK non-irradiated SiPMs are reported in Fig-
ure 5.27. A time resolution of 25-30 ps for an overvoltage of 3.5 V is observed, with comparable results
between the two SiPM vendors. The performance observed in modules with varying SiPM cell sizes is
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Figure 5.26: The timing threshold corresponding to the best time resolution for each module as a function
of the SiPM overvoltage is shown. Results for modules with HPK SiPMs of different cell sizes are reported
for both non-irradiated modules (left) and modules irradiated to full fluence (right). For non-irradiated
modules, higher overvoltage and larger cell sizes produce higher signal amplitudes, allowing an increase
of the timing threshold to reduce the contribution of the electronics. This improvement continues until
it is limited by the worsening of the photo-statistics term. For irradiated modules, the effect of the DCR
on the threshold is visible: all cell sizes tend to require a higher threshold for increasing overvoltage, as
the DCR increases.

Figure 5.27: The time resolution as a function of SiPM overvoltage is shown for modules with different
non-irradiated SiPM cell sizes, for SiPMs produced by HPK (left) and FBK (right).
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further investigated by breaking down the total time resolution measured on beam into the expected
contributing terms (as defined in Equation 4.1). The photo-statistics term is computed as the quadrature
difference between the total time resolution and the electronics noise term, assuming them to be the only
two contributions in this configuration. Results for the different HPK SiPM cell sizes are reported in
Figure 5.28.

Figure 5.28: The time resolution as a function of the overvoltage is shown, along with the breakdown
of its contributions, for T2 non-irradiated modules with SiPMs of 15, 20, 25 and 30 µm cell size. Data
points are marked in black, whereas the photo-statistics and electronics contributions are shown in green
and blue, respectively. The bands represent the associated uncertainties. In the beginning of operation
conditions, the dominant term is expected to be the photo-statistics term for every SiPM cell size.

In non-irradiated conditions, the larger PDE provided by increased cell sizes increases the number of
detected photoelectrons, resulting in a reduction of the photo-statistics contribution. At the same time,
the increased SiPM gain leads to a steeper signal slope, as shown in Figure 5.29, thereby improving the
electronics-related contribution to the time resolution. An approximately linear increase of the signal
slope with increasing overvoltage is observed, consistent with the linear dependence of the gain on the
overvoltage, which is the dominant factor affecting the pulse slope. Overall, for all investigated cell sizes,
the dominant contribution to the total time resolution is the photo-statistics term. The dependence of
the photo-statistics contribution on the SiPM PDE is investigated in more detail, and the calculated
photo-statistics terms under varying SiPM characteristics are used to derive an empirical and predictive
model of this dependence. To this end, the photo-statistics values as a function of the PDE are fitted
with a global empirical function given in Equation 5.23. Data and fit are reported in Figure 5.29, along
with the resulting fit parameters yielding an exponent of ↵ = �0.73±0.04. This fitted parameter slightly
differs from the expected value in Equation 5.2, likely due to experimental threshold effects, which are
not accounted for in the model.

�photo = p0 · PDE↵ (5.23)
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Figure 5.29: Left: The slope of the pulse measured at the timing threshold is shown as a function of
the SiPM overvoltage for modules with non-irradiated HPK SiPMs of varying cell sizes. Right: The
photo-statistics term is shown as a function of the PDE, with values obtained for different HPK SiPM
cell sizes indicated by different colors. All data points are fitted using the function in Equation 5.23, and
the resulting fit parameters are reported in the figure.

5.6.1.2 Modules irradiated to end of BTL operation conditions

While the results discussed so far refer to non-irradiated conditions, radiation damage is expected to
significantly modify the timing performance during the BTL lifetime at the HL-LHC. In particular, the
increase in dark counts plays a major role in determining the time resolution after irradiation. DCR
levels are estimated for each irradiated SiPM array from measurements of the SiPM array current, as
described in Equation 5.16. Aiming to investigate the different dependence of DCR on overvoltage and
gain for the different cell sizes, its values are studied and compared in Figure 5.30. At fixed overvoltage
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Figure 5.30: The DCR measured in a SiPM is shown as a function of overvoltage and as a function of gain
for different configurations. The comparison of DCR for T2 (3.00 mm thick) HPK SiPMs with different
cell sizes (15, 20, 25, and 30 µm) is shown, both as a function of overvoltage (left) and gain (right).

and operating conditions (same irradiation level, annealing, and operating temperature), a DCR more
than twice as high is observed, for instance, between 15 µm and 25 µm cell size HPK SiPMs. SiPMs with
larger cell sizes have a higher fill factor, corresponding to more active area, which increases the proba-
bility of producing spurious counts, i.e. increases the DCR levels. DCR is also evaluated as a function
of the gain, where up to a factor of four improvement is observed in gain at the same DCR level from
15 µm to 30 µm cell size. This is beneficial for increasing the signal amplitude and therefore reducing
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the electronics contribution.

After evaluating the DCR from currents measurement, the time resolution is assessed with the methods
described in the previous Sections. Results are shown as a function of the overvoltge in Figure 5.31, where
the optimal condition is found to be in the range between 0.8 and 1.4 V. A large improvement in time
resolution is observed for HPK SiPMs with cell sizes of 20, 25 and 30 µm compared to the 15 µm SiPMs,
yielding almost a factor of two better performance. While, an almost negligible performance variation is
observed for FBK SiPMs between 25 µm and 15 µm cell size.

Figure 5.31: The time resolution as a function of SiPM overvoltage is shown for T2 modules with different
SiPM cell sizes irradiated to 2 ⇥ 1014 neq/cm

2and operated at �35�C to emulate the end-of-operation
DCR levels. Results are shown for SiPMs produced by HPK (left) and FBK (right).

In order to interpret these results and quantify the relative impact of the different noise sources
after irradiation, the total time resolution is decomposed into its individual terms. The photo-statistics
term is estimated from the parametrization reported in Equation 5.23, taking into account the observed
signal amplitude (gain ⇥ PDE) loss in irradiated SiPMs. The uncertainty associated with this estimate
is obtained by propagating the errors of both the fit parameters and the measured PDE. The DCR
contribution is then derived as the quadrature difference between the total time resolution and the
contributions from electronic noise and photo-statistics, with the corresponding uncertainty evaluated
through error propagation. These terms are computed for each module, and a summary of the individual
contributions for all modules with HPK SiPMs is shown in Figure 5.32. The photo-statistics term
measured for larger cells shows a slight improvement due to the increased PDE, despite the lower operating
voltage, while both the electronics noise and DCR contributions are significantly reduced around the
optimal overvoltage. Although the larger cell size leads to higher DCR and PDE values, the overall effect
results in a net performance gain, primarily due to the improved signal-to-noise ratio. The increased
SiPM gain and PDE enhance the signal amplitude, thereby reducing the relative contribution of the
electronics noise, which is particularly critical at low operating voltages. The impact of the increased
gain can be evaluated through the pulse slope, as shown in Figure 5.33. Similarly to what is observed
for non-irradiated SiPMs, the slope shows an approximately linear increase with increasing overvoltage.
However, in irradiated SiPMs the DCR levels significantly affect the overall performance, requiring a
more detailed evaluation of this effect. The behavior of the time resolution term due to DCR was studied
as a function of the DCR itself, normalized to the signal amplitude, using the ratio of the measured PDE
to a reference PDE obtained for 25 µm HPK SiPMs at 1 V overvoltage. The data were collectively fitted
with a global function, as expressed in Equation 5.24. The resulting fit parameter is � = 0.39 ± 0.06,
which is compatible with the expected value of 0.5 within 1.8�. Data and the corresponding fit are shown
in Figure 5.33.

�DCR = p1 ·DCR� (5.24)

Another important consideration for irradiated SiPMs is that the BTL power budget limits the power
consumption per SiPM to approximately 30 mW. The increased dark counts observed in irradiated SiPMs
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Figure 5.32: The time resolution as a function of the overvoltage is shown, together with the breakdown
of its contributions, for T2 modules (3.00 mm thick) with HPK SiPMs of 15, 20, 25, and 30 µm cell size,
irradiated to 2 ⇥ 1014 neq/cm

2. Data points are shown in black, while the photo-statistics, electronics,
and DCR contributions are represented in green, blue, and orange, respectively. The bands indicate the
associated uncertainties. A significant improvement in the DCR contribution is observed when moving
from the 15 µm to larger cell sizes, which can be attributed to the beneficial effect of an overall higher
signal-to-noise ratio.
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Figure 5.33: Left: Studies for the different T2 modules with HPK SiPMs of varying cell sizes, irradiated
to full fluence, are reported. The slope of the pulse measured at the timing threshold is shown as a
function of the SiPM overvoltage. Right: The DCR term is normalized to the signal amplitude computed
as the ratio between the measured PDE and a reference PDE (PDEref ), i.e. the PDE measured for 25 µm
HPK SiPMs at 1 V OV. The resulting values are shown as a function of the DCR for different SiPM cell
sizes. The data are modeled with the fit function in Equation 5.24, with the fit results reported in the
figure.

also lead to higher dark currents and, consequently, higher static power consumption. To evaluate the
power consumption of the configurations tested on beam, the static power is calculated as the product of
the SiPM bias voltage and its dark current. The results, expressed as the time resolution as a function
of static power, are shown in the left panel of Figure 5.34. These measurements demonstrate that a
time resolution of approximately 60 ps can be achieved with T2 sensor modules featuring 25 µm cells,
remaining within the power budget.

Figure 5.34: The time resolution measured for different irradiated HPK SiPM cell sizes is shown as a
function of the static power.

From the results obtained with irradiated SiPMs, it is evident that the 15 µm HPK SiPM exhibits
significantly worse performance. This can be explained by several factors. First, when moving from
15 µm to larger cell sizes, HPK confirmed that a different wafer design was implemented to enhance the
PDE, and direct measurements showed that the improvement achieved exceeds what would be expected
solely from the increased cell size. Moreover, the signal amplitude loss due to radiation damage was
estimated to be about 30% for the 15 µm sensors, compared to only 20% for the larger cell sizes. In
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contrast, for FBK sensors, only a limited improvement is observed with increasing cell size. This can
be attributed to the fact that no signal amplitude loss was observed for the 15 µm sensors, while a 20%
reduction was measured for the 25 µm devices, counterbalancing the improvement expected from the
larger cell size and thus explaining the observed timing performance. The SiPMs also exhibited a shift
in breakdown voltage after irradiation, suggesting structural damage that affects the electric field. Such
effects may vary between the center and the edges of the cells, and therefore depend on the cell size.
Effects of radiation-induced damage in SiPMs are discussed in Section 5.3.1, but further investigation
studies could be performed to fully understand these effects. Within the scope of this work, the observed
degradation of FBK SiPM performance after irradiation led to the selection of HPK SiPMs for BTL
production. By comparing the performance of modules equipped with HPK SiPMs of different cell sizes,
a clear improvement in the signal-to-noise ratio is observed for larger cells. In particular, the 25 µm HPK
SiPMs were identified as the optimal choice for the BTL detector, meeting the target timing performance
while remaining within the allowed power budget of 30 mW per SiPM.

5.6.2 Impact of sensor thickness on timing performance

The impact of sensor module thickness on performance was also assessed in beam tests, by measuring the
time resolution obtained with modules with thicknesses of 3.75 mm (T1), 3.00 mm (T2), and 2.40 mm
(T3), as in the original TDR design and discussed in Section 5.4. The sensor thickness refers to both the
crystal matrix thickness and the active area of the SiPM coupled to the bar end face. For this study,
the final choice of SiPM cell size was used, employing HPK SiPMs with 25 µm. Additionally, to evaluate
performance over the full BTL lifetime, both non-irradiated and irradiated sensors (to the final nominal
fluence) were measured.

Modules with different thicknesses were tested in the experimental setup described in Section 5.5.1,
following the analysis methods discussed in Section 5.5.2. All modules were tilted by an angle of ✓ = 64�

to emulate the energy deposit of a MIP in the high pseudorapidity region of the BTL with |⌘| > 1.15,
where the T3 geometry was envisaged. Their performance is assessed in terms of time resolution as a
function of operating voltage, for both non-irradiated and irradiated sensors, and the results are shown
in Figure 5.35. To evaluate these results within a more consistent and detailed context, the contributions

Figure 5.35: The time resolution as a function of overvoltage is shown for three types of modules: T1
(green), T2 (blue), and T3 (red). Results are presented for non-irradiated modules (left) and for modules
irradiated to 2⇥1014 neq/cm

2 (right), representing the beginning and end of operation, respectively. The
modules were tilted to emulate a pseudorapidity region of |⌘| ⇠ 1.15.

to the time resolution are extracted following the methods described in the previous section. The results,
shown at the optimal overvoltage for each case, are presented in Figure 5.36 as a function of sensor
thickness.

For the non-irradiated case, only a marginal improvement is observed when increasing thickness from
T3 to T1, with two main effects at play. Increasing the sensor thickness increases the energy deposited in
the crystal, which, as deduced from Equation 5.4, increases the number of photoelectrons. Additionally,
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Figure 5.36: Time resolution and its breakdown into contributing terms (i.e., photo-statistics, electronics,
and DCR) are shown for the non-irradiated (left) and irradiated (right) cases as a function of the sensor
module thickness. The modules were tilted to emulate a pseudorapidity region of |⌘| ⇠ 1.15 and results
correspond to an overvoltage of VOV = 0.95 V.

a better light collection efficiency is expected, as described in Section 5.4, due to improved geometrical
acceptance in thicker crystals. However, the larger active area of the SiPM also results in a slower
response, as discussed in Section 5.3.2, because of the larger capacitance associated with a larger active
area. The balance of these effects leads to the electronics noise being nearly independent of thickness
(remaining around 20–22 ps), while the photo-statistics term shows only a small improvement of a few
ps from the increased thickness (improving from about 38 ps to 34 ps). For irradiated sensors, a larger
improvement is observed when comparing T3 to T1 modules, which can be attributed to the mitigating
effect that increased thickness has on the DCR term. The total time resolution measured for irradiated
sensors as a function of thickness exhibits a trend approximately scaling as the inverse square root of
thickness, consistent with the beneficial impact of the increased number of photoelectrons in Equation 5.3,
confirming the underlying assumptions. Although the DCR worsens due to the larger SiPM active area,
the increased number of photoelectrons results in a net improvement. Based on these observations,
modules of constant thickness at all pseudorapidities (T1 modules, 3.75 mm thick) were selected as
providing the best overall performance.

5.6.3 Impact of fluence and operating temperature on performance

Throughout the BTL lifetime, the SiPMs will be exposed to varying neutron fluences, ranging from non-
irradiated conditions up to the end-of-operation level of 2⇥ 1014 neq/cm

2. Since some radiation-damage
effects do not scale linearly with fluence, it is also important to study intermediate fluence levels. To
this end, two additional points along the expected BTL lifetime were emulated by irradiating SiPMs to
fluences of 1⇥1014 neq/cm

2 and 1⇥1013 neq/cm
2, applying the same annealing scheme described before,

and operating them at different temperatures to emulate various DCR levels.

The DCR was first studied as a function of overvoltage under different irradiation levels and operating
temperatures. The results are shown in Figure 5.37. Modules with a thickness of 3.75 mm (T1) and a
SiPM cell size of 25 µm, irradiated to fluences of 1 ⇥ 1013, 1 ⇥ 1014, and 2 ⇥ 1014 neq/cm

2, emulating
different points along the BTL lifetime, are compared. For a relative comparison, T2 modules consisting
of SiPM arrays from HPK and FBK were irradiated to full fluence. The measured DCR was then com-
pared, with the HPK SiPM arrays also operated at different temperatures to evaluate the corresponding
effect on DCR. The effect of different irradiation levels on the DCR consists in an increase faster than
linear. Also, the DCR is expected to depend on temperature, where an increase by a factor of 2 every
10oC is observed, confirming previous observations (see Section 5.8). Due to different wafer technologies
employed by HPK and FBK in SiPM production, radiation exposure is expected to affect the two sensor
samples differently. A reduction in DCR of about 20% is observed in FBK SiPMs compared to HPK
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Figure 5.37: The DCR measured in a SiPM is shown as a function of overvoltage and as a function of
gain for different configurations. Left: T1 modules (3.75 mm thick) with 25 µm cell-size HPK SiPMs
irradiated to different fluences (1 ⇥ 1013, 1 ⇥ 1014, and 2 ⇥ 1014 neq/cm

2) are compared. Right: T2
modules (3.00 mm thick) with 25 µm cell-size SiPMs from HPK and FBK irradiated to 2⇥ 1014 neq/cm

2

were compared under different operating temperatures.

SiPMs. However, this did not result in an improvement in the time resolution due to the effects of PDE
loss, as discussed in Section 5.6.1.2.

The time resolution of T1 modules irradiated to the three different fluence levels was measured at
various operating temperatures, emulating different DCR conditions. The analysis of the time resolution
follows the procedure described in the previous section. Its values are reported as a function of both
overvoltage and static power per SiPM for each configuration in Figure 5.38. The observed time reso-
lution exhibits a stronger dependence on temperature for more heavily irradiated SiPMs compared to
less irradiated ones, with differences of up to 5 ps for a 5oC change. Temperature is expected to affect
only the DCR, as demonstrated in Figure 5.39, where the measured slope of the signal pulse is shown as
a function of overvoltage for modules irradiated to 1 ⇥ 1014 neq/cm

2 and 2 ⇥ 1014 neq/cm
2. The slope

is found to be nearly independent of operating temperature. Since both the noise and photo-statistics
contributions are determined by the pulse slope, as discussed in the previous sections, it can be concluded
that the only temperature-dependent contribution to the time resolution originates from the DCR term.
Given that the DCR is the only parameter affected by temperature, and that its contribution to the time
resolution is negligible at low fluences, it becomes evident why the temperature dependence becomes
more pronounced at higher DCR levels. Evaluating the performance in terms of static power further em-
phasizes the advantages of operating SiPMs at lower temperatures, which simultaneously reduces power
consumption and mitigates self-heating effects. The results shown in Figure 5.38 demonstrate that time
resolutions of 30, 44, and 58 ps can be achieved under operating conditions defined in terms of DCR
levels, and thus irradiation and operating temperature, corresponding to exposure equivalent to half a
year, five years, and ten years of HL-LHC operation, respectively, all within the allowed BTL power
budget.

This first stage of test beam campaigns was dedicated to comparative studies evaluating performance
variation under different conditions in terms of different parameters, such as the SiPM cell sizes, the sensor
module thickness, the irradiation levels and the operating temperatures. The performance observed with
different SiPM cell sizes oriented the final sensor design towards a cell dimension of 25 µm, motivated
by the superior performance compared to smaller pixels and also by the demonstrated capability of
operating within the power budget. In addition, only HPK was selected as the SiPM vendor for the BTL,
due to the better radiation tolerance and overall timing performance. Indeed, the 25 µm HPK SiPMs
provide an optimal balance between the increased PDE and gain (raising the signal amplitude) and the
increased DCR (due to larger cells) and power dissipation. An additional potential for improvement
has been offered by increasing the sensor thickness, bringing an overall net increase in the number of
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Figure 5.38: The effect of different operating temperatures at various radiation levels was evaluated for T1
modules (3.75 mm thick) with 25 µm HPK SiPM cell size. Modules were irradiated to 1⇥ 1013 neq/cm

2

(top), 1⇥ 1014 neq/cm
2 (middle), and 2⇥ 1014 neq/cm

2 (bottom), with all SiPMs undergoing the same
annealing procedure. Time resolution is reported as a function of overvoltage in the left column and as
a function of static power in the right column.
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Figure 5.39: The slope of the pulse at the timing threshold is shown as a function of SiPM overvoltage
for T1 modules (3.75 mm thick) with 25 µm HPK SiPM cell size irradiated to 1 ⇥ 1014 neq/cm

2 (left)
and 2 ⇥ 1014 neq/cm

2 (right) at different operating temperatures. The results indicate that operating
temperature and DCR levels have an almost negligible impact on the pulse slope.

photoelectrons produced, which is particularly beneficial in mitigating the DCR term degradation. The
improvement in performance has finally driven the choice of instrumenting the entire BTL surface with
T1 sensors, with an affordable cost increase of 10%.

5.7 Confirming timing performance of sensors with final speci-
fications

The best-performing technical specifications identified in the previous studies are adopted for the final
sensor design. Sensor modules with a thickness of 3.75 mm and a SiPM cell size of 25 µm were tested
in beam to assess their performance. The evaluation of the BTL sensor modules under near-real con-
ditions focused on the uniformity of performance across the module, the effects of different irradiation
levels corresponding to various stages of the BTL lifetime, and the performance across the pseudorapidity
region covered by the BTL. To assess performance under BTL lifetime conditions, SiPMs were exposed
to neutron fluences of 1⇥ 1013, 1⇥ 1014, and 2⇥ 1014 neq/cm

2, corresponding to integrated luminosities
of 150, 1500, and 3000 fb�1, respectively. All devices underwent the same annealing procedure described
in the previous studies, and the operating conditions were tuned according to the DCR level expected in
realistic BTL conditions. These three irradiated configurations, together with a sensor module consisting
of non-irradiated SiPMs, were tested in beam using the experimental setup described in Section 5.5.1.
The results were analyzed following the methods described in Section 5.5.2, and the contributing terms
were estimated as detailed in Section 5.6.1.

The timing performance was evaluated as a function of the SiPM overvoltage for both non-irradiated
and irradiated modules. Results with modules tilted at an angle ✓ = 52�, corresponding to an energy
deposit of 5.2 MeV expected in the central pseudorapidity region of BTL, are shown in Figure 5.40. The
total measured time resolution is further broken down into the individual terms contributing to the over-
all performance. As seen in Figure 5.35, the electronics noise is dominant at low overvoltage, where the
SiPM gain and PDE are small, therefore making the signal amplitude limited and the overall contribution
to time resolution quite high (Equation 5.1). With increasing overvoltage, as visible in Figure 5.14, both
PDE and gain increase, generating a larger signal pulse that in turn reduces the electronics contribution,
and at this point the dominant contribution becomes the photo-statistics term in the non-irradiated case,
where there is no radiation effect producing DCR. At the optimal operating conditions of approximately
3.5 V a time resolution of 25 ps is observed, emulating the performance at the start of operation conditions
at the HL-LHC. In the irradiated case, depending on the radiation exposure, the DCR starts playing a
role and generates corresponding fluctuations in the DCR term that become more and more relevant.
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For the end of operation irradiation condition, an optimal overvoltage of approximately 1 V is identified,
among which the operations would be degraded by self-heating effects on the SiPMs and they would
anyway not allowed by power budget constraints. At this optimal overvoltage, a DCR of approximately
20 GHz is measured, to which a term of about 35 ps is associated. The total time resolution observed at
this optimal bias voltage is 55 ps.

Figure 5.40: Time resolution and its contributing terms are shown for T1 modules with 25 µm SiPM
cell size in the non-irradiated (left) and irradiated to 2⇥ 1014 neq/cm

2 (right) cases. As in the previous
figures, the colored lines indicate the contributions from electronics (blue), photostatistics (green), and
DCR (orange). Uncertainties in the data points and bands representing the contributions are included.

With sensor module dimensions of 52 ⇥ 55 mm2, an important aspect to evaluate is the response
uniformity within the module. This was studied by measuring the time resolution of the 16 crystal bars
for different MIP impact points along the longitudinal axis of the bars. Measurements were performed
both for non-irradiated sensors and for sensors irradiated to 2 ⇥ 1014 neq/cm

2. A spread smaller than
2 ps RMS is observed in both cases, as shown in Figure 5.41, demonstrating6 a uniform light output
across the bars and confirming an effective optical coupling of all SiPMs to the crystal bars. This also
indicates a small spread in breakdown voltages within a single array, which must be smaller than 150 mV
by technical specifications. The uniformity along the x direction (see Figure 5.19) was evaluated by
selecting events where the MIP interacted in different bars of the reference module. With a tilting
angle ✓ = 52�, this corresponds to scanning in steps of approximately 5 mm. Also in this case, the uni-
formity along the bar is measured to be better than 2 ps for both the non-irradiated an irradiated sensors.

5.7.1 Expected BTL performance across pseudorapidity

Sensor modules will cover the entire surface of the BTL detector, spanning a pseudorapidity region up
to |⌘| = 1.48. This results in a performance variation along the barrel axis, since the energy deposition
depends on the angle at which particles cross the modules. At higher pseudorapidity values, particles
traverse a larger slant thickness and thus deposit more energy, which in turn translates into better time
resolution7. To evaluate this effect, non-irradiated modules and modules irradiated to 2⇥ 1014 neq/cm

2

were tilted at three different angles, ✓ = 32�, 52�, and 64�, selected to emulate the MPV energy deposit
in the low, medium, and high pseudorapidity regions of the BTL. Their performance was evaluated as
a function of overvoltage, with the operational range constrained by the power budget. Results are re-
ported in Figure 5.42 and demonstrate the improvement provided by the increased energy deposit, which

6Potential variations within a single module across the bars can be attributed to either the light output or the SiPM
breakdown voltage (and therefore the PDE), with the latter being constrained by design to ensure a small spread across
SiPM channels.

7This improvement is marginally reduced by the increased radiation level expected at high |η| values, ranging from
about 1.65× 1014 to 1.90× 1014 neq/cm2 [93] when going from |η| = 0 to |η| = 1.45
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Figure 5.41: The time resolution along the y-axis (left) and x-axis (right) is reported for the non-irradiated
case (green markers) operated at 3.5 V overvoltage and for the irradiated case to 2⇥1014 neq/cm

2 (orange
markers) operated at 0.96 V overvoltage. For the uniformity along the x-axis, the time resolution at each
impact point is averaged over all bars of the module. Due to the coarse determination of the x position,
measurements do not cover the first and last 5 mm of the bar.

directly enhances the number of photoelectrons and therefore the overall performance. Furthermore, the
improvement is more pronounced for irradiated SiPMs, where the DCR scaling as 1/Npe is a significant
contribution (as shown in Figure 5.40).

Figure 5.42: Time resolution as a function of overvoltage for modules with non-irradiated (left) and
irradiated SiPMs (right). Modules were tilted at different angles to emulate the energy deposition at
various pseudorapidities. The missing point at high overvoltage for non-irradiated SiPMs at ✓ = 64� is
due to poor data quality.

The performance across the BTL pseudorapidity can be assessed by mapping the measurements
taken at different test beam angles ✓ to the corresponding pseudorapidity points. To this end, the energy
deposited at each angle is evaluated and converted into the corresponding ⌘ value. This is done by
estimating the energy deposit at the test beam and determining the expected ⌘ at which the same energy
would be deposited in the BTL, based on minimum-bias simulated events, as shown in the left panel
of Figure 5.43. The energy deposited at the test beam is expressed in Equation 5.25, where the energy
deposited by a MIP per unit length, MPVMIP , is multiplied by the slant thickness traversed by a particle

140



5.7 Confirming timing performance of sensors with final specifications

in a crystal tilted by an angle ✓ with respect to the beam direction.

Edep =
MPVMIP thickness

cos ✓
. (5.25)

The time resolution was extracted at the optimal operating point within the expected power budget of
30 mW per channel, and the corresponding ⌘ value was determined by evaluating its energy deposit as
described above. The resulting time resolution measured at the test beam as a function of pseudorapidity
is shown in the right panel of Figure 5.43 for different irradiation conditions: non-irradiated SiPMs, and
SiPMs irradiated to 1 ⇥ 1014 neq/cm

2 and 2 ⇥ 1014 neq/cm
2, corresponding to the beginning, middle,

and end of detector operation, respectively. These data can be compared with expectations obtained by
scaling the time resolution terms with the energy deposit, which affects the number of photoelectrons as
described in Equation 5.4. The expectation values as a function of ⌘ are normalized to the experimental
measurement at ⌘ = 0.2 and are represented by the solid line in the figure. However, these expectations
do not account for test-beam-specific experimental conditions, in which tdiff has a small residual depen-
dence on the impact point, as discussed in Section 5.5.2. This effect is represented by the dashed line,
and including it restores the agreement between data and expectation.

Figure 5.43: Left: Energy deposit is shown as a function of the pseudorapidity region for simulated events
with minimum bias events (blue markers) and fitted with a functional form considering the variation of
energy expected at varying angle in the BTL, with a MPV of 0.86 MeV/mm. Right: The time resolution
is shown as a function of pseudorapidity for three different irradiation conditions, indicated with different
colors. The expected BTL performance is represented by a solid line, while the test beam (TB) expectation
is shown with a dashed line and the TB data with markers. The TB expectation corresponds to the BTL
expectation with additional experimental effects, including the residual dependence of the time resolution
estimated using the tdiff method on the impact point (see text for details).

5.7.2 Expected BTL performance under cumulative irradiation at the HL-
LHC

The performance across the BTL lifetime was then estimated by associating different irradiation levels
with the expected stages of the BTL operation. The results are shown in Figure 5.44. The uncertainty
on the luminosity accounts for both the 10% uncertainty in the irradiation level and the 10% uncertainty
from the annealing model (see Section 5.3.1), yielding a total uncertainty of approximately 15%. The
test beam results are compared with the MTD TDR expectations, which were used to calibrate the
physics studies, and are found to be within the target. The optimization campaigns described in this
Chapter were shown to be effective in significantly reducing the DCR contribution by the end of operation,
resulting in comparable contributions from the three terms, with the photo-statistics term dominating.
Overall, these results demonstrate that, with the final design and technical specifications, the BTL sensor
modules can achieve the target time resolution required for the detector to meet its physics goals during
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Figure 5.44: Time resolution as a function of the integrated luminosity at the HL-LHC. Data are rep-
resented by markers, and the TDR expectation by a dashed line. Uncertainties in the data points are
included as error bars.

HL-LHC operation. They provide a cornerstone validation of the sensor design, confirming that the
performance needed to enable the analysis improvements described in Section 4.4 is reliably met. These
results also represent the first demonstration of such sensors operating under extreme radiation damage
while achieving a time resolution below 60 ps. This concludes an intensive and demanding optimization
campaign and marks the beginning of the production phase, which is presented in Section 5.10.

5.8 BTL electronics

The signal produced by the sensor modules is processed and routed through a complex system of electronic
components. When a particle interacts with a sensor module, the resulting signal is transmitted via the
SiPM flex cables to the Front-End board, where dedicated signal processing is performed. Two BTL sensor
modules are connected to each FE, which houses two TOFHIR2 chips [94] that extract timing information
from the current signals produced by the modules. Twelve FEs are connected to a concentrator card,
which interfaces the system readout with the FEs. The CC houses two low-power gigabit transceivers
associated with two Versatile Link Plus chips, responsible for sending data to and from the DAQ. It also
hosts two Giga-Bit Transceiver Slow Control Adapter (GBT-SCA) chips, which monitor the low voltage,
temperature, and currents of the SiPMs. Two power converter cards are connected to the CC, providing
power from a low-voltage distribution system via DC-DC converters. The DC-DC output voltages are
tuned and filtered by the ALDO2 voltage regulator [135], located on the FE boards (one per TOFHIR).
Data produced by the TOFHIR2 ASICs are transmitted via two E-links to the two lpGBTs on the CC.
The lpGBTs transmit configuration data and fast control signals to the TOFHIR2 chips and distribute
160 MHz clocks to the ASICs.

5.8.0.1 Front-End board

The BTL FE board, shown in Figure 5.45, houses two 32-channel TOFHIR2 ASICs (TSMC 130 nm)
and two Adjustable Low-dropout linear regulator (ALDO) ASICs (ONSEMI 350 nm) for low-voltage and
bias-voltage regulation, as well as four SiPM array input connectors. Both ASIC types have proven to be
tolerant to the radiation levels expected for BTL operation. The FE is connected to the CC via an FT5
SAMTEC controller port (named J1 in the design), which routes the board power, temperature of two
SiPM arrays (the ones connected to the J4 and J7 connectors), serial feeding of the TECs, the clock, fast
controls, and high-speed communication links. The SiPM array input connectors, denoted as J4, J5, J6,
and J7, are Zero Insertion Force connectors from Hirose, where the flex cables are inserted and clipped.
The FE design also allows probing and monitoring of several signals via dedicated probing contacts on
J3 (e.g. ALDO2 output bias, TOFHIR2 power supply, temperatures of SiPM arrays connected to J5 and
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J7, ground, etc.). Each FE board in BTL will be identified via a four-position DIP switch, which can
be set to values from 0 to 15, corresponding to a specific position in the CC. This identification number
must be set during the integration stage of the DM to the tray, as discussed in Section 5.10.4.

Figure 5.45: Front-end drawings are shown with a side view on the left and top and bottom views on the
right, where all components are visible.

For timing applications, it is crucial to use readout amplifiers capable of handling high-bandwidth,
fast signals while maintaining a good signal-to-noise ratio. When a high channel density is required, it is
also important to balance performance and power consumption. All these factors must be taken into ac-
count when designing the chip responsible for the readout. To address these requirements, the TOFHIR2
chip has been developed: it is a low-power, low-noise chip that provides readout and digitization for
the SiPMs. It also ensures signal amplification, shaping, and discrimination for every independent SiPM
channel. Each TOFHIR2 has dimensions of 8.5 ⇥ 5.4 mm2, assembled in a Ball Grid Array (BGA)
package of 14 ⇥ 14 mm2. It can operate with a maximum channel hit rate of 7.5 MHz, and its maximum
output data rate is 320 Mbit/s. It has configurable timing, trigger, and ToT thresholds. The TOFHIR2
ASIC is required to measure MIP timing with a precision of 30–60 ps during BTL operation at the
HL-LHC, mitigate the effect of DCR via a dedicated circuit, and provide a measurement of the signal
amplitude with a precision better than 5% to enable time-walk corrections. The expected signal rate
depends on the energy threshold: it must operate with a high MIP signal rate of 2.5 Mhit/s per channel
and a rate of low-energy hits (<1 MeV) up to 5 Mhit/s per channel. It is also expected to handle the CMS
Level-1 trigger and synchronization signals while consuming less than 20 mW/channel, with radiation tol-
erance up to the expected ionization dose (TID of 2.9 Mrad) and an integrated fluence of 2⇥1014 neq/cm

2.

The chip development was performed by PETsys Electronics [136], with the 10-bit SAR ADC de-
sign provided by AGH [137]. The first version, TOFHIR1, was adapted from the existing TOFPET
chip [138] used for PET applications. Several developments [139, 140] led to the final production version,
TOFHIR2C, which meets all design goals. The chip consists of 32 independent channels with time and
charge digitizers and digital control for each SiPM channel, a service block providing bias currents, refer-
ence and monitoring features, logical control, and trigger logic that manages the chip configuration, digital
data flow, and CMS L1 trigger filtering. A schematic of a single ASIC channel is shown in Figure 5.46.
Each channel includes a pre-amplifier, two post-amplifiers (T and E), three leading-edge discriminators
(T1, T2, and E), two ToA converters (TAC), one Charge-to-Amplitude Converter (QAC), one 40 MHz
10-bit SAR ADC, and local control logic. The input current is replicated into three branches for tim-
ing, energy discrimination, and charge integration. A dedicated pulse-filtering stage is applied after the
amplifier to mitigate the effect of DCR. A Differential Leading Edge Discriminator (DLED) [141] is used
to reduce DCR effects and baseline fluctuations generated by the pile-up of residual pulse tails at high
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Figure 5.46: TOFHIR2 ASIC channel block diagram [94].

event rates. The technique consists of subtracting the delayed input from the original signal, resulting
in a bipolar signal, as shown in Figure 5.47. Its impact was evaluated in simulations [94], demonstrating
that for a DCR of 55 GHz and the signal yield expected at the end of operation of BTL, the DCR contri-
bution to time resolution is improved by a factor of 3.5. The DLED output current is fed to the T1 and
T2 comparators, with threshold currents set by Digital-to-Analog Converters (DACs) configurable with
different LSB settings [0.156, 0.313, 0.47, 0.63 µA] for T1 and [0.313, 0.63, 0.94, 1.25 µA] for T2. The T2
DAC thresholds are also used for the energy branch, and charge is integrated via an active integration
block (QAC). Time measurement is extracted with a TDC consisting of a coarse counter measuring the
rising edge of T1 and a finer counter measuring the rising or falling edge of T2, providing the signal
width. Each channel can store 8 TAC and QAC analog buffers before digitization. When a channel
remains in the ready state for 100 µs, an invalid event is triggered to rearm the buffers, limiting drift
due to leakage current. The TOFHIR digital design does not use the CMS clock, it has only an intrinsic
coarse time tag counting clock cycles since the last Resync signal. Therefore, the backend is responsi-
ble for mapping the TOFHIR time tag to CMS event identifiers. The chip’s digital design also includes
an input for an external digital test pulse, which can be either externally provided or internally generated.

Extensive studies have been conducted on the chip and are reported in Ref. [94]. These studies
demonstrated that the estimated power consumption of the ASIC per channel is 18.4 mW. The elec-
tronics term (defined in Equation 5.1) was measured by shining blue laser light on two bare SiPMs with
a beam splitter. The coincidence time resolution was evaluated between the two as a function of the
slope of the signal pulse, and by fitting the data with the expected analytical function, the noise term
was measured to be �noise = 0.36 ± 0.03µA and �TDC = 12 ± 1 ps. The TDC performance was also
evaluated: a binning of approximately 11.3 ps was estimated with low dispersion, overall linearity was
verified, and a resolution of about 13.3 ps was measured with a dispersion of 5.3% RMS. The impact
of channel rate on the time resolution was assessed via UV laser measurements, and the results showed
that the performance remains stable as a function of the average pulse rate. In addition, the response
in terms of signal amplitude proved to be linear both in the ranges typical of the beginning and end of
operation. TOFHIR2 demonstrated stable operation under the high-rate conditions expected in BTL,
with a maximum channel occupancy of about 8% for energies greater than 1 MeV. The extreme radiation
conditions in which the sensors must operate also require a detailed evaluation of the impact of radiation
exposure on the chips. Radiation exposure in silicon devices provokes the generation of trapped charges
at oxide/silicon interfaces, causing device shifts and potentially leading to chip failure. This performance
degradation depends on chip technology, process, and bias conditions, and has been studied in the same
technology used in TOFHIR2 [142, 143]. Studies in Ref. [94] exposed chips to different total ionizing
dose and evaluated Single Event Effects (SEEs). Irradiation campaigns exposed the chips up to 7 Mrad,
and the results highlighted a decrease of about 5% in the ALDO DAC range, which was almost fully
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Figure 5.47: Left: The DLED block diagram is shown. Right: An example of the waveforms before (top)
and after (bottom) DLED pulse shaping is shown [94].

recovered after annealing at room temperature. This recovery is representative of the pauses expected
during HL-LHC technical stops, resulting in a net effect within 1%. The SEE radiation tests showed that
configuration corruption with loss of synchronization and lockup of data transmission is expected to be
small (⇠ 10�9) but not negligible. Therefore, BTL operation will require periodic chip reconfiguration,
including reloading and resynchronization.

The TOFHIR2 supply voltage is provided by the ALDO2 ASIC, which receives it from the CC con-
nected to J1. The ALDO ASIC has also been developed to provide the SiPM voltage bias. ALDO2 [135]
is a multifunctional, adjustable, low-dropout linear regulator based on 0.35 µm HV CMOS technology
from ONSEMI. It has four independent regulators: two low-voltage channels (with a maximum value of
3.3 V) used to filter and stabilize the power supply of front-end chips, and two HV channels (with a max-
imum voltage of 50 V), dedicated to the biasing of the SiPMs. The regulators are independent and can
be turned off as a protection against over-current or over-temperature. They also allow monitoring of the
bias current and performing current-voltage curves, which are crucial measurements for evaluating the
performance of the SiPM arrays over the BTL lifetime. Studies demonstrated that ALDO2 maintains op-
timal performance across a wide operating temperature range, from -40 to 50 oC, and is not significantly
affected by radiation damage. The single-event transients remain below 2 ⇥ 10�7 cm�2, corresponding
to less than 1 mHz under BTL operating conditions, with very small amplitude and duration of such
transients. The bias voltage of SiPM arrays can be configured via the DAQ, and each ALDO2 ASIC
can provide a different bias voltage per SiPM array, ensuring better handling of effects that might cause
breakdown voltage variations.

5.8.0.2 Concentrator Card

The CC is designed to provide communication between the sensor readout and the FE boards. The CC
houses two RAFAEL ASICs for clock distribution, lpGBTs that provide an interface between the E-links
and the VTRX+ opto-module, two GBT-SCA chips, and connections for two PCCs (shown in the right
panel of Figure 5.48). The CC features 12 connectors for the J1 connectors of the FE boards, connecting
the DMs. It also has two TEC connectors providing power (up to 45 V) to the TEC network biasing all
the DMs (blue connectors in Figure 5.48), two input bias voltage connectors for CC bias (black connectors
in Figure 5.48), four bias voltage connectors providing up to 42 V for ALDO bias (green connectors in
Figure 5.48), and two PCC input voltage connectors (10–12 V, black connectors in Figure 5.48). The
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functionalities are explicitly written on the Printed Circuit Board (PCB) silkscreen near the connectors,
and labeling is also present for the two PCCs expected to be connected to the CC: one powered at 1.2 V
and the other at 2.5 V.

Figure 5.48: Left: A picture of a production CC mounted on a cold plate is shown. The connectors
for cables providing TEC power, board power, and chip biasing (colored connectors) are visible. The
fibers to be connected for readout via Serenity are protected with Kapton tape before connection, and
the connectors on the sides, where the PCCs will later be attached, are also visible. Right: A picture of
a PCC is reported.

Configurations for the FE, trigger and resync are sent from the lpGBT [106, 144] at a rate of 80
Mb/s. Clock distribution to the TOFHIR2 ASICs is also managed by the lpGBTs, with a frequency
of 160 MHz. It features three paths for triggering, DAQ, and slow control information, ensuring that a
single bidirectional link can be used simultaneously for data readout, trigger data, timing, experiment
control, and monitoring (e.g. LV control, LV monitoring, temperature monitoring, and SiPM current
monitoring). Two optical transceivers route data from the lpGBTs to the back-end with 70 m multi-
mode optical fibers. Additional control and monitoring is provided in the CC via the GBT-SCA ASIC,
a radiation-tolerant chip used to distribute control and monitoring signals to the FE components, along
with transmitting information needed for setting environmental parameters. It also serves as a monitor
for voltage, current, and SiPM temperature.

Data are processed at the TOFHIR2 level, sent to the lpGBTs in the CC, and routed to the MTD
DAQ nodes. There, data are collected and sent to the CMS event builders. The MTD DAQ is expected
to operate with an 8% channel occupancy, 128-bit event size, and an L1 rate of 750 kHz, corresponding
to 5.5 Gb/s per RU in the BTL. The MTD DAQ will be based on the Serenity platform, an Advanced
Telecommunications Architecture (ATCA) compliant platform. It provides power, clocking, optical in-
terfaces, and electrical connections. The data coming from the CCs are managed by daughter cards with
integrated FPGAs. The correct transmission and reconstruction of data sent from the TOFHIR2 to the
Serenity are ensured by a set of firmware and software tools.

5.9 BTL thermal management

Section 5.3.1 highlighted the importance of smart thermal management, with operation at Top = �45oC
and annealing at Ta = 60oC to efficiently reduce the DCR. The BTL cooling is provided by the MTD
cooling system, with a demonstrated thermal gradient of 2oC between the CO2 outer pipe temperature
and the SiPM. The presence of thermal gradients would reduce the benefits of cooling and negate the
efforts put into performance optimization. As shown in Figure 5.38, higher temperatures are expected to
degrade performance. For instance, in the full fluence scenario, a temperature increase of 2oC results in
an approximate 5% deterioration of the time resolution, increasing up to 10% for a 5oC rise.

This motivates an efficient thermal coupling of all components, particularly referring to the following
interfaces: the cooling plate to the cooling pipe, the CC and PPCs to the cooling plate, the copper housing
to the cooling plate, the FE ASICs to the copper housing, and the TECs to the copper housing. A picto-
rial sketch of these interfaces is shown in Figure 5.49. In the cooling plate-to-cooling pipe interface, the
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Figure 5.49: Lateral view of a BTL detector module mounted on the cooling plate. The contributions of
each component are indicated in the sketch [125].

difference in thermal expansion between the stainless steel pipes and the aluminum plate is large enough
to require a flexible thermal interface material, thin enough to minimize thermal resistance but thick
enough to withstand thermal cycles. The best material was identified as the grease Laird Tgrease 2500.
Each “cold tray”, consisting of cooling pipes installed within the cold plates, requires proper greasing of
the grooves where the pipes are placed during assembly. The gap between the CC and PCC and the cool-
ing plate is 1.1 mm, with thermal pads needed under the areas where integrated circuits are located (e.g.,
PCCs, GBT-SCAs, lpGBTs, RTDs, etc.), as shown in Figure 5.50. The optimal material was identified
as a thermal pad made of filled silicone ceramic (Laird A17916-05 [145]), with a thickness of 1.27 mm
(subject to compression) and a thermal conductivity of 2 W/mK. For the copper housing-to-cooling plate
interface, the best material was identified as Parker Chomerics THERMFLOW T558 [146]. T558 is a
thermally enhanced phase-change material designed to completely fill interfacial air gaps and voids within
electronics assemblies, covered with an aluminum foil, with a thickness of 0.115 mm and a thermal con-
ductivity of 1.5 W/mK. Simulations of the heat generated by the ASICs in the FE and the TECs [147]
demonstrated that placing two stripes of thermal material along the long lateral edges is sufficient to
dissipate the heat efficiently. Different thermal pads are used for thermal coupling between the ALDO
and TOFHIR ASICs and the copper housing, depending on the available thickness. Specifically, Laird
A10092-02 [148] thermal material, matching the dimensions of the TOFHIR2 encapsulation, is intended
to provide the required interface, while Laird A17747-03 [149] thermal pads for the ALDO2 encapsulation
are intended to provide the interface. The application of these pads on the ASICs is shown in Figure 5.50.

Figure 5.50: Left: Picture of the rear side of the CC (the side going in contact with the cooling plate)
showing the placement of all thermal pads. Right: Picture of a Front-End showing where the thermal
materials are applied to couple the chips to the copper housing.

Part of this work focused on identifying an optimal thermal interface material between the TECs and
the copper housing. To guarantee proper operation of both the TECs and the SiPM, parasitic heat must
be minimized. Studies were carried out on detector modules assembled with different thermal materials
placed between the TECs and the copper housing wall. The initial choice, T558, revealed a risk of failure:
during assembly, part of the material could be scraped into the TEC pillars (see Figure 5.51), causing
electrical shorts. This occurred because the aluminum foil covering the grease could come into contact
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with the electrical pads of the TECs. The short manifested as anomalous thermal behavior: in some
regions of the detector module, the temperature difference under a fixed bias current was excessively
high, while in others no response was observed at all (Figure 5.51), thus confirming the short in the TEC
network. This failure made the TECs non-functional. To address this, an experimental procedure was
defined to assess the thermal coupling of the detector module under realistic conditions. A preliminary
setup is shown in Figure 5.51. The measurement consisted of mounting a detector module onto a mock-
up cooling plate, emulating final conditions. The four TECs were biased with incremental current steps,
each expected to produce a specific temperature difference. A reference temperature sensor was placed
on the cooling plate mock-up to provide a reference temperature measurement. Any deviation from the
expected response of a TEC indicated poor thermal coupling. An example of such a failure is shown
in Figure 5.51. This procedure later became the basis of a large-scale protocol for quality assessment
of detector modules in mass production, as it is discussed in Section 5.10.3. Alternative materials were
evaluated to overcome the issue presented by T558, and among all the potential thermal materials that
were evaluated, the T557 [150] was selected. It provides the same grease-based thermal material as T558
but without the aluminum foil. Approximately 70 modules were assembled and tested, and all tested
modules demonstrated excellent thermal conductivity.

Figure 5.51: A scratch in the thermal material inside the TEC (top-left, microscope image) caused the
aluminum layer covering the thermal material to contact the TEC electrical pads, creating an electrical
short. As a result, shown in the top-middle thermal camera image, one side of the DM experienced
the full voltage difference, leading to excessive cooling on that side while the opposite side remained
unaffected. The temperature difference produced by the four SiPM arrays in the DM was measured as a
function of the current applied to the TECs using the setup shown in the bottom-left, where the module
was mounted on a cooling plate mockup and properly powered and read out. The plot on the right shows
that, as expected, the temperature of one side changes with the current, while the other side remains
essentially unchanged.

5.10 The large mass-production of the BTL

Following the successful demonstration of the detector performance targets with the optimal design, full
mass production began in July 2024 and is currently ongoing. Four BTL Assembly Centers (BACs) were
identified for mass production: the University of Beijing (PKU), the California Institute of Technology
(Caltech), the University of Milano-Bicocca (MIB), and the University of Virginia (UVA). Each center
is responsible for producing approximately one quarter of the total number of sensor modules, detector
modules, and trays. Trays are first validated at each BAC, then shipped to CERN for further testing,
and eventually integrated into the BTST.

Each step of the production process requires specific protocols to ensure uniformity across the as-
sembly centers and, consequently, throughout the BTL system. QA/QC procedures were defined during
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dedicated workshops at CERN, to which I also contributed, where members and experts from all BACs
established common standards for production and qualification. Individual sensors are produced by se-
lected vendors according to the specifications described in Section ??, with the vendors also responsible
for their qualification. In addition, further QA/QC is performed on a sampling basis by dedicated teams:
the University of Debrecen and the University of Notre Dame are responsible for SiPM QA/QC, while the
INFN-Rome team performs measurements on the crystals. Sensor modules are assembled in the BACs,
where well-defined procedures are applied for gluing LYSO matrices to SiPM arrays and for verifying their
performance, as discussed in Section 5.10.2. Two sensor modules are then connected to the front-end
board and housed in a copper housing, which provides both mechanical support and optimal thermal
coupling with the cooling plates, forming a detector module. DM assembly requires the application of
several thermal interface pads to ensure a minimal thermal gradient between the SiPMs and the cooling
plates, as discussed in Section 5.9. The efficiency of such thermal coupling is assessed via specific tests,
as described in Section 5.10.3. Finally, twelve detector modules are mounted on one side of a cold tray,
consisting of cooling plates with embedded cooling pipes, with the CCs and PPCs mounted on the op-
posite side, forming a RU. Each tray is composed of six RUs, and the procedures for tray assembly and
QA/QC are described in Section 5.10.4.

5.10.1 Sensors mass production and qualification

5.10.1.1 LYSO:Ce crystals

Full production of LYSO:Ce crystals started in December 2023 and continued until December 2024.
QA/QC was performed by the INFN-Rome team on individual crystal bars and arrays, sampling two
bars from the top, middle, and bottom of each ingot, representing 5% of the total produced arrays.
Building upon their experience with characterization studies on samples from various vendors prior to
the final selection, they defined robust and specific protocols for the QA/QC measurements of production
samples. Measurements included dimensions, light output, decay time, optical cross-talk, and time
resolution using 511 keV photons from a 22Na source in a dedicated experimental setup, as described
in Ref. [151]. QA/QC of all batches has been successfully completed, showing overall good uniformity
of performance across all samples. Measurement reproducibility on bars is 5.5% for light output and
0.22 ns for decay time, with uniformity within 1.2 ns, meeting the specifications. Results are shown in
Figure 5.52. Dimensional tolerances of the LYSO arrays were also verified with a Coordinate Measuring

Figure 5.52: Measurements were conducted by the LYSO QA/QC team and results of QA/QC of LYSO:Ce
bars from different production batches (x-axis) are shown in terms of decay time (left), light output
(middle), and the ratio of light output to decay time (right). For each batch, the data are presented
as the average value, while the associated RMS is used to represent the error bar. All batch results
fall within the technical specifications outlined in tender process, represented by the red line, while the
average is indicated by the green band.

Machine (precision 4 µm). All batches demonstrate good compliance with the specifications. Optical
properties of the LYSO arrays were measured with a 22Na source. Results show an average light yield
uniformity of approximately 3.5%. Also, irradiation tests with 50 kGy from a 60Co source show an
8% decrease in light output with 2% spread, well within the <20% specification. Results are shown
in Figure 5.53. Production of all 10,368 LYSO arrays (165,888 crystal bars) and their qualification

149



Chapter 5: The MTD Barrel Timing Layer: from design optimization to detector construction

Figure 5.53: Measurements were conducted by the LYSO QA/QC team and results of QA/QC of LYSO:Ce
arrays from different production batches (x-axis) are shown in terms light output (left), light loss after
irradiation (middle), and time resolution (right). For each batch, the average value is shown with the
RMS as the error bar. All batches meet the technical specifications defined in the tender process (red
line), while the overall average is indicated by the green band.

successfully met the BTL requirements, with a timely campaign of qualification.

5.10.1.2 SiPMs

The QA/QC measurements of the SiPMs were carried out by two independent institutes, the University
of Debrecen and the University of Notre Dame, with their setups shown in Figure 5.54. The measure-
ments were cross-calibrated using samples tested by both teams. Good correlation was observed for all
samples. While QA/QC for LYSO crystals was performed on selected samples from each ingot, several

Figure 5.54: Pictures of the setups used by the two teams dedicated to SiPM QA/QC, in which a dozen
SiPM arrays are loaded and a dedicated automation system performs all the necessary characterization
measurements for each array [152].

measurements were carried out on every SiPM array: the breakdown voltage measurement at 20oC, the
measurement of the breakdown voltage spread within each array, the TEC resistance for each TEC, and
the dark current at different breakdown voltages. Other properties were measured on a sampling basis:
breakdown voltage at -35oC, PDE, gain, ECF, single photoelectron charge, performance after irradiation
and accelerated annealing, and performance after 100 thermal cycles between -50oC and 70oC. Results
of the breakdown voltage and its spread within the array are reported in Figure 5.55. Production of all
20,736 SiPM arrays (331,776 channels) and their qualification successfully met the BTL requirements,
with an achieved yield larger than 99%.
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Figure 5.55: Measurements were conducted by the SiPM QA/QC teams and results of all the production
SiPM arrays in terms of the measured breakdown voltage of each array and the spread of breakdown
voltages of the SiPMs within the arrays. Both results demonstrate that they lie within specifications and
exhibit good uniformity across all production [152].

5.10.2 Sensor Modules assembly and QA/QC

Figure 5.56: Pictures of LYSO:Ce crystals (left) and SiPM arrays (right) used for production at the
Milano-Bicocca assembly center.

The gluing procedure required careful optimization, as it is critical for the light output performance
(see Equation 5.5). Both the alignment between LYSO crystals and SiPMs and the amount of glue used
are particularly important. A dedicated mechanical tool was designed to position the LYSO matrix on
a horizontal plane. Lateral rotating walls allow precise alignment of the SiPM packages, via a system
of springs and a rotating stage, the walls can be brought into proximity with the LYSO crystal end
faces. The full assembly procedure is documented in Figure 5.57. The LYSO matrix is positioned on the
horizontal plane, while the lateral walls, initially at rest, ensure that the SiPMs are correctly placed in
their slots. Dedicated metallic masks, with holes corresponding to the active surface of the SiPM arrays
and a thickness of 100 µm, a value that determines the amount of glue used between SiPMs and crystals
and has been optimized based on LCE studies, as reported in Section 5.4, are placed on top of the SiPM
arrays and held in place by magnets on the lateral walls. A syringe with a fixed volume of RTV glue
is used, and a plastic head ensures that the drop of glue is consistent, avoiding bubbles or air pockets.
Three drops of glue are applied at equidistant positions along the SiPM array. A dedicated plastic ap-
plicator is then clipped to the lateral walls, and a soft plastic lever spreads the glue uniformly across
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the entire SiPM surface. The lateral walls are rotated to face the crystal bars and locked in position to
prevent further rotation. A system of springs pushes the SiPM arrays against the LYSO matrix. This
setup required extensive development, with each step optimized to maximize reproducibility. The gluing
tool was designed with high precision to ensure optimal alignment and good coupling between the SiPMs
and the crystals. The sensor module is then left under spring tension for one day to allow the glue to cure.

Figure 5.57: Four illustrative pictures of the gluing procedure are shown. From left to right: the posi-
tioning of the LYSO array and the SiPM array in their respective locations is shown first, followed by the
placement of the metal mask on top of the SiPM. In the second picture, the tool used to apply the glue
is shown, with the three glue spots already deposited on the SiPM to be spread. In the third picture, the
lever is shown starting to move, and finally, in the last picture, the applied glue layer is visible.

Qualification of the sensor modules is aimed to verify the number of photoelectrons measured at each
SiPMs, which directly determines time resolution (Section 4.1). Uniformity across the module is also
verified to guarantee consistent performance across channels. As discussed in Equation 5.4, the number
of photoelectrons depends on the light yield of the crystals (verified during crystal qualification), the
PDE of the SiPMs (verified during SiPM qualification), and the light collection efficiency, which mainly
depends on the gluing process (alignment, glue amount, etc.). Measuring the number of photoelectrons
under controlled conditions provides a probe to evaluate the quality of the gluing step. A 22Na source is
used for the light output measurements, evaluating the charge produced by the interaction of the 511 keV
photons. The total charge produced is normalized by the charge corresponding to a single photoelectron,
which can be measured from the distance between peaks in the charge integral spectrum. For QA/QC,
dark single photoelectrons, arising from thermal effects or random fluctuations, are used. To perform
these measurements, a dedicated tester board, the BTL QA/QC jig, was developed. It can test up to
12 LYSO matrices simultaneously, as shown in Figure 5.58. Each sensor module is connected via flex
cables to Panasonic connectors. The signal is routed to an amplifier board, where a transimpedance
amplifier converts the current pulse into a voltage signal. The voltage is then amplified by a factor of 4,
followed by a 4⇥ gain reduction stage and an unattenuated path, allowing measurements of both single
photons and MeV-scale energy deposits. Signals are finally processed by a CAEN DT5742 digitizer with
a fixed dynamic range. The same jig, acquisition system, and analysis software are used across all BACs,
ensuring consistency.

QA/QC results classify modules into two main categories: those considered suitable for production
and those corresponding to rejected BTL SMs. A module is considered to fail if more than two bars
meet any of the following criteria: a channel has a light output less than 0.8 times the reference average
light output, where the reference average is derived from measurements of the first production modules;
a bar has a light output less than 0.85 times the reference average light output; a bar exhibits an
absolute left-right asymmetry greater than 0.2; or a bar has an energy resolution greater than 6%. In
addition, a module is considered unacceptable if either of the following global criteria is violated: the
measured single photon electron charge deviates by more than 10% from the module-average value,
or the mean asymmetry of all bars in the module exceeds 0.08. Comparisons among the four BACs
demonstrated compatible results. As of writing, the Milano-Bicocca BAC has produced and qualified
2536 BTL SMs, as reported in Figure 5.59, representing the 97.8%. The average light output amounts
to approximately 3230 photoelectrons/MeV at 3 V overvoltage, with a spread of about 5%. The average
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Figure 5.58: Left: The BTL QA/QC jig used for sensor module measurements is shown. The setup is
housed inside a temperature- and humidity-controlled, light-tight box to ensure stable and reproducible
conditions. Right: Examples of the single photoelectron charge spectrum and the source deposition
energy spectrum are shown, with the peaks fitted using Gaussian functions.

single-photoelectron charge is measured to be 3.95 pC, with an uncertainty of 1.5%. Comparable results
have been obtained at the other assembly centers, which have so far produced 1962 SMs at Caltech,
2651 at PKU, and 2601 at UVA. Overall, about 95% of the qualified modules pass the selections defined
for being considered suitable for production.

Figure 5.59: Single photoelectron charge and light output results for all the sensor modules produced at
the Milano-Bicocca BAC are shown on the left and right, respectively. The results are split into the left
and right sides of the bar (red and blue, respectively), with the average of the bar represented in black.
The mean and uncertainty are also reported for each distribution.
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5.10.3 Detector Modules assembly and QA/QC

Qualified sensor modules with comparable performance are assembled into a detector module: BTL SMs
are connected to the FE and inserted into the copper housing, whose main purpose is to ensure good
thermal coupling and mechanical stability. The functionality of the TECs in each BTL sensor module
is verified using an LCR meter, which measures frequency-dependent electrical parameters, with an ex-
pected resistance of approximately 13 Ω for TECs. The assembly procedure involves several steps, with
an example of assembled DM illustrated in Figure 5.60. The FE board is first equipped with dedicated
thermal pads: two for the TOFHIR2 ASICs and two for the ALDO2 ASICs. Additionally, two foam strips
are glued beneath the FE for thermal and mechanical support. Two sensor modules are then connected
to the FE via flex cables. The internal walls of the copper housing, which are in contact with the TECs,
are covered with two strips of T557, cut to the length of the housing and wide enough to cover the entire
TEC surface. A dedicated tool was designed to slightly bend the copper housing, allowing insertion of the
FE and SM system while ensuring proper alignment and reducing the risk of scraping the TECs against
the copper or thermal material. Once the sensor modules are inserted, the tool is released, closing the six
feet that press against the LYSO matrices. This secures the LYSO and SiPM arrays inside the mechanical
support, minimizing any stress on the TECs8.

Figure 5.60: Each detector module is assembled from two pre-assembled and qualified sensor modules,
which are subsequently connected to the front-end and inserted into the copper housing. A picture of a
sensor module and of the two sides of a detector module are shown from left to right, respectively.

As discussed in Section 5.9, ensuring good thermal coupling at all interfaces is crucial to reach the
lowest possible SiPM operating temperature and thus the smallest DCR level. To verify thermal con-
nection quality, each detector module is mounted onto a cold plate and connected to a customized board
capable of reading the temperatures of the four SiPM arrays and supplying current to the TECs. The
TECs are biased with a fixed current of 0.25 A and allowed to reach thermal equilibrium within about 4
minutes. Both the absolute temperature drop and uniformity among the four sides are evaluated to assess
thermal coupling quality. The threshold required to pass these tests is defined in terms of temperature
drop, which is required to be smaller than -18oC. As of writing, the Milano-Bicocca BAC has produced
and qualified 1256 DMs, as reported in Figure 5.62, corresponding to 89% of the total production. An av-
erage temperature difference of -19.2oC is measured, with an uncertainty of 1.4%, and a spread of 0.21oC
among the four sides of the DM is observed. Similar results are obtained at other assembly centers, where
the current production amounts to 810 DMs (62.5%) at Caltech, 519 (40%) at PKU, and 1210 (93%) at
UVA.

5.10.4 Tray assembly and QA/QC

Prior to handling any electrical components, strict electrostatic discharge precautions were observed,
ensuring that both the operator and all parts were properly grounded. The assembly of the BTL trays
begins with the preparation of the cold trays, consisting of qualified cold plates and cooling loops, onto
which the CCs and PCCs are mounted. Thermal pads were placed under the integrated circuits, and

8TECs can withstand forces up to a maximum of 10 N.
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Figure 5.61: A picture of the detector module QA/QC setup used at the Milano-Bicocca assembly center
is shown on the left. The DM is mounted on the underside of the cooling plate, which is not visible,
while above it the various cables connected to the board are visible; this board attaches to the front-end
and allows temperature readout. A fixed current is then applied to the TECs to verify the uniformity of
the four SiPM arrays and the absolute value reached in terms of temperature difference after a defined
period.

Figure 5.62: QA/QC results from the Milano-Bicocca BAC on assembled detector modules are shown.
On the left, the results of the temperature difference measured at each of the four sides are presented,
along with the average. For each distribution, both the mean and the uncertainty are reported. On the
right, the spread of the average temperature difference is shown for all the assembled detector modules.
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specific spacers were positioned between the boards and the cold plates, as illustrated in Figure 5.50. The
boards were secured using washers and screws to guarantee stable mechanical and thermal contact. All
steps of the assembly process, from sensor qualification to the integration of DMs and CC mounting, were
systematically documented in the MTD database, ensuring full traceability of each component throughout
production. The precise positioning of each CC along the tray was recorded and DMs were mounted on
the opposite side of the cold plate using dedicated insertion pins to guarantee proper alignment with
the front-end connectors. The configuration of the front-end within each CC, including switch settings,
was adjusted and logged, establishing the calibration and communication parameters for the final DAQ
system. Cabling was performed as the final stage of the assembly. Custom-designed plastic holders
were used to route power, low-voltage, high-voltage, and sensing lines for each readout unit along the
tray. Additional plastic encapsulation secured the fiber pig-tails connecting the DAQ and lpGBT fibers,
ensuring mechanical stability and protection. An example of a fully assembled tray at the Milano-Bicocca
assembly center is shown in Figure 5.63.

Figure 5.63: A photograph of a detector module being installed in the tray is shown on the top left,
the completed installation with electronics and cables in place is shown on the top right, while the final
assembly with all detector modules mounted on one side of the tray is shown in the bottom,

At the time of writing, the tray QA/QC relies on a preliminary version of the BTL DAQ, which
provides communication between the Serenity system and the CCs. This setup enables slow-control
functionalities, including current and temperature monitoring, TDC resolution measurements, evaluation
of energy peaks using the intrinsic radioactivity of LYSO crystals, and assessment of TOFHIR noise.
Calibrations of the front-end ASICs are performed for each tray, including ALDO calibrations that provide
the bias voltage to the SiPMs and enable measurement of their IV curves. The breakdown voltage of SiPM
arrays can thus be determined in situ, allowing correlations with the QA/QC measurements performed on
individual sensor modules. An example of such a correlation is shown in Figure 5.64, demonstrating good
agreement between the two datasets. Similarly, energy spectra measured at the tray level can be compared
with those obtained during the BTL SM QA/QC, providing additional validation of the assembly quality.
A convenient source of radiation for these studies is the intrinsic radioactivity of LYSO crystals. The 176Lu
isotope undergoes �� decay with an endpoint of 593 keV to 176Hf, which subsequently de-excites through
emission of �-rays at 88, 202, and 307 keV. Analysis of these intrinsic peaks offers a reliable measure of
light output, enabling direct comparison with the 22Na-based measurements performed during the sensor
module QA/QC stage. An example of this correlation is reported in Figure 5.64, showing consistent
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agreement between the two sets of measurements. Finally, the digital test pulse integrated in the front-
end (see Section 5.8) provides a measurement of the TDC resolution, allowing a thorough assessment of
front-end performance.

Figure 5.64: An example of the correlation between the breakdown voltage measured during the SiPM
QA/QC phase and the breakdown voltage measured in situ with the DAQ readout is shown on the
left, highlighting a good agreement between the two measurements. In the middle, an example of the
correlation between the energy measurement performed during the BTL SM QA/QC and the energy
measurement performed in situ on the tray using intrinsic radioactivity is shown, also demonstrating a
good level of correlation with an RMS of 5%. Finally, the RMS resolution of the TDC measured in situ
with the DAQ is shown for a readout unit as an example, exhibiting good uniformity across all channels.

5.11 Plans for integration and calibration in CMS

At the time of writing, the BACs have completed assembly and QA/QC for 90% of the sensor modules,
70% of the detector modules, and 25% of the trays. Tray insertion into the BTST is scheduled to begin
by the end of January 2026, with full insertion expected to take approximately one year, at which point
BTL access to the BTST will end, to allow for tracker integration. Each assembled tray is shipped to the
Tracker Integration Facility at CERN, where it is tested in a test stand with CO2 cooling before being
inserted into the BTST, when tray QA/QC measurements will be re-performed to ensure nothing got
damaged during shipment. After confirming proper operation in the CO2 test stand, each tray is covered
on the LYSO side with an Airex insulator. Tray insertion follows a procedure extensively validated using
a BTST mock-up: tooling has been designed and produced to allow rotation of the tray cradle within
the specified slot using the worm gear unit, followed by fine adjustment of the rail alignment. The cradle
is then slid along z to couple the cradle rail to the I-beams inside the BTST, locked in z, and the tray is
inserted. Cable management and BTL services (e.g. CO2, power, and data link connections) have also
been defined, reproducing the final setup at LHC P5. However, their development is beyond the scope
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of this work, further details can be found in Ref. [93].

Qualification of the detector at every production stage ensures the expected performance, as evaluated
in the test beam campaigns presented in Section 5.7, where results demonstrate that the time-resolution
target can be achieved. To maintain the time resolution, it will be crucial during LHC operation to
synchronize thousands of channels with high precision In CMS, synchronization of the relative time re-
sponse across the detector and time-walk corrections will be derived in situ using an inclusive sample of
tracks. Preliminary studies reported in [93] indicate that frequent, granular monitoring and calibration
will be feasible and are not expected to limit MTD performance. Synchronization is required to ensure
coherent timing across all channels, along with the ability to optimize detector response under evolving
operational conditions. Two types of calibrations can be identified: low-level calibrations involving DAQ
and electronics, and high-level calibrations addressing channel synchronization, and alignment. Low-level
calibrations consist of front-end procedures, such as discriminator threshold calibrations to evaluate base-
line and noise, TDC calibrations to determine the phase of digital test pulses relative to the clock, QDC
calibrations for charge integration, and IV calibrations9. High-level calibrations require precise channel
synchronization at the few-ps level, both among MTD channels and with the calorimeters. For this pur-
pose, all tracks collected at the HLT can be used for inter-calibration. The mean of the distribution of
reconstructed track times at the vertex can serve as a calibration reference. Preliminary studies [93] have
demonstrated that with an allocation of 1 kHz of HLT rate and an average occupancy of 5% for 200 PU
events, the required 1,000 or 10,000 tracks can be collected in about 20 or 200 s per channel, enabling
frequent and granular calibrations.

Currently, alignment algorithms are being developed, building upon the software already used for
other CMS systems, with the goal of establishing an alignment procedure with respect to the tracker
using muon tracks. Spatial alignment is not considered critical, given that the average hit density is
below one track per 10 cm2 and the resolution of the track extrapolated to the MTD is at most of the
order of 1 mm. The difference between tracker tracks extrapolated to the MTD and actual hits in the
MTD will be fitted with alignment constants that best describe this difference. The precision achiev-
able with this method is much better than the spatial resolution of the MTD sensors, and therefore not
a limiting factor. This procedure can be frequently repeated to monitor movements relative to the tracker.

While many developments on the software side are still ongoing, production is expected to be com-
pleted next year. The next challenge will be to bring this detector into full operation within CMS,
efficiently collecting timing information with a resolution shown to remain within 60 ps, with uniform
performance across the 38 m2 sensor surface. The BTL represents a scientific revolution, not only in terms
of technologies never before deployed at this scale, with this level of precision and radiation tolerance,
but also in terms of concept: it introduces, for the first time in a HEP detector, the “fourth dimension”,
bringing a paradigm shift in the way we reconstruct and interpret events in CMS.

9The SiPM breakdown voltage is expected to change with operating temperature, and setting the correct overvoltage
is critical for performance, as has been extensively demonstrated.
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The study of the Higgs sector remains one of the most powerful probes of the Standard Model, offering
direct sensitivity to the shape of the Higgs potential and to possible extensions beyond the Standard
Model. In particular, the measurement of the Higgs boson self-coupling, accessible only through non-
resonant di-Higgs production, represents a cornerstone of Higgs measurements and a major experimental
challenge for current and future high-energy colliders.

This work presented two complementary efforts toward this goal. The first focused on the analysis of
di-Higgs production in the HH ! bb⌧⌧ final state using LHC data as they became progressively avail-
able. Starting from the Run 2 dataset, corresponding to an integrated luminosity of 138 fb�1 collected
at a center-of-mass energy of 13 TeV, a new boosted category was developed and optimized, leveraging
advanced machine learning based taggers to identify highly collimated Higgs boson decays in bb̄ pairs
within the resonant search for HH ! bb⌧⌧ . This analysis targets the resonant production of HH coming
from the decay of heavy spin-0 and spin-2 resonances predicted by BSM theories, with masses ranging
from 250 to 3000 GeV. At large resonance masses, where the decay products of the Higgs bosons become
increasingly collimated, the boosted category provides a valuable gain in sensitivity compared to resolved
topologies. This improvement is visible in the expected 95% CL upper limits, which show that above
1.5 TeV the boosted category becomes the dominant contributor to the overall sensitivity, demonstrating
the effectiveness of the dedicated tagger in this challenging region of phase space. With the first data from
Run 3 becoming available, the non-resonant search for HH ! bb⌧⌧ was developed, together with the
optimization of a dedicated boosted reconstruction, building on the methods and experience developed
in the resonant search. This analysis uses 62.4 fb�1 of proton–proton collisions collected at a center-
of-mass energy of 13.6 TeV with the CMS detector. It includes several improvements introduced with
Run 3, such as new triggers, updated tagging algorithms, and implementation of an optimized boosted
H ! bb category. A dedicated working point for the tagger addressing boosted topologies of the H ! bb
decays was defined by evaluating the optimal operating point that maximize the overall sensitivity of this
search. Moreover, a deep neural network specifically trained for the boosted topology was optimized to
provide the final discriminant for the statistical analysis, achieving strong separation between signal and
background processes. The expected upper limit at 95% CL on the inclusive HH ! bb⌧⌧ cross section
results to be 5.7 times the Standard Model prediction, compared to 5.2 obtained in Run 2 with twice the
integrated luminosity. Constraints at 95% CL on the Higgs self-coupling modifier � and HHVV coupling
2V were obtained as �3.75 < � < 10.5 and �0.75 < 2V < 2.95, respectively, both consistent with SM
expectations. Although the boosted category is currently limited by statistics, its inclusion strengthens
the robustness and reach of the analysis in the high-momentum phase space. The developments presented
here lay the foundation for future searches at the HL-LHC, where the increased dataset will fully exploit
the potential of the boosted topology in the searches for di-Higgs production.

The second component of this work focused extensively on the technological developments required
for the CMS upgrades at the HL-LHC, in particular on the design and production of the barrel section of
the MTD. This detector is designed to face one of the main experimental challenges of the HL-LHC, i.e.
the reconstruction of events under extreme pileup conditions, by providing precise timing information for
charged particles. The integration of timing measurements with a resolution of about 30–60 ps in CMS
is expected to significantly enhance vertex reconstruction and pileup mitigation, with an expected corre-
sponding improvement in the sensitivity of physics analyses such as di-Higgs searches, equivalent to an
effective gain of 2–3 additional years of data-taking. This thesis presented a comprehensive development
and characterization of the sensors constituting the Barrel Timing Layer. The R&D, validation, and
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production of the BTL sensor modules, made of LYSO:Ce crystal bars coupled to SiPMs, were carried
out with the goal of achieving the target time resolution required by the MTD design. A critical challenge
of the design arises from the performance degradation expected at high fluences up to 2 ⇥ 1014 neq/cm

2,
which induces time jitter due to dark counts in the SiPM. To mitigate this, two complementary strategies
were implemented: an optimized thermal management based on thermoelectric coolers, and an improved
sensor design to increase the signal amplitude. The TECs allow SiPM operation at a temperature of
-45oC, reducing the DCR during operation by approximately a factor of two, and provide 60oC during
technical stops for thermal annealing of radiation-induced damage. The presented work was dedicated
to comprehensive R&D studies aimed at optimizing sensor performance compared to the baseline design
proposed in the MTD TDR. Studies based on laboratory and test beam measurements explored the im-
pact of SiPM cell size, sensor thickness, operating temperature, and irradiation levels on signal amplitude
and time resolution. The main contributions to the overall time resolution were identified and modeled,
including photo-statistics, electronics noise, and DCR noise, the latter becoming increasingly dominant
with higher irradiation. Performance with SiPM cell sizes of 15, 20, 25, and 30 µm was systematically
studied, demonstrating that larger cell sizes improve PDE and gain, resulting in a larger number of pho-
toelectrons and steeper signal slope, improving all the terms contributing to the time resolution. Also,
results from irradiated SiPMs demonstrate that, despite the DCR increase with cell size, the net effect of
the increased signal-to-noise ratio leads to overall improved performance. A detailed analytical model was
developed to quantify the dependence of the time resolution on PDE and DCR, across different configu-
rations, resulting in a deep understanding of the factors defining the final performance and representing a
crucial validation of the characterization campaign. Additionally, thicker sensor modules were evaluated
in beam tests, showing an improvement in total time resolution that becomes particularly significant for
irradiated SiPMs, where it scales approximately with the square root of thickness, consistent with the
expected increase in the number of photoelectrons. Comparative studies of sensors irradiated to different
fluences and operated at varying temperatures quantified the DCR dependence on both irradiation and
temperature. These studies confirmed that DCR increases more than linearly with fluence and roughly
doubles every 10oC, with a stronger temperature dependence observed for highly irradiated SiPMs, where
a 5 ps change in time resolution was observed for a temperature variation of about 5oC. This highlights
the critical importance of thermal management as a strategy to mitigate DCR, the only term in the time
resolution explicitly dependent on temperature. This intensive R&D campaign provided a deep under-
standing of the factors influencing timing performance under HL-LHC conditions. The results guided the
final design choice for the BTL: sensor modules 3.75 mm thick with 25 µm SiPM cell size.
This final configuration demonstrated a time resolution of 25 ps for non-irradiated modules operated at
3.5 V overvoltage, degrading to 55 ps for irradiated modules operated at 1 V, consistent with end-of-
lifetime conditions. This configuration achieves superior performance compared to the TDR proposal,
meeting the target time resolution within the allowed power budget for SiPM operation. The response was
found to be uniform to within 2 ps RMS across the entire active surface of approximately 52⇥55 mm2 for
both irradiated and non-irradiated modules. Furthermore, dedicated studies of the module performance
as a function of the particle impact angle were performed to emulate different pseudorapidity regions of the
final detector, with corresponding results confirming that the time resolution scales consistently with the
energy deposited in the crystals. Beyond its direct impact on the final design of the BTL, this work pro-
vides a valuable framework for the optimization of large-area scintillator–SiPM–based timing detectors.
The developed methods and models can be applied to future systems targeting few–tens–of–picosecond
resolution in both low and high-radiation environments up to fluences of 2 ⇥ 1014 neq/cm

2. Overall,
these results demonstrated that the final BTL module design meets the stringent timing requirements
for operation at the HL-LHC, marking a fundamental step in the validation of the detector technology
and allowing the beginning of the BTL production.

Thorough studies were carried out to define common and reproducible procedures for the assembly
and QA/QC of BTL components, which are currently being produced in four assembly centers. Dedicated
gluing methods have been developed to maximize the light collection efficiency through precisely tuned
tools for coupling the LYSO:Ce crystal arrays to the SiPM arrays. The QA/QC procedures build upon
the methods employed during the characterization studies for determining the light output. In particular,
the uniformity within each module and the overall light output are verified through measurements based
on the detection of photons emitted in the decay chain of 22Na. The current yield achieved in sensor
module assembly and QA/QC is about 95%. The assembly of detector modules required extensive studies
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to identify the optimal materials and methods ensuring efficient thermal coupling between the TECs and
the mechanical housing, in which two sensor modules and their front-end board are integrated, forming
the detector module. A dedicated investigation revealed limitations in the baseline choice of materials
and identified an improved solution, ensuring proper thermal coupling between the TECs and the cooling
plate via the copper housing. This optimization is particularly crucial given the strong dependence
of performance on temperature. These studies guided the development of QA/QC procedures aimed
at verifying the functioning of the TECs, the temperature uniformity and the cooling capability. The
procedures for tray assembly, and testing were defined collectively among the assembly centers and
validated through a series of dedicated workshops, ensuring a common approach to production and
testing. Currently, 25% of the trays have been produced and the completion of the BTL integration is
expected by the end of next year. The BTL will achieve a time resolution of 30–60 ps up to fluences
of 2 ⇥ 1014 neq/cm

2, with uniform performance ensured by the standardized assembly and QA/QC
procedures. This represents a major technological milestone in high-energy physics, introducing four-
dimensional event reconstruction as a new paradigm at the HL-LHC.
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vides full hermetic coverage of the solid angle around the collision point, where proton-
proton interactions take place. General properties of the detector are shown, and arrows
indicate all the subdetectors of the experiment [53]. . . . . . . . . . . . . . . . . . . . . . . 21

2.4 Representation in the r � z plane of the components of the pixel layers, represented in
green, and the strip detector represented in red and blue [55]. . . . . . . . . . . . . . . . . 22

2.5 Longitudinal and transverse sections of the HCAL design for operation during LHC Run 3 [55]. 23

2.6 Schematic view of the CMS muon system in the r–z plane. DTs are shown in orange and
labeled MB, CSCs in green and labeled ME, RPCs in blue and labeled RB and RE, and
GEMs in red and labeled GE. The grey areas represent the magnet yoke [55]. . . . . . . . 23

2.7 Left: The light-flavor jet misidentification rate is reported as a function of the b-jet iden-
tification efficiency when using different jet taggers. The solid curves demonstrate the
performance of the algorithms in the HLT, while the dashed curves show the correspond-
ing performance when using offline reconstruction and training. The DeepJet algorithm
brings a reduction in jet misidentification rate by a factor of 3 compared to DeepCSV,
i.e. an algorithm used for Run 2, while ParticleNet brings an additional factor of 2.5
reduction [55]. Right: The trigger efficiency as a function of the reconstructed mass of
the di-Higgs system is shown for the simulated Standard Model process of HH ! bb⌧⌧ .
The Run 3 hadronic triggers are shown in blue, the dedicated HH trigger for a sample of
27.8 fb�1 in orange, and the combination of both triggers in green. The efficiency achieved
with the Run 3 triggers, compared to triggering on the missing transverse energy only, is
43%, while the use of only ⌧ -lepton triggers yields 34%. The use of both triggers together
with the missing transverse energy reaches a trigger efficiency of 58% [59]. . . . . . . . . . 26

2.8 Illustration of particle trajectories in a slice of the CMS detector, from the interaction
point to the muon system. For each particle, the path traversed is shown depending on its
nature [60]. Electrons leave a track in the tracker and are absorbed in the electromagnetic
calorimeter, while photons do not interact with the tracker and are absorbed in the ECAL.
Muons do not interact significantly with the tracker or the calorimeters, but are eventually
detected in the muon chambers. Hadrons are detected via their absorption in the hadron
calorimeter, with charged hadrons also leaving a track in the tracker. . . . . . . . . . . . . 27

2.9 Left: A pictorial representation of a jet cone is shown. The jet axis is depicted as a green
dashed line, with colored solid lines representing the particle tracks, and the angular extent
of the cone is schematically indicated in red. Right: A representation of a boosted jet,
in which the constituents have a high transverse momentum, causing them to be highly
collimated and reconstructed as a large-radius jet [25]. . . . . . . . . . . . . . . . . . . . . 31

2.10 The ⌧ -lepton decay is illustrated in its Feynman diagram. Each ⌧ -lepton decays into a
tau neutrino and a W boson. The W boson can then decay either into a lepton and its
corresponding neutrino, or into a quark-antiquark pair. . . . . . . . . . . . . . . . . . . . . 32

174



LIST OF FIGURES

3.1 A representative schematic of the analysis workflow is here reported. The datasets are
the data collected by CMS during the Run 2 data taking. Simulated events produced
with Monte Carlo techniques are considered on a per-sample basis. A dedicated set of
triggers, designed to isolate the objects relevant for this analysis, is applied consistently
to both data and simulated samples. ⌧ -leptons and b-quarks are selected according to ef-
ficiency and kinematic criteria optimized to maximize signal acceptance while minimizing
background contamination. The Higgs boson candidate decaying into ⌧⌧ is reconstructed
through its three main decay channels. For the Higgs candidate decaying into bb̄, jets are
classified as either boosted or resolved depending on their topology. Further selections are
applied on the invariant mass of the reconstructed systems to suppress background contri-
butions. Finally, events are grouped into three distinct categories. Signal and background
are discriminated using a dedicated deep neural network, whose output distributions are
then employed in the statistical analysis to extract limits on the Higgs boson production
processes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.2 The ROC curves corresponding to different ParticleNet score thresholds, evaluated for
various signal resonance masses, are shown in the figure. The color map ranges from shades
of green to blue, representing masses from 250 GeV to 3000 GeV. . . . . . . . . . . . . . . 45

3.3 Distributions of transverse momentum of the leading b-jet (left) and pseudorapidity the
sub-leading lepton (right) identified in a DY-enriched control region, using a dataset corre-
sponding to 19.5 fb�1. The data and simulated event distributions are overlaid, showing,
as evidenced by the ratio plot, a generally good agreement between data and simulation
events, within the uncertainties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.4 Similarly to what is shown in Figure 3.3, the distributions of transverse momentum of the
leading b-jet (left) and pseudorapidity the sub-leading lepton (right) are also evaluated in
a tt̄ control region, showing, also in this case, an overall good agreement between data and
simulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.5 Distributions of pT are reported for the DY-enriched region, before (left) and after (right)
applying the ParticleNet score selection. The individual contributions of each back-
ground process are shown, along with the data. The selections applied to enrich the
DY-enriched region are particularly effective, significantly reducing the contributions from
other processes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.6 The correction factors, evaluated for boosted jets identified as H ! bb candidates and
selected with a ParticleNet score cut in DY-enriched regions, are reported with their
corresponding uncertainties for each period, divided into three exclusive pT bins. The
corrections are provided for four datasets corresponding to the different data-taking periods. 48

3.7 Distributions of pT are reported for the tt̄ region, before (left) and after (right) applying
a ParticleNet score selection. The individual contributions of each background process
are shown, along with the data. The selections applied to enrich the tt̄ region overall
achieve a good purity of the process. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.8 The correction factors, evaluated for boosted jets identified as H ! bb candidates and
selected with a ParticleNet score cut in tt̄-enriched regions, are reported with their
corresponding uncertainties for each period, divided into three exclusive pT bins. The
corrections are provided for four datasets corresponding to the different data-taking periods. 49

3.9 Distributions of the transverse momentum of the boosted b-jet are shown for each channel
(⌧e⌧h, ⌧µ⌧h, and ⌧h⌧h) in the signal region of the boosted category. The dataset corresponds
to 19.5 fb�1. Both data points and simulated events for each process are displayed, with the
simulated backgrounds stacked and associated with a statistical uncertainty represented
as a shaded gray region. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.10 Example of parameterized DNN score distributions in the analysis category for a resonance
with mass 1000 GeV and spin 0. From left to right, distributions in the res1b, res2b, and
boosted are reported. The signal has been scaled for a better visualization. Background
bins are represented with their statistical uncertainty shown as a shaded gray region, while
uncertainties on data are shown as error bars. The bins most sensitive to the signal have
been blinded. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
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3.11 Expected upper limits at 95% CL on the cross section for the production of a resonance
particle X with spin 0 (left) and spin 2 (right), decaying to a pair of Higgs bosons, are
reported as a function of the resonance mass X, assumed to be equal to the HH invariant
mass. The expected median values are shown as dashed lines, while the yellow and blue
bands represent the 68% and 95% confidence intervals, respectively. . . . . . . . . . . . . 52

3.12 Expected upper limits at 95% CL on the cross section for the production of a resonance
particleX with spin 0 (left) and spin 2 (right), decaying to a pair of Higgs bosons, are shown
as a function of the resonance mass, for the individual contributions from the different
categories and for their combination. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.13 A representative schematic of the analysis workflow is shown here. The starting point
consists of the datasets collected by CMS during Run 3. The workflow largely follows the
procedure illustrated in Figure 3.1, with the main differences being the inclusion of new
triggers available in Run 3, the definition of an additional channel targeting the boosted
⌧⌧ final state, and the introduction of a VBF category. The rest of the analysis strategy
remains similar to what was previously described, with dedicated DNNs adapted to the
different topologies considered in this study. . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.14 Impact of kinematic selections on the ParticleNet score and generator matching. Left
and middle: Distributions of the ParticleNet score for signal and background events
under different kinematic selections. Right: Fraction of events being matched at generator
level with signal events, in a signal sample, as a function of ParticleNet score. . . . . . 56

3.15 Expected upper limits at 95% CL on the non-resonantHH ! bb⌧⌧ production cross section
as a function of the ParticleNet score cut applied in the boosted category. Different
line colors correspond to different data-taking periods (listed separately to account for
variations in experimental conditions), although the results among periods only differ in
the amount of statistics. Each curve represents the result obtained using the score of
the DNN optimized for the boosted category as the final discriminant. Results without
systematic uncertainties are shown with dashed lines, while those including systematics
are displayed with solid lines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.16 The transverse momentum distributions of the leading ⌧ lepton are shown in the resolved
categories for the DY- and tt̄-enriched control regions in the ⌧µ⌧µ and ⌧e⌧µ final states,
respectively. The dataset corresponds to 26.7 fb�1. Both data points and simulated events
for each process are shown, with simulation backgrounds stacked. Good agreement between
data and Monte Carlo is observed within uncertainties. . . . . . . . . . . . . . . . . . . . . 58

3.17 Distributions of pT are reported for the DY-enriched region (top row) and the tt̄ region
(bottom row), before (left) and after (right) applying a ParticleNet score selection. The
selections applied to enrich the control region in the process under study (either DY or tt̄)
achieve overall good purity of the process. . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.18 Boosted corrections computed using the full Run-3 dataset in two exclusive pT bins. Re-
sults for DY and tt̄ processes are shown in the left and right panels, respectively. . . . . . 60

3.19 Left: The correlation matrix, showing the Pearson correlation coefficients between each
pair of input variables, is displayed. The selected set of variables exhibits coefficients
ranging approximately from �0.6 to 0.5, thus reducing redundancy among features. The
coefficients with higher absolute values are physically reasonable, being some variables
expected to be correlated for kinematic reasons. Right: The sensitivity of each input
variable to the separation between signal and background is quantified using the F-score,
represented on the x-axis for the variables listed on the y-axis. The three most relevant
input variables are found to be the mass and pT of the H ! ⌧⌧ candidate, as well as the
pT of the di-Higgs system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.20 Background and signal distributions normalized to the background are shown for all input
variables used by the DNN to discriminate signal from background. The distinction be-
tween the events is more prominent for the input features with high F-score, as expected.
The represented dataset corresponds to an integrated luminosity of 26.7 fb�1. The pair
type refers to the final state, with 0 representing the ⌧µ⌧h, 1 the ⌧e⌧h, and 2 the ⌧h⌧h. . . 62
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3.21 The DNN performance is summarized in terms of several key metrics in this figure. Top
left: The DNN output score for signal (red) and background (blue) processes is shown,
demonstrating good separation between the two cases. The signal distribution is obtained
by concatenating all simulated signal samples used in the training (corresponding to � = 0,
1 and 2.45). The signal distribution peaks near 1, while the background peaks near 0, with
small overlapping tails. Top right: The corresponding receiver operating characteristic
(ROC) curve is displayed, demonstrating a good discriminating power with an area under
the curve of about 0.96. Bottom left: The model loss, which quantifies how far the model
predictions are from the true labels, decreases rapidly and stabilizes after approximately
15 epochs for both the training and validation samples. Bottom right: The model accuracy
reaches its maximum value after roughly 15 epochs for both the training and validation
samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.22 Distributions of the DNN score used in the statistical analysis for the different analysis
categories. The distributions for the res1b and res2b categories are shown in the top row
for the ⌧µ⌧h channel, while the boosted and VBF categories are shown in the bottom row
for the X⌧h combined channels, as used in the analysis. The distributions correspond to
a data-taking period with an integrated luminosity of 26.7 fb�1. The signal samples have
been scaled for a better visualization (see Table 3.1 for the expected yields), background
samples are stacked, while data are shown as points. The lower panels show the ratio
of data to the total expected background. The inner band represents the Monte Carlo
statistical uncertainty, while the outer band includes both statistical and normalization
systematic uncertainties. The bins most sensitive to the signal have been blinded. . . . . . 64

3.23 Expected upper limits at 95% confidence level on the HH cross section via gluon fusion
(left) and vector boson fusion (right) production. The colored bands represent in yellow
and blue the 1 and 2 standard deviations, respectively, on the expected limit. . . . . . . . 65

3.24 Expected upper limits at 95% confidence level on the inclusiveHH production cross section
are shown both for individual categories (left) and channels (right). The colored bands
represent in yellow and blue the 1 and 2 standard deviations, respectively, on the expected
limit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.25 Expected upper limits at 95% confidence level on the HH production cross section times
the HH ! bb⌧⌧ branching ratio as a function of � (left) and 2V (right). The red
solid line shows the theoretical prediction for the HH production cross section, with its
uncertainty represented by a band. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.26 Expected upper limits at 95% CL are shown individually for the res1b, res2b, and boosted
categories, comparing the results from Run 2 [79] (left) and this analysis with Run 3 data
(right). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.1 The current schedule of LHC and HL-LHC operations at the time of writing is shown.
The top line indicates the collision energy, while the bottom line shows the luminosity.
At present, we are approaching the completion of Run 3 data taking, with the Long
Shutdown 3 expected to begin next year. Afterward, the accelerators will operate in the
high-luminosity configuration, with the start of HL-LHC operations foreseen for 2030 [89]. 70

4.2 Sketch representing the main new technologies expected at the HL-LHC to optimize the
collider’s parameters. Some of these technologies are entirely new and represent innovative
additions being developed specifically for the HL-LHC. A brief description of each element
is shown in the figure and in the text [89]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.3 Left: A schematic view of the tracker design is shown, where the outer tracker components
are illustrated in orange and blue, while the inner tracker is shown in green. Right: The
expected particle fluence, expressed in terms of 1 MeV neutron equivalent in silicon, is
shown as a map in the tracker volume for an integrated luminosity of 3000 fb�1 [91]. . . . 74

4.4 Pictorial view of a section of the upper half of one endcap calorimeter, showing all key
components and parameters [92]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.5 Schematic view of the muon system, with DT, RPC, and CSC detectors shown in yellow,
blue, and green, respectively. The new forward detectors for the Phase-II upgrades are
highlighted with a dashed red box: GEM stations are shown in red, and RPC stations in
blue [90]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

177



LIST OF FIGURES

4.6 Vertices from a simulated bunch crossing, reconstructed using different approaches, are
shown in the time–z plane under conditions of 200 pileup interactions. A time resolution
of 30 ps for MIP measurements is assumed in both the barrel and endcap regions. The
interaction region is located at z = 0 cm, where z is the coordinate along the beam direction
(see Figure 2.2). The origin of the time axis corresponds to the moment when the beams
overlap in z. Simulated vertices are represented by red dots; vertices reconstructed using
3D spatial information only are shown in yellow; tracks and vertices reconstructed using
4D information (including time) are shown in black and blue, respectively. It is clearly
visible that the addition of precise timing information allows one to disentangle vertices
that would otherwise overlap spatially [93]. . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.7 Left: The probability density functions of the line density along the beam axis for dif-
ferent pileup scenarios are shown. LHC conditions with about 30 pileup interactions are
represented in green, featuring a mode of 0.3 mm�1 and a mean of 0.2 mm�1. HL-LHC
conditions with 140 pileup interactions are shown in blue, with a mode of 1.2 mm�1 and a
mean of 0.9 mm�1. The ultimate HL-LHC scenario with 200 pileup interactions is shown
in red, with a mode of 1.9 mm�1 and a mean of 1.4 mm�1. Right: The number of pileup
tracks incorrectly associated with the primary vertex (PV) is shown as a function of the
line density for different time resolution scenarios, illustrating the significant reduction
achieved by the MTD in mitigating pileup (from the blue points to the others) [93]. . . . 77

4.8 A graphical representation of the MTD as reproduced with the Geant4 software is shown.
The grey cylinder corresponds to the barrel section of the MTD, placed between the tracker
and the ECAL, while the endcap sections are shown in orange and light violet, located in
front of the endcap calorimeter [93]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.9 Two pictures of the actual BTST, currently located and under study at the Tracker Inte-
gration Facility (TIF) at CERN, are shown in this figure: the lateral view (left) and the
internal view (right). The installation of the BTL trays will take place on the innermost
external surface of this hollow cylinder. After its integration, the tracker, sharing this
structure, will be integrated as the next step. . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.10 Top: Schematic representation of a BTL tray structure. The entire BTL surface will be
covered by 72 trays, arranged in two layers along the z direction (the figure shows an initial
mockup of the BTST, to be compared with the actual product in Figure 4.9) [93]. Bottom:
The fundamental element is the sensor module, composed of 16 crystal bars coupled to
SiPMs. Two sensor modules are connected to a front-end board to form a detector module.
Twelve detector modules are mounted on a cooling plate and a Control Card, forming a
Readout Unit. Finally, six RUs make up one tray. Right: . . . . . . . . . . . . . . . . . . 81

4.11 Left: Picture of a LYSO crystal array with SiPM arrays before and after gluing them
together. Right: A schematic drawing of the crystal and SiPM arrays with dimensions
given in millimeters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.12 Left: An envelope of multiple signals with random noise contributions, illustrating the
effect of trigger discrimination in terms of time jitter. Right: Pulses with identical shapes
but different amplitudes cross the trigger threshold at different times, causing the so-called
amplitude walk in leading-edge triggering [95]. . . . . . . . . . . . . . . . . . . . . . . . . 83

4.13 A cross-sectional view of the ETL along the beam axis (red dashed line) is shown, with the
interaction point located on the left. The two ETL disks, instrumented with sensors on
both faces, are visible as Disk 1 and Disk 2. Each disk consists of a support plate and two
active faces with LGADs (in grey) and services (in orange). A thermal screen separates
the ETL from the tracker (on the left), while a neutron moderator and another thermal
screen isolate the ETL from the endcap calorimeter, protecting the tracker from particles
backscattered from the HGCal [93]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.14 A schematic cross section of a traditional silicon sensor (left) and an ultra-fast silicon
detector (right) is shown. The LGAD design includes an additional p+ implant beneath
the p–n junction. The electric fields in both structures are shown on the side, highlighting
the effect of the p+ gain layer on charge multiplication. The LGAD may also include a
JTE to control the electric field at the sensor edges [98]. . . . . . . . . . . . . . . . . . . . 85

178



LIST OF FIGURES

4.15 Four non-irradiated single-pad LGADs were tested simultaneously at a temperature of
15oC using a 120 GeV hadron beam. The performance is reported in terms of collected
charge (left) and time resolution (right) as functions of the bias voltage for the four LGADs,
each represented by a different color [99]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.16 Microscope images of LGAD sensors showing the effects of Single Event Burnout. A visible
crater is formed on the surface, leading to complete device failure [102]. . . . . . . . . . . 87

4.17 The performance of three LGAD devices is compared in terms of collected charge and time
resolution as functions of the bias voltage. One unirradiated sensor (shifted by –40 V for
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beta source [99]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.18 Left: The performance of nine unirradiated 16⇥ 16 LGAD matrices is compared in terms
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the voltage difference between pads when applying 180 V, yielding a result of 2.85⇥1012 Ω

for this device [99]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.19 ETROC has been coupled with LGADs and tested both with a beam of 120 GeV pions
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to achieve the target resolution below 50 ps within a wide range of 70 V. The different
lines correspond to different data-taking conditions with the different beams [105]. . . . . 89

4.20 The ETL module design is shown in a sketch on the left and in a picture on the right. A
ceramic baseplate with a thermal pathway is placed at the bottom; it is covered with PET
thermal adhesive films, and on top are located the LGAD arrays, which are bump-bonded
to the ETROC and finally read out through the top module PCB with power and readout
interfaces [105]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.21 A graphical representation of the transfer lines and the CO2 manifolds is shown, illustrating
how they serve both the barrel section of the MTD (left) and the endcap (right). The BTL
manifolds are expected to be located on the X0 and X4 floors, which are shown in blue,
while on the right the ETL manifolds are represented as being expected at the top of the
YE1 structure. [93] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.22 Studies performed using trakcs with a transverse momentum pt¿0.7 GeV from ttbar events
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of the transverse momentum under differen mass hypothese [110]. . . . . . . . . . . . . . . 92

4.23 The number of real (left) and fake (right) reconstructed primary vertices is shown as a
function of the number of pileup vertices, using different vertex reconstruction methods:
in orange the 4D, in blue the 3Dt, and in red the 4DLegacy [111]. . . . . . . . . . . . . . . 93

4.24 Left: Time resolution distributions for different vertex reconstruction methods are shown:
in orange the 4D, in blue the 3Dt, and in red the 4DLegacy. The time resolution is com-
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4.25 Left: The resolution of the hadronic recoil component perpendicular to the Z boson mo-
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4.26 Muon isolation efficiency, with a lepton isolation of 0.08, is shown as a function of line
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4.29 Left: The Feynman diagram for the SUSY process resulting in a diphoton final state via
gluino production is shown. Right: Sensitivity to GMSB �̃0

1 ! G̃ + � signals, expressed
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5.1 Optical properties of the BTL LYSO crystals are reported in terms of transmission, ab-
sorbance, and emission spectra. The left panel shows the optical transmission spectra
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